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Gamma-Ray Imaging with Coded Masks

by Alessandra Costantino

Coded masks are frequently used imaging techniques for imaging in X- and gamma-
ray astronomy. Instead of traditional optics, coded mask telescopes use a heavy
metal plate with a pattern of apertures which modulate the incoming radiation,
which is then recorded by a position sensitive detector. A map of the sky is then
obtained by decoding the detector image, normally by means of cross-correlation.
The technique is designed to operate with static pointings, during which an image
of the mask is accumulated on the detector. In this thesis an alternative method
of reconstruction is proposed where each detected photon is projected back to all
the regions of the sky that it may have originated from. This photon-by-photon
approach allows the production of images even when the telescope is moving. This
thesis presents the sky maps obtained applying the back-projection method to a pro-
totype data set collected by INTEGRAL/ISGRI during slews in a 10 orbit period in
October 2010. Analysing the entire INTEGRAL slew data set would permit the use
of approximately 65Ms of data so far unexplored observations. Production of all-sky
maps, source lists and flux-calibrated light-curves have all been demonstrated. The
second part of this thesis applies the same back-projection method to near-field med-
ical gamma-ray imaging. Medical imaging could benefit from the high sensitivity
that coded aperture images have demonstrated in astronomy, overcoming limita-
tions imposed by collimators. Furthermore, the intrinsic depth perception of coded
mask cameras makes it possible to obtain 3D images of a source distribution with
just one or two views. A 3D near-field coded mask camera was designed, assem-
bled and tested. The back-projection algorithm was applied to data obtained with
isotopes typically used in nuclear medical imaging. Coded-mask medical imaging
systems have the potential to reduce the scan time or patient dose and the footprint
of the scanning systems. The successful reconstruction of multiple point sources and
extended sources with a large field of view using two simultaneous camera views

was demonstrated.
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Chapter 1

Introduction

1.1 High Energy Astrophysics and Coded Mask Telescopes

1.1.1 The sky in the X-rays and gamma-rays

Observation of the sky in the X-ray and gamma-ray bands has had a fundamen-
tal role in the discovery and understanding of some of the most extreme physical
phenomena in our Universe. High energy electromagnetic radiation is emitted by a

variety of celestial objects, through distinct processes and mechanisms.

X-ray Binary Systems

A great number of sources in the X-ray sky are composed of accreting binary sys-
tems. These systems consist of a star gravitationally bound to a compact object,
which is usually a neutron star or a black hole. The compact object acquires mass
from the star, which is normally a main sequence star or, in some cases, a red gi-
ant. According to the mass and spectral type of the star, which is also referred to
as donor, binary systems are divided into two broad classes: high mass X-ray bina-
ries (HMXBs) contain a young companion of spectral type O or B with mass greater
than 8 solar masses. Low mass X-ray binaries (LMXBs) instead have a donor which
is of spectral type later than B and with mass less than two solar masses. In HMXBs
the mass transfer occurs mainly via stellar wind. The donor start emits stellar wind
driven by the radiation pressure while the compact object captures a fraction of the
wind and converts the potential energy of the accreted matter, composed of plasma,
into X-rays. LMXBs accrete matter mainly through Roche lobe overflow of the donor
star, which creates an accretion disk around the compact objects. Both neutron star
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and black hole binary LMXB present an X-ray spectral continuum that can be mod-
eled with the sum of two components: a thermal component which dominates un-
der 10 keV, and a non thermal component, which dominates at higher energies. The
first component, also called "soft component’ results from the accumulation of mat-
ter onto the central object under its gravitational pull. The accretion material forms
an optically thick disk around the central object. The viscous forces present in the
accreting material dissipate the heat and the radiation emission from accretion can
be modeled with a black body spectrum from the surface of the disk. Neutron star
systems may show a second black-body component emitted from the neutron star
surface. The second component is harder and normally modeled with a power-
law and is thought to be due to non-thermal emission from a comptonized corona
around the compact object. Binary systems are believed to go through different

spectral states which affect the relative importance of the two components.

g ALY N Y ;
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FIGURE 1.1: Sample spectra of black-hole binary GRO J1655-40 illustrating two

outburst states: thermal and hard (1). Historically these states are also denoted

as 'high” and ‘low’. These names reflect the flux up to 10 keV, because the first
observations were carried out exclusively in this band

1.1 shows, as an example, the X-ray spectra of the black-hole X-ray binary GRO
J1655-40 measured by the Rossi X-ray Timing Explorer (RXTE) NASA telescope and
published by Remillard and McClintock (1) The source was observed going through
different states. The spectrum was modeled with a thermal component (red, solid
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line) and a power-law component (blue, dashed line). A Fe Ka line originating from
the accretion flow is also necessary to model the spectrum. The relative importance
of the different components varies over time as the source goes through different
states. Observation of X- and gamma-ray emission from binary systems provides
insight into the accretion mechanisms and the environment in the innermost regions
of the accretion disk (2).

Active Galactic Nuclei

Active Galactic Nuclei (AGN) are also very commonly observed in the X-ray and
gamma-ray bands. AGN encompass several types and classes of galaxies, sharing a
key feature, which is the presence of a supermassive black hole at their centre. All ac-
tive galaxies have an extremely bright central region, outshining the stellar emission
from the rest of the galaxy. AGN emit radiation across the spectrum, ranging from
radio to gamma-ray wavelengths. The mechanism believed to be the main source
the continuum emission with energies up to X-rays and gamma-rays observed in
AGN is non-thermal and called synchrotron-self-Compton. High energy electrons
from plasma in the inner regions of the accretion disk radiate synchrotron photons
under the effect of the magnetic field of the central black hole. The same popula-
tion of electron then upscatters the synchrotron photons to high energies through
inverse Compton processes. The high energy cutoff of the inverse Compton spec-
trum depends on the temperature of the plasma in the accretion disk and the energy
distribution of the electrons. The photons emitted in AGN with this mechanism are
observed up to energies between a few hundred keV and TeV energies. Figure 1.2
shows the spectrum of a very well known AGN, Markarian421, sampled at differ-
ent stages of an outburst happened in February 2017. The spectrum clearly shows
the two components: the synchrotron emission at lower energies and the inverse
Compton at higher energies. The spectra, publised by Banerjee et al. (3), show how
the change flux influence the spectral shape of the source. This implies that the en-
vironment of the accretion flow in proximity of the central black hole have an effect
on the AGN emission in all wavebands. Observation at different energies, including
X-rays and gamma-rays is crucial to a better understanding of extreme phenomena

occurring close to the central engine of AGN (2)

Supernovae and Supernova Remnants

Supernova (SN) explosions are also responsible for the emission of X-rays in dif-
ferent stages of their formation. In the expanding stage of the SN the material
originating from the precursor and the interstellar matter are heated by the shock-

wave. This generates hot plasma which reaches temperatures over 10°K and emits
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FIGURE 1.2: Multi-wavelength spectrum of the TeV AGN Markarian421 during

different phases of an outburst: square (grey)- steady state data, circle (black) low-

flux state, triangles (red) intermediate-flux state, inverted triangles (blue) high-flux

state. A spectral hardening can be seen in X-ray and TeV bands as the source be-

came brighter, highlighting the connection between variations in observed flux and
spectral shape (3)

brehmsstralung radiation in the X-rays. High energy radiation from shells of SN
remnants is observable for thousands of hundreds of years after the explosion. SN
remnants are also visible in the gamma-ray band at extreme energies above a few
TeV. The emission of very high energy gamma-rays is believed to be generated by
high energy electrons interacting with the X-ray photons via inverse Compton scat-
tering, and decay of neutral pions created the supernova shell. In addition, imme-
diately after the SN explosion, it is possible to observe radioactivity produced in the
explosive nucleosynthesys. The end product of the thermonuclear reactions occur-
ring in the nucleus in of the Supernova progenitor is **Ni. **Ni emits gamma-rays
via electron capture to *°Co with a half-life of 6.1 days. *Co then undergoes B decay
to %°Fe: with a half life of 77 .1 days.

%Ni+ et —% Co+ v and then *°Co 4 ™ —% Fe + 9 (1.1)

Characteristic lines of *°Co at 1238keV and 647keV are only visible for a few months
after the SN explosion, after the envelope of the supernova became transparent to

gamma-rays. Observations of SN and SN remnants in the X- and gamma-rays have
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been crucial to refine our understanding final stages of the life cycle of a star, as well
as the physical phenomena that occur during and after the explosion of a SN (2).

Gamma-ray Bursts

Gamma-ray bursts (GRBs) are brief bursts of high-energy radiation that appear ap-
parently at random in the sky, emitting the majority of their energy above 0.1 MeV.
GRBs have been one of the unsolved mysteries in astrophysics for a long time. These
phenomena are divided into two broad categories according to their duration. The
short gamma-ray bursts, only lasting a few seconds, have been associated to the su-
pernova explosion of an extremely massive but metal poor stars. Long GRB, of the
duration of tens to hundreds of seconds, have been connected to extremely violent
events such as neutron star-neutron star, black hole-neutron star, or black hole-black
hole mergers. This connection was confirmed after the observation of a GRB which
occurred less than two seconds after a gravitational wave detection by the gravita-
tional wave observatory LIGO. The GRB was detected independently and simulta-
neously by the gamma-ray telescopes INTEGRAL-SPI and FERMI-GBM, providing
evidence of the association between the two phenomena. Follow-up observations
at lower energies revealed that the event was originated by the merger of two neu-
tron starts. Surveying the sky in the gamma-rays was crucial to validate the models
behing GRB events (? )

1.1.2 Observing the sky in X-ray and gamma-ray bands

Observations of the sky in the high energy bands are essential to probe the regions
where radiation emission took place and constrain the parameters of the models for
the physical processes involved in some of the most extreme environments in our
Universe. Figure 1.3 shows a plot representing the atmospheric transparency for
photons of different energies. The blue line represents the altitude at which 50%
of the incoming radiation is absorbed. Astronomical observation in the X-ray and
gamma-ray bands is not possible on earth due to the high atmospheric absorption of
photons at these energies. As a consequence, the detection of high energy photons
has been performed with several generations of telescope-based instruments.

In the early days of X-ray astronomy (up to the 80s) sky surveys were extremely lim-
ited in scope and often accomplished by ’drift scans” where a collimated instrument
was mounted on a satellite, which was moved slowly across the sky, and the pres-
ence of sources was inferred by determining the times when the count rate in the
detectors increased. These scans were achieved by allowing the telescope aperture
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slit to drift slowly across the sky, often using a spinning satellite and orbital preces-
sion to map the whole sky. Slew/drift surveys of this kind were very inefficient as
the instrument had to be heavily collimated to provide good imaging and so only
the brightest sources could be detected, and the point spread function (PSF) was of-
ten asymmetric as source location was only possible along the drift/spin axis of the
spacecraft. As an example, the NASA mission HEAO 1 carried a gamma-ray instru-
ment with this type of imaging techniques(4), as well as the ARIEL V satellite(5).
Both missions were carried out in the 70s and 80s. Building a sky map could take
several years and spacecraft re-orientations meant each source was "visited” only

once or twice, making variability studies virtually impossible.

True X-ray imaging capabilities, with angular resolution down to less than one arc-
second, was achieved for the first time by telescopes with grazing incidence optics
like XMM-Newton(6) and Chandra(7). Grazing incidence systems are characterised
by a field of view narrower than one degree and are ideal for detailed studies of
known sources, but impractical for sky surveys. The best example of the type, the
ROSAT All Sky Survey, covered the whole sky and was very successful, but actually
provided very limited exposure of approximately 400s on average at each point on
the sky(8). Moreover, grazing incidence imaging is only efficient at relatively low
energies because of the absorption of X-rays in the reflecting material. The NuS-
TAR mission has extended the technique to ~80 keV but even at that energy the
reflectivity is only 10% of the nominal levels, seriously impacting the telescopes’
throughput (9). In 2009 the Monitor of All-sky X-ray Image (MAXI) mission was in-
stalled on the International Space Station. Equipped with two different types of slit
cameras, MAXI is able to provide an all-sky image of X-ray sources above 20 mCrab
in approximately 90 minutes (one ISS orbit), with a source location accuracy down
to 0.1°. The key objective of the mission is all-sky monitoring, for transient alert and
creation of an unbiased X-ray source catalogue (10)

Between 100 keV up to approximately 100 MeV it is possible to produce images of
the sky with telescopes equipped with appropriately designed coded aperture (or
coded mask) cameras. These types of telescope use the opacity to gamma-rays of
high Z material to produce shadows of a specific pattern on a detector plane. In
many ways these appear to overcome all the limitations of the systems described
above. They can offer a wide field of view which is ideal for sky surveys where
the multiplex advantage allows many sources to be studied at once. Typically in-
struments of this type have fields of view with areas 100x larger than the grazing
inicidence ones. Coded apertures also offer much higher throughput from the imag-
ing system - typically 50% throughput which is much higher than can be achieved
with a collimated system (although not as good as the best grazing incidence system
might do at lower energies). The "cost’ of coded aperture systems is that they require



1.1. High Energy Astrophysics and Coded Mask Telescopes 7

complex and expensive imaging detector planes as they rely on spatial modulation
of the input flux, whereas scan/drift surveys used temporal modulation and really
simple detectors. Coded mask gamma-ray imagers have had a great success in X-
ray and gamma-ray astronomy and their use is established for observations in the
10 keV -10 MeV range. Two X/gamma-ray missions that mount coded-mask tele-
scopes as their primary instrument were launched in the early 2000s and are still cur-
rently operational: Swift, with its Burst Alert Telescope BAT (11), and INTEGRAL
(INTErnational Gamma-Ray Astrophysics Laboratory) (12) which has three coded
mask instruments on board: IBIS, SPI and JEM-X. The advantages of coded-aperture
imaging for surveys in the hard X-ray band have been clearly demonstrated by the
INTEGRAL and Swift missions as a result of the high sensitivity provided by their
imaging systems. These missions have increased the numbers of sources we know
in the hard X-ray sky by orders of magnitude and also allow variability of sources
to be studied in detail. In 2015 the Indian Space Research Organization Launched
the Astrosat mission which include, in addition to several soft X-ray instrument, the
coded mask camera CZTI (Cadmium—Zinc-Telluride Imager), sensitive in the 20 -
100 keV energy range (13).

Cosmic microwave background, ~3 mm
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FIGURE 1.3: Atmospheric transparency for different wavelengths. The continuous

line indicates the height at which a detector can receive 50% of the incoming ra-

diation. Since X-rays and gamma-rays are absorbed by the atmosphere, satellite
observations are needed to study objects emitting in these bands (2)

Above ~ 10 MeV gamma-rays are too energetic to be absorbed by a few cm thickness
of heavy material, and other physical processes need to be used to detect high en-

ergy photons from astronomical sources and reconstruct their origin. For example,
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Fermi Gamma-ray Space Telescope (14) uses v — eTe™ conversion to observe the
sky between 20 MeV and 300 GeV. At even higher energies ground based telescopes
like H. E. S. S. or VERITAS (15) are used to observe the Cherenkov emission from the
products of the interaction between the gamma photons and the atmosphere and in-
directly reconstruct the characteristics of the incoming photon. Both telescopes have
a large field of view and are designed to monitor the sky to detect and identify dif-
ferent types of gamma-ray sources and trigger observations in their counterparts in

other wavelengths.

This thesis examines two new applications of coded aperture imaging which relate
strongly to the ways in which X-ray astronomy has evolved. Traditionally, coded
aperture telescopes have relied on a stabilised platform to allow the telescope to ac-
cumulate a statistically valid shadow of the aperture pattern, which means that they
cannot work on moving platforms, or image targets that move. But a coded aperture
is a form of collimator, so why should it not be used as a modulator for a drift/scan
survey too? In principle, the requirement is actually not for stable pointing, just of a

precise knowledge of the telescope orientation at the moment each photon arrives.

The first application demonstrates that a photon-by-photon reconstruction can be
used to image with a coded aperture even when source and/or camera is moving.
In this approach the methodologies of both temporal and spatial modulation are
combined as described in chapter 3. This thesis applies this method to the dataset
accumulated by INTEGRAL/IBIS during the telescope slews (where it is moving
between pointings). This corresponds to a ‘free” data set that has been collected
over the course of INTEGRAL mission but not explored previously as it cannot be
analysed using standard methods. We demonstrate how a sky survey could be con-
structed using just slew data, although in practice the science will be optimised
when the slew and pointing surveys are combined, due to the way the mission is

operated.

In the second application, we note that the majority of medical imaging methods
still rely on heavily collimated imaging systems with extremely low throughput.
If the collimator can be replaced by coded apertures, as it has been in astronomy,
the potential benefits in terms of system sensitivity are enormous. This application
is discussed in chapter 5. We raise the intriguing possibility that a single coded
aperture imager is capable of reconstructing a source distribution in 3D when used
for near-field imaging. While this is true, the PSFs generated are asymmetric (just
as the astronomy drift-scan ones were) and we demonstrate that imaging is greatly
improved by the use of a dual-view imaging system. The develop of this system
and results from early trials in a clinical setting are detailed in chapters 6 and 7.

In principle, these two advances may one day be combined, with the possibility
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of a hand-held medical imager that provides real-time imaging for use in surgery

without the need for a stabilised platform.

1.2 Principles of Coded Mask Imaging

Producing images of gamma-ray sources is particularly challenging because pho-
tons with energies above 100 keV can not be reflected (and then focused on a detec-
tor to produce an image) even with special optics like grazing incidence optics. As
a consequence, alternative techniques, which do not require reflection, are required.
Pinhole cameras, for examples, can produce gamma-ray images, but present a com-
promise between the signal to noise ratio (SNR) and the angular resolution of the
system. The SNR improves with the size of the pinhole, while the angular resolu-
tion is made worse as the pinhole diameter increases. The idea of using random
pinhole arrays for X-ray and gamma-ray imaging was first put forward by Dicke
(16), who suggested that the use of multiple pinholes could improve the SNR with
respect to a single pinhole camera, while maintaining its angular resolution. On the
other hand, the image needs to be decoded to be intelligible, since it is made by the
overlap of several single pinhole images. Fenimore and Cannon (17) theorized the
use and image reconstruction techniques of what today is known as coded mask
cameras. A coded mask (or coded aperture) is a modulating patterns of open and
closed "pixels” placed in front of a detector, instead of multiple and randomly po-
sitioned pinholes. Figure 1.4 represents a diagram of an imaging system based on
coded masks. An X-ray or gamma ray source emits radiation, which is modulated
by a mask made of a heavy absorbing material like tungsten (Z=74) or lead (Z=82)
before reaching a position sensitive detector which in figure 1.4 is represented on
the left.

X-rays or Y-rays from Perforation
a distant point source

Photon Detector

Image

Entrance
Plate

FIGURE 1.4: Schematic representation of a coded aperture imaging device(16). Ra-
diation incoming from the left side of the image is modulated by a perforated plate
of heavy material before being recorded by a position sensitive detector



10 Chapter 1. Introduction

The detector image recorded by a coded mask camera is called a shadowgram and
it is the shadow that the mask casts onto the detector plane. The shadowgram needs
to be reprocessed in order to locate gamma-ray sources and produce a recognizable
image. The advantages of this imaging technique reside in the improved SNR with
respect to a single pinhole camera, making it suitable for high energy applications
in astronomy, while maintaining its angular resolution. Coded mask telescopes also
have a large field of view, allowing the monitoring of large areas of the sky.

FIGURE 1.5: INTEGRAL/IBIS examples of shadowgrams collected during an ob-
servation of the Crab in the FCFOV (left, from science window 017000780010) and
in the PCFOV (right, science window 017000970010). The partial illumination of
the detector plane is visible in the second shadowgram. Both images show, high-
lighted with green arrows, pixels (or groups of pixels) that have an abnormally
high or low number of counts compared to their neighbours. These pixels are ei-
ther inactivated during the observation, or subject to electronic noise. Treatment of
inactive and noisy pixels in the image processing is described in section 2.2

1.2.1 The Field of View

The field of view (FOV) of a coded aperture camera is defined as the range of an-
gles through which radiation can be collected by the detector and used to produce
an image. In other words, the FOV represents the extent of the region of space ob-
servable by a given imaging system. In the particular case of the imager being a
coded mask camera, the level of information encoded by the mask depends on the
position and varies considerably within the FOV. To account for these variations, the
FOV of coded mask instruments is divided into two regions. Radiation sources in
the fully coded field of view (FCFOV) illuminate the whole detector plane with en-
coded flux, while sources in the partially coded field of view (PCFOV) only project
the mask pattern on a part of the detector. This effect is shown the shadowgrams
in figure 1.5, which were recorded when the Crab was in different positions of the
FOV. The image on the left shows the detector histogram of an observation with the
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Crab in the FCFOV. The whole detector shows the mask pattern. The image on the
right, on the contrary, was acquired during an observation when the Crab was in
the PCFOV, in which the shadow of the mask only shows on approximately half of
the detector plane.

Including the PCFOV in the final images of a telescopes forms a bigger field of view
but as a result of the partial use of the detector plane and the consequent lower
number of counts, the imaging performance in the PCFOV is lower compared to the
FCFOV. Figure 1.6 shows the cross-section of a coded mask systems. The blue arc
defines the angles delimiting the FCFOV. Sources within this angle project a shadow
of the mask over the full detector plane. The red arc, on the other hand, shows the
angular size of the PCFOV. Sources at outside the FCFOV but within the FCFOV
cast a shadow of the amask on paret of the detector plane. The sizes of the FCFOV
and PCFOV are defined by the angles:

Ly —Lp
= Zarctan — - —— 1.2
FCFOV = 2arctan >MD (1.2)
Ly+Lp
= TonD 1.
PCFOV = 2arctan MD (1.3)
coded mask . B
detector ’* the FCFOV
MD FCFoV PCFOV

-
o
i — ————
-
=

Source outside
the FCFOV,
but inside the PCFOV

FIGURE 1.6: One dimensional diagram of a coded aperture imaging system. The
partially coded field of view, shown in blue, is larger than the fully coded field of
view, shown in red

1.2.2 The Angular Resolution

The angular resolution of a coded mask system depends on the distance between
the mask and the detector and the size of the detector pixel. If p;, identifies the size
of the mask pixel, the angular resolution ¢ can be calculated as
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m

¢ = arctan % (1.4)
with reference to figure 1.7. It is worth noting that the detector resolution also comes
into play in the design of real coded mask systems. The detector pixelisation must be
sufficiently fine enough to sample the expected features of the shadowgram. How-
ever, it has been demonstrated that pushing the sampling factor to very high values
does not always represent an advantage, since the sensitivity with respect to the
ideal case already saturates at values between two and three(18; 19).

coded mask

detector

(sl e e — | s——]
S

MD

F 3
A\ J

FIGURE 1.7: The angular resolution of a coded mask telescope is defined as the

ratio between the size of a mask pixel and the mask to detector distance. MD is the

mask to detector distance, py, is the size of the mask pixel. The angular resolution
of a telescope can be improved by either increasing MD or reducing py,.

1.2.3 Image Reconstruction by Cross-Correlation

The coded aperture can be expressed as a matrix A

0 if the mask pixel is closed
Ajj = (1.5)
1 if the mask pixel is open

If the emitting object is expressed by the matrix O in the source plane,

0 if pixel 7, j does not emit photons
0, = (1.6)
1 if pixel i, j emits photons
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the image P on the detector plane is given by

P=(0*A)+N, (1.7)

where * is the correlation between the matrices O and A, defined as

(OxA)ij =) OxiAitkjsi (1.8)
Kl

N is a noise term that represents the contributions to the background that are not
modulated by the mask, such as detector noise or, in case the camera is mounted on
a telescope, cosmic penetrating through the shielding material. Correlation methods
for the image reconstruction consists of seeking a decoding array G, such that

O=P+xG=0%AxG+NxG, (1.9)

G is chosen so that A * G has optimal properties for the image reconstruction. Ide-
ally, the image would be perfectly reconstructed if A x G is a § function and N * G is
0.

1.3 Coded Mask Designs

In general, A * G will not be a delta function for any modulating pattern. An ef-
fective way to measure the efficiency of a coded mask in producing images that are
really close to the real source distribution is given by its periodic spatial autocorre-
lation function (SACEF). The SACF is computed as the cross-correlation between a
basic mask pattern onto a mosaic of itself. The SACF of a perfect mask should as-
sume its maximum value in a position of perfect registration, and be equal to 0 in
all other positions (the side lobes). The only ‘coded mask” that would meet this re-
quirements is essentially a single pinhole. Very good compromises, however, can be
reached with coded masks that present a SACF with constant side lobes. In this case,
in fact, the image background level is constant and can be artificially removed with
appropriate techniques known as ‘balancing’, which will be described in section 1.4.

1.3.1 Random Mask Patterns

A random mask pattern is a coded mask where holes are placed at random. The

deconvolution array of random patterns is the mask pattern itself, so that G = A.



14 Chapter 1. Introduction

Figure 1.8 represents a random mask pattern and its computed SACF. The SACF
of a random pattern presents sidelobes are on average flat, with fluctuations that
reflect the random nature of the mask. This means that, for a random array, the
SACEF presents sidelobes that are on average flat. Figure 1.9 shows a picture of the
SWIFT/BAT random coded aperture, which has a semi-circular shape.

RANDOM MASK SACF

400

350

300

250

200

0 10 20 30
X

FIGURE 1.8: Random coded mask pattern (left) and its SACF (right). The position

of perfect registration is evident at the centre of the SACE. The background of the

cross-correlation image have features that derive from the randomness of the mask
pattern

FIGURE 1.9: A picture of the semi-circular coded mask of SWFT/BAT inspected by

a technician taken from the mission website (20). One of the advantages of using

a random pattern is the possibility to use differently shaped masks, which permit

more flexibility in the design of the instrument and how it is mounted onto the
satellite

1.3.2 Non-Redundant Arrays

Non-Redundant Arrays (NRAs) form a set of coded mask pattern with interesting
imaging properties. Their name is due to the fact that, in non redundant patterns,
the separation between each pair of holes in the pattern is non redundant, i.e. does
not repeat. Figure 1.10 shows an example of a non-redundant array constructed by
L.E. Kopilovich (21). In the original paper, the coded mask is represented by a 19x19
matrix, and the open pixels are represented by black dots. By observing the pattern,
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it is possible to notice that there is only one pair of openings that are adjacent, one
pair of openings that is separated by two closed pixels, etc. It is important to specify
that, in this context, the word "distance” is used improperly. What is actually non-
redundant are the spacing vectors between pairs of holes. This property of NRA
leads to optimal features in the SACEF. In fact, the SACF would show a central peak,
with a height equal to the number of open pixels in the mask. All the other positions
in the SACF assume value not greater than 1 (21). The main drawback of this family
of patterns is the small number of holes, that results in a low transmission, usually
around 15%.
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FIGURE 1.10: A non-redundant array constructed by L.E. Kopilovich(21). The
spacing vectors between the pairs of open elements are all different, resulting in
optimal properties for the SACF

1.3.3 Uniformly Redundant Arrays

The Uniformly Redundant Arrays (URAs) are a particular subset of the NRA that
has a SACF with constant side lobes. The design is based on cyclic difference set
theory (22). Cyclic difference sets are sequence of numbers built so that the sep-
aration between each pair of numbers of the sequence occurs a constant number
of times. Once these sequence are folded into 2D arrays, they offer mask patterns
where all separations between pairs of holes occur a constant number of times. The
full construction of these patterns from cycling difference set theory can be found in
the 1978 paper by Fenimore(17). For the purpose of this thesis it will be only high-
lighted that, due to the nature of cyclic difference sets, URA patterns generate mask
arrays of p x q shape, where p and q are prime numbers such as p —q = 2. The
deconvolution array G is a mosaic of a basic URA pattern of chosen size p x q. This
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type of pattern has been mounted on the hard X-ray telescope on board the Indian
mission AstroSat(13).

1.3.4 Modified Uniformly Redundant Arrays

A modified version of the URA designs, always based on cyclic difference set theory,
allows applications to square masks where p — g = 0. These are called Modified
Uniformly Redundant Arrays or MURAs. These patterns are constructed as follows.

0 ifi=0
1 ifj=0,i#0
Ajj= J # (1.10)
1 if GCi=+1
0 otherwise

where

+1 ifiis a quadratic residue modulo p
Ci = (1.11)
—1 otherwise

In equation 1.10 and 1.11 7 is a quadratic residue (modulo p) if there exists an x such
that x> = g(mod p). A is generally defined as basic pattern or unit pattern, while
p is defined as the rank of the basic pattern, where p is in the form 4m + 1 with
m=1,23..

RANK 31 MURA RANK 31 MURA SACF
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X

FIGURE 1.11: (a) A rank 31 MURA pattern. (b) SACF of a rank 31 MURA pattern.
The maximum correlation occurs at the centre. The sidelobes present a mostly flat
background with a characteristic ‘cross’ pattern centered on the peak
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Figure 1.11 shows that the SACF of a MURA pattern presents an intrinsically flat
background. This feature is due to the fact that the pattern is uniformly redundant.
This background can be easily removed by an appropriate choice of deconvolution
array. The construction of the deconvolution arrays for MURA patterns was first
presented by Gottesman and Fenimore in 1989 (23), and is very similar to that used
for URA patterns, with a modification for the first cell:

41 ifi=0
Gij=q+1 ifA;=1,i#0 (1.12)
—1 ifA;=0i#0

The presence of negative values in 1.12 and in general in deconvolution arrays will
be further explained in section 1.4 Random patterns and MURAs are the two most
commonly used arrays for coded mask imaging and have been for a really long time.
The optimal imaging properties of MURAs have been exploited in astronomy by the
IBIS telescope on board the INTEGRAL mission and, in their hexagonal form, by the
SPI (SPectrometer on INTEGRAL) telescope (24). However, random mask patterns
should not be disregarded because they can be produced of any shape and open to

close pixel ratio.

1.4 Balancing Cross-Correlation Images

The background level in cross-correlation images is due to non-zero correlation be-
tween the mask pattern and the shadowgram in every position of the field of view.
This level of background is intrinsic to the cross-correlation process and can be elim-
inated by appropriate construction of the deconvolution array. As a first approxi-
mation the mask pattern itself can be used as a deconvolution array. For example,
considering a random mask like the pattern in figure 1.8, the deconvolution array

can be expressed as:

0 if A;;=0
Gij = (1.13)
1 if Aj=1

Figure 1.12(a) shows a very ideal version of a shadowgram produced by an on-
axis source, with one count in the illuminated pixels and no counts in the obscured
pixels. Cross-correlation with the array described in 1.13 produces an unbalanced
image, similar to the image shown in the centre of figure 1.12. The unbalanced image
shows a clear peak in the middle but also a background level with average ~ 209.

Due to the randomness of the mask, the image also presents fluctuations around the
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average background level, which depend on the specific pattern. Figure 1.12(c) is
the cross-correlation between the shadowgram and a balanced deconvolution array,

constructed as:

~1 if A;;=0
Gij = (1.14)
1 if Ay=1

While the random structures in the background are still present, the average value
of the image has been brought to zero, increasing contrast and thus SNR.

RANDOM SHADOWGRAM 10 UNBALANCED IMAGE 500 BALANCED IMAGE 500
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FIGURE 1.12: (a) Ideal shadowgram for an on-axis source and a random mask. (b)

Unbalanced cross-correlation. (c) Balanced cross-correlation. While the random

features in the background are the same, the balanced image does not have a con-
stant background component
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FIGURE 1.13: (a) Ideal shadowgram for an on-axis source and a MURA mask. (b)

Unbalanced cross-correlation. (c) Balanced cross-correlation. Since MURA images

already present an almost constant sidelobes in the SACF, balancing brings the
background level to zero

The possibility to remove the constant level of background in cross-correlation im-
ages is particularly useful when operating with MURAs, since the coding back-
ground is already flat in the SACF. The optimal decoding array G for MURA patterns
is defined in equation 1.12. The contribution of the negative values of the array G
bring the constant background level down to zero in the deconvolved image(17).
The sidelobes of the correlation A x G and thus the level of the inherent noise are
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constant and zero, as shown in the balanced image in figure 1.13. Generally speak-
ing, choosing G to optimize the background characteristics of coded mask images is
a technique known as balancing and it will be further elaborated in section 6.1.3.

1.5 Mask-Detector Configurations

The optimal properties of MURAS are only achieved if the whole unit pattern is
sampled by the detector plane. In order to maximise the area of the FOV where
sources can be fully coded, different camera designs can be adopted.

FIGURE 1.14: Possible configurations for coded mask cameras designs. (a)The de-

tector and the coded mask have the same size. (b)The detector is bigger than the

coded mask. (c)The mask is bigger than the detector plane and is a 2x2 repeat of a
basic MURA pattern

Figure 1.14 shows three possible configurations for a MURA coded aperture camera.
On the left, figure 1.14(a) displays a system where the detector and the coded mask
have the same size. This system would obtain close to perfect image characteristics
for on-axis sources, but any source even slightly off-axis would fall into the PCFOV.
Option (b) has a larger FCFOV, but also makes inefficient use of the detector plane:
the shadow of the mask is smaller than the detector plane, always leaving a portion
of the active detector in the dark. The design in figure 1.14(c) is the most commonly
used for MURA based telescopes. The detector is the same size as a single MURA
pattern, while the coded mask consists of a 2x2 repetition of the unit MURA pattern.
Generally, in order to avoid ambiguities, the mask is a 2x2 repeat of the unit pattern
with one row and one column removed. With this configuration sources in a bigger
FCFOV than design (a) cast a shadow of a cyclically shifted version of a basic MURA
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pattern over the whole detector area. Since a cyclically shifted basic MURA pattern
also has a SACF with flat sidelobes, optimal imaging capabilities are obtained in the
whole FCFOV. Figure 1.14(c) represents a MURA mask design based on a repeat of
four copies of a 17 x 17 basic pattern and its SACF. It is mostly flat, with the presence
of secondary peaks called ghosts. These are due to the cyclic nature of the mask. It
is not trivial to eliminate these spurious peaks in the image. The technique used in
INTEGRAL data analysis to deal with ghosts will be illustrated in section 2.2.3.

1.6 INTEGRAL/IBIS Space Telescope

The algorithms that have been developed in this research project are general and
in principle can be implemented to a variety of coded mask imagers. However,
the basis for this work focuses on the analysis of low-level data from one of the
instruments on board the INTEGRAL satellite: the IBIS telescope (Imager on Board
the INTEGRAL Satellite).

IBIS is a coded mask hard X-ray/soft y-ray telescope, launched onboard the ESA
space mission INTEGRAL in October 2002. A depiction of the INTEGRAL telescope
is represented in figure 1.15, where it is possible to identify the MURA square coded
mask that is mounted on IBIS. IBIS achieves a wide spectral coverage ranging from
approximately 20 keV to 20 MeV thanks to the two detector planes it is equipped

with, which are layered below the tungsten-based coded mask.

FIGURE 1.15: A drawing of INTEGRAL Space Telescope. The IBIS square coded
mask and the SPI round mask are visible in the front part of the image.
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1.6.1 The Coded Mask

The IBIS coded mask is made of a 16mm thick layer of a 90%W-5%Cu alloy, that
lays 3200mm above the detectors module. The high density of the alloy ensures a
minimum opacity of 70% for 2 MeV photons.

V - 4 N )
(A) A picture of I.BIS coded mask in its support-(g) The IBIS coded mask pattern. (white: trans-
ing frame (25). parent elements, black: opaque elements (25))

The mask pattern, shown in figure 1.16b, is made of 95 x 95 square cells, forming
a repeat of a 53 x 53 MURA basic pattern minus a column and a row. The solid
elements of the mask are connected together by 2mm ribs, making the mask self-
supporting. Nonetheless the mask is mounted on with a support panel, which pro-
vides the necessary stiffness and strength to withstand the launch and in-orbit con-
ditions. The mask provides a FCFOV of ~ 9° and a PCFOV of ~ 30°.
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FIGURE 1.17: Effective area of IBIS/ISGRI, PICsIT single events and PICsIT multi-
ple events (25)
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1.6.2 The IBIS Detectors: ISGRI and PICsIT

IBIS is equipped with two detector modules, with different sensitivity in different
energy ranges. ISGRI, the INTEGRAL Soft Gamma Ray Imager is the low energy
camera. The active detector layer of the camera is made of 8 independent mod-
ules of 64 x 32 CdTe crystals. Each crystal is a 4mm x4mm, 2mm thick detector,
read out by a dedicated integrated electronic channel. Gamma-ray photons pene-
trate the CdTe and ionizes the material, generating an electric signal. The electric
signal recorded, after proper calibration and corrections, gives information on the
energy of the photon and position of the interaction. The high energy detector PIC-
sIT (Pixellated Imaging Caesium Iodide Telescope) is composed of 64 x 64 Csl bars
of 8.4mm x 8.4mm x 30mm, each coupled to a silicon PIN photodiode. Each de-
tected gamma ray generates a scintillation flash in the Csl, which is then detected
by the photodiode and converted in a current signal. The efficiency of IBIS/ISGRI
in different energy bands, measured by its effective area, is shown as a function of
photon energy in figure 1.17. ISGRI thin CdTe Crystals achieve a good energy reso-
lution, but become transparent to high energy photons, with 50% efficiency reached
at 150 keV. Conversely, the Csl crystals that compose PICsIT are more sensitive to
higher energy photons but present a lower energy resolution. In particular ISGRI
is optimised for energy between 18 keV and 1 MeV keV and PICsIT for energy be-
tween 175 keV and 10 MeV. The angular resolution for both instruments is 12", with
the point source location accuracy (PSLA) depending on the detector. For SNR=10,
ISGRI has a 3' PSLA and PICsIT has a PSLA between 5 and 10". It is also worth
mentioning that if an event triggers both ISGRI and PICsIT detectors can be recon-
structed using Compton kinematics (Compton mode).

1.6.3 IBIS Shielding

A passive collimating system made of tungsten and lead structures protects the de-
tector plane from the cosmic gamma-ray background up to a few hundred keV. An
anticoincidence veto system shields the detector from gamma-rays coming from the
bottom of the telescope. It is composed of 16 independent modules, each one made
out with two BGO crystals, read out by two 3 inches photomultipliers.

1.7 Thesis Outline

The overarching goal of this research project is the development of a method to anal-
yse coded aperture data collected when the imaging system is not static. This occurs

when the camera is moving between observations of different targets or the target of
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the observation is moving. This scenario can happen in different fields, but two in
particular were investigated: high-energy aastrophysics and nuclear medical imag-
ing. Starting with the astrophysics application of the research, chapter 2 describes
the analysis software currently used to analyse INTEGRAL/IBIS data. This soft-
ware, which is based on cross-correlation, does not work if the observation is not
static. An alternative to cross-correlation is back-projection which is applicable to
both static and non-static observations. This method is based on the fact that each
photon detected must have come from a source in the sky through an open mask
pixel. Each detected photon is traced back to all the directions in the sky that it
could have come from through all the open mask pixels. A description of the back-
projection approach and its implementation to IBIS data can be found in chapter 3.
Following, the results obtained for a reduced trial data set are presented in chapter
4, along with the potential applications of the method.

The success that coded mask imaging has had in high energy astrophysics, together
with the intrinsic 3D capabilities of this technique, suggest that it could be suitable
for applications in the near-field imaging. One particular application was explored
in this research, which is a medical imaging technique known as Single Photon
Emission Computed Tomography (SPECT). SPECT uses gamma rays to produce
images of a patient’s organs. SPECT is currently being performed using collima-
tors, which produce an image by selecting a fraction of the gamma-rays emitted by
the source under investigation and absorbing the rest. While photons are emitted
isotropically, only the photons traveling in very specific directions are selected by
the collimators and are detected to produce an image. The working principles of
collimators and their main applications in SPECT are described in chapter 5. Coded
masks work in a similar way to collimators, in the sense that they select only a part of
the incoming radiation to be captured by the detector and block the rest. Compared
to standard collimators used for SPECT however, which only select less than 1% of
the incoming photons, coded masks have a transparency of around 50%. The appli-
cation of coded masks to SPECT could enable a more efficient use of radiation for
medical imaging. The radiation dose administered to the patient could potentially
be reduced, resulting in different benefits for the healthcare system. The duration of
each SPECT scan, which is normally around 30 minutes, could be decreased. Shorter
SPECT scans would enable the healthcare system to provide more scans per day, but
would also be safer and more comfortable for the patient, which has to stay still for
the entire duration of exam. A lower radiation dose, associated with a lower risk,
could be used for more frequent monitoring or for paediatric patients, who are more
susceptible to radiation damage. More sensitive cameras also could open the way
for the development of lower emission new radiopharmaceutical. -Finally, in coded
mask systems the size of the field of view is not directly limited by the detector size,

and a large FOV can be obtained with a relatively small detector area. With all these
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potential benefits in mind, a version of the back-projection algorithm that produces
near-field 3D images from a coded mask system was developed in this research and
is presented in chapter 6. This algorithm, in fact, implements a photon-by-photon
approach, which is applicable to many situations where the target or the camera is
moving, such as dynamic studies or for surgical probes. The algorithm was applied
to experimental data obtained with a prototype imaging system which is described
in chapter 7. Images of samples of various nature recorded in a series of experi-
ments with the prototype camera are presented. Finally, chapter 8 summarises the
key findings of the project and the contribution made by this work to the state of the
art in gamma ray imaging techniques. Suggestions for further developments and
applications in both subject areas are also included in this chapter.
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Chapter 2

Analysis of IBIS/ISGRI Pointing
Data

This chapter describes the image computation techniques that are currently used to
process INTEGRAL pointing data. These techniques are implemented in the "Off-
line Scientific Analysis’ (OSA) software that performs all necessary corrections and
calibrations, forms a shadowgram and creates a sky map from the raw data trans-
mitted by the telescope(26). The method used in OSA is mostly based on cross-
correlation and is thus only applicable to stable pointing data. Before describing
in depth a more general approach, which was developed and implemented in this
research project, it is worthwhile providing a review of how INTEGRAL performs

observations, how data are organised and the procedure for the standard analysis of
INTEGRAL data.

2.1 Observing with INTEGRAL

Since the four instruments on-board INTEGRAL are operated simultaneously, every
observation includes data from all of the instruments. Typical observations can last
from one day to a few weeks and during each observation the telescope can operate

in different modes.

2.1.1 INTEGRAL Observing Strategies

Three types of observing strategies are used according to the purpose of the obser-

vation:
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¢ In order to suppress systematic noise on the SPI detector plane, the telescope
(with the four instruments on board) usually observes in a dithering pattern.
Several pointings are made in a raster scan of the region around the target (27).
The shape of different dithering patterns is shown in figure 2.1.

¢ Scanning mode is used to cover large areas of the sky for monitoring purposes.
This has mainly been used for galactic plane observations

¢ Staring observations are mainly used for calibration purposes
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FIGURE 2.1: Shape of different dithering patterns mapped onto the FOV of the
different instruments on board of the satellite. The rectangular 5x5 pattern with
a 2° step is the default mode and is used for imaging multiple point sources in
the field of view, for sources with unknown locations, and for extended diffuse
emissions(28). An hexagonal dithering pattern can also be used, but it compro-
mises the imaging capabilities of IBIS and SPI and therefore is only used if the
scientific goal require continuous monitoring of the main target by JEM-X

Almost all INTEGRAL pointing observations for scientific purposes are made in
dithering mode with a rectangular pattern, which offers the best imaging perfor-

mance.

2.1.2 INTEGRAL Operation Modes

Independently of the observing strategy used, all data acquisition periods of INTE-

GRAL fall into one of two operation modes:
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¢ The pointings are periods during which the telescope axis remains stable while
observing a target. A shadowgram is accumulated in the field of view and an
image can be deconvolved using methods based on standard cross-correlation.
More specifically, ISGRI data is normally collected in photon-by-photon mode
and then histogrammed on ground. PICsIT data is transmitted as a histogram
to the ground due to telemetry restraints

¢ When the telescope is maneuvered from one pointing to the following one,
the telescope is operated in slew mode. During slews, the pointing axis of the
telescope changes continuously. Slew mode science windows are present in
ISGRI data archive, but there is no standard software available to obtain sky
images from them
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FIGURE 2.2: Orientation of IBIS pointing direction during orbit 170. This orbit

includes a series of calibration pointings around the Crab, performed in a square

dithering pattern and a wider arc intended to explore the off-axis response. The
orbit ends with a long slew

In particular, the data acquisition time is divided into time periods named science
windows (usually abbreviated to scw) characterised by one of the two telescope op-

eration mode. The data collected during observations of a single target is usually
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composed of a series of pointing and slew science windows performed in a dither-
ing pattern. Slew science windows are also performed between observations, to
move the telescope from one target to the next. An example of the motion of the
telescope axis during an observation is shown in the plot in figure 2.2, which repre-
sents the pointing direction of the telescope during orbit 0170. This orbit included a
calibration observation of the Crab, performed in a 5x5 dithering pattern, followed
by a series of pointings around the Crab region.

2.2 INTEGRAL 'Off-line Scientific Analysis” Software

The OSA software is a set of tools distributed by the INTEGRAL Science Data Cen-
tre (ISDC) that process pointing data collected from all the instruments of the tele-
scope. The software is composed of a series of scripts that reduce the raw data and
extract scientific products such as images, light curves and spectra. "IBIS Science
Analysis’ is the section of OSA that performs the analysis of IBIS data. Since the
back-projection software presented in chapter 3 makes use of some of the results
from intermediate steps of OSA’s pipeline, this section includes a description of the

key stages of OSA and the end products of the imaging stage of the software.

INTEGRAL catalogue
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idx ic scw cat aux
Indexing of the files in Instrument  specific Observation data organised Astronomy data and Data that are calculated on
the database calibration that is in units science windows. catalogs necessary the ground relative to
calculated offline for the sky map mission and observation
1 reconstruction. planning.
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(0001, 0002, ..., XXXX, ..., etc)
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science window
Science windows are identified by a number that includes revolution (R), a
progressive index (X), and observing mode (0010 for pointings, 0021 for slews)
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Raw science data Orbit data
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FIGURE 2.3: Organisation of all the data used for IBIS analysis data into an IN-

TEGRAL database. These data include not only science data resulting from in-

teraction in the detectors, but also housekeeping data regarding the status of the

instrument and auxiliary data produced during mission and observation planning
(28)
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2.21 IBIS/ISGRI Raw Data Repositories

INTEGRAL database adopts FITS (Flexible Image Transport Standard), which uses
image and table files to store astronomical data(29). The INTEGRAL data that are
pre-processed and available to the community are stored in FITS tables and images
and organised in a number of repositories, represented in the diagram in figure 2.3.
Telescope data are divided into five types, according to their origin and their pur-

pose.

¢ The auxiliary data (aux data) derive from mission planning rather than tele-

scope telemetry and are necessary for the analysis of INTEGRAL data

¢ The catalogue data (cat data) repository includes reference observational cat-

alogues used to match detections in the images with known sources

¢ The instrument characteristics data (ic data) are related to the instrument spe-

cific calibration and parameters

¢ The science window data (scw data) repository includes pre-processed data
transmitted by INTEGRAL instruments. This repository includes the scientific
data from the telescope, in the form of an event list and histograms, and data

regarding the operation of the telescope

¢ Index file data (idx data) are files which store the indexing system used through

the whole repository system

2.2.2 IBIS/ISGRI Data Reduction

The reduction of IBIS/ISGRI data takes the raw list of photon detections as an in-
put and produces calibrated and corrected shadowgrams ready to be deconvolved.
These shadowgrams are energy calibrated and take into account the instrument ef-
ficiency and characteristics. PICsIT data, on the contrary, is normally histogrammed

on board and transmitted as a histogram.

Correction

The first step of IBIS data analysis is the construction of corrected data structures.
Pixels that had a switch off during the observation and pixels with an abnormal
time distribution of events are considered noisy and events occurred in those pixels
are ignored in the subsequent analysis. At this stage an energy value in keV is also
assigned to each event.
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Good Time Intervals

Good Time Intervals (GTIs) are the time intervals in which events are considered
valid and usable for the analysis. OSA computes tables of GTIs using the instrument
data containing information about the satellite stability, instrument status and gaps
in the data.

Dead Time

The dead time of a detector system is the time interval after a detection in which a
second event can’t be recorded. ISGRI dead time for each detector module is calcu-
lated as the combined effect of the detector dead time, and the additional dead time
introduce by the veto shielding, calibration and Compton counts (if Compton mode
is on). The observed count rate C, depends on the real count rate C and the dead
time D according to:

C,=C(1-D) (2.1)

The effects of different sources of dead time were evaluated in flight during the
commissioning stage of the mission. Considering that the trigger rate per ISGRI
module is around 800 s~ ! and that the ISGRI processing time for each event is 114 ys,
the dead time associated to event processing is around 9% However, the coincidence
windows applied with the veto system, the calibration source and PICsIT increase
the effective dead time to about 24% on average (30).

Binning

Event data are split into time and energy bins according to whether the goal is imag-
ing, light curve or spectra production. A shadowgram is produced for each time and
energy bin selected by the user. Efficiency shadowgrams are also produced, taking
into account the dead time D and the energy dependent detector efficiency. These
two factors are combined as:

Eff(T,E,y,z) = (1 — D(T,module))LT(E,y,z) (2.2)

where T is the time, y and z are the coordinates of the detector pixels in the detector
plane yz. The energy dependent term LT is derives from the low threshold operation
limit of the telescope. This limit represents the degradation of the detector at lower
energies as a result of the passage of charged particles such as cosmic-ray protons. To
account for it, all events below a characteristic low threshold value (which depends
on the orbit number) are removed. At this stage one further correction is applied:
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the eight detector modules comprising ISGRI are separated by a gap of the width
of two pixels. These gaps are filled with the average number of detector counts, to
reduce the formation of artifacts in the final image. The value of the low energy
threshold was set to 17 keV at the beginning of the mission and has been increased
since then up to 30 keV(31).

2.2.3 IBIS/ISGRI Image Reconstruction
Cross-Correlation

Sky images are deconvolved using a discrete cross-correlation of the binned and
corrected shadowgrams.

Sij =Y Gitkj+1Dr (2.3)
Kl

Assuming Poisson statistics, the variance of each sky pixel is constant in the FCFOV

and equal to

Vij =3 GiyjyDri =Y Dy 2.4)
k1 k1

and equal to the sum of detector counts. This deconvolution is extended to the
PCFOV, by applying a non cyclic cross-correlation with an expanded version of the
deconvolution array G padded with 0 elements. This extension obtains a larger
FOV, but requires a proper normalisation in order to obtain a flat background. In
order to properly balance the cross-correlation image in the PCFOV and obtain a
flat background in absence of sources, the negative part of the deconvolution array
is multiplied by a factor before being subtracted. The normalisation or balancing
factor is

1’l+
z',j
Bij=), (2.5)

i i

where n" is the number of detector pixels that can see the position of the sky pixel
i,j through an opening in the mask, while n~ the number of detector pixel that do
not have the sky pixel 7, j on a line of sight because the closed elements of the mask
are blocking its view. The interpretation of this factor will be discussed further in
chapter 6, where a similar balancing will be applied to near-field images. Taking

into account the proper balancing and the efficiency of each pixel, the corrected sky
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maps are obtained with
Sij =2 Gy j1WiiDii — Bij ) Gy iy Wit D (2.6)
kI )

In equation 2.6 B is the balancing array and W is a weighting factor that takes into
account losses in detection efficiency in pixels or areas of the detector. G* and G~

are defined as:

G ifG>0
Gt = i (2.7)
0 ifG<O
B -G ifG<0
G = (2.8)
0 ifG>0

The G arrays are also expanded and padded with zeros for a non-cyclic cross-correlation.
Variance maps , which are not constant outside the FCFOV, are calculated accord-
ingly:

Vij= ;(G;k,jJrlwk,l)ZDk,l + Bi2,j ;(G;k,j+zwk,l)2Dk,l (2.9)

Ghost images

In order to optimise the use of the active detector area, IBIS coded mask uses a con-
figuration with a 2x2 repeat of a basic MURA pattern. In section 1.5 it is specified
that the removal of one row and one column from the pattern would avoid ambigu-
ities. This is only true to a certain extent. Figure 2.4 represents a deconvolved image
of an on-axis source, captured with a 2x2 repeat of a rank 53 MURA (the mask sys-
tem used by INTEGRAL). The source peak, indicated with an arrow, is visible at the
centre of the image. However, lower 'ghost” peaks in the PCFOV are also visible
at symmetrical positions around the source peak. Ghosts are due to the repeated
nature of the pattern. Especially if multiple sources are present in the FOV, the pres-
ence of ghosts would seriously compromise the quality of the image, and therefore
they need to be identified and removed. The removal of one row and one column
from the pattern will cause ghosts to have a lower value than the main peak, making

them recognisable and removable.

Cleaning and Computation of Sky Maps

The sky map is computed from the cross-correlation image by means of an iterative
algorithm that searches for significant peaks. This process is enhanced by the use

of a reference source catalog of likely positions. To do so, OSA has a "ghostbuster’
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FIGURE 2.4: Image obtained by deconvolution from a 2x2 repeat of a rank 53
MURA basic pattern. The resulting image shows a source peak in the centre, ac-
companied by ‘ghost’ peaks, indicated with white cirles, in the PCFOV

tool that cleans the image and produces the final sky map. This tool identifies the
contribution of every bright source in the raw image, including the ghosts, operating
as follows:

¢ The brightest source in the FOV is found in the reference catalogue and the

corresponding peak is found in the map

¢ The peak corresponding to the brightest source in the catalogue isx fitted it
with an analytical approximation of the PSF

¢ A Shadowgram for a source that corresponds to the fitted PSF is modeled.
This shadowgram represents the contribution of the brightest source to the

measured shadowgram.

¢ The contribution of the brightest source is subtracted from the shadowgram.

At the same time, the model of the brightest peak is added to a ‘cleaned” image.

* A second image is deconvolved from the shadowgram after the source contri-
bution has been removed. This will generate an image without the brighest
peak and its associated ghosts.



34 Chapter 2. Analysis of IBIS/ISGRI Pointing Data

150 2000
100 1500
90.0° 90.0°
50, =
< g < 1000 &
(V]
80.0° 0 80.0° =
500
-50
70.0° (a) § , ‘ Loo 70.0° (b) a i,
100°  20.0°  30.0° 100°  20.0°  30.0°
DEC DEC
100 300
80 200
90.0° 60 o 100
3 “
a0 8 o 3
= (8]
éso.o 20 § ~100
0 -200
70.0 ~20 ‘ | | ~300
10.0°  20.0°  30.0° 100°  20.0°  30.0°
DEC DEC
1000
90.0° 800
600 .,
§80.0“ 200
200
70.0° (e) o
10.0° 20.0° 30.0°
DEC

FIGURE 2.5: Sky map produced by OSA with data from the pointing science win-

dow 146100410030. This is another calibration observation of the Crab, which is

a really good example of images of a sigle bright source at the centre of the FOV.

(a) Intensity map after ghost correction, (b) Variance map, (c) Significance map, (d)
Map of residuals, (e) Effective exposure

The process is repeated until all sources or excesses are identified. The final sky
image is composed of the primary peak of each source. When modeling the shad-
owgrams for each source contributions, the number of counts per second for each
contribution is estimated. The units of the final sky maps are reconstructed counts
per second in the FCFOV. Exposure maps are also computed at this stage. These
maps represent the effective exposure time in each pixel in the FOV and are used to

normalise the sky maps to count rate.
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FIGURE 2.6: Mosaic map of the Crab with pointing data from orbit 170. The overlap

of several science windows as the telescope is approaching the target is visible in
the bottom left corner of the map

2.2.4 Outputs of the Image Reconstruction

Depending on the parameters entered by the user, the OSA analysis of pointing
observations returns a series of images, or maps, which are stored as multiple sub-
sections (called extensions) of a fits file. The standard output structures include
intensity and variance maps, from which significance maps are produced, as well as
exposure and residual maps. Since version 10 of OSA, exposure maps represent the
"true exposure’ of the observation, which also includes self-collimation effects of the
mask supporting structure. The residual maps include the residuals of the source
peak subtraction from the intensity images operated during the cleaning stage and
can be used for diagnostic purposes. The software also produces lists of sources
found in the individual science windows. The standard output of the image recon-
struction stage is shown in figure 2.5. These images are first produced at a science
window level and then (if requested) rotated and projected over a reference image
to produce maps of observations composed of multiple science windows(26). As an
example, figure 2.6 shows the mosaic image obtained with the data from the point-
ing science windows forming the square observing pattern drawn in figure 2.2. With
the mosaic, a list of sources found in the single science window maps and in the final

map are also provided.
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Chapter 3

Imaging with IBIS/ISGRI Slew
Data

3.1 Motivation

As described in section 2.1.2, ISGRI observing time is spent into one of two opera-
tional modes: pointing mode or slew mode. Table 3.1 shows how the total amount
of ISGRI observation time was divided between different operating modes from the
time of launch in October 2001 to October 2022. Pointing observations constitute
88% of IBIS data and sum up to more than 500 Ms of observation. Slew observations
constitute 11% of the total observing time. Finally, less than 1% of the exposure time
is dedicated to engineering observation which do not have scientific purposes and
are classified as neither a pointing nor a slew. The total time spent observing in slew
mode by INTEGRAL is 65Ms (~2 years, which was originally INTEGRAL’s nominal
operational life). In spite of the considerable amount of slew data, a software to re-
duce this type of data has never been developed nor released. At the time of launch,
in fact, the INTEGRAL mission was originally planned to last for only a few years.
Processing of slew data is not trivial and computationally challenging and only jus-
tified, at this point, by the large amount of data that was gathered during the over
20 years of operation. Table 3.1 also shows the approximate duration of each science
window. It is important to keep in mind that the duration of each science window
can vary considerably depending on the target and the observation schedule from

200s up to over 1000s in some cases.

Due to the mode of collection, processing these data is particularly challenging on a
computational level, and an analysis tool is not yet available for them. The goal of
this work is the development of an analysis tool for IBIS/ISGRI slew observations
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scw type  Total Exposure Number of scw  Approximate scw duration

(Ms) (s)

OTHER 5 7627 600
SLEW 65 192724 300
POINTING 507 195894 2500

TABLE 3.1: Total IBIS exposure for orbits 1 to 2500. The majority of time is dedi-

cated to pointing observations for scientific or calibration purposes. Slew observa-

tions, carried out between pointings constitute a non negligible fraction of a total

exposure time. the rest of the science windows, classified as 'OTHER’, are per-
formed for engineering purposes

and the production of a survey of these data. The contribution of this additional
observation set to the INTEGRAL dataset will be:

* Long term monitoring of transient activity of known sources. Slew observa-
tions can provide additional data points for INTEGRAL light-curves with a
non regular time spacing. This will help timing analysis, for example evalua-

tion of orbital periods and duty cycles of X-ray binaries.

¢ Search for new X-ray transient sources in areas of the sky that aren’t normally

observed in pointing observations.

3.2 Introduction to Back-Projection Analysis

Figure 3.1 shows the shadowgram recorded by ISGRI in a single pointing science
window during orbit 0170. This scw is part of a calibration observation of the Crab
pulsar and is a good example of a shadowgram of a single bright source in the sky.
The shadow of the coded mask pattern is clearly visible on the detector plane, and
a simple deconvolution will show an obvious primary peak in the position of the
Crab.

Generally speaking, during slew observations, the mask pattern is not obviously
noticeable in the detector image. In fact the detector image is the shadow of a mask
that is constantly moving relatively to the sources, and therefore a cross-correlation
with the correlation inverse array G does not present peaks at the source positions.
What makes reconstruction of slew images possible is the fact that each detected
photon must have passed through one of the apertures in the mask. The knowledge
of the instrument geometry can in principle be used to trace back each detection
(event) to all the regions of the sky that the corresponding photon could have come
from. The position of astronomical sources is then reconstructed by tracing a great

number of photons from different positions in the detector. This process of image



3.2. Introduction to Back-Projection Analysis 39

reconstruction is called back-projection. Back-projection presents some similarities
with the method developed by Fenimore called URA tagging which can be used
when time resolution is needed,operates in the image plane and does not require

deconvolution (32).

o SHADOWGRAM scw 017000420010 120
20 100
40

60

N

80
100
120

0 20 40 60 80 100 120
y

FIGURE 3.1: Shadowgram of a single IBIS/ISGRI science window from orbit 0170.

The target of the observation (the Crab) is in the PCFOV and is so bright that the

shadow of the mask pattern is recognisable in the detector image. A few dead
pixels and bright (noisy) pixels can be identified

# counts

3.2.1 Single Pixel Projections

In principle, knowing the position of the detection and ISGRI pointing direction at
the time of each photon detection, it is possible to trace each photon back to its origin
in the sky through all the open mask pixels. In practice this is a really computation-
ally intense task. To make the computation more manageable, the back-projection
algorithm makes use of pre-calculated single pixel projections (SPPs). Each single
pixel projection represents the portion of the ISGRI field of view that can be ob-
served by a specific detector pixel through all the openings in the mask. Examples
of a single pixel projection for IBIS/ISGRI are shown in figures 3.2 (a) and (b). The
two plots represent the PCFOV of IBIS telescope, which is ~ 30° x 30° with the ex-
posed detector area dropping from 100% to 0 at the borders of the PCFOV. The area
of the PCFOV was divided into 4.5 x 4.5’ pixels, to match the resolution of pointing
OSA images. Figure 3.2(a) shows the SPP for a pixel at the centre of the detector
plane, Figure 3.2(b) shows the SPP for a pixel at one corner of the detector plane.
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The interpretation of these projections is that a source placed anywhere in a sky
pixel with value 1 fully illuminates the detector pixel under consideration through
one of the mask openings. On the contrary, a source placed anywhere in a pixel
with value between 0 and 1 only partially illuminates the detector pixel. Further
details on the construction of the SPPs and the meaning of negative values in them
are provided in section 3.2.1. The addition of a great number of SPPs correspond-
ing to the detector pixels where gamma-rays were detected will produce a back-
projection image. Addition of the SPPs is performed after appropriate rotation to
account for the pointing direction of the telescope. Back-projection can be compared
to other photon tracing techniques such as the use of Compton scatter or pair pro-
duction. These techniques, used in telescopes like CGRO (The Compton Gamma
Ray Observatory)(33) or Fermi-LAT use parameters calculated from different types
of interaction in a detector to trace a great number of photons back to their regions of
origin. By accumulating a great number of photons, the position of the gamma-ray
sources is constrained.

Iqtensity SPP, FCFOV 1 Iqtensity SPP, PCFOV 1
10° 0 10° 0
g g
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> >
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FIGURE 3.2: Single Pixel Projections. (a) and (b) Represent the visibility of ISGRI

FOV from the position of a pixel in two different positions of the detector. If a

photon is detected by a a certain detector pixel, it must have been emitted in the
regions of the FOV with SPP >0

For each detector pixel, the SPP is calculated by assigning a numerical value to each
sky pixel in the field of view. This value represents whether the sky pixel can be
seen by the detector pixel through one of the openings in the coded mask. In the
first instance, for detector pixel /, m and sky pixel i, j the assigned values can be set
to:

1, if sky pixeli,jis seen by detector pixel I,m
0, if sky pixeli, jis not seen by detector pixel I, m

In order to obtain SPP'™ it is necessary to add the contribution from each open mask
pixel p,, to the visibility of the field of view by the detector pixel I, m
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SPP'™(i,j) = Y SPPy" (i, ) (3.2)
Pm

SPP},’,T is the part of the FOV visible by detector pixel /, m through the single mask
opening py,. Assigning a value of 0 or 1 to the sky pixels in the SPP corresponds
to projecting the area of each detector pixel back to the sky map plane through all
the openings in the mask. Although this choice of array is sufficient to obtain a
peak in the source position, a few corrections need to be applied to 3.1 in order to
obtain good quality images. The refinements applied to SPP"™ are described in the
following sections.

Partial Illumination of Detector Pixels

One of the effects that should be taken into account is the capacity of a source in a
certain position to illuminate partially or completely a certain detector pixel. This
characteristic of each position in the FOV is called pixel illumination fraction (PIF)
and depends on the position of the detector pixel and the telescope and mask ge-
ometry. In order to simply visualise this effect it is useful to consider a single mask
pixel - detector pixel pair. Figures 3.3 a, b, and c are diagrams of a very simple sys-
tem composed of a detector, a single mask pixel and a source placed in a plane at a
certain distance from the mask. The images show, on the right, a detector formed
by 4x4 pixels. The single detector pixel under consideration is highlighted with a
darker gray. The mask pixel is shown in the centre of the drawings. On the right,
the source is represented with a sun symbol. The portion of the plane containing the
source that is visible to the detector pixel is divided into different regions, shaded in

different colors, which meaning is hereby explained:

At the top, figure 3.3a shows that a source positioned in the central square area
highlighted in blue (region A) will illuminate the full area of the pixel. Region A
will then have a PIF value of 1. Similarly, a source positioned towards the edges
of the shaded area, in the regions highlighted in green (region B), or in the regions
highlighted in orange (region C), will only illuminate a "slice’ or a “corner” of the
detector pixel. The PIF value of regions B and C is less than 1, because a source
placed in these regions will only illuminate the detector pixel only partially When
calculating the SPP, this partial illumination of the pixels needs to be taken into
account. A sky pixel in region C does not have the same visibility of a sky pixel in

region A, because it only illuminates part of the detector pixel.
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(A) A source in Region A illuminates the entirety of the detector pixel highlighted in
the figure. All sources in region A have PIF =1 relative to that specific detector pixel
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(B) A source in Region B illuminates part of the detector pixel highlighted in the figure.
All sources in region B have PIF < 1 relative to that specific detector pixel
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(C) A source in Region C illuminates part of the detector pixel highlighted in the
figure. All sources in region C have PIF < 1 relative to that specific detector pixel

FIGURE 3.3: The portion of the FOV visible by a single detector pixel through a

single mask pixel. Highlighted in blue, green and orange, the regions of different

PIF of the detector pixel highlighted with a darker gray in though the mask pixel
represented in each figure
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FIGURE 3.4: Cross section of the FOV of a coded mask camera. The regions of
the FOV visible by a detector pixel through two adjacent mask pixels p,, and p},,
highlighted respectively in green and blue, partially overlap

Detector Pixel Illumination through Adjacent Mask Pixels

Figure 3.4 shows the cross-section of the field of view of a generic coded mask im-
ager. Detector pixel I, m is taken into consideration. The portion of the FOV that
is visible by detector pixel I, m through p,, (highlighted in green) overlaps with the
part of the FOV visible by detector pixel /,m through the adjacent mask pixel p),
(highlighted in blue). As a consequence, if SPP""" was constructed by simply assign-
ing 1 to the regions of the FOV that are visible by detector pixel I, m through each
mask pixel and then summing the contributions from all the mask pixels, equation

3.2 would account more than once for the overlapping regions.

Figures 3.5a and 3.5b show the diagram of the same system as figure 3.3, but consid-
ering the mask pixels adjacent to the first. The illuminated portion of the detector
through each of the two mask pixels is shaded in green in figure 3.5a and orange
in figure 3.5b. When a detector pixel is only partially illuminated through an open
mask pixel, depending on the source position, the remaining portion of the detector
can be illuminated through one or more of the adjacent mask pixels if they are open.
In order to correctly account for detector pixels that are illuminated through more
than one mask pixel, the positive values of SPP,lg’,T were obtained by the following

approximation:
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(A) The illumination of a pixel lying in region B through two adjacent
open mask pixels

B c]
PIF<1 PIF<1

o3
28

Detector
plane

(B) The illumination of a pixel lying in region C through four adjacent
open mask pixels

FIGURE 3.5: Highlighted in blue, green and orange, the regions of different PIF of a
specific detector pixel through the mask pixel. The mask and detector pixel under
consideration are drawn in a darker gray. The pictures illustrate how the detector
pixel under consideration is fully illuminated through more than one mask pixel.

1, if pixel i, jisin A
0.5, if pixeli,jisin B
0.25, if voxeli,jis C .

SPPy" (i, ) = (3.3)

k0, if py is closed

This means that if sky pixel ,j fully illuminates detector pixel I, m, SPPl'm(i, j) is
given by either:

* A single contribution = 1

¢ The sum of 2 factors = 0.5

e The sum of 4 factors = 0.25
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and can not be greater than 1. Conversely, a partially illuminated detector pixel
will give SPPY" (i, ) a value <1. It is worth acknowledging that equation 3.3 is an
approximation and does not take into account the exact degree of illumination of
each detector pixel, but correctly accounts for the contribution of each mask pixel to
the visibility of the FOV.

3.2.2 Equivalence between Back-Projection and Cross-Correlation

In order to prove the validity of the back-projection method and its equivalence to
cross-correlation, it is a useful exercise to consider a pointing observation to sim-
plify the scenario and take the movement of the telescope axis out of the equation.
The results can then be generalised to slew observations. When a detector image is
formed, the back-projection sky map is obtained through the addition of the SPPs

weighted by the number of counts in each detector pixel, according to:

S(i,j) = Y_SPP"(i,j)Cy (3.4)
I,m

where i, j represent the pixels of the final sky image S and C is the number of counts
in the detector pixel identified by [, m. There are similarities between equation 3.4
and the 2D deconvolution formula

S(i,j) = Y_ Git1,j+mCim (3.5)
I,m
which will be further discussed in this section.

It is useful to consider a single term in the sum in equation 3.5, corresponding to a
certain detector pixel /, m. The shift between G;; and Gj 4 is equal to the distance
of the detector pixel [, m from the pixel 0, 0. Figure 3.6 shows, in a 1D cross section,
that shifting G by a certain number of detector pixel size lengths IPp is equivalent
to considering a projected mask pattern on the sky where the centre of the mask
pattern is translated by an angle 0. This means that performing a traditional cross-
correlation in the detector plane and rebinning the final image to fit the PCFOV of
the telescope is equivalent to back projection, which acts directly in the sky plane. It
is also possible to visualise the equivalence by expanding the sum in 3.5, separating
the contributions from each detector pixel

S(i,j) = )5 (i) (3.6)
I,m
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FIGURE 3.6: Equivalence between cross-correlation and back-projection. Shifting

the deconvolution array G by a certain number of detector pixel size lengths [Pp is

equivalent to considering a projected mask pattern on the sky where the centre of
the mask pattern is translated by an angle 6.

where

S (i, j) = GistjrmCim = Gittjrm + Gittjom +++ + Gitjom (3.7)

Cp, times

The single term of this sum is nothing but the SPP calculated in section 3.2.1 and the
two sums are equivalent. The difference between the two methods comes into play
when a photon-by-photon reconstruction is needed. This occurs when the CA cam-
era (telescope) is in a continuous motion. The knowledge of the pointing direction
of the camera and the location of the photon detection allow the accumulation of
an image by back projection of each detected photon to all the regions of space that
could have hosted its emission. This is equivalent to accumulating shadowgrams for
a time t— 0, or until each 'shadowgram’ has a single photon detection, calculating
a cross-correlation images for each shadowgram, and then producing a mosaic of
all the images obtained this way. Since the standard INTEGRAL software does not
implement a similar reconstruction, the analysis of slew data presented in chapter 5
have been processed photon by photon with a software designed over the course of
the project from very low level data. OSA was used only to obtain calibration data
from the intermediate stages of IBIS analysis up to the binning stage, such as photon

energy, detector efficiency or dead time.



3.2. Introduction to Back-Projection Analysis 47

3.2.3 Balancing Back-Projection Images

The equivalence between cross-correlation and back-projection also means that the
images obtained by BP can be and need to be balanced in the same way as cross-
correlation images are. This can be done by using the following construction for
SPP;;T , where B is defined in 2.5

The back-projection equivalents of G* and G~ are calculated similarly to SPP,,,
with reference to figures 3.3a, 3.3b, 3.3c for regions A, B and C of partial illumination

of a detector pixel:

0, if py, is closed

1, if sky pixel i,jisin A (if is open
SPP™ (i, j) = ek pixelijisin Al pnisopen)
0.5, if sky pixeli, jisin B (if p,, is open)

0.25, if voxeli,jisin C (if p,, is open)

0, if pu is open

_ 1, if sky pixel i, jis in A (if p,;, is closed
sppy, (i, j) = ey (i pm ) 9
0.5, if sky pixeli, jisin B (if p, is closed)

\0.25, if voxel i, j is in C (if p;, is closed)

SPP™ in its balanced version is then constructed as

PP (i,j) = Y SPPS (i ) — By Y SRS, ) (3.10)
Pm Pm

The way to interpret equation 3.8 and 3.9 is that, while one needs to project back
through the open pixels of the mask in order to calculate the positive part of the
SPP, the negative part part of it is calculated by projecting back 'negative visibility”
to the sky through the closed pixels. It is important to clarify that there is no such
thing as ‘negative visibility’, just as much as there is no such thing as 'negative prob-
ability” that a photon could have been emitted in a region of the sky blocked by the
mask. Balancing is a technique that is applied to cross-correlation images to artifi-
cially suppress background due to non-zero correlation in non-source positions of
the FOV(18).



48 Chapter 3. Imaging with IBIS/ISGRI Slew Data

The Balancing Array
The back-projection equivalent of the balancing array defined in equation 2.5 can
also be calculated from SPP(*) and SPP(~). By definition B(i, j) is the ratio between

nt(i,j) and n=(i,j). Since n™ (7, ) is the number of detector pixels that can observe
sky pixel 7, j through the mask, it can be calculated as

nt(i,j) =Y spptHim (3.11)
I,m
from the definition of SPP(*). In the same way
n=(i,j) = y_sppim (3.12)
I,m

B(i,]) is simply calculated by dividing element by element the two arrays n* (i, j)
and n~ (i, ).

3.2.4 Variance Single Pixel Projections

Analogous arguments can be made to define the ’single pixel variance’ (SPV) simi-
larly to SPP""(i, ) in equation 3.10:

2 2
SPVIm(i, ) = <5pp(+)l,mg,j)> +B(i,j) (SPPHZ"”(i,j)) (3.13)

The Variance map can then be obtained by accumulating a number of contributions

from each detector pixel which registered a gamma detection during an observation.

3.3 Implementation of The Back Projection Algorithm to IBIS/IS-
GRI data

The image reconstruction consists of two main steps: the creation of a list of events
in an appropriate format and the projection of each event from the event list through
the openings in the coded mask.
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3.3.1 Event List Creation
Events Selection

Although back-projection processes the detector data photon by photon, it was con-
venient to implement the algorithm so that it could use the intermediate outputs
of the first stages of OSA data reduction for the application of instrument calibra-
tion and correction. In the first place, the detected photons are selected according to
quality criteria. These are the standard selection criteria applied by OSA to pointing
data.
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FIGURE 3.7: Example of an event list from IBIS/ISGRI science window

17000420010 as shown with the software ‘FITSviewer’. Each row of the table rep-

resents a photon detection. For each photon, several pieces of information are
recorded, such as position on the detector, detection time and energy

The list of all detected photons is stored in the ‘scw” data repository, in the form of
a fits table extension called ISGR-EVTS-ALL'". The event list is a table including the
details of all the events in each observation. Figure 3.7 displays a section of such a

table. The columns store data recorded for each detected event, among which:

ISGRIY, DETY -y coordinate of the detector pixel

ISGRI Z, DETZ - z coordinate of the detector pixel

SELECT FLAG - Selection flag (1 if the pixel is flagged as noisy)

TIME - detection time in Integral Julian Date (IJD). IJD is defined as MJD—51544.0,
where MJD is the Modified Julian Date(34).
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The event list table also includes additional event data such as pulse rise time and
amplitude in the detector. The energy of each event in keV is also calculated and
stored in the event list. In order to create an event list containing the appropriate
information to perform back projection reconstruction, a copy of this list is created
and three selection criteria are applied by the addition of a selection flag column
which assumes value 0 if the event is accepted and 1 if the event is rejected. The
selection criteria are:

¢ All the events with energy falling below the low threshold limit for the orbit
are rejected

¢ All the events falling outside of the good time intervals are rejected

¢ All the events rejected by the correction stage of OSA are also rejected. To
identify these events, ibis science analysis is run on the raw data. The output
of the correction stage is a corrected event list called 'ISGR-EVTS-COR’ which
has a selection flag column labeling all the events rejected by the correction
stage of OSA.

The result of this stage is a pre-processed event list, where all the events that do not
pass the selection criteria are labelled and will be ignored in the subsequent stages.

Correction for Inactive Detector Areas

The inactive areas between detector modules need to be filled with simulated events
to avoid the formation of artifacts in the final image, due to the presence of areas
with zero counts in the middle of the shadowgram. The gaps between detector
modules are visible in the shadowgram in figure 3.1. Similarly to the way OSA
implements this correction, the back-projection algorithm divides the gaps between
modules into equivalent pixels and assigns to each of them a number of simulated

events. A number of simulated events equal to

Naim = D # Ngaps (3.14)

is produced, where D is the average detector counts and Ng,ps is the number of
fictitious pixels in the gaps. The value of N;,, is rounded down to the nearest integer.
A random detection time within the GTIs and position within the gaps is assigned
to each simulated event. This additional simulated event list is processed in the
same way as the event list of physical detections. This is an approximation which
will lead to some artefacts in the final images. These artefacts are also present in the
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FIGURE 3.8: Calculation by interpolation of the instantanoeus ISGRI pointing di-
rection at the time of each detection

OSA cross-correlation images before the correction stage is applied. A better choice
to correct the detector image would be the use of the local mean of the detector
plane. Using the local mean would be more accurate when sources illuminate only
part of the detector (sources in the PCFOV) or to reproduce the largest features of
the mask pattern on the inactive pixel areas.

Calculation of ISGRI Instantaneous Pointing Direction

In order to trace the possible origin of a detected photon through the mask openings
two pieces of information are needed: the position of the interaction on the detec-
tor plane and the pointing direction of the telescope at the time of detection. The
first piece of information is stored in the pre-processed event list. In order to calcu-
late the instantaneous pointing direction of the telescope at the time of detection a
second data file is needed, which is also part of the scw data repository and is the
orbit parameter file. An extract from the orbit parameter table is shown in figure 3.8
and includes data regarding the operation of the telescope. The direction of the x
and z axes of INTEGRAL is reported every eight seconds throughout the duration
of the science window and stored in a file called 'INTL-ORBI-SCP’. Assuming that
the pointing direction is changing with constant speed in each eight seconds inter-
val, the instantaneous pointing direction is calculated by interpolation within these
time intervals. It should be pointed out that the values of the pointing direction
stored in the INTL-ORBI-SCP table is referred to the star tracker system, and due to
the presence of a 10 arcmin misalignment between the star tracker and each of the
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telescope instruments, a small correction needs to be applied before interpolation in
order to correctly reconstruct the position of sources. Figure 3.9 represent the three
reference frames that are at play: the world, the star tracker and ISGRI. In ISGRI ref-
erence frame, z identifies the pointing axis, while the y-x plane is the detector plane.
The correction for the misalignment consists of applying a rotation in the calculated
pointing direction, which is encoded in a rotation matrix between ISGRI and the
equatorial frame of reference. This matrix is stored in the aux database. The result of
this step is an updated event list, where four columns have been added, displaying
ra and dec of the x and z axes of ISGRI at the time of each detection.

A

&3= north pole

FIGURE 3.9: Misalignment between the star tracker system (in green) and ISGRI
axis (in red). The relative orientation between the two systems is stored as a 3x3
rotation matrix in the aux data repository of the archive

3.3.2 Photon-by-Photon Back-Projection

Once a set of SPP and SPV and the effective exposure have been computed and
stored in memory and after the construction of an event list, a series of steps are
followed for each valid event in order to obtain a set of sky maps. First the event
parameters useful for the analysis are read from the .fits event table. These parame-
ters include pixel coordinates [, m and information on the ISGRI pointing direction
at the time of detection ra, , decy, ra;, dec,. The efficiency of pixel /, m in the science
window analysed is read from the corrected shadowgram produced by OSA. The ef-
ficiency is calculated with equation 2.2 during the binning stage of the OSA analysis.
Finally, SPP"™, SPV!™ and the effective exposure are loaded from memory.

SPP'™ and SPV!™ as they have been loaded from memory are expressed in polar
coordinates in the ISGRI frame of reference, where (6, ¢)=(0, 0) is the telescope axis.
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FIGURE 3.10: Representation of INTEGRAL frame of reference (in red) and the

equatorial frame of reference (in green). The pointing axis is the x-axis in the tele-

scope reference frame, while the detector surface lies in the y-z plane. RA, and
DEC, are the equatorial coordinates of the telescope pointing direction

In order to build sky maps it is necessary to project the coordinates of the SPPs
and SPVs onto a sky map in equatorial coordinates RA and DEC, considering the
instantaneous pointing direction of the telescope. This change in frame of reference
is applied with the following steps, which are repeated for every pixel in SPP"™" (i, ):

1. Calculate the components of the unity vectors corresponding to the coordi-
nates of the four corners of each pixel i,j in SPP*" (i, j) and SPV™ (i, ) .

2. Apply a change in reference frame, expressed by the rotation matrix:

Xegq XISGRI
Yeg | = M | yiscri (3.15)
Zeq ZISGRI

where

COS rady cos decy — sinray cos decy sindec, COS 1, cos dec,
+ sindec, sin ra, cos dec,
M— sinray cosdecy — sindec, cos ra, cos dec, sin ra, cos dec, 316
B + cos ra, cos decy sin dec;, (3.16)
sin decy — cos ray cos decy sinra, cos dec, sin dec,

+ sinray, cos decy cos ra, cos dec,



54 Chapter 3. Imaging with IBIS/ISGRI Slew Data
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£
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FIGURE 3.11: Reprojection of a single pixel of SPP'"" onto the empty sky map. The
coordinates of the pixel coordinates are transformed into equatorial coordinates,
and the sky map is filled with the value SPP""™ (i, f)

In equation 3.16 (xeq,ygq, zeq) is the unit vector describing directions in the
equatorial reference frame and (X;sgry, Y1scri, z1sri) the unit vector describ-
ing directions in the ISGRI reference frame. ray, decy and ra,, dec, are the
coordinates of the IBIS pointing axis (x axis) and z axis. Figure 3.10 represents
the correspondence between ISGRI frame of reference, with the pointing axis
aligned with the x-axis, and the equatorial frame of reference. The equatorial
coordinates of the pointing axis are indicated as RA, and DEC,.

3. Calculate ra and dec corresponding to the direction of (xeg, Yeg, Zeg). These are

the four corners of the pixel in the equatorial reference frame

4. Fill the pixels of the intensity all-sky map the value of SPP'™(i,j) and the
pixels of the variance all-sky map with the value of SPV!" (i, j). This is done
with a recursive algorithm that calculates the degree of overlap between the
all-sky map pixel and the pixel from SPP"™ (i, j) that is being projected onto it

The process of reprojecting each pixel of SPP'"" onto the empty sky map is outlined
in the diagram in figure 3.11. The result of these steps is an all-sky intensity map
and an all-sky variance map with the projection of a single event to the regions in
the sky that it could have come from, with balancing factors applied. These steps
are repeated for all the valid events in the event list.
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3.3.3 Exposure Maps

In order to compute sky maps that can be converted to count rate units it is necessary
to produce exposure maps of the sky for the observation under analysis. While ex-
posure maps are normally built by OSA for static observations, slew exposure maps
need to consider the motion of the telescope axis as the instruments are collecting
data. Figure 3.12 shows the exposure that results: if IBIS is pointing in a certain
direction (theta,phi)=(0,0) for one second the FCFOV is characterised by 1 second
exposure. The exposure of areas in the PCFOV will be < 1, according to the ratio
of the detector area that is used. This concept is called effective exposure. The total
exposure map of an observation is the sum of all such exposure projections onto an
empty sky image as the telescope slews from one pointing to the next. The exposure
projection is computed as

E(i,j) = Y _ spp(Him (3.17)
I,m

E(i,j) has the same value (and interpretation) as n*. It represents the total number

of detector pixels that can observe sky position (i,j). E(i,j) is then normalised to 1

_EGj)  _ E(GJ)
EG]) = = (Fcrovy ~ 05Ny, (3.18)

From an algorithm point of view, the exposure is projected back in exactly the same
way as the intensity is. For each event the exposure projection is loaded from mem-
ory and multiplied by an appropriate time interval which is determined as follows:

¢ If the event occurs within a GTI the exposure projection is multiplied by the
time interval between the current event and the following valid one

¢ If the event is the first or last event of a GTI the exposure projection is multi-
plied by the time interval between the event and the boundary of the GTI

The exposure projection is then rotated to match the instantaneous pointing direc-
tion of the telescope and its contribution is added to an empty sky image following
the same method as the SPPs and SPV's. The result is an all-sky map of the effective

exposure of the telescope during a slew science window.
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FIGURE 3.12: Effective exposure projection

3.3.4 Products of the Slew Data Analysis

The back-projection code for IBIS/ISGRI data outputs a set of four images stored
as extensions of a .fits file for each science window. These images are: intensity,
variance, significance and exposure. The significance map is simply calculated as the
pixel by pixel division between the intensity and the square root variance map. Slew
science window maps can be mosaicked in the same way as pointing observations
are, with proper weighting with variance and exposure time. The first astronomical
image that was produced to test the algorithm is an image of the Crab Nebula, a
Supernova Remnant which is one of the strongest X-ray sources observable in the
sky. Since its intensity is considered to be constant, a great number of X- and gamma-
ray telescopes (including INTEGRAL) have used and continue to use observations
of this source to perform their calibration. The data sets that were used to test the
success of the back projection method are indeed part of calibration observations
of the Crab. The first observation is from one of the early orbits, orbit 0170, which
was performed in June 2004 and included 27ks of observation of the Crab(35). The
second observation was performed in October 2014 and covers two orbit, 1461 and
1462, with a total exposure of around 39ks. The Crab was chosen as a test source
also because, contrary to other persistent sources bright in the X-rays, the Crab is
the only X-ray source in its region, offering an almost ideal test scenario with one
single source in the FOV.
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FIGURE 3.13: Significance maps of the regions around the Crab Nebula using sci-

ence windows from orbit 1461-62. The image shows a peak in significance in the

position corresponding to the Crab, as well as 8 ghost images around the main
peak
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FIGURE 3.14: Significance maps of the regions around the Crab Nebula using sci-
ence windows from orbit 0170. The image show a peak in significance in the posi-
tion corresponding to the Crab, as well as 8 ghost images around the main peak(35)
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Figures 3.13 and 3.14 show the final significance images made with the two Crab
observations. Both images show a clear peak in the Crab position with a signifi-
cance of — for orbit 0170 and — for orbits 1461/62. In addition, eight ghost images
are placed at symmetrical positions around the main source. It is important to em-
phasize that these spurious sources are not generated by back-projection itself. On
the contrary, they are due to the repeated nature of the mask pattern and appear in
cross-correlation images as well, before the correction stages of OSA. OSA is able to
suppress ghost images by operating a cross-check between a catalogue of positions
of known sources and possible sources found in the images. In fact, when a previ-
ously unknown source is found in ISGRI images, it does presents ghosts, since OSA
fails to suppress them. Results from the analysis of science observations made of a

stack of science windows from several orbits will be presented in chapter 4.

3.3.5 CUDA Implementation of Back-Projection

The code which runs the analysis has been first implemented in C++. The total com-
puting time associated with back projection can be divided into two tasks. First, the
construction of the SPPs, SPVs and exposures, then mapping of these projections
onto the sky. A code written in Python computes the projections in the telescope’s
reference frame by using purely geometrical considerations. Once projections have
been computed, they need to be mapped on an empty all-sky map. This opera-
tion, described in section 3.3.2, took about 2 seconds per photon. On average, a slew
science window includes around 30000 events. This means that on average the com-
puting time to produce an image of a single science window would be 16.7 hours.
After the first prototype, which worked with reduced data sets of a few hundred
photons, it has been decided to use GPUs to reduce the computing time. The code
that implements the back projection algorithm, processing each photon in the event
list, was written in C++. The function that adds the contribution of each photon to
the sky map runs on a GPU by means of the computing platform CUDA distributed
by NVIDIA, which allows the definition of C++ functions, called kernels, that can
be executed on the GPU. Kernels define a number of threads, which take a 1D or 2D
array as an input and perform a series of operations on a single element of the input
array, executing them in parallel on a GPU. The computation was split between four
servers each equipped with a NVIDIA GeForce RTX 2080 GPUs. A single science
window at a time was processed by each server. For each science window, an event
list is first produced on the CPU. Then, space for the output image is allocated in
the GPU memory. The all-sky map that will host the output image is an 8000x8000
pixel array. Then, for each event the appropriate SPP, SVP and EP are loaded from
the HDD and copied to the GPU memory space. Only at this stage the kernel is
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FIGURE 3.15: Structure of the kernel used for reprojection onto the sky. Each thread
reprojects one of the 400x400 pixels in SPP, SVP and EP. By processing all of the

then launched. The diagram in figure 3.15 displays how the algorithm was imple-
mented for a parallel execution and the structure of the kernel: each thread of the
kernel performs the reprojection onto the sky map of one of the 400x400 pixels in
each of the three arrays (SPP, SVP and EP). With the parallel implementation, the
performance has improved (from ~2 seconds/photon to ~50 ms/photon). This is
absolutely fundamental for the production of a big survey. In fact, the total number
of slew events recorded by INTEGRAL is estimated to be of the order of magnitude
of 1010, Further details on the performance of this implementation can be found in

chapter 4.

pixels in parallel, the computing time decreased 400 times
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Chapter 4

An IBIS/ISGRI Slew Survey
Prototype

4.1 The Potential of a Slew Survey

The previous chapters of this thesis illustrated the method that has been used to ex-
tract images from IBIS/ISGRI slew data and the motivation for pursuing this chal-
lenging task. This chapter focuses on the possibility to obtain scientific products
from slew data and is articulated in three sections. The first section describes the
potential of a slew data survey, by comparing the slew exposure of the sky to the
pointing exposure. The second section presents a demo of the slew survey with a
reduced data set of ten orbits. The chapter is closed with a section that describes the
work that still needs to be carried out to fully implement slew data analysis of large

data sets.

4.2 Sky Distribution of the Slew Exposure

One of the key motivations for performing a slew survey is that it can provide ex-
posure of sky regions that are not well covered by pointings. Figures 4.1 and 4.2
represent the pointing and slew exposure maps of the first 2000 orbits of the IN-
TEGRAL satellite. The first was obtained from the INTEGRAL Announcement of
Opportunity (AO-15), which covers data up to the end of 2017(36). The second was
evaluated from the orbit parameters file for each slew science window, accessed
from the INTEGRAL data archive. Both maps present highest value in the region
of the galactic plane, with slew exposure being approximately one order of magni-
tude lower than its pointing counterpart. The apparent gap in the data in figure 4.2
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is resulting from the reprojection of the slew exposure maps, originally computed
in the equatorial frame of reference, into a galactic frame of reference. Figure 4.3
represents the ratio between slew exposure and pointing exposure of the first 2000
orbits. It is possible to notice that around the galactic plane the value of the ratio
is approximately 0.1, which is in line with slews representing around 11% of the
total observing time. However, moving away from the galactic plane, areas where
slew observations constitute a significant portion of the total observing time appear,
and even small regions where the ratio is greater than 1, indicating that the slew
exposure is higher than its pointing counterpart.

4.0x107

r3.5x107

r3.0x107

r2.5 x107

r2.0x107

ONTIME (s)

r1.5x107

1.0x107

0.5x107

FIGURE 4.1: Exposure map of the pointing INTEGRAL/IBIS data for orbits 0 to
2000. This map was obtained from the INTEGRAL Announcement of Opportunity
15 (AO-15) (36)

Figure 4.4 represents the ratio of the sky covered with pointing and slew observa-
tions above a certain exposure time. This plots highlights again how, in areas of the
sky that are not visited often (lower exposure values), slew observation constitute a
significant fraction of the total amount of INTEGRAL data. Some small areas even
present an exposure ratio between pointings and slews close to 1, which means that
approximately half of the data available for those regions is composed of slew ob-
servations. Figure 4.4 provides a second way of looking at the exposure data. The
plot represents the percentage of the sky observed at different levels of exposure.
The plot confirms that observing time spent in slew mode is approximately 10% of
the time spent in pointing mode.

It is worth emphasizing that, although these maps provide a good idea of the quan-
tity of data that could become available if a slew analysis tool is developed, they are
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FIGURE 4.2: Exposure map of the slew INTEGRAL/IBIS data for orbits 0 to 2000.

This map was calculated from the orbit parameters available in archival data. A

local averaging algorithm has been used to address the discontinuity around ra=0

when converting from equatorial to galactic reference frame. This transformation

was performed to display the map in the same coordinates as the pointings expo-

sure map, directly downloaded from the INTEGRAL Announcement of Opportu-
nity 15 (AO-15) (36)

not comparable to the exposure maps computed with OSA. Figures 4.1 and 4.2 are
‘"ONTIME’ maps, which represent the amount of time the telescope spent observ-
ing every sky pixel. Since version 10, OSA produces "true” exposure maps, which
have much lower values because they account account for detector dead time, the
transparency of the mask and various vignetting effects from the mask supporting

structures (25).

4.3 A Prototype for a Slew Data All-Sky Survey

A reduced set of observations was selected to be processed with the back-projection
algorithm and be a prototype to test its imaging capabilities. The data sample con-
sists of 11 INTEGRAL orbits, from 973 to 983, and covers a time period of one month
(October 2010). This 11 orbits data set was chosen for multiple reasons. First of all
the data sample is extremely varied in terms of types of slew science windows: it
includes long slews where the orientation of the telescope axis varied at high speed
as well as really short and almost static slews between pointings forming a dither-
ing pattern. The second reason for this choice of data for a first multi-orbit test relies

in the targets of the observations. The observation of several bright sources during
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FIGURE 4.3: Ratio between pointing and slew exposure maps for orbits 0 to 2000.
When moving away from the galactic plane, slew observations constitute a signifi-
cant portion of INTEGRAL observing time

these orbits makes this sample a good test bench for the capabilities of the back-
projection reconstruction. This time window also presents a high level of overlap
with Swift/BAT observations. This overlap makes this data set ideal to test an inte-
grated gamma-ray survey including ISGRI pointings, slews and Swift/BAT obser-
vations, although this particular application is out of the scope of this thesis. Figure
4.5 shows the motion of the pointing direction of the telescope during one of the
orbits of the data set. Pointing observations are represented by a dark dots, while
the trajectory of the pointing direction during slews is traced with a pale blue line.
Orbit 975, which is fairly typical in terms of observation schedule, starts with obser-
vation of the outer galactic region composed of a series of pointings performed in a
line at | = —150°, follewed by an observation of the galactic bulge in an hexagonal
pattern. Figure 4.6 shows the exposure map of the orbit: the outer galactic region
has an exposure of approximately 3 ks, while the galactic bulge was observed for
960 s during orbit 975.

4.3.1 Exposure Map of the Prototype Data Set

Figure 4.7 shows the total exposure for the slew science windows of the test data set.
The total exposure time (calculated as the sum of the GTIs and thus equal to the ON-
TIME) is 150ks and 2.2Ms respectively for slews and pointings. The most observed
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FIGURE 4.4: Fraction of the sky observed by ISGRI as a function of cumulative ex-

posure. The fact that two curves have the same shape, but extend differently along

the x-axis indicates that the time spent in slew modes sums up to approximately
10% of the time spent in pointing mode in the majority of the sky.

areas of the sky have an exposure of around 10ks, mostly composed by slow and
short slews between pointings forming a dithering pattern around the same source.
Some long fast slew are also present, with a coverage in the hundreds of seconds. A
total of 945 science windows was processed, corresponding to approximately 6 x 107
back-projected events. For the preliminary analysis presented in this thesis, images
were processed only in the 18-60 keV energy band, around the peak of the ISGRI
detector sensitivity. The 18-60keV energy band is optimal for survey studies of X-
ray binaries and AGN spectra, and for this reason is one of the key bands used in
existing surveys with ISGRI(37; 38).

4.4 Producing a Mosaic Slew Sky Map

The back-projection reconstruction was applied to each science window of the data
set. In OSA analysis for pointing observations, single science window images are
produced and then averaged to obtain a high statistics mosaic. OSA creates images
of the telescope’s field of view for each static observation and creates a ‘mosaic’ by
reprojecting each single science window image onto an empty sky map. The same

process was followed for back-projection images of slew data. The only difference
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FIGURE 4.5: ISGRI pointing direction during orbit 975. The orbit starts with a
series of observation of the outer galactic disk, followed by an hexagonal pattern
observation of the galactic bulge
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FIGURE 4.6: Exposure map of slew observations in orbit 975. The orbit includes
a 3ks coverage the outer galactic region at 1=215°, followed by 700s in the galactic
centre
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FIGURE 4.7: Total exposure (ONTIME) of orbits 973 to 983. The color bar is dis-
played in logarithmic scale to highlight the areas with lower exposure

is that, since the back-projection algorithm always projects detected events onto an
empty map of the whole sky, it is sufficient to sum the single science window images
after proper weighting with their variance and exposure since all the images are
already in the same reference frame. However the term ‘mosaic” will be used also

for slew maps, in analogy with OSA analysis.

4.4.1 Intensity Maps

A total intensity map I was produced by simple pixel-by-pixel sum of the single

science windows intensity maps.
Imosa (X/Y) = Z Isew (le) 4.1)
SCW

In equation 4.1 x and y refer to the pixel of the sky map. It is possible to perform
these operations simply pixel-by-pixel because the output of all the slew images is
an all sky map in the same reference frame.

4.4.2 Exposure Maps

In a similar way, the exposure maps are calculated by adding together exposure
maps from single science windows.
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rnosa 2 Tscw ,y (4.2)

SCW

It is important to reiterate that exposures calculated in 4.2 are comparable to expo-
sure maps processed with OSA, since they do not account for detector efficiency
and various vignetting effects. They only indicate the time that the telescope spent
observing each sky pixel if the observation fell inside a GTL

4.4.3 Flux and Variance Maps

Flux maps for each science window are derived by dividing the intensity map by
the exposure

I
w(xy)
scw( /Y) =
Tscw( X,y)

(4.3)

In principle, since the peak in the deconvolution map is proportional to the num-
ber of detector counts from a source and the deconvolution is equivalent to back-
projection, Fs will be proportional, after proper calibration, to the detector count
rate from a position in the sky. This is why in this thesis, the quantity in 4.3 is indi-
cated and treated as an uncalibrated "flux’.

The flux variance maps at a science window level were computed by simple error
propagation dividing the variance maps obtained with 3.13 by the square of the

exposure

o2 flux VSCW(X y)

Teew (Xy) =

(4.4)

scw (xy)

The flux map of the whole observation period was then produced by simply av-
eraging the single science windows map after properly weighting them with the

variance maps 02, = View:

1
Yscw Fsew (XIY) 2o (xy)

Fosa (le) = = (4.5)
Yscw 2, ()
and the mosaic variance map is calculated accordingly.
1
Tmosa(Xy) = =———— (4.6)

Lsew 5T,y
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In equations 4.5 and 4.6 0y refers to the error on uncalibrated flux at a science
window level, calculated with 4.4. In the same way 0mesa refers to the error on the

mosaic flux images.

4.4.4 Significance maps

The significance map for the mosaic image, expressing the flux in units of its stan-
dard deviations, is then calculated by dividing the mosaic flux map by its error,

which is the square root of the mosaic variance map.

Frnosa (XIY)

4.7
Omosa (XIY) ( )

Smosa (X/Y) =

4.5 Results

It is interesting to compare the back-projection maps obtained from the slew science
windows and the cross-correlation maps from the pointings performed in the same
orbits. For comparison, a deconvolution sky map was computed by means of OSA

from the same orbits.

4.5.1 Search for Excesses in the Significance Map

Pointing and slew significance maps were inspected with a tool that searches for
peaks in the image (37). This tool is called ‘peakfinder” and operates a search for
peaks in three stages: it first selects the pixels in the image above a certain thresh-
old and recursively searches for peak structures around them. The recursive search
stops if the selected pixel falls below a certain threshold value or if the value in-
crease, indicating that is is situated in a valley in the image. Selection criteria are
applied to the identified peaks, to determine the likely sources. First, the centroids
of the identified peaks are then calculated and compared to the local rms of the im-
age, to reject peaks that are comparable to the noise level. The radius of the peak is
evaluated and compared to a minimum threshold which depends on the maximum

value.

In this work, peakfinder was tuned to identify peaks above 5¢ detection and a total
of 59 sources were identified in the pointings map. This threshold is similar to the
4.7c threshold used to search maps in previouis works with larger data sets. Table
4.1 shows the ten brightest sources that were found, along with the significance of
their detection and the local exposure of the observations around their position. The
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Source RA DEC pointing slew pointing slew pointing position slew position
(deg) (deg) exposure(s) exposure(s) significance (0) significance (o) offset (deg) offset (deg)
GRS 1915+105  288.802 10.942 37856 4762 520.434 52.985 0.006 0.035
Vela X-1 135.528 -40.555 37486 2846 427.660 31.217 0.001 0.048
Sco X-1 244979 -15.646 14106 3155 419.467 44.959 0.005 0.128
Cyg X-1 299.585 35.201 30837 7705 338.566 40.446 0.004 0.083
Cyg X-3 308.112  40.954 48234 1184 243.8222 27.668 0.005 0.062
4U 1700-377 255.989 -37.842 24085 4271 172.503 - 0.003 -
MAXIJ1659-152 254.757 -15.252 27044 6658 130.765 20.788 0.006 0.098
GX1+4 263.006 -24.749 33522 8502 107.117 - 0.004 -
Ginga 1826-24  277.367 -23.789 55369 9669 102.817 - 0.008
1E 1740.7-294  265.977 -29.730 36511 8579 75.601 - 0.015

TABLE 4.1: List of the ten brightest sources identified in the mosaic pointing map
of orbits 973 to 983

peakfinder was also applied to the slew images, and the six sources identified are
summarised in table 4.1. Most of the sources are concentrated around the galactic
centre, which was a target of many of the observations under examination. All the
X-ray sources observed in this data set are well known X-ray binary systems. The
low-mass X-ray binary GRS 1915 +105, isone of the most studied galactic galactic
black holes. Sco X-1, one of the brightest X-ray sources known, is a low-mass X-ray
binary system hosting a neutron star as a compact object. Both systems have been
extensively monitored by ISGRI. Cyg X-1, Cyg X-3 and Vela X-1 are also well known
low-mass X-ray binaries. Cyg X-1 and Cyg X-3 host a black hole candidate, while
Vela X-1 hosts a neutron star as a compact object. These sources, although showing
different levels of variability in their light curves, present persistent X-ray emission
coming from the accretion disk, and thus are always visible in the X-ray band.

The differences between the two data sets are essentially two: the total exposure
time of each sky pixel and whether the telescope axis is in motion or not. Due to the
lower exposure, it is expected that not as many sources will be visible in the map
computed with slew data. The local exposure in the slew sky map is also indicated
in table 4.1. It is important to note that, even though slews and pointings are alter-
nating in the observations, the time spent observing each source in slew mode is not
simply a constant fraction of the pointing exposure, but depends on the scheduled
observation and the telescope manoeuvers.

4.5.2 Point Source Location Accuracy

The last two columns of table 4.1 show the distance between the centroid of the peak
and the nominal position of the source in the INTEGRAL reference catalogue. Gen-
erally speaking, the angular size of the peak is approximately equal to the projected
angular size of the mask element, which for IBIS telescope is ~ 12'(FWHM). The

point source location accuracy of ISGRI, which depends on the detector, the mask,
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FIGURE 4.8: Offset between the the source position reconstructed by back-

projection and the source position in the INTEGRAL reference catalogue. For com-

parison, the plot also shows the 90% confidence level PSLA from Scaringi et al (40)
for the PCFOV and FCFOV

the reconstruction method and significance of detection, has been characterised dur-
ing the initial phases of the mission (39). Figure 4.8 shows the offset between the

reconstructed and catalogue position of the sources as a function of significance.

After both slew and pointing maps were searched for sources, the position of each
source estimated from the map was compared to the known source position from
the INTEGRAL catalogue. Each data point represents the offset between the known
position of one source and the position estimated from the sky map. The red data
points are the six sources found in the slew map, while the blue data points are
the 10 sources found in the pointing map. The images of sources obtained from
pointing observations have higher significance, but also show a smaller offset from

the catalogue position.

For comparison, the plot also includes the 90% ISGRI source location accuracy (PSLA)
from by Scaringi et al(40). While the pointing data distribute around the curve,the
average offset for slew images is 0.076 degrees (4.56 arcmin), which is much greater
than the offset predicted by the model used for pointing observations of the same
significance. In spite of the small size of the sample, it is evident that the point
source location error radius is degraded in slew observations by a few arcminutes.
This effect can be associated to two contributions: the unsteadiness of the telescope
during slews, and the uncertainty introduced during the linear interpolation of the

pointing direction in the back-projection analysis.

It is important to point out that the peak finding tool was used on this map only for
indication. In fact, the code is designed to work with OSA images, which have been

cleaned from cross-correlation artefacts (ghosts). It is expected that the peak finder
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will struggle identifying peaks in the slew sky map, not only because of the lower
exposure (which implies a lower significance), but also because the slew map is in a
raw version at this stage of development and presents a significant amount of noise.
Moreover, the PSF might be larger in slew maps, due to the motion of the axis. At
this stage, visual inspection of the maps is essential and further optimisation of the
peak finder tool for slew maps is needed.

4.5.3 The Coding Noise

The term coding noise refers to the spurious structures in coded mask images that
result solely from the decoding process. An example of coding noise are ghosts
images: they are features that degrade the quality of the final image, and are not
caused by statistical noise in the detector, but arise from the design of the mask and
the cross-correlation process. Another example of coding noise is clearly visible in
the slew sky map and is shown in detail in figures 4.9 and 4.10. Figures 4.9 and 4.10
display portions of the mosaic maps, which show of prominent line features. These
lines result from decoding the gaps between detector modules as if they were active
pixels. Section 3.3.1 explained how the detector average was used as a fill value
for these gaps. This value initially gave good results for the test science window
from the observations of the Crab, but seems insufficient to eliminate these streaks
for other slew observations. This difference is probably due to the motion of the
telescope axis, which contributes to either blur out or intensify these streaks: obser-
vations in a dithering pattern have the effect to blur out these line features, while
slews in a single direction observations tend to show them. If, during an open slew,
the telescope axis moves along one of the axis of the detector plane (y or z axis), long
streaks will show along the direction of motion (figure 4.10). Since the lines in the
image match the gaps between detector modules, there should also be a line orthog-
onal to ones visible in figure 4.10. That is not visible because it has been blurred out
by the telescope motion. With the current version of the software, the presence of
these structures strongly depends on the motion of the telescope axis.

4.5.4 The Sources

Some interesting remarks can be made on the sources that can be identified in the
back-projection images. Figures 4.11 show the regions on the sky map around the
identified sources. All of the sources present ‘ghost images” at symmetrical positions
around the main peak. It is important to remember that these are inevitable artefacts
which are part of the instrument PSF and are due to the repeated nature of the IBIS
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FIGURE 4.9: Coding noise due to insufficient or inaccurate correction for the dead
areas of the detector plane. For a static view, the lines in the field of view match the
separation of the modules in the detector plane

mask pattern. in OSA, these artefacts are removed at a later stage by means of a

cleaning algorithm.

It is interesting to compare these results with the data from the pointing observa-
tions. The slew science windows sum up to a total exposure of 150 ks, which allows
detection of six sources above 10 ¢. If the lower number of source detections was
only due to the lower exposure, the seven sources detected in the slew map would
correspond to the brightest sources in the pointing map. This is true with the ex-
ception of the high mass X-ray binary 4U 1700-377, which is clearly visible in the
pointing map but not detected in the slews. In order to understand why 4U 1700-
377 was not detected in the slew data, it is useful to observe the back-projection
image of that region of the sky.

Figure 4.12 shows the area where 4U 1700-377 was expected to be found. In spite of
the presence of several bright sources, which position is indicated with white circles,
the sky map does not show any peak that can be linked to 4U 1700-377. However,
even though no source is visible, the background is not flat, but present structures
with prominent patches and "holes’. This effect is not completely unexpected. Gen-
erally speaking, coded masks struggle to produce good quality images when the
field of view is particularly crowded, because detector is almost ‘flooded” with pho-
tons from different directions. A crowded field of view, in fact, typically produces
an image with a very noisy background, with prominent structures that hide the
sources. In addition, each source is accompanied by eight ghosts, which overlap
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FIGURE 4.10: During long open slews, if the pointing axis is moving along the y
or z direction in the telescope’s frame of reference, the separation between detector
modules will appear in the image as long lines along the motion direction. When
the telescope operates in a dithering pattern, on the contrary, these features are less
pronounced since they are blurred by the observation pattern.

and make the image even more crowded. The image cleaning and post-processing
techniques implemented in OSA partially recover the quality of the image, but it
is expected, at this stage, that back projection alone will not be able to reconstruct
high quality images if such a crowded field of view. Even if the map showed bright
irregular excesses in the same position as known sources, it is impossible to assert
with confidence that they constitute a source detection, due to the low quality of the
images when the field of view is really crowded. It is important to emphasize that,
even with its correction method, regions in the galactic centre are affected by higher
level of noise also in pointing images obtained with OSA.

4.6 Flux Calibration

The tests that were carried out on this reduced prototype data set show that it is pos-
sible to obtain back-projection images that present peaks in the position of identified
sources. In order to enable the method to produce usable scientific data, it is neces-
sary to correlate the peak in the back-projection images to the flux reconstructed by
IBIS/ISGRI camera during pointings. In other words, it is necessary to calibrate the
method. Figure 4.13 shows the uncalibrated flux of the six sources identified in the
slew science windows of the 10 revolution data sample and the flux from the slew
observations of the Crab from orbit 1461, both reconstructed using back-projection.
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FIGURE 4.11: Significance maps of the regions around the seven sources identified
in the slew mosaic maps of orbits 973 to 983

These fluxes are plotted against the flux calculated with OSA for the pointings of
the same periods. The slew fluxes were obtained with a 2D gaussian fit of the flux
maps, and the error was obtained from the variance maps. The plot also shows
the values of the flux in the position of sources that were detected in the pointings
but not in the slews. With the exception of 4U 1700-377, which has already been
discussed in section 4.5.4, the pointing flux seems to suggest that these sources fall
below the sensitivity of the method. On the other hand, the good correlation shown
in the graph is an indication that the method is be able to reconstruct fluxes. How-
ever, this calibration plot has to be interpreted with one caveat: the two methods
are processing data collected in different time intervals. However, since pointing
and slew science windows alternate in the telescope operation, it was assumed that
the potential variation of the flux was slow enough to spread across several science
window and that the flux of the identified sources, averaged over the observation
period, was the same in both pointings and slews.

significance

significance
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A linear fit to the data in figure 4.13 suggests that the back-projection flux is around
a factor of four lower than the pointing flux. The fit included only the sources that
were detected in both operating modes. A few reasons have been identified as pos-
sible causes for the discrepancy. First, the calculation of the exposure maps in the
current version of the code does not take into account vignetting effects from the
mask support structure or the detector module dead time(25). On average ISGRI
has a dead time around 25%, due to the combined effect of ISGRI events and the
VETO strobe length. This alone will result in an underestimation of the flux in equa-
tion 4.3. Combined with the vignetting effects this contributes to lower the true
exposure significantly with respect to the ONTIME. All these effects, however, are
systematic or included in the telemetry, so in principle they can be modeled and cor-
rected for. Another factor that might influence the peak heights is that the motion of
the telescope axis has a blurring effect on the peaks in the image. The assumption
made in section 3.3.1 that the telescope axis moves linearly with constant velocity
every 8 seconds interval is not entirely accurate. In fact, the pointing axis is unsta-
ble during the slews. This effect impacts the PSF depending on how fast the axis is
moving and how stable it is. An investigation of these effects on the peak values and
the lateral resolution in slew images is necessary for a full calibration of the method.

HETE J1900.1-2455
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FIGURE 4.12: Slew sky map of the Galactic Centre region. When the field of view

is really crowded, the image does not present a flat background, but a series of

structures and "holes’. In spite of the presence of many sources, it is impossible to
recognise any obvious peak in the map and associate them to known sources
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FIGURE 4.13: Back-projection uncalibrated average flux of the slews in orbits 973
to 983 plotted against the OSA reconstructed flux of the pointings in the same time
period

4.7 Potential Applications

The results obtained using a prototype data set demonstrate that the IBSI/ISGRI
slew data can be deconvolved using a back-projection approach, with good source

reconstruction and straightforward flux calibration.

4.7.1 Search for New Sources

While using slew data for scientific purposes, it is important to note that slew obser-
vations do not have an observation target, but are simply manoeuvres performed
to get from one scheduled observation to the next or from one step of a dithering

pattern to the next. As a result, slew science windows can be broadly divided into
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two categories. The first consists of "quasi-static’ observations, performed to move
from one pointing to the next in the scope of a dithering pattern. These are called
‘closed loop slews” and are generally slow and short (less than 2°). It can be assumed
that the sources in the FOV of a closed loop slew are the target of the pointing ob-
servations performed immediately before or after. The second category consists of
long and fast slews, called ‘open loop slews” which are performed during galactic
plane scans or between observations. From flight data, it can be calculated that the
slew rate of closed loop slews is always at least 0.011°/s (2° every 3 minutes). The
length of slews performed during galactic plane scans are generally 7° and are per-
formed at a higher rate, around 0.023 °/s. Large open loop slews can reach rates of
0.055 °/s(27). This would produce unacceppable blurring of the shadowgram if a
standard analysis was attempted.

Consider for example a long open loop slew, with the pointing axis moving at a rate
of 0.055°/s. Since the size of the PCFOV is approximately 30° x 30°, it can be esti-
mated that a source crossing the centre of the FOV during a slew would stay in sight
for 545s. Figure 4.14 shows ISGRI continuum sensitivity as reported in the latest IS-
GRI Observer’s Manual(30). From the sensitivity characteristics of the instrument,
it can be calculated that the 10°s 5¢° continuum sensitivity at 40 keV is around 3.8
mCrab. This means that, assuming a continuum spectrum, the minimum source
flux that can be measured with a confidence of 50 in 10°s is 3.8 mCrab. Scaling the
sensitivity down for a 545s observation, it can be estimated that the flux for a 50
detection for a source crossing the centre of the FOV during a typical slew is around
160 mCrab.

4.7.2 Long-term Monitoring of Known Sources

The search for new sources is not the only reason for the development of an anal-
ysis method for slew data. A great portion of the sources observed by INTEGRAL
are persistent X-ray sources with transient behaviours like AGNs and X-ray binaries
(41). These sources are visited periodically according to the observation schedule.
Slew data could provide a better time coverage of these variable sources, improving
the temporal coverage of long term light-curves and increasing the amount of data
to study their variability behavior in the hard X-rays. Figure 4.15 shows the slew
ISGRI light curve of the high mass X-ray binary (HMXRB) Vela X-1 with data from
orbit 976. The plots show the light curves from both pointing data (in red) and slew
data (in blue and green). The blue data points are the light curve extracted from
slew data in units of uncalibrated flux. Each data point corresponds to a single sci-
ence window. Each science window image was produced in the 18-60 keV energy
band, and the flux at the source position was extracted from the image. In order



4.7. Potential Applications 79

T T T T T T T

ISGRI Sensitivity
30, AE=E/2, 10° s

T

L

104
T

narrow line

10-°
T

continuum

soaaaaal

20 50 100 200 500 1000
Energy (keV)

. L Lo Nl

FIGURE 4.14: ISGRI continuum (black: ph cm~2s~! keV~!) and narrow line sen-
sitivity (red: ph cm~2 s~1) from the latest issue of IBIS Observer’s manual, dated
February 2021 (30)

to take into account the higher levels of systematic noise in current back-projection
images, a systematic error was added to the statistical error extracted from the vari-
ance maps. The systematic error was estimated by inspecting the time variation of
the measured flux at four background positions 1 degree away from the source. The
level of systematic error was chosen so that the measurements in the off-source po-
sitions were always compatible with zero throughout the observation. The pointing
light curve shows a significant variation in count rate, which peaks at IJD 3936.53
with a value of 202 cts s~! and then falls to an average of around 60 cts s~!. Due
to the lower exposure time and the high level of noise of the current version of the
reconstruction method, it is hard to obtain a significant flux measurement from a
single slew science window when the source is in a low state. Most of the mea-
surements between the peaks in the light-curve are compatible with zero. Where
there is a peak in the pointings light-curve there is a corresponding increase in the
uncalibrated flux. The slew flux has been quantitatively reconstructed with the cali-
bration factor calculated in section 4.6 and is shown in green in figure 4.15. Despite
the high level of systematic noise in back-projected images there is qualitative agree-
ment with the pointing data around the emission peak. An image correction stage
in the analysis, similar to that performed by OSA, would suppress the systematic
error. Analysis of a larger data set would be needed to fully calibrate the method
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and obtain more reliable flux measurements.
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FIGURE 4.15: Light-curve of the HMXRB Vela X-1 from pointing data (red), from
back-projection images (blue), and after the application of the calibration factors
evaluated in 4.6

Figure 4.16 shows the light-curves of the binary system Sco X-1 obtained with the
same technique. The pointings light-curve does not show prominent peaks. The
count rate is stable around 150 cts s~ tin the first half of the observation, and falls to
80 cts s~ 1 in the second half. The data points between IJD 3939.34 and 3939.6 show a
higher statistical error because they are derived from observations where the source
was at the edge of the PCFOV. The statistical error on the corresponding slew data
points is also higher, but the overall uncertainty is dominated by the systematic com-
ponent. The qualitative but not quantitative agreement between slew and pointing
light-curves confirms that the calibration procedure presented in section 4.6 needs
to be improved with a larger data sample. It is important to remember that the
procedure described in section 4.6 is to be intended as a validation of the method
rather than a strict calibration, and the estimation of the proportionality parameters
needs to be refined. It could be argued that a more accurate way to fully calibrate
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the method would be applying back-projection on pointing data, and compare the
count rates obtained with cross-correlation. However, this method would not take
into account blurring effects due to the motion of the telescope axis, which would

have to be evaluated separately.
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FIGURE 4.16: Light-curves of Sco X-1 from pointing data (red), derived from back-
projection images (blue) and after application of the calibration parameters evalu-
ated in section 4.6 (green)

This is an example of how slew data could be used to integrate pointing data and
monitor the variability of known sources. An ideal scenario for this application
would be if the telescope was slewing past a source not on the observation schedule,
adding a data point to the long-term light curve of that source that would otherwise
present a gap. This situation has not been found in the reduced data set presented in
this work, but it is possible in a larger data set. Analysis of a larger data set will also
improve the estimates for the sensitivity of the back-projection reconstruction (now
empirically evaluated around 25 ctss™1) and its flux calibration for more accurate

flux measurements.
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4.8 Conclusions

For ISGRYI, the full development of an analysis tool for slew science windows would
enable the use for science of around 11% of the telescope data, which have never
been analysed before. In regions of the sky that are not often visited, slew data con-
stitute a significant fraction (up to 50%) of the total IBIS observing time. Moreover,
this technique is potentially applicable to any present X- and gamma-ray mission
based on coded-mask imagers to increase the observing time. The 'new’ data sets
available could be used for a variety of purposes, due to their intrinsic differences
with the pointing data. The possibility to take data continuously could also guide
the planning future missions with coded mask telescopes. Slew mode could be im-
plemented as a fully valid observing mode for scanning and surveying purposes,
instead of constituting a dead time in telescopes operation. This research project
has proved that it is possible to reconstruct coded mask images of non-static ob-
servations and has lead to the development of a code that reads photon-by-photon
data and produces sky maps from IBIS/ISGRI data and retrieves flux measurements

from them.

Nonetheless, a number of upgrades are still necessary in order to enable this soft-
ware to produce reliable scientific products that can be compared and combined
with results from other existing X- and gamma-ray instruments. The first issue
to address is the prominent structured noise present in the background of back-
projection images which represents the main issue that needs to be addressed. A
better strategy to deal with detector inactive areas need to be developed and im-
plemented. Moreover, application of processing techniques similar to those used in
OSA for image cleaning and ghost removal can significantly improve the quality of
the end products of the software. Secondly, implementing a good estimate of the
effective exposure, that correctly accounts for the off-axis response of the relescope
is essential to produce precise count rates measurements. In fact, by not using the
"true’” exposure calculated from OSA 10 onward, it is estimated that flux of off-axis
sources could be underestimated by up to 50% in the PCFOV at energies around 20
keV(30).

From a software point of view, it is also necessary to consider the computational
speed. Transferring the code to operate on an NVIDIA GeForce RTX 2080 GPU re-
sulted in a speed of 90 ms to process each photon in the event list. This includes
opening the event list, reading and calculating all the useful information, running
the kernel and writing the output each sky map (intensity, significance, exposure).
The kernel run takes just over half of this time, with about 50 ms per photon. This
means that processing a single, average length slew science window with 30000

photons with a signle GPU will take around 45 minutes. During this research the
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computing work was split between four computers equipped with the same model
of GPU and working in parallel. This means that with the current computing ca-
pabilities, the current version of the back-projection code would process the of slew
data in the INTEGRAL archive, consisting of around 9x 10° detected photons, in just
over 5 years. This might seem like an excessive length of time to access the slew data
set. On one hand it is true that with the current analysis software and hardware the
analysis of the slew data archive is impracticable. However, it is important to stress
that this result was obtained without any particular optimization of the analysis
software, apart from the parallel implementation, and with a relatively inexpensive
hardware setup. Since the purchase of the graphics cards for the development of
this project, new families of GPUs became available on the market, with a higher
number of cores and bigger memory which are likely to reduce the computational

time significantly.

A reduction on computing time needs to be obtained either by optimizing the execu-
tion of the code or increasing the computing power to be able to perform an analysis
of larger data sets than the demo presented in this research. At the same time the ef-
ficiency of the algorithm could be improved by carrying out an analysis on the effect
of the axis speed on the shape and amplitude of the PSE. An implementation of the
algorithm could be developed where more than one photon could be processed at
a time if the pointing axis of the telescope is moving slow enough between photon
detections. Considering that the majority of slews are closed loop, this is probably

the change that will improve the computing speed more dramatically.
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Chapter 5

Coded Aperture Imaging for
SPECT

The second part of this thesis focuses on the translation of the gamma-ray astronomy
instrumentation and techniques presented in chapters 1 to 4 to gamma-ray emis-
sion tomography in medical imaging. This chapter starts with an introduction to
single-photon emission computed tomography (SPECT) and its main applications
in the medical field. Next, a review of the literature will outline the state of the
art in the application of coded mask instrument to SPECT. Finally, the last section
of this chapter will describe the design differences between telescopes for gamma-
ray astronomy and cameras for near-field gamma-ray imaging and the additional
parameters that need to be taken into consideration when designing a 3D gamma

imaging system.

5.1 Nuclear Imaging

Nuclear imaging is a branch of medicine that produces images of a patient’s organs
and tissues using radioactive compounds administered to the patient, which emit
radiation from within the patient’s body. Nuclear imaging scans are normally per-
formed in hospitals, predominantly for the diagnosis of different types of cancers.
The risk associated with radiation exposure measured by a quantity called "effective
dose” and measured in Sieverts (Sv). The effective dose weights the effects of radi-
ation exposure on all tissues and organs, and provides a number directly linked to
the possible risks effects. To put the risks into perspective, in the UK, the average ef-
fective dose absorbed by members of the public only from exposure to background

radiation is 2.2 mSv/year. A chest X-ray provides an average effective dose of 0.02



86 Chapter 5. Coded Aperture Imaging for SPECT

mSy, equivalent of three days of exposure to the background radiation. The effec-
tive dose resulting from nuclear imaging studies normally performed in hospitals
typically varies between fractions of mSv and a few mSv per examination, which
still leads to less than 0.1% of additional risk of fatal cancer compared to the rest
of the population (42). In the cases where nuclear imaging is prescribed, the neces-
sity of achieving a diagnosis and starting a course of therapy largely out weights
the risks associated with radiation exposure. However, Every effort is always made
to keep the absorbed dose as low as possible during these exams. This research
project explores the possibility to apply coded masks to nuclear imaging techniques,

to achieve increased sentitivity and further decrease the risks associated.

5.2 Single Photon Emission Computed Tomography

Positron emission tomography (PET) and Single-photon emission computed tomog-
raphy (SPECT) are the two main nuclear imaging techniques currently used for the
diagnosis of an array of different diseases. Both imaging modalities fall under the
emission tomography (ET) umbrella, as opposed to transmission computed tomog-
raphy (CT), where a radiation source is external to the patient and images are pro-
duced by studying the attenuation of X-rays as they travel through the body. In ET
radiation emission occurs within the patient’s body by means of drugs called radio-
pharmaceuticals, radiotracers or simply tracers. To produce tracers for both PET and
SPECT, radionuclides are bound to different types of molecules that can be absorbed
by the human body. PET tracers are positron emitting isotopes, SPECT tracers are
generally gamma-ray emitters. In SPECT the radiotracer is usually administered to
the patient orally or by means of an IV infusion. A diagram illustrating the SPECT
image acquisition process is displayed in figure 5.2. After the administration of the
radiotracer, the patient lies on a bed under the gamma camera. The imaging appara-
tus includes a detector system, normally composed of scintillation crystals coupled
with photomultipliers tubes. The photons interact with and deposit energy into a
scintillation crystal. The light output from the scintillator is then collected and con-
verted into an electronic signal by an array of photomultiplier tubes. Some SPECT
cameras use other types of detectors, such as direct detection in cadmium zinc tel-
luride (CZT). A post processing apparatus interprets the detector signals produces
an image of the patient’s body. Each scan can last from 20 to 40 minutes, during
which the patient is required to lie down still as the image is being formed. The im-
age is then displayed on a screen and can be stored for future reference and inspec-
tions. Depending on the function that needs to be investigated different molecules
are used that are absorbed and stored in different types of cells and are involved in

different physiological processes. For example, orally administered %*I-Nal is used
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for thyroid studies, " Tc-DTPA (diethylenetriaminepentaacetic acid) inhaled via
aerosol is used for lung perfusion studies and *"Tc-MDP (methylene diphospho-
nate) IV infusions are used for whole-body bone studies. The gamma-rays that es-
cape the body are then collected with an appropriate detector system and processed
to obtain an image of the emission regions. Once the tracer has been administered,
its radioactive component can be imaged using a properly designed gamma-camera
(figure 5.1). The time between the administration of the tracer and the beginning of
the data acquisition depends on the purpose of the imaging study and the nature of
the tracer. The timescale of a scan depends on different factors: first of all, different
types of tracers with different administration methods can take several minutes up
to several hours to be taken up by the target tissues. Secondly, not only the half-life
of the isotope needs to be taken into account, but also its biological half-life, which
is the time required for an organism to eliminate 50% of the amount of a substance

that has been administered.

One of the fields that has recently become popular in nuclear medicine is called
“theragnostics” or “theranostics”, and combines therapy and diagnostics with a sin-
gle molecule or very similar molecules. The molecule is labeled with an alpha/beta
and gamma emitter. Having a very short range inside the human body, the alpha
and beta radiation transfer energy to cancerous tissues, leading to cellular damage.
At the same time, the gamma radiation is used for imaging purposes, to monitor
and optimise the therapy course according to the patient’s response. These appli-
cations usually have a low gamma-ray yeld, and require high sensitivity systems to

achieve imaging (43).

The possibility to label a wide variety of molecules allows SPECT to be a functional
imaging technique, as opposed to CT scans which mainly investigates the anatomi-
cal structure of the body. ET techniques and X-ray CT are in fact often performed to-
gether and the resulting images combined to provide information about the anatom-
ical structures surrounding the gamma-emitting region (45). The attenuation data

obtained from the CT scan also helps make more quantitative ET reconstructions.

5.2.1 Collimator imaging

Most of the SPECT systems for clinical exams rely on collimators to reconstruct the
emission of gamma photons. Figure 5.3 shows an example of a parallel-hole colli-
mator, which is an array of parallel bores of uniform size surrounded by septa. The
structure of collimators is usually made of highly absorbing material, such as alloys
of lead or tungsten. Some types of collimators have bores that converge or diverge,
in order to achieve a magnification or minimization of the image. The working prin-

ciples of collimators is illustrated in the top panel figure 5.3: gamma-rays are emitted
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| Gamma rays

/ Collimator

FIGURE 5.1: An example of a Siemens SPECT camera that is currently used for dif-

ferent types of diagnostic studies(44). The bed slides between two detector planes

equipped with collimators, which can rotate to collect multiple views of the pa-

tient. This camera is also equipped with a CT scan. In fact SPECT and CT are often
carried out during the same scan
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FIGURE 5.2: Diagram of a conventional gamma camera used in SPECT(45). After

administration of the radiotracer, the patient is positioned on the SPECT machine

bed. The radiation emitted by the radiotracer, which has been absorbed by organs,

is detected with an imaging apparatus. An image is formed and can be visualised
on a screen
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Recommended Resolution
Collimator type Max. Energy Efficiency (FWHM

(keV) at 10 cm)
Low-energy, high-resolution 150 1.84 x107* 7.4 mm
Low-energy, general purpose 150 2.68 x107* 9.1 mm
Low-energy, high-sensitivity 150 574 x107* 132 mm
Medium-energy, high-sensitivity 400 1.72 x107* 134 mm

TABLE 5.1: Performance characteristics of some commercially available parallel-
hole collimators(49)

isotropically from within the patient’s head. However, only gamma-rays traveling
horizontally, in a direction close to the holes” axes, are able to penetrate the collima-
tor and form a planar image on the detector, shown on the right. The size, depth
and shape of the collimator holes as well as the thickness of the septa are designed
to optimize the resulting image according to the sensitivity and resolution required
and the energy of the radioisotopes used. The collimator sensitivity, defined as the
fraction between selected and emitted gamma-rays, is strongly dependent on the
collimator geometry. For a given septal thickness, efficiency can only be improved
by increasing the hole diameter or reducing the collimator depth and thus nega-
tively impacting its resolution. The geometric resolution of a collimator is defined
as the radius |r| such that [r| > R, implies that no ray can pass through the collima-
tor without penetrating a septum. Figure 5.4 is a diagram of the cross section of a
collimator imager. The detector plane is shown on the left. At a distance B, there is a
collimator with thickness T and hole diameter D. Finally, a source is placed at a dis-
tance F from the collimator. The geometrice resolution of the collimator is expressed
as:

~| g

Rg:%z: (T+B—|—P)%%F. (5.1)
Table 5.1 quotes typical values of some of the parameters that characterise com-
monly used collimators. The selection of the septal thickness according to the energy
of the gamma-ray emission to be used is also critical for obtaining a high quality im-
age. Septa that are too thin are transparent to high energy gamma-rays and would
provide images with poor contrast. For this reason a choice of collimators with dif-
ferent specifications is available for clinical imaging depending on the applications.
A pinhole collimator like the one showed in figure 5.5 can also be used in some
instances where the volume under observation is only a few centimeters wide and
close to the pinhole(46), such as thyroid (47) or small animal studies (48). In most
cases the sensitivity of the collimator is between 1072 and 10~*. The selection of ap-
propriate collimation determines the sensitivity and resolution of the whole SPECT
image. As a general approximation high-resolution collimation (e.g. single pinhole)
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often yield low sensitivity, while high-sensitivity collimations (e.g. parallel-hole)

T~

generate images with poorer resolution.
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FIGURE 5.3: Top: Gamma rays are emitted in all direction from within the pa-

tient’s body. A parallel hole collimator produces a planar projection of the gamma

emission region. Bottom left: Example of hexagonal geometry collimator. Bottom

right: Only gamma-rays traveling close enough to the hole axis are selected by the
collimator(45)

Imaging Plane

Collimator

Point Source

z=F+T+B

FIGURE 5.4: Estimation of the geometrical resolution of a collimator. A ray emitted

by a point source enters the collimator at the edge of one hole and exits at the

opposite edge. Rays with a greater inclination will hit a septum. R, is a good

estimator of the collimator resolution because all gamma-rays emitted by the point
source must be detected within a radius R, in the detector plane(45)

5.2.2 Tomographic Image Reconstruction

The image obtained from gamma-ray emission of the radiotracers can be planar or

tomographic. A planar image is the 2D projection profile of the activity from a single



5.2. Single Photon Emission Computed Tomography 91

Image in crystal

Pinhole % magnification

Object

FIGURE 5.5: Diagram of a pinhole gamma camera. Single pinhole cameras have
very high resolution but very low throughput. Additionaly, the FOV that can be
achieved is generally small(50)

view, while a tomographic image, also called tomogram, is the cross section of a
volumetric image of the radiotracer distribution. A tomography image is computed
using multiple planar images acquired from different angles. Figure 5.6 illustrates
the process of producing a tomographic image of a spherical object from several
projection profiles. This operation is also called back-projection and includes several
steps of filtering to remove unwanted blurring effects and optimise the final result
to be useful for diagnostics (49). Some studies (e.g. oncology whole-body studies)
rely only on planar images, while others use a number of planar images to compute
tomographic images.
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FIGURE 5.6: Illustration of the reconstruction of a 2D image of a point source from

multiple planar projections. The object is observed under multiple angles (left).

The projections are then combined to constrain the position of the object (49). The

greater number of projections, the better the reconstruction of volumes with high
activity
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To achieve tomographic reconstruction, the gamma camera is rotated about the ob-
ject and takes an image from usually 64 or 128 views over 360°. The greater the num-
ber of views, the more accurate the image reconstruction will be. To accomodate the
mechanical components needed to rotate the collimators and detector system, most
SPECT cameras have a considerable footprint, and require a dedicated room of suf-
ficient size. The imaging system, if also equipped with a CT scan, can weight over
600 kg.

5.3 Motivation

The very low sensitivity attributed to collimators and the great success that coded
apertures had in high energy astronomy suggests that coded masks could be trans-
lated to near-field imaging and overcome the sensitivity vs resolution trade off pre-
sented by collimators and pinholes. The detector flux expected on from a SPECT
scan varies considerably depending on the organs under study, but is of the order
of magnitude of a few cts/s cm?. The expected background rate, generated from
other parts of the patient’s body, is similar. To put this numbers into perspective, the
expected source flux in hard X-ray astronomy is approximately 0.2 cts/s cm?, while
the expected background rate is 0.5 cts/s cm?. In Astronomy, coded masks have
proved to perform well in a low-flux, high-background scenario, which also often
occurs in SPECT imaging. In addition, the improved sensitivity and increased SNR
with respect to collimators could in principle enable a more efficient use of radiation
dose, with a series of benefits for the healthcare system. For example, one of the ad-
vancements that could be brought forward is the potential to safely open SPECT to
a greater number of pediatric patients. In fact, since the biological tissues in children
have a higher radiosensitivity compared to adults, all possible efforts are made to
avoid or reduce the administration of radiation dose to the very young. Moreover,
due to the size of the anatomical structures, pediatric imaging requires a high reso-
lution, which is limited by sensitivity in current SPECT systems, but could be more
easily achieved with coded masks. Coded aperture imaging could also drive the re-
search for the production of new radiopharmaceuticals that were not detectable so

far because of the low sensitivity of current systems.

The second potential advantage of coded masks with respect to collimator imagers
are the intrinsic 3D capabilities of coded mask, which has been mentioned multiple
times in literature, but not explored in detail. In theory, since sources placed at differ-
ent distances will cast shadows with different magnifications on the detector plane,
it would be possible to produce images at different depths by using differently mag-
nified versions of the deconvolution array. This aspect is explored in detail in section
5.4. In this respect, it is worth mentioning that a few studies have been using hybrid
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systems, which used both coded masks and several views around the object (51; 52).
As an example, figure 5.7 shows a cross-sectional image of a micro hot rod phantom
obtained in 2009 by Mu et al. with 60 angular projections and a MURA coded mask.
In the medical field, a phantom is a standard object that is imaged to assess the re-
sponse of a certain imaging system. For SPECT, phantoms are usually containers
of different shapes and sizes filled with a water solution of the imaging isotopes to
simulate the behaviour of organs and tissues after the absorption of the radiotracer.
Specifically, a micro hot rod phantom is formed by a number of capillaries of differ-
ent thicknesses, normally used to assess the spatial resolution of an imaging system.
The system developed in this paper is able to obtain a number of high quality and
high resolution images, but does not fully take advantage of the depth perception

attainable with a single coded mask view.

2.4 mm hot rods

1.2 mm hot rods \
4.8 mm hot rods

0 1 2 3 4 5 6 7
cm

FIGURE 5.7: Experimental results of micro hot rod phantom. A total of 60 evenly

distributed angular projections were acquired over a full 360° phantom rotation,

each with a 2 min acquisition time. Left: picture of the phantom; right: cross-

sectional image of the phantom. This image was obtained by a hybrid reconstruc-

tion method which makes use of a 3D version of the MLEM reconstruction and

OSEM, an algorithm that is traditionally used to reconstruct slices from multiple
views in different nuclear imaging techniques(51)

In contrast, making use of the depth perception provided by coded masks was one
of the focal points of the research work presented in this thesis. A coded aperture
camera was designed to obtain a 3D image from a single view of the target. Such a
system has the potential to reduce total scan times by reducing the number of projec-
tions needed for 3D reconstruction and would be greatly advantageous in surgical
environments (for example tumour excisions). Aiding surgical operations with real
time 3D imaging of the surgical field is generally impracticable with current SPECT
cameras that require the patient to slide through the rotating detectors.
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5.3.1 Near-Field Imaging with Coded Masks

The first application of modulation techniques to near-field gamma-ray imaging was
suggested by Barrett in 1972, who demonstrated the use of Fresnel zone plates for
gamma-ray imaging, suggesting that this technique might obtain high detection ef-
ficiency in conjunction with high spatial resolution, which was impossible with the
techniques of image formation available at the time (53). Only a couple of years
later, the first multi-pinhole coded mask with a very low transmission was used to
decode simulated and real thyroid phantoms by Chang et al (54) (figure 5.8). Ran-
dom pinholes were placed on a lead sheet which acted as a coded mask. A very
high resolution multi-wire proportional chamber was used to detect the modulated
radiation, and the deconvolution was performed optically using an aluminium copy

of the imaging mask.
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FIGURE 5.8: Left: diagram of the shadowgram formation of thyroid phantom
with a coded mask made of 27 pinholes. Right: optical reconstruction of the fi-
nal image(54)

These early studies already acknowledged the potential for this technique to be used
for single-view 3D gamma-ray imaging, as well as its main issue: the high decoding
noise associated with the presence of extended or multiple sources in the field of
view. A study on a small group of patients was carried out already in 1979 (55). The
thyroid was identified as an ideal target for this technique because of its small size
and the high resolution needed to identify lesions. This study focused on the advan-
tages of a translating multi-pinhole camera over a single-pinhole camera, which are
lack of image distortion and the intrinsic tomographic capability of the coded aper-

ture technique. The camera built for this study was composed of a pair of plates:
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an aperture plate with a lattice of holes at a fixed distance and a code plate, con-
taining multiple specific patterns of apertures. The code plate translated in steps in
front of the aperture plate, in order to encode different images and increase the num-
ber of views of the sample. The coded aperture performed equally or better than a
single pinhole camera, the main criticality being the long reconstruction time for a
3D image. Imaging of the heart was also attempted with this system, using both a
9mTe myocardial phantom and in-vivo tests, obtaining promising images (56). Once
again, the authors recognised that the multiplexing of the information makes it ex-
tremely difficult to specify the sensitivity of a coded aperture imager. In fact, the
signal-to-noise ratio in one point of the FOV depends on the entire source distri-
bution, resulting in extended sources being imaged at lower sensitivity than point

sources.

The application of coded masks to small animal studies for medical research has
been investigated in a series of studies between 2000 and 2002 (57; 58). The small
field of view and the intrinsic magnification of coded aperture imagers suits the
needs for imaging small volumes with high resolution. A study carried out in 2002
included phantoms and in-vivo acquisition of tomographic gamma-ray images with
coded aperture showed the improvement in resolution and sensitivity with respect
to collimators(58). Figure 5.9 shows the hips and knees bone scan of a rat obtained
with a coded aperture system. The details in the knees and the spine are well re-
solved with coded apertures, but not with the collimators. Nonetheless, the authors
acknowledge that, in the case of sparse sources, the increase in sensitivity does not
translate to an equal increase in SNR due to the multiplexing of the information. On
the contrary, coded masks seem to outperform more conventional techniques when
the activity is concentrated in a small volume, such as the body parts of a small
animal. Research fields that could benefit from an improvement in imaging per-
formance of small animal SPECT comprise radiopharmaceutical development and
studying the pharmacology of new therapies.

A study carried in 2007 tried to apply coded mask imaging to breast scintigraphy.
Breast scintigraphy is a gamma-ray imaging technique that detects cancerous le-
sions in the breast tissue. The scenario in this case is similar to point-like imaging
in astronomy, which suggests that breast scintigraphy could benefit the most from
the increase in sensitivity offered by coded apertures without suffering too much
from the extended source coding noise. However simulations carried out in a se-
ries of publications by Analfea et al. show that the high background from the heart
and torso would likely prevent the visibility of small lesions at clinically realistic
activities(59).

More recent studies suggested an application of Coded Aperture techniques not for
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FIGURE 5.9: Bone scan of a rat. *"Tc-MDP (333 MBq) was injected intravenously,

and the animal imaged at 90 min. The image shows the comparison between a 30

minutes collimator image (left, 6.2 million counts) and a 30 minutes coded aperture

image (right, 62 million counts) done sequentially on the same animal. The scale
bars on the bottom right corner of each image are 1 cm(58)

diagnostics, but to aide radiation therapy(60). Coded Aperture cameras with differ-
ent parameters were simulated to image photons produced from Compton scatter
of the the treatment beam by gold fiducial markers placed in the body. In medical
imaging, a fiducial marked is an object which is placed on the body or implanted in
the body of a patient to mark a target position before radiation therapy. Normally
fiducial markers are small metal seed-like objects, which can be easily identified
in an X-ray image. A diagram of the clinical system developed in this research is
shown in figure 5.10. These image could be used to accurately track the involuntary
movements of the body during radiation therapy and achieve a more effective dose
delivery without administering additional radiation to the patient. The position of

the fiducial markers was located with an accuracy better 3 mm.

In light of the work carried out and published on this topic over the years, it is
possible to infer that an increase in sensitivity, although achievable, is highly de-
pendent on the the tissues or disease that need to be investigated, which determine
the morphology of the source under observation. In other words, the advantages
that coded masks could bring about are likely to be very application specific and
building a system that works for a broad spectrum of studies is unlikely. An ex-
tensive theoretical study of the potential for coded masks to be applied to medical
and near-field gamma imaging in general was carried out by Accorsi(61). Accorsi’s
dissertation focused on building a strong theoretical formulation on the SNR and
artifact formation in coded aperture imaging and a extensive verification based on
Monte Carlo simulations. Papers published in this research were often consulted

and referred to in the design part this thesis work.
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FIGURE 5.10: Mock clinical setup of the 2020 study from Mahl et al. The high-

energy treatment beam enters the patient, scattering off of the fiducials and tissue.

The coded aperture is placed between the patient and the imager which is orthogo-

nal to the treatment beam direction. Radiation which is scattered through the coded

aperture is recorded by the detector and decoded to produce a real-time image of
the fiducials’ location and motion(60)

5.4 Three-Dimensional Imaging with Coded Apertures

The most relevant parameters in the design of a coded aperture imaging system
and their effect on the image quality in a near field three-dimensional scenario are
described in this section. All these effects were taken into consideration in the design
phase of this research, which lead to the production of a prototype camera which

will be described in chapter 7.

5.4.1 Field of View

When reconstructing astronomical images, it is assumed that all the sources in the
sky are located at the same distance (infinity) and therefore the field of view is ex-
pressed as the angle observed by a telescope. When the method is translated into
near-field gamma-ray imaging, though, one dimension needs to be added to the
observed space. The shape of the FOV in the 3D space is a truncated pyramid, as
shown in figure 5.11. The depth of the FOV (z) is determined by different factors
and effects. A source that is placed too close to the coded mask will project a very
magnified shadow on the detector, to a point where the finite dimension of the de-
tector is not large enough to sample a significant portion of the mask and produce
a good quality image. The upper limit for the FOV depth is posed by the inverse
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square law of radiation propagation, which limits the number of counts that can be

obtained from sources that are far away from the detector plane.

detector
coded mask ___...--] ey

field of view

FIGURE 5.11: Diagram of shape of the 3D FOV of a coded aperture system with a

square detector and coded mask. In this case the detector is smaller than the camera

plane, in order to obtain a wide FOV. The FOV gets larger at greater distances from
the mask

If the detector-mask distance is kept constant, the shape of the FOV depends on the
relative size of the coded mask and the detector plane. The details of each configu-
ration have been discussed in chapter 1. Equations 1.2 and 1.3 show that the size of
the fully coded field of view increases as the mask size increases. Conversely, an in-
crease in the detector size causes a decrease in the size of field of view. This does not
necessarily mean that smaller detectors can be used to achieve large fields of view
with a good image quality. In fact a small sensitive area affects the photon collection
capability of the instrument and has a negative effect on the image SNR, due to the
fact that only a fraction of the mask pattern can be projected on a smaller detector.
The graph in figure 5.12 shows how the mask to detector distance affects the size of
the FOV at a fixed distance from the coded mask.

5.4.2 Lateral Resolution

The resolution of a camera is an essential parameter to describe the quality of the

images it produces. According to the Rayleigh criterion, widely used to define the
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FIGURE 5.12: Length of the side of the FCFOV as a function of the detector-mask

distance. The parameters used are: detector size 76.8 mmx 76.8 mm, mask size:

176x176 mm?. These parameters are the parameters of the prototype that was
built during this research project

resolution of any imaging system, two sources are resolved if their distance is greater
than one FWHM of the PSF apart. For coded aperture cameras, this condition is met
when the angular distance between two sources is so that their projections on the
detector plane do not overlap. This is illustrated in figure 5.13. Two sources placed
at an angular distance A produce two distinct projections of the same mask pixel
on the detector plane. The distance between the centres of the projections is mp,,,

where m is the magnification of the mask pixel projection, expressed in equation 5.4.

In the near-field scenario, the angular resolution of a coded mask system is

OM + MD

Ag = arctan MD Pm

(5.2)

As a result, the lateral resolution r at an object to mask distance OM is

r = (MD + OM) tan A, (5.3)
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Equation 5.3 shows that the lateral resolution of a coded mask imager increases as
the object distance from the camera increases. This effect is displayed in the plots
in figure 5.14(a). A full derivation of equation 5.2 from the definition of angular
resolution according to Rayleigh criterion can be found in Accorsi’s dissertation (61)

mask detector

oM MD

FIGURE 5.13: Calculation of the angular resolution of a coded aperture imager

from Accorsi (61). Ag is the minimum distance for which two sources are more

than one FWHM of the PSF apart in the final image . The magnification of the
shadow of a mask pixel projected onto the detector is m

It might be tempting to conclude that reducing the object to mask distance is the best
way to improve the lateral resolution, but doing so will only work within certain
limits. An excessive increase in the magnification factor would degrade the quality
of the image, because a detector of finite size would only be able to capture a very
small portion of the mask pattern. The specific value of the minimum object dis-
tance that a camera can optimally image also depends on the mask pattern chosen
and needs to be assessed on a case-by-case basis. Figure 5.14(b) shows the degra-
dation of the lateral resolution as the mask to detector distance MD decreases. In
addition to the lateral resolution, the photon collection efficiency is also negatively
affected by an increase in MD due to the inverse square law of flux propagation.
The most effective way to improve the resolution of a coded aperture camera is ac-
tually reducing the size of the mask pixel as much as possible. In practice this can
only be done within certain limits, posed by the self collimation effects introduced
by the non zero thickness of the mask (see section 5.5.2) and not less significantly the
precision achievable by the manufacturer of the mask. All these effects have been
taken into account in the the design of the camera.
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FIGURE 5.14: (a) Linear variation of lateral resolution along the z axis of the cam-
era. The origin of the z axis of the system developed in this research is placed
at 310 mm from the coded mask. (b) Dependence of the lateral resolution on the
mask-detector distance MD. The lateral resolution of a coded mask image improves
rapidly with increasing MD. However an increase in MD implies a greater distance
between the source and the detector and consequently a decrease in detector flux

It is also important to note that these considerations are valid for an ideal detector
with infinite resolution. The effective resolution of a coded mask camera is influ-
enced by other physical factors such as the detector type and pixelization and the
material and thickness of the mask (61).

5.4.3 Three-Dimensional Imaging and Depth Resolution

Based on purely geometric considerations it is possible to derive that the shadow of
a mask pixel projected onto the detector plane will be magnified by a factor m:

OM + MD
m—= ———-

o (5.4)

where OM is the source to mask distance and MD is the mask to detector distance.
This magnification effect provides coded mask cameras with the ability to discrimi-

nate the distances of radiation sources from the mask with a single view.

The distance information, in fact, can be reconstructed by deconvolving the shad-
owgram using a properly magnified decoding array. The use of a certain value of
the magnification factor corresponds to the reconstruction at a particular distance.
In other words, a decoding array with the same magnification as the shadowgram
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FIGURE 5.15: At the top, two sources at two different distances from the coded

mask, cast two different shadows on the detector planes with different values of

magnification. At the bottom, a 3D image of a single source reconstructed using

deconvolution with magnified decoding array corresponding to planes at different
distances D to Ds



5.5.  Mask Designs for Near Field Imaging 103

will produce an image of the source. Conversely, a decoding array with a differ-
ent value of magnification will produce an image of pure (coding) noise. Therefore,
a three-dimensional image can be reconstructed using an array of differently mag-
nified decoding arrays, each corresponding to a particular plane along the camera
axis, as represented in the diagram in figure 5.15. Experiments and simulations in
literature(61) and during the course of this research project have proven that the
depth resolution of a coded mask camera is about one order of magnitude worse
than its lateral resolution, although the specific value can vary depending on camera
design, position in the field of view and reconstruction method. Since the intrinsic
depth perception of coded mask cameras is not sufficient to achieve a sub-cm reso-
lution, a second camera was added to the system designed in this project, observing
simultaneously at a 90 degrees angle from the first camera. This configuration will
acquire two views of the the target at the same time, obtaining desired resolution
without the need for a rotating gantry and with a significantly less large and heavy
piece of equipment. It is important to point out that since the scale of the projected
pattern varies greatly within the FOV, particular attention should be paid to the
choice of the detector and its pixel size to ensure that, at each level of magnification,
the mask pattern is sampled appropriately. Literature agrees that a sampling ratio
>2 is sufficient to appropriately reconstruct a coded mask image (57).

5.5 Mask Designs for Near Field Imaging

The pattern chosen to manufacture the mask is a random pattern with some modifi-
cations, applied to make it self-supporting. This choice was led by the characteristics
of the image to obtain.

5.5.1 Mask Patterns for Near Field Imaging

The main advantage of using a MURA pattern for 2D imaging is that if the coded
mask imager is designed so that an integer number of repeats of the basic pattern is
projected onto the detector, the sidelobes of the SACF are flat and can be balanced
to obtain a zero background. These optimal properties, which made MURAs so
popular for astronomy and far-field imaging, do not transfer to near-field 3D imag-
ing, since the magnification of the mask pattern in the shadowgram varies with the
source distance and the portion of the mask which is mapped on the detector does
not always correspond to a full basic pattern. In the early stages of this project dif-
ferent detectors were considered to equip the prototype system and analyses were
carried out to identify the best configurations. One of these detector units was a Di-
rect Conversion cadmium telluride module with 1536 x 1944 pixel of 0.75um side.
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The rectangular shape of the detector showed some interesting properties in the
imaging capabilities in simulations, which relate to the choice of the mask between
MURA and random patterns. A coded mask camera was simulated, with the Direct
Conversion detector and two versions of a square coded mask: a 61 x 61 random
pattern and a mask formed by 4 repeats of a rank 31 MURA basic pattern after sub-
traction of a row and a column. The mask-detector distance is 100 mm and the mask

pixel size is 2.5 mm

Five hundred source positions were selected randomly in each plane along the z
axis of the camera between 50 and 300 mm from the mask. For each position the
subsection of the mask projected on the detector plane was calculated. The SACF of
this subsection is an indicator of the point source reconstruction capabilities of the
system for that position in space. In particular, figure 5.16 shows the SNR, calcu-
lated as the amplitude of the signal in the SACF divided by the noise. The noise,
calculated by the standard deviation of the SACF after removing the peak, varies
with /n, where n is the number of active mask pixels. To compare the SACF SNR
at different distances, it was normalised to a mask with 1000 pixels. The plot shows
the average and the spread of the SNR values. The MURA performs really well for
sources at 110 mm and 220 mm from the mask. At these distances, in fact, the size
of a full basic pattern matches the size of one of the sides of the detector plane. At
all other distances the SNR is lower and strongly dependent on which portion of
the mask is used. The behaviour of a random pattern, shown in blue, is not depen-
dent on distance, and the SNR, although on average lower than the MURA's, has a
similar performance for sources along the camera axes. Moreover, the random mask
shows smaller dispersion within each distance plane. Thus, the uniform response of

the random mask was picked for the final design.

5.5.2 Auto Collimation of the Mask

The size of the mask pixel and mask thickness also pose a physical limit on the qual-
ity of the reconstructed image. An ideal mask is infinitely thin and blocks 100% of
the incoming radiation. In practice, in order to obtain sufficient opacity to gamma-
rays, coded apertures need to be manufactured from a sheet of tungsten or lead that
is generally at least 5 mm thick. The thickness of the mask introduces a collima-
tion effect on the incoming radiation, as illustrated in the diagram in figure 5.17. A
really thick mask is very effective in blocking incoming radiation and reducing the
background level in the shadowgram, but also causes a higher level of absorption
of gamma rays from off-axis directions and a consequent decay in the instrumental
response towards the edge of the FOV.
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The effect of self-collimation on a coded mask camera was estimated by means of
simple geometrical considerations. A test volume of cubic shape within the FOV
and a test point source were considered. Figure 5.18 shows a 2D cross section of the
system and the FOV. The detector plane is on the right, the mask is represented in
the middle. The imaging volume is represented by the area at the right of the mask.
The imaging volume was divided in voxels, and a test point source was placed in
one of them. A line of sight or line of response was traced from the centre of each de-
tector pixel to the centre of each mask pixel. Each of the lines was considered a valid
line of response (LOR) if it intercepted the voxel containing the test point source.
In addition to this, the effective mask pixel size was determined by calculating the
angle between the corresponding LOR and the mask plane, which reduces the open
surface of the mask pixel if the detector pixel is off-axis. The test point was moved
along the x axis of the system and for each position the total number of valid LORs
was counted. The number of valid LORs for each test source position was consid-
ered as an estimator for the efficiency of the mask compared to an ideal, infinitely
thin and perfectly opaque mask. Figure 5.19 shows the result of this simulation. As
the test voxel is moved laterally across the FOV, the number of LORs penetrating
the mask falls due to the increasingly oblique angles. The 0.5 mm thick mask is a
good representation of an ideal scenario. The response of the camera is relatively
flat up to approximately 110 mm from the axis, which is the size of the FCFOV. Then
the response falls to zero at the edge of the PCFOV, represented with a red dashed

line, at 260 mm from the camera axis. The 5 mm thick mask shows a response that
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FIGURE 5.16: normalised SNR of the SACF for a random mask and a MURA for
various distances between the source and the coded mask
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FIGURE 5.17: Effect of the mask pixel aspect ratio on the transmission of off-axis

gamma rays. Neglecting the non zero transmission of the mask material, a thicker

mask blocks a higher fraction of the incoming radiation at greater angles from the
camera axis
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FIGURE 5.18: Geometrical calculation of the off-axis image degradation due to the

collimation effect of a thick mask. The coded mask camera is represented on the

right of the diagram, while the imaging volume, divided in voxels, is represented

on the right. A test point source, represented in the diagram, was placed in one

of the voxels. For each detector pixel-volume voxel pair, a line of sight is consid-

ered valid if it connects the detector pixel and the voxel containing the test source
through an opening in the mask
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FIGURE 5.19: Effect of mask self-collimation on FOV size. The vertical axis of the

plot represents the number of valid lines of response as the test sources is moved

along the x axis of theh system towards the edges of the FOV. The thicker the mask,
the faster the camera response falls towards the edges of the FOV

falls almost immediately as the test source is moved away from the camera axis. The
modulations of the plateau in the central region of the imaging volume, at x between
0 and 110 mm, depend on the specific mask pattern used. Although this analysis is
purely geometrical and represents a relatively crude estimate, the effects of mask
self-collimation are clearly shown even in an ideal scenario where the gamma-ray

transmission of the material of the mask is not taken into consideration.

5.6 Conclusions

This chapter has introduced the techniques and purposes of SPECT imaging and de-
scribed the considerations that must be made when designing an extension of coded
apertures to 3D imaging. In particular, the shape of the FOV and the definition of
resolution for a 3D coded aperture system were discussed. Moreover, the challenges
expected when using coded masks to image three-dimensional sources in a near-
field scenario have been identified: first, the imaging capabilities depend somehow
on the morphology of the object observed. Second, the poor resolution along the
camera axis is an obstacle tho the construction of a high quality image with a single
view of the target. Lastly, performing a cross-correlation reconstruction at multiple
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distances/magnifications is unlikely to be efficient. The next chapters outline how
the back-projection method described in chapter 3 was extended to a 3D setting, and
the steps taken to address these challenges.
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Chapter 6

Algorithms for Image
Reconstruction and Optimization

This chapter describes the algorithms used to process the imaging data from the
coded mask system. First, a 3D version of a back-projection algorithm that is derived
from the IBIS/ISGRI slew-survey software was used. The back-projection software
traces each detected photon back to all the regions of the 3D space where gamma
emission could have taken place. The projection of detected photons to different
planes in order to obtain a 3D image is even more computationally intense than the
2-D astronomical case. In order to speed up the reconstruction process from a com-
putational point of view, 3D projections are pre-calculated and stored in memory to
be accessed by the code. The shape and values of these projections depends on the
geometry of the imaging system. This chapter first describes the these projections
and how they are used to reconstruct 3D images. The second section introduces
and explains a post-processing algorithm called CLEAN, which has been used to
improve the SNR of coded mask images.

6.1 3D Back-Projection

The 3D back-projection software is an expansion of the code described in chapter
3. The reason behind the application of a photon-by-photon approach to this type
of imaging is the idea that this imaging technique could enable the development
of lightweight and possibly hand held real-time gamma imagers. These imagers
could be used in dynamic studies, where the camera or the target of the observation
is moving. Due to the equivalence between back-projection and cross-correlation,
the imaging performances obtained in the experiments presented in this thesis are

equivalent to those obtained with cross correlation images.
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6.1.1 Single Pixel Projections

Single pixel projections (SPP) projections are 3D matrices that represent the visibility
of the field of view by each detector pixel. Similarly to the projections used in the
slew analysis software, each SPP represent the parts of the 3D FOV that can be seen
by a specific detector pixel given a specific mask pattern and system geometry. For
the SPECT camera developed in this research, the volume of space represented in
the final image is a cube of 280mm x 280mm x 280mm. The centre of the imaging
volume is placed 520mm from the detector plane. Considering that the nominal
resolution of the SPECT camera varies between 7mm and and 12mm, the target
resolution for the prototype system is around 5mm. Consequently the size of the
voxels was set at 2mmx2mmx10mm in order to oversample the PSF which has an
elongated shape. As a result, each SPP is a 140 x140x 28 matrix. It is important to
note that due to the shape of the FOV for coded mask instruments, approximately
half of the voxels in the volume represented by the SPP are outside of the FOV and
are assigned a value 0. There is a distinction between the camera’s FOV, which was
described in chapter 5 and the region of space described by the SPP, which is a 3D
cube and includes part of the truncated pyramid shape that makes the FOV, but also
the space around it. The construction of the SPP for 3D imaging follows the same
steps as the construction of the SPP for the slew data analysis software. The only
difference from its 2D version is that the reconstruction is repeated for a 28 planes at
different distances from the coded mask.

6.1.2 3D Image Reconstruction

In order to prove the equivalence between back-projection and cross-correlation also
in the 3D case, it is useful to keep z fixed and consider the reconstruction in a single

plane at a certain distance z. The deconvolution formula using cross-correlation is:
1(i,j) = Y Gist,jem - Cim 6.1)
I,m

The indexes i and j represent the shift of the deconvolution array in units of the
shadowgram pixels before its components are multiplied by the elements of the
shadowgram C.

Figure 6.2 represents the cross section of SPP" at a certain value of z or, equiva-
lently, the back projection of a single photon at a distance z The distance between
the coded mask and the plane in figure 6.2 will be referred to as MZ. From the figure
it is clear that the shift of the projected mask pattern with respect to the camera axis
is equal to the distance of the detector pixel I, m from the centre of the detector plane,
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(A) x-y plane (left) and z-y plane (right) and cross section of the SPP for the central detector pixel
23-23. Notice how the FOV becomes larger with larger z
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(B) Three-dimensional representation of the SPP for detector pixel

23-23. This 3D version of the SPP, computed to reconstruct images

of a 3D field of view, have the same truncated pyramid shape as
the FOV itself

FIGURE 6.1
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multiplied by the magnification of the projection

DM+ MZ
m=————

B (6.2)

In case of a near-field source at a distance MZ from the mask, the shadowgram will
be characterised by the same magnification factor. As a consequence, the deconvolu-
tion array G also needs to be magnified by the same factor before the deconvolution
and the shifts "+i” and "+j" in 6.1 are also in the same magnified units. Following from
this discussion, it is possible to deduce that SPP"" (i, j) at fixed k and G(i + 1,j + m)
are the same array, and cross correlation and back projection as described by 3.4 are
equivalent in the case of a static detector.

6.1.3 Balanced Back-Projection

It is necessary to apply to the 3D SPPs an appropriate normalization in order to ob-
tain optimal background characteristics in the final images. In order to describe the
normalization that was used for the SPPs, it is useful to make some considerations
on proper balancing of coded mask images obtained via deconvolution, from which
back-projection was derived and to which is equivalent. Balancing, described in
depth in section 1.4, is a technique that consists of normalising the deconvolution
array G so that the sidelobes of the PSF are zero, or as close as zero as possible.

Shift of the mask pattern
in x,y

Cross section of SPP\m at fixed z

coded mask

detector pixel ,m

FIGURE 6.2: Back-projection of a photon at a fixed z. The magnified projection is
shown on the right. This diagram shows that for a static system, back-projection
and cross-corrrelation are equivalent
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MURA patterns are so popular because they produce flat SACF sidelobes. The side-
lobes are also equal to zero if the mask pattern is correlated with the appropriate de-
convolution array G constructed with equation 1.12 (32). It is important to consider
that when translating the correlation properties of MURA patterns, or any pattern
in general, to imaging, additional effects need to be taken into account. One of these
effects arises when the source under observation does not project the shadow of one
basic pattern on the detector plane. This occurs when either of these conditions is

met:

¢ The source is at such a distance that the magnified projection onto the detector

plane is only a portion of the basic pattern.

¢ The source is not in the FCFOV.

In these cases the image background is not flat, but presents some structures. These
structures caused the lower SNR at some values of z in figure 5.16. This effect is
shown in figure 6.3. the top panel of figure 6.3 shows three different scenarios: In
(a), one full basic MURA pattern is projected on the detector plane. In (b), due to
the source being off-axis, only a portion of the MURA basic pattern is projected onto
the detector plane. Finally, in (c), the source is closer to the coded mask, projecting
a magnified shadow of the mask on the detector plane. The central panel of figure
6.3 shows the shadowgrams corresponding to these three scenarios. Finally, the
bottom panel of figure 6.3 shows the images deconvolved from the shadowgrams
using equation 1.12 as a deconvolution array. It can be observed that, while the
correlation of the full basic pattern with the deconvolution array produces a "perfect’
image with 0 background, some artifacts are clearly visible in the images obtained
by deconvolving only a portion of the basic pattern corresponding to a source in the
PCFOV (6.3 b) or a source that produces a 2x magnification on the detector plane
(6.3 ¢).

It is interesting to examine how a random mask behaves in similar situations. As-
suming the coded mask has a random nature at every scale, a random-looking back-
ground is created even when only part of the mask pattern is sampled by the detec-
tor. This effect is shown in figure 6.4. The top panel of figure 6.4 shows, similarly
to the central panel of figure 6.3, the shape of the shadowgrams that a source would
create on a detector plane in three different cases, but this time using a random pat-
tern for the coded mask. On the left, the entirety of the pattern is projected on the
detector. In (b) a source in the PCFOV only projects a part of the full pattern on the
detector plane. In (c) the source projects a magnified pattern on the detector plane
and, as a consequence, only the central portion of the pattern is recorded by the de-

tector. The bottom panel of figure 6.4 shows the images obtained by cross-correlation
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Diagram representing source and coded mask system in different configurations: (a) a source is

on-axis and projects one full basic pattern on the detector plane. (b) The source is positioned

off-axis. Only a portion of the basic pattern is projected on the detector plane. (c) The source is

closer tho the detector than in (a), and produces a magnified shadow of the mask pattern on the
detector plane

Source in FCFOV Source in PCFOV

Shadowgrams corresponding to the three different scenarios described in the top panel of this

figure: (a) one full basic pattern is projected on the detector plane. (b) only part of the pattern is

projected on the detector plane. (c) a magnified mask pattern is projected on the detector plane.
In this case, the magnification factor is 2

Source in FCFOV Source in PCFOV

X X X

The shadowgrams represented in the central panel of this figure have been deconvolved using a
standard MURA deconvolution pattern, constructed using equation 1.12

FIGURE 6.3

with the deconvolution array 1.14. In both cases with MURA and random patterns
the height of the peak depends on the sum of the values in the portion of the mask
pattern used (the 'number of counts” in the shadowgram).

The main difference between optimised arrays like MURAs and random arrays
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comes into play in real world scenarios, where the shadowgrams are characterised
by background counts in the detector pixels. To illustrate this scenario, a flat "back-
ground’ of 0.5 was added to the zero pixels in figures 6.3b(a) and 6.4a (a) to simulate
a situation when a shadowgram from a point source has a number of background
counts equal to 50% of the number of counts in the illuminated pixels. The cross cor-
relation between these arrays and the appropriate deconvolution arrays extended to
the PCFOV is displayed in figure 6.6. Both images have been normalised to show a
unity peak height, and the peak has been masked to enable the comparison of the
background features or absence thereof: if we only consider the FCFOV, while the
MURA image presents a flat background, equal to the number of background counts
in the shadowgram, the random image has clear artefacts that do not depend on the
source position and which amplitude can reach 10% of the peak value. Artefacts, in
the form of a horizontal and a vertical bands crossing the image, are also visible in
the PCFOV of the MURA image.

These structures are created by an incorrect balancing. In fact, while the choice of the
deconvolution array normally used for MURA images assumes a 50% transmission,
this is not true for regions of space that project something different than one basic

pattern onto the detector plane.
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Portions of a 80x80 random pattern corresponding to: (a) a source projecting one full basic pattern
on the detector plane. (b) a source in the PCFOV. (c) a source producing a magnified mask pattern
shadow on the detector plane with magnification 2.
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Cross-correlation of the patterns above with a random deconvolution array(18)

FIGURE 6.4
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In order to restore a flat background in absence of sources, the negative part of the
deconvolution array needs to be normalised. The normalisation or balancing factor
is
+
n..
1,7,k
Bij=Y 2, (6.3)
ik i jk
where n" is the number of detector pixels that can see the position of the voxel
i, ],k through an opening in the mask, while n~ the number of detector pixel that do
not have voxel i, j, k on a line of sight because the closed elements of the mask are
blocking its view. The value B is a property of the position in the field of view that
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FIGURE 6.5: Simulated shadowgrams of a point source with a MURA (left) and
a random mask pattern (right). Both shadowgrams have a non-zero background
level in non illuminated pixels
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FIGURE 6.6: Simulated images of a point source with a MURA and a random mask
pattern without image balancing. The images are normalised to the peak intensity
and the source has been masked to highlight the background features
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depends on the geometry of the system and represents the local transparency of the
mask, or the transparency of the subportion of the mask projected on the detector
plane by a source in that position. Figure 6.7 shows the cross correlations of the

patterns in figure 6.5 with a deconvolution array balanced as follows(26):

Ii/j = ; Gi_:-k,j—i-le,l - Bi,]' kzl Gz':-k,j-i-le,l (6.4)

This normalisation will affect the final image by flattening the background and re-
moving the artefacts. The same correction can be applied to the SPP in order to
obtain a flat background in the 3D images. With reference to section 3.2.1, each 3D
SPPs was constructed as:

(
1, if voxel i, j k is in region A

0.5, if voxel i, j, k is in region B

sppim —

o = (6.5)

0.25, if voxel i, j, k is region C

L —B;jx, if mis closed

The only difference between balanced and unbalanced SPPs is that the balancing
will modulate the negative part of the SPPs to account for the local transparency of
the mask. The sum of SPP%" as described by equation 3.4 will generate a 3D image
where the background is zero both in the FCFOV and in the PCFOV.
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FIGURE 6.7: Simulated balanced images of a point source with a MURA and a ran-
dom mask pattern after image balancing. The images are normalised to the peak
intensity and the source has been masked to highlight the background features
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6.2 The CLEAN Algorithm

After reconstruction, images obtained by back-projection are processed with a ver-
sion of an algorithm called CLEAN. CLEAN is a family of algorithms devised by
J.A. Hogbom(62), which are normally used to process radio interferometry maps to
reduce or eliminate sidelobes in the images. The knowledge of the response of the
instrument is used to identify and remove these systematic artifacts in radio images.
The same algorithm can be applied to suppress the coding noise in coded mask im-
ages. The CLEAN algorithm acts on the raw image resulting from equation 3.4 in
the 3D FOV and produces a clean image. The correct application of CLEAN is based
on two assumptions: any source in the field FOV can be described as composed of
a certain number of point sources, for which the PSF of the imaging instrument is
known, and the position of the voxel with highest intensity in the image is part of
the source.

Figure 6.8 is a flow-chart describing each step of CLEAN that also includes the illus-
tration of its application to a simple 1D case. CLEAN was implemented as a python
code with the following inputs:

* R - The raw image resulting from equation 3.4
¢ C- An empty 3D array of the same size as the raw image which will store the
final cleaned image
CLEAN is then implemented through the following steps:
¢ In the raw image, find the voxel R;jx with highest value I s,y and calculate its

position in the FOV.

e Compute PSF"/*, which is the point spread function of the instrument for a
point source in voxel 7, j, k. Note that PSF"/* is characterised only by coding

noise and does not have noise deriving from counts statistics or detector noise.
 Normalise PSF/*

- . I

e Subtract gPSF,i’g’r];1 from R. The factor g is known as loop gain and is fixed at
an arbitrary value between 0.01 and 0.1. The loop gain is the fractional value
of the PSF that is subtracted at each iteration.
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FIGURE 6.8: Flow chart of the CLEAN algorithm, with a one dimensional repre-
sentation of each stage. Clean identifies and removes the coding noise from the
back-projected images, producing a cleaned image with reduced background
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¢ Add a clean component to C. This component is the point source that would
generate PSF,%}% as an image, after being convolved with the know space res-

olution of the camera.

The above steps are repeated iteratively as R gets updated at every subtraction. The
process is terminated when a stopping condition is met. The stopping condition can
be one of the following, where the superscript n indicates the iteration number:

1. I, — Il is smaller than a set threshold.

2. max(C"™!) — max(C") is smaller than a set threshold.

3. I}, is less than a determined number of oy, (standard deviations in the raw

image)

Clean operates by iteratively subtracting smaller and smaller components from the
source in R while adding equally small components to C. Stopping criteria 1 and
2 consider the process over when the change in the peak in R or C is negligible.
Stopping criterion 3 stops the iterations when the peak in R is considered indistin-
guishable from the noise. After the process is stopped, the residual noise in R is
added back to C, which is the final output of CLEAN.

The value of the loop gain can be chosen between 1% and 10%. A high gain com-
pletes the cleaning process faster, but the components subtracted form R and added
to C at each iteration have greater values. As a consequence the process is less con-
servative in case at some point the brightest pixel is a noise feature and not part of
the source.

6.2.1 Calculation of PSFi/k

The PSF/* are calculated using a piece of code written in python and ran on a GPU
by means of Numba. With a ray tracing method the code calculates which detector
pixels of each camera are fully or partially illuminated by a point source in i, j, k. An
‘image’ of the detector is then produced where the detector pixels have an intensity
value ranging from 0 to 1 according to their PIF. These images are then processed
with back projection to reconstruct PSF*/*. To save computing time, once computed,

PSFiik is stored in memory for later access.

One of the limitations of the algorithm is the case when the image is so noisy that
the brightest pixel is part of the features resulting from the coding artifacts. In this

situation the second assumption no longer holds, and the cleaned image will present
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a source in the position of the coding artifacts. Experimental tests will show that this
occurs when extended sources are in the FOV and the total level of noise in R is quite
high. Byard(63) also presented a version of this algorithm that determines the 3D
position of point-like sources and treats the artifacts in the image operating on the
detector shadowgram rather than in the final image.

6.3 Conclusions

This chapter has described the methods used to produce 3D coded mask images in a
near-field scenario. The modifications made to the back-projection algorithms and a
post-processing algorithm used to enhance the sources and suppress the noise have
been described. These methods, which will be applied to experimental data in the
next chapter, are computationally expensive and may pose an obstacle to real time
imaging in the near future. However, moderate processing times are achievable

with a relatively inexpensive hardware setup.
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Chapter 7

The Dual-View Coded Aperture
Mask Camera

This chapter applies the methods and techniques described in chapter 6 to a proto-
type coded mask imaging system that was designed and developed in this project.
Trials with different types of isotopes were carried out and the results are sum-
marised in this chapter. Sections 7.1 to 7.4 describe the design features of the camera
and the parameters taken into account in the development of the prototype. Sec-
tion 7.5 reports the calibration phase of the detectors. The experimental phase of the
project is described in section 7.6. Tests were carried out at the Nuclear Medicine
Departments of the Royal Surrey County Hospital and the Southampton General
Hospital. The time available for the test was 24 hours, divided into three days of tri-
als. Given the time constraints, it was decided to carry out three tests, imaging three
different sources in the FOV: point sources, a hollow sphere phantom, and one ex-
tended cylindrical source. Sections 7.7 and 7.9, finally, presents the images obtained,

the results obtained and the final remarks on the experiments.

7.1 The Imaging System

The Dual-View Coded Aperture Mask camera (2V-CAM) is the prototype that was
designed, assembled and tested in this research project. Figure 7.1 shows pictures
of the finished camera, which was built using commercially available as well as
custom-made components. The main feature of the camera is the presence of two
orthogonal arms that observe the source simultaneously. Each arm is assembled on
an aluminum rail system by means of custom made mounts and is represented in
the diagram in figure 7.2. This makes the prototype extremely flexible for adjust-

ments in the geometry of the system and potential upgrades of the detector module
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or mask. The design of this particular model was guided by two criteria, which
were necessary for the validation of the technique. First, the the field of view must
be sufficiently large to image the phantom planned for the experiment (about 10
x10x10 cm ). Larger field of view can be achieved by increasing the detector or
mask area according to the clinical needs of the camera. Second, the 3D spatial res-
olution across the imaging volume must be similar or better than the one of current
SPECT systems, which is 7-12mm.

FIGURE 7.1: (a) and (b): Pictures of the imaging system during the experiments

The two detectors in their black casings and the coded masks are fixed on two

metal rails placed at a 90 degree angle. The source is placed where the axes of the

two cameras meet, which is the centre of the FOV. (c) A drawing of the coded mask
with the chosen pattern in its supporting frame
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FIGURE 7.2: Each head of the 2V-CAM is composed of a detector assembly and a
mask assembly mounted on a rail. Each part of the system can be moved indepen-
dently to change the specification of the imager
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7.2 The Detector Assembly

Two IDEAS gamma camera modules (64) were used to equip the camera heads. The
sensing layer of the camera is composed of a number of modules which are pixe-
lated CZT mono-crystals, each connected to 256 front end channels, giving an area
of 16x16 pixels. Figure 7.3a shows a picture of the detector case, where each mod-
ule has been marked. Modules 4,5,7,8 were purchased at first and the cameras were
upgraded in the course of the project by adding modules 1,2,3, 6 and 9 to increase
the sensitive area. After the upgrade, each camera has 3x3 modules, each consist-
ing of 16x16 1.bmm x 1.6mm 5mm thick pixels for a total active area of 26.21cm?.
In the detector front-end, the sensor signal generated by the gamma-ray is ampli-
tied, pulse-shaped and compared to a threshold configurable by the user. The en-
ergy information is then converted to an ADC value and recorded together with the
pixel location. The detector bias voltage is set to the default value —522V. Imaging
data are transmitted to a computer via the Ethernet port shown in figure 7.3b. The
gamma camera was set by the manufacturer in its low-energy configuration, which

is sensitive to gamma photons up to 350 keV.

721 The Input/Output Software

The IDEAS gamma cameras that equip 2V-CAM communicate via Ethernet con-
nection using a TCP protocol for control and monitoring and a UDP protocol for
read-out data. A network switch was used to connect both cameras to the PCs used
for data acquisition. A software written in Python was used to control both cam-
eras and interpret the data packets received by the instrument to obtain images and

spectra.

7.3 The Coded Mask

The coded mask used to build the camera is made of a 2mm thick layer of lead. Fig-
ure 7.4 shows the absorption properties of lead compared to tungsten for 140 keV
photons. A 2mm thick layer of lead blocks 99.5% of the photons, while the same
thickness of tungsten blocks 99.9%. The disadvantage of a lower absorption is com-
pensated by a much easier manufacturing process of a lead mask, which does not
require advanced techniques like metal laser-cutting and could be produced at the
mechanical workshop in the Physics Department at University of Southampton. The
coded mask mounted on 2V-Cam is consists of an 80x80 pixel random pattern with
a pixel size of 2.2 x 2.2 mm?. This value is small enough to fulfill the requirements
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ethernet I power

add-on cameras
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FIGURE 7.3

for lateral resolution, without being affected by effects self-collimation in the central
10 cm x 10cm x 10cm of the FOV.
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FIGURE 7.4: Absorption of 140 keV photons in tungsten and lead. The green area
highlights absorption greater than 90%
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FIGURE 7.5: Drawing of the coded mask used for the prototype camera in its sup-
port. Two layers of perspex was used to hold the coded mask in the aluminium
frame

7.3.1 A Modified Random Pattern

The small pixel dimension makes the construction of a supporting structure for the
coded mask impractical. For this reason a compromise was reached between true
randomness of the coded aperture pattern and its capability to support itself. Figure
7.6a represents a randomly generated 2D pattern. This is characterised by the pres-
ence of islands, which are pixels or groups of pixels which are not connected to the
external frame. Each mask pixel is considered supported if at least one of its corners
is connected to the main structure. In order to obtain a self supporting structure,
these islands were repositioned in order to be supported. Figure 7.6b shows that,
in a sample of 10000 randomly generated patterns, the average number of islands
is around 20, and the average area of islands is corresponds to 41 pixels. Since this
is only 0.64% of the mask area, it was concluded that the randomness of the mask
is not compromised by changing the value of a small number of pixels. The modi-
tied random pattern chosen to equip the 2V-CAM, detector is shown on the right in
figure 7.6a.

7.4 The Geometry of 2V-CAM

This section will describe how the prototype camera was assembled, in the light of

the design requirements and considerations made in chapters 5 and 6.
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Modified random pattern Random pattern

(A) (a) An example of a random coded mask pattern. Island pixels are highlighted in red. (b)

The modified random pattern used to equip both 2V-CAM heads. The random pattern was

slightly modified to be made self-supporting. Islands were moved by hand to be connected
to the main structure of the coded mask.
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(B) Distributions of the total area of the islands (right) and the number of islands
expressed in units of pixels (left) in a sample of 10000 random patterns.

FIGURE 7.6: The design of the mask pattern was developed to obtain a reasonably
random mask that was also self supporting

7.4.1 Field of View

The FOV of the dual-head camera is the region of space that is visible by both cam-
eras. Figure 7.7 shows a diagram the top view of 2V-CAM, where the boundaries of
each arm’s FOV are marked in a red dashed line. The resulting FOV is composed
of the regions of space where the two single arm PCFOVs overlap. The FOV is en-
closed in an imaging volume of 280mm x 280mm x 280mm which is drawn in a
blue dashed line and is the space represented in the SPPs. Figure 7.7 also shows the
frame of reference used for image reconstruction and post-reconstruction process-
ing. Each camera is placed at a distance of 210mm from the coded mask, which is at
310mm from the centre of the FOV.
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camera 2
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xl_’

camera 1

FIGURE 7.7: Top view of the 2V-CAM imaging system . The red dashed lines rep-
resent the PCFOV of each camera system and show their intersection

7.4.2 Transversal and Longitudinal Resolution

The diagram in figure 7.7 represents the top view of the 2V-CAM system, composed
of two identical arms observing the target from two different angles. In order to
explain this design choice it is useful to resort to point source simulations, in order
to understand the effect that adding a second camera has on the overall resolution
of the system. A sample of 1000 PSFs was computed as described in section 6.2.1
by selecting a random set of positions in the FOV from a uniform distribution. An
example of a single-head PSF is shown in figure 7.8. The poor resolution along the
camera axis is clearly visible in this image. The PSF shape is elongated along the
axis that connects the centre of the detector and the source position. The FWHM of
the PSF was calculated by finding the voxels enclosing the surface with intensity >
50% of the peak value of the PSF. The largest distance between couples of boundary
voxels is an estimates of the longitudinal FWHM of the PSF. The transversal FWHM
of the PSF was estimated as twice the shortest distance between the centroid and
each of the boundary voxels. Figures 7.9a and 7.9b represents the distributions of the
transversal and longitudinal FHWM in the whole sample of PSFs. The transversal
and longitudinal resolution of 2V-CAM were estimated as the mean value of these
distributions. The mean value of the transversal size of the PSF is 9.1mm with a
standard deviation of 0.8mm. The longitudinal size of the PSF is approximately
one order of magnitude higher, with an average value of 94.2mm and a standard

deviation of 12.3mm.
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FIGURE 7.8: 2D (A) and 3D (B) plot of the PSF of a source at x=20mm, y=-20mm,
z=12mm. The plots show the typical elongated shape for a single view of the source
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FIGURE 7.9: Histograms of the transversal (A) and longitudinal (B) FWHM of the
2V-CAM PSF for 100 random positions in the PCFOV. The PSF is characterised by
its elongated shape, due to the lower resolution along the camera axis.
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FIGURE 7.10: Detector image of the flood illumination with %’Co

Isotope Acquisition time (s) Activity (MBq) Total counts detector 1 Total counts detector 2

Co 900 3.7 2342029 2283222
99m T 900 1.017 2527911 2317284
77Lu 300 58.4 9286287 8968501
1231 300 66.7 11020200 9537886

TABLE 7.1: Parameters of the calibration exposures. The Activity of each source is
referring to the start of the acquisition

A single coded mask camera provides lines of response through the field of view
that are spread over a relatively narrow range of angles. As a result, although a
single camera does produce a 3D image, the resolution along the camera’s axis can
be up to an order of magnitude worse that the lateral resolution. The axial resolution
can be improved by using two cameras, each observing the source from a different
angle, in a stereoscopic observation. The combination of images from both cameras
produces a 3D image with an optimised lateral resolution along the axes of both
cameras with a single view of the target.

7.5 Detector Calibration

Both detectors include a factory calibration. Nonetheless, each pixel in the detector
was energy calibrated. The image in the detector plane was also corrected for uni-
formity defects using flood exposures with various sources. Before data acquisition,
both detectors have been exposed with flood illuminations of 57Co, P"Tc, 77Lu and
1231, The coded masks were removed from the rails and each source was positioned
at the centre of the field of view for an extended exposure. Table 7.1 shows the
details of each acquisition.
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FIGURE 7.11: Detector image of the flood illumination with *"Tc
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FIGURE 7.12: Detector image of the flood illumination with 12%1
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FIGURE 7.13: Detector image of the flood illumination with 1/Lu



7.5. Detector Calibration 133

7.5.1 Uniformity Calibration of the CZT Detectors

Figures 7.10,7.11, 7.12 and 7.13 show the flood illumination maps of both detectors
with the four isotopes. Camera 1 appears to have a different detection efficiency
between the modules that were first purchased and the ones that were added a few
months later. This difference have been attributed to differences in the CZT of the
upgrade modules which were sourced from a different supplier than the original
modules. In addition, some modules in camera 1 show variations in brightness
within the module. Camera 2, on the other hand, shows a lower detection efficiency
along the borders of each module. It is unclear whether these effects are attributed
to the CZT crystal or the readout system. Both cameras also show 'noisy” pixels,
with a number of counts disproportionately high with respect to the rest of the de-
tector plane. To take the uniformity variations into account the high statistics flood
exposures were used to build uniformity maps of the detector in the same energy
windows used for image reconstruction. Uniformity maps were calculated divid-
ing the counts in each detector pixel by the highest number of counts recorded in
a single pixel in the whole detector. This ratio is calculated after applying a sigma-
clipping algorithm to the detector image, in order to exclude the noisy pixels. To
apply the uniformity correction, the counts in each shadowgram pixel are divided
by the corresponding value in the uniformity map before the image reconstruction

stage.

7.5.2 Energy Calibration of the CZT Detectors

Each detector pixel was calibrated using the 122 keV peak of *’Co, the 159 keV peak
of 121, the 140.5 keV peak of 9mTe and the "Lu peaks at 113 keV and 208 keV. Fig-
ures 7.14a and 7.14b show the raw spectra of all the calibration sources. While all
the characteristic peaks are visible, their FWHM is impacted by the slight variation
of gain and baseline of each detector pixel. After the acquisition of a high statistics
flood image with each one of the calibration isotopes, the spectra from each pixel
were searched for their characteristic peaks, which were used to calibrate each pixel
individually. The peak energy-DAQ channel plot for a selection of pixel is shown in
figure 7.16. Figures 7.15a and 7.15b show the whole detector spectra after calibra-
tion: the FWHM of all the peaks is lower, showing that the dispersion around the
true emission energy of the photons is reduced.
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FIGURE 7.14: Spectra of the calibration sources from detector 1 (A) and detector 2
(B) with factory calibration
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FIGURE 7.15: Spectra of the calibration sources from detector 1 (A) and detector 2

(B) after energy calibration. The application of appropriate calibration parameters

to each single pixel improves the dispersion of the measured energy around the
emission line and decreases the FWHM of the peak in the detector spectra
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FIGURE 7.16: Energy calibration plots for three pixels of both detectors. Each pixel
has a slightly different value of gain and offset and therefore needs to be calibrated
individually

7.6 Data Acquisition

2V-CAM was tested with different types of sources in the laboratories of the Nuclear
Medicine Departments of the Royal Surrey County Hospital and the Southampton
General Hospital. The tests involved single and pairs of point sources, a single ex-
tended source, and a hollow sphere phantom.

7.6.1 Imaging Point Sources

The point source tests were carried out at the Nuclear Medicine Department of the
Royal Surrey County Hospital. The point sources imaged during the tests were of
three different isotopes, 57Co, P"Tc and 1. The 5’Co source was a commercially
available spot marker, " Tc and ?°T were obtained by filling the tip of a 10 ml sy-
ringe with the isotope in water solution, forming a source with a cross-section of
less than Imm. Figure 7.17 is a picture of the set up of 2V-CAM during an image
acquisition of a single **"Tc source.
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FIGURE 7.17: 2V-CAM during the acquisition with a single *"Tc point source.
The point source was obtained by filling the tip of a 10 ml syringe with a **"Tc in
solution

Three images of point sources were collected: the single *"Tc point source and two
images of pairs of sources, respectively P9MTe with 57Co, and "Tc with 1231, The
details of each acquisition are summarised in table 7.2. Energy cuts were applied
to all data before image reconstruction. The energy bands used are 118-124 keV for
57Co, 137-144 keV for P Tc and 155-162 keV for 1231 Figure 7.18 shows the shadow-
grams of the three acquisition from camera 1 (top row) and camera 2 (bottom row).
The left column represents the two shadowgrams of the single *"Tc source, which
clearly show the shape of the mask pattern. The exposure with " Tc and *’Co point
sources is shown in the middle column. The presence of two mask pattern shadows
is barely noticeable. Lastly, the right-hand column shows the shadowgrams from
the exposure with " Tc and 2°I.

7.6.2 Imaging an Extended Source

The images of a single extended source were acquired at the Nuclear Medicine De-
partment at the Southampton General Hospital. An extended source, pictured in
tigure 7.21, was prepared by filling a 5 ml syringe with a 99mTe solution in water. The
source has a cylindrical shape with a base diameter of 12mm and a height of 25mm.
Figure 7.20 shows the shadowgrams obtained by scanning the syringe in three dif-
ferent configurations: standing vertically, horizontally with the axis parallel to the
axis of camera 1, and horizontally at an angle of 45 degrees to both camera axes. The
details of the acquisition are shown in table 7.3. Although the mask pattern is not
clearly recognisable, the orientation of the source relatively to each camera appears

in the features in each shadowgram.
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FIGURE 7.18: Detector images for point sources in 3 different configurations. (a)
Single MmTe point source. (b) 9mTe and >’ Co point sources. (c) 9mTe and 1231 point
sources.

7.6.3 Imaging a Hollow Spheres Phantom

Gamma-ray images of a hollow sphere phantom were acquires in the Nuclear Medicine
Department of the Royal Surrey County Hospital. The hollow sphere phantom
shown in figure 7.21 is an ~8.2 cm cylinder with a base of ~4cm diameter. Four
hollow spheres of diameter 3.95 mm, 4.95 mm, 6.23 mm and 7.86 mm can be placed
inside the cylinder, approximately 1.3 cm off the center and 5.3 cm from the lid of the
cylinder. The spheres were filled with a 2 solution, while the cylinder was filled
with ?"Tc solution. The activity of each source is shown in table 7.3. The phantom
was positioned at the centre of the FOV for the acquisition. The shadowgrams and
the spectra recorded from both detector are displayed in figure 7.22.

7.7 Results

The back-projection reconstruction has been applied to the shadowgrams from all
the exposures. After the reconstruction, the CLEAN algorithm with a 2% gain has
been applied to the images. In this study CLEAN was applied with a fixed number
of iterations. The evaluation and implementation of an optimal stopping criterion
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Isotope Activity (MBq) Acquisition time (s) Detector counts
Detector 1 Detector 2
9mTe 0.82 3600 1.78 x10°  1.49 x10°
99Im T 0.19 21600 2.15x10°  2.77x10°
57Co 0.20 336x10°  2.22x10°
99mTe 8.03 2700 5.35x10°  4.22x10°
1231 6.5 2.61x10°  2.21x10°

TABLE 7.2: Isotopes and activity of the sources used for the point source imaging
tests. The counts displayed in column 6 are relative to the energy band selected for
each source

FIGURE 7.19: Photograph taken during the exposure with a cylindrical source of a
99MmTe solution. In this acquisition, the source was placed horizontally at an angle

of 45 degrees to both camera axes

for CLEAN is a topic that will be explored in a later study. The processed 3D images
are presented in this section.

7.7.1 Point Sources

Single or multiple point sources represent an ideal scenario for the best performance
of both coded apertures and CLEAN. The technique performed very similarly to
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FIGURE 7.20: Shadowgrams of the **"Tc cylindrical source in 3 different config-

urations. Left: Vertical. Center: Parallel to the axis of camera 1. Right: at a 45

degrees angle to both camera axes. In each configuration, the source was placed at
the centre of the FOV

FIGURE 7.21: The extended sources used in the experiments. (a) The hollow sphere
phantom. (b) The sphere components of the hollow sphere phantom. (c) A 5 ml
syringe full of "Tc solution (cylindrical source)
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FIGURE 7.22: (a) Shadowgrams of the hollow sphere phantom in the energy win-

dows 137 - 144 keV and 155 -162 keV. (b) Shadowgrams of the hollow sphere phan-

tom in the energy window 155 -162 keV. (c) Spectra of the emission from the phan-
tom recorded by both detectors

Source Isotope  Activity(MBq) Acquisition time (s) Detector counts

Detector 1 Detector 2

Cylinder (vertical) 9mTe 34.46 900 16.60x10°  13.64x10°
Cylinder (horizontal) 9mTe 32.69 900 15.74x10° 13.93x10°
Cylinder (horizontal 2) 9mTe 30.92 900 17.43 x10° 13.17x10°
Hollow spheres phantom 1231 16.11 3600 442x10°  6.78x10°
99mTe 71.96 37.48x10° 26.75x10°

TABLE 7.3: Sources, activity and acquisition times of extended source scans

what was predicted by the simulations in both cases. Figure 7.23 shows the raw im-
ages of all three point source configurations, along with the images after 50 and 300
CLEAN iterations. If only one source is present in the FOV, most of the background
noise is suppressed after 50 iterations. In the images with two sources, significant
background noise is still visible after 50 iterations, but after 300 CLEAN iterations
only residuals from the elongated PSF of a single camera are still present in the im-
age with an intensity of around 10% of the image peak. In both cases the advantage
of using a dual-head system is visible: The addition of the second camera constrains
the position of the point source. Adding a second source to the FOV makes CLEAN
slower: in fact CLEAN will operate on both sources, subtracting components from
one of them in each loop. In figure 7.23, images show that the 1> point source is not
clearly visible, in the raw image and in the image after 50 iterations and becomes
distinguishable from the noise only after iteration 300. A quantitative intensity or

source activity measurement was not attempted at this stage, but it is confirmed that
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FIGURE 7.23: Top left: Images of a single point source of *"Tc. Top right: Image

of ¥Co and a *"Tc point sources. Bottom: Image of " Tc and a '?*I. In each case,

the graphs display the raw image at the top, the cleaned image after 50 CLEAN
iterations at the centre and after 300 CLEAN iterations at the bottom
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the relative intensity of the sources is conserved after the application of CLEAN and
for each image correctly corresponds to the detector counts. It should be pointed
out that the peak value of the image is proportional to the total number of counts
present in the shadowgram for each selected energy band. This depends, among
other factors, on the distance of the source from each of the detector planes and a
possible variation in detection efficiency of the instrument at different evergy. These
effects are not taken into account in this study, but must be considered in order to

perform an accurate activity measurement.

7.7.2 Extended Source

Figure 7.24 displays the 3D images of the cylindrical source. Each pair of plots shows
the raw images before CLEAN was applied and the same images after 500 CLEAN
iterations respectively at the top and bottom. While a hot region in the centre of the
FOV is present in all three cases, the shape of the extended source is clearly recog-
nisable only when the source was placed in vertical position, in the top left section
of figure 7.24. This suggests that the deconvolution algorithm is not as effective in
the reconstruction of sources that extend along one of the axes of the camera, which

happens in the other configurations.

7.7.3 Hollow Sphere Phantom

Finally, the raw image of the hollow sphere phantom in the energy range 137 —
144keV is presented in the top-left corner of figure 7.25. Figure 7.25 also shows the
same image after 100 and 500 iterations of CLEAN respectively. After 100 iterations
of CLEAN, most of the background noise was suppressed, with the exception of the
residual extended shape from the PSF of the image of each sphere. While only the
three bigger spheres were distinguishable in the raw image, applying CLEAN for
300 iterations made the smaller sphere distinguishable from the background in the
cleaned image.

7.8 Computing Performance

The computing performance of back-projection can be divided in its main compo-
nents: the back-projection itself and the CLEAN stage.
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2.5M

0.5M

FIGURE 7.24: Images of the cylindrical source in configuration 1 (top left), configu-
ration 2 (top right) and configuration 3 (bottom row). The raw images are shown at
the top, while the images processed with CLEAN after 500 iterations are at bottom
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FIGURE 7.25: Top left: raw image of the hollow spheres phantom. Top right: image
of the hollow spheres phantom after 100 CLEAN iterations. bottom: image of the
hollow spheres phantom after 300 CLEAN iterations

7.8.1 Computing Performance of Back-projection

In this stage of the experiments the real-time capabilities of the reconstruction method
have not been yet explored. In order to reduce the computing time to a minimum
and focus on the imaging capabilities of the system in a static setting, data have not
been recorded and processed photon-by-photon, but as a detector count histogram.
All the photons detected in a single pixel have been processed at the same time,
simply by multiplying the SPPs by the number of counts in each detector pixel be-
fore back-projection. The average time for the reconstruction of a single 3D image is
around 50 seconds. This includes loading each SPP from memory and adding it to a
running sum. It is estimated that around 65% of the processing time was employed
to reading in the SPP, which are 72Mb for the whole field of view. The computing
time for this method could therefore be improved massively by using a machine
with a very large RAM, which could hold the SPPs necessary for back projection.
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7.8.2 Computing Performance of CLEAN

From paragraph 7.8.1 it is clear that the factor that slows down the performance of
CLEAN is the reconstruction of the ideal PSF for each possible source position. The
reconstruction of the PSF requires the same computing time as the reconstruction of
any other image. For this reason CLEAN stores the computed ideal PSFs in memory
after computing them, to avoid computing them again in later iterations. When the
PSFs are already in memory and CLEAN does not have to compute them on the fly,
each iteration takes around 30ms, again mostly used to read in the pre-computed
PSFs.

7.9 Conclusions

Chapters 5, 6 and 7 have demonstrated the application of a back-projection approach
to near-field 3D imaging.

The design of the experiments was guided by the possibility to apply this technology
to aid in the resolution of some challenges of current nuclear imaging techniques.
The first challenge is imaging sources in the 3D space with a single view of the tar-
get. This would reduce the footprint of SPECT machine, which would not need to
have a rotating gantry around the patient. The second improvement that could be
brought forward is the development of lighter and possibly hand-held SPECT de-
vices for diagnostics or surgical applications, as opposed to the current large and
heavy SPECT machines. A version of a photon-by-photon approach like back pro-
jection would be the only way to apply coded aperture imaging to situations where
the camera or the target of the observation is moving.

The images obtained in three different experimental settings indicate that the Dual-
View Coded Aperture Mask camera and the back projection algorithm are indeed
able to successfully reconstruct the shape and position of different types of sources
in the 3D space with a single acquisition. However, there are areas that still need
investigation to prove the suitability of the SPECT application of coded apertures
and their potential to improve the performance of collimator scanners.

For example, it is well known that the performance of coded aperture images de-
creases if the source is extended, as a result of the multiplexing of the information
performed by the mask, and in the limit where the source extends across the whole
tield of view, it can’t be reconstructed(57). It is necessary to further explore the lim-
its of the technique in terms of the size and morphology of the sources that can be
detected with different families of mask pattern. On the other hand, it would be
useful to narrow down the branches of Nuclear Imaging that would benefit from
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the application of coded apertures, where it is likely to have small sources concen-
trated in a small volume and a high background. One of these applications, which
has just started to be explored during this project, is parathyroid imaging for surgi-
cal applications. Parathyroids are four glands that are located behind the thyroid.
Depending on the treatment plan, they may need to be removed or preserved dur-
ing thyroid excision. Their identification is particularly difficult without nuclear
medicine techniques, and almost impossible to be carried out during surgery(65). A
system similar to 2V-CAM, for example, would be optimal to identify and preserve

them during thyroid excision, improving the patients” outcome.

Another area that needs further investigation is the performance of the technique
in terms of quantitative reconstruction of the activity of the source. Once again a
problem that seems of straightforward resolution for point sources, is made much
more complicated by the introduction of extended sources.

Finally, it is necessary once again to address the computing performance of back-
projection. Although in theory able to produce real-time images as the camera or the
patient are moving, the high resolution needed for medical applications poses a limit
to how fast images can be processed. The problem is made worse by the 3D nature
of the images with respect to the astronomy applications. It would be interesting to
investigate whether the algorithm could be implemented more efficiently, in order
to make real-time or near real-time imaging practicable. The imaging capabilities of
coded masks have a great potential to make surgical probes, but real-time produc-
tion of images is required for this application. Alternatively, other imaging methods
should be explored, such as MLEM. G.Daniel also recently achieved coded aperture

images of extended planar sources using artificial intelligence techniques(66).

The investigation of all the limitations of the method is fundamental to assess the
areas of nuclear imaging where coded aperture could provide a breakthrough. This
project, as well as the body of literature that preceded it, suggests that it seems un-
likely that coded mask can offer versatility for a variety of SPECT applications the
way that collimators do. However, for scenarios with a small concentrated sources
and high background levels, the higher detection efficiency of codes mask translates
to an improved imaging performance with a reduced instrument size with respect

to currently used SPECT systems.
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Chapter 8

Conclusions

This research has demonstrated the application of a new image reconstruction ap-
proach to coded-mask data in two very different fields: gamma-ray astronomy and

nuclear imaging.

The first application has been the creation of a tool for image construction and flux
measurements of images obtained with IBIS/ISGRI slew data, opening the the way
for the analysis of 65Ms of observations which have never been processed before.
An all-sky map with a prototype data set was produced with 150ks of observation
carried out during a period of one month. Six sources were detected in the map with
a source location accuracy estimated at 4.56 arcminutes. The faintest source detected
in the all-sky slew map was MAXI J1659-152, which had an average flux of around
100 mCrab during the observation period. MAXI J1659-152 was detected at a 20.7¢c
significance with 6.6ks of observation. Pointing observations from the same period
were used to cross-calibrate the method and extract count-rate measurements from
slew observations. The quality of the calibration is affected by a high level of noise,
which is partially due to the motion of the telescope axis and partially to the coding
noise, not yet fully suppressed in the analysis process. Calibration with the current
data set suggests that these effect combine to produce a factor of 0.24 between slews
and pointings flux measurements, but further developments and a larger data set

are needed to confirm these numbers.

The second application has been the development of 2V-CAM, a coded mask sys-
tem for near-field 3D imaging, to be used in a medical setup and take advantage of
the increased detection efficiency of coded masks with respect to collimators. Using
a 3D version of the back-projection algorithm developed for astronomy, sources of
different nature and made of different isotopes were imaged in a FOV of approx-
imately 15 x 15 x 15 cm®. Multiple point sources were imaged successfully. 2V-

CAM easily resolved small spherical sources 18mm apart, although the system has
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been designed to provide 6mm resolution at the centre of the FOV. The biggest chal-
lenge encountered was the correct reconstruction of the morphology of an extended
source, confirming that the high throughput of a coded mask system would be fully
exploited for applications where a small FOV and high resolution are required, such
as small animal studies or thyroid studies. A particularly attractive field of devel-
opment lies in theranostics, where the low photon yield of alpha and beta emitters
used for therapy could be very efficiently captured by coded mask systems. The
tests have been carried out in a static setting, but a photon-by-photon approach like
back-projection was applied because it presents the prospect to develop lightweight
and potentially hand held SPECT systems. Such systems could lead the way for
SPECT being used in ways never explored before, for example to aide tumor exci-
sion during surgical procedures or for real-time imaging. With this wide range of
applications in mind, a lightweight, modular and versatile coded mask system was
designed and assembled, that and can be easily modified and optimised for further
studies in different directions.
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