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Abstract

Gamma-Ray Bursts (GRBs) are among the most studied high-energy transient phenom-
ena in the last few decades. Their emission consists of very rapid and energetic radiation
(the prompt emission), peaking in the ~-ray band, followed by the afterglow emission,
which spans a broad energy range. This characteristic has allowed for the investigation
of their nature and properties. Numerous efforts have been dedicated to developing ex-
periments capable of detecting these transient events, which occur randomly from any
direction in the sky. The extreme luminosity of GRBs (10°® erg/s) makes them invaluable
tools for investigating the Early Universe and advancing Multi-Messenger Astrophysics.
It is therefore essential to study all classes of GRBs across a broad energy range, to
uncover the unresolved mysteries surrounding them, as well as to investigate their use
to probe the most important cosmological parameters.

The Transient High-Energy Sky and Early Universe Surveyor (THESEUS) mission
has been proposed as a pioneering mission for the detection and localization of GRBs.
Currently, it is a candidate for the ESA M7 medium-class mission, and is undergoing
a Phase A study. The mission was also previously considered in 2018-21 for the Mb
launch slot. The innovative and cutting-edge capabilities in the design of THESEUS
are expected to significantly advance our understanding of GRBs. Its payload includes
two wide-field instruments, the Soft X-ray Imager (SXI) and the X and Gamma-ray
Imaging Spectrometer (XGIS), both operating in the X-ray and v-ray energy bands, as
well as a high-resolution InfraRed Telescope (IRT). The combined capabilities of these
instruments will enable THESEUS not only to continuously scan the sky for high-energy
transients but also to rapidly re-point (>7°/min) at them with the telescope, allowing
for onboard redshift estimation. This will enable THESEUS to play a crucial role in the
Multi-Messenger Astrophysics and Time-Domain Astrophysics and to work in a synergic
way with future facilities for electromagnetic radiation detection, as well as for neutrinos
and gravitational waves.

In this thesis, a study has been conducted on the performance of the XGIS instru-
ment, which works both as an imager, utilizing the coded mask technique, and as a
spectrometer. The focus of my study is on evaluating XGIS effective area, instrumental
response, and estimates of the background noise count rate that the instrument will en-
counter in the Low Earth Orbit (LEO) where it will operate. The performance has been
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assessed using a Monte Carlo simulation software built upon the CERN Geant4 toolkit,
which allows for the study of the passage of particles through matter. This toolkit is a
standard in high-energy physics, and is also used by space agencies, such as NASA and
ESA, to assess the performance of high-energy instruments.

In particular, this work implements several improvements and upgrades to the sim-
ulations carried out during the previous M5 Phase A study, by introducing a more
accurate mass model for XGIS compared to the original design. A random-pattern real-
istic coded mask and various passive layers, which were planned during the design phase
but not tested in simulations, have been included. Simulations with both the simple and
upgraded mass models will then be compared.

The outline of this thesis is as follows.

Chapter 1 introduces the astrophysical phenomenon of GRBs, in particular focusing
on the history of the past 50 years, in which the observations carried on by space missions
led to the formulation of the current Standard Model for GRBs. The chapter details the
characteristics of their prompt and afterglow emission, as well as the central engine
that triggers their explosion. Additionally, some facilities that will play a crucial role
in the coming decades, including THESEUS, are presented within the context of the
Multi-Messenger Astrophysics domain.

In Chapter 2, the THESEUS mission concept is presented, outlining its scientific
objectives along with the scientific and technical requirements that will ensure its suc-
cess. Additionally, the instruments comprising its payload and the planned observational
strategies are described.

In Chapter 3, a detailed explanation is provided of the physical principles under-
lying the operation of XGIS and the technologies it uses to detect X-rays and ~-rays.
The detection is achieved through a compact experiment composed of two Silicon Drift
Detectors (SDDs) coupled with scintillator bars, which is ideal for a space mission con-
strained by budget, mass, and volume limitations. The adopted technique, the coded
mask principle, is explained in detail. After providing a brief description of the software
used for the simulations and how they are implemented, the employed mass model is
analyzed, along with the added improvements, including their effects on radiation trans-
mission. Finally, the derived effective area as well as the instrument response matrix,
are presented.

In Chapter 4, the sources of background in LEO are described, along with their
effects on the instruments. The results of their simulations are then presented, showing
the expected count rates for both the simple and upgraded mass models. The strategies
adopted to mitigate the effects of the background are also discussed.

Finally, Chapter 5 provides a summary of the results, outlining also the future activi-
ties planned for studying the XGIS performance in the context of the ESA Phase A study.
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Chapter 1

Gamma-Ray Bursts

Gamma-ray bursts (GRBs) are sudden bright flashes of radiation with spectral energy
distributions peaking in the v-ray band. The long journey that began over 50 years ago
with the first detection of gamma-ray bursts (Frontera, [2024), marked by the gradual
unraveling of the mystery behind their origin, has made them among the most fascinating
phenomena in the Universe. Moreover, increasing efforts are still dedicated to uncovering
their hidden secrets and exploring the profound connections between GRBs and the
diverse fields of astrophysics, where their properties play a significant role.

GRBs are essentially bright ultra-relativistic jets in galaxies at cosmological distances,
with kinetic luminosities exceeding 10%® erg/s (Gehrels et al., 2009; Vedrenne and Atteia,
2009; |Longair, 2011); their brightness is capable of outshining any X-ray and gamma-
ray source. They are considered to be the most energetic phenomena in the universe
known to date. Their emission, unpredictable in both direction and time of arrival,
has an energy spectrum extending from a few keV up to GeV, and a variable duration
from milliseconds to several hundreds of seconds. The performance of modern X-ray
and gamma-ray detectors allows for the detection of 2-3 GRB events per day across the
entire sky (Fronteray 2024).

The following sections outline the key milestones in the history of GRB discover-
ies, which have led to the currently accepted Standard Model for GRBs, highlighting
the crucial role played by various space missions and the technological advancements
in scientific instrumentation that have driven these breakthroughs. Our current under-
standing of GRBs is the result of a close collaboration within the international scientific
community, in which the Italian contribution has played a fundamental role in the last
decades.
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Figure 1.1: One of the 73 gamma-ray bursts observed by the three Vela satellites. The
figure shows the count rate as a function of time for the gamma-ray burst of August 22,
1970. Fach plot presents: in linear time scale, the background count rates for the period
immediately preceding the burst; in logarithmic time scale, the record of the burs with a
distinct peak around 6.5 s (Klebesadel et al., |1975).

1.1 A new transient emission

The earliest detection of a flash of ~-rays, the so-called prompt emission, occurred in
1967, by chance, thanks to the American Vela satellites, which in those years were
intended to monitor potential atmospheric explosions of nuclear weapons, experiments
that were prohibited during the Cold War years. This constellation of satellites was
equipped with y-ray experiments consisting of six CsI(T1) scintillators (cesium iodide,
doped with thallium, see Chapt. with a total volume of 60 cm?, energy passband
0.2-1.5 MeV, capable of achieving nearly isotropic sensitivity. High atomic number
materials were used to shield scintillators from charged particles. They were able to
detect an emission different from any known nuclear weapon signature, and after this,
others followed (Klebesadel et al. [1973).



The Los Alamos team excluded the terrestrial and solar origins of these events. The
detection of 73 GRB events (Fig. over a decade by the Vela spacecraft was published
in those years, and subsequently, many other instruments and space missions were de-
veloped devoted to the detection of GRBs, in order to find what triggers the emission,
the sites and the power released by these events.

The first clues came from the Konus experiment on board the Russian Venera satel-
lites: six Nal(T1) scintillators (sodium iodide, doped with thallium) oriented along six
different directions to cover the entire sky. It was capable of localizing the direction of
GRBs within an arcminute using triangulation and obtaining the photon spectrum and
the temporal evolution of the signal. The most significant evidence was the recording of
an isotropic distribution of events across the sky, implying that GRBs originate either
very close to or very far from Earth.

In the early 1990s, the most advanced instrument for GRB detection was BATSE
(Burst and Transient Source Experiment) on board the American Compton Gamma
Ray Observatory satellite. It consisted of eight Nal(T1) Large Area Detectors (LADs)
sensitive in the 30 keV-2 MeV energy range, positioned at the corners of the spacecraft
with an exposed area of 2025 cm? each. For each LAD, there was a smaller spectroscopy
detector (SD) with a detection area of about 600 cm?, optimized for energy resolution
and broad energy coverage (10 keV — 11 MeV). BATSE was able to confirm the isotropic
distribution of GRBs, with no dipole and quadrupole components (Fig. . It also
succeeded in establishing:

e the bimodality of prompt emission duration, in accordance to which GRBs events
are classified: short and long, separated by ~2 s duration (Fig. . Results also
showed that short bursts have a harder spectrum then long bursts (higher ratio of
high to low energies);

e the spectral distribution of the prompt emission was well described a smoothed
broken power law, also called Band function (Band et al., 1993):
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At low energies, a power law continuum with an exponential cutoff Ng(F) o
E® exp(—E/Ey) prevails, while the high energies are described by a steeper power
law Ng(E) < E? with 0 < 8 < a and 100 keV < Ey < 1 MeV, where Ej is the

~Y

break in the spectrum. Typical values of the parameters are centered in a = —1,
B =—2.3, Ey = 150 keV (Vedrenne and Atteia, [2009).

Ni(E) = (L.1)

There is considerable variability in the ~-ray prompt light curves of GRBs. Both
long and short bursts can display temporal profiles that range from smooth, single-
peaked pulses to complex multi-pulses. The prompt emission can be described using

3



(a) Sky distribution in galactic coordinates of
2704 GRBs detected with the BATSE experi-
ment aboard the Compton Gamma Ray Obser-
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(b) Distribution of Toy for 2006 GRBs de-
tected with BATSE with significant Tyy esti-
mates. Tyg is defined as the time during which
the GRB cumulative counts increase from 5%
to 95% of the total detected counts. Dashed
lines give the best fit to the Tyy distribution

(Fronter, [2024).
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various spectral and temporal parameters, for which statistical correlations have been
found, as shown in Fig. [1.3] However, the physical reasons behind these correlations are
still not fully understood. As summarized in |Gehrels et al. (2009):

a

(S

the variability or spikiness of the light curve has been found to correlate with the
peak luminosity (Lpeak) or the total isotropic energy of the burst (Eis);

the time lag between individual peaks observed in different energy bands is shown
to be negatively correlated with luminosity for long bursts, while for short bursts
the lag is either small or undetectable;

the peak energy (Ep) is also found to correlate with the isotropic energy (Fis,) for
long bursts, with short bursts being clear outliers (the so-called Amati Relation
from the discovery paper by |Amati et al.|[2002));

furthermore, the total isotropic energy emission is linked to the duration of the
burst, with both short and long bursts lying approximately on the same correlation
line;

Short GRBs also appear to be harder in X-rays compared to long;

f finally, the prompt GRB light curves can generally be broken down into a series of

individual pulses, with rise times being shorter than decay times on average.
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Figure 1.3: Correlations between various prompt emission properties for long (L), short
(S), and underluminous (UL) GRBs. (a) Variability scaled to the burst frame versus Fi,.
(b) Spectral lag scaled to the burst frame versus peak luminosity. (c) Epeax Scaled to the
burst frame versus Eis,. (d) Duration scaled to the burst frame versus Eis,. (e) Spectral
hardness versus observed duration. (f) Pulse rise time versus its decay time

e al, 2005).



1.2 The BeppoSAX era

Only with the launch of the Italian-Dutch satellite BeppoSAX (Satellite per Astronomia
X, Fig. in 1996 did it become possible to localize GRBs in the sky (Frontera, [2024;
Piro, [1997). Indeed, up to that moment, not only was imaging difficult due to the
challenge of focusing v-rays, but the prompt emission also faded within a few seconds,
thus preventing the facilities available at that time from achieving accurate angular
positioning for follow-up observations. Thanks to a localization accuracy between 3
and 5 arcminutes, never achieved before, and the detection of X-ray, optical, and radio
counterparts from follow-up observations, it was possible to confirm the interpretation
of GRBs as major explosive events occurring in galaxies at cosmological distances.

BeppoSAX had ambitious scientific objectives, aiming to study celestial X-ray sources.
It employed wide-field instruments to monitor the variability of the X-ray and gamma-
ray sky over a broad energy range (0.1-300 keV). In addition, narrow-field instruments
were used for spectroscopic studies in a more limited range (2-30 keV). At first, GRBs
were not included as the main science goal because, at that time, it was not clear whether
any delayed associated X-ray emission could be detected. To achieve these objectives,
the payload consisted of:

e two narrow-field instruments (NFIs) oriented in the same direction: a Gas Scintilla-
tor Proportional Counter (GSPC) with 2-35 keV energy passband, surmounted by
a coded mask (3° FOV) with arcminute imaging capability, and a Phoswich Detec-
tion System (PDS) at higher energies (15-300 keV), consisting of four independent
detection units, each one made of a sandwich of Nal(T1) plus CsI(Na) scintillator
crystals. The Nal(T1) was used as the main detector, with the CsI(Na) as an active
shield from the bottom. This technique, called phoswich (PHOSphor sandWICH),
had been demonstrated to provide a very low instrument background. To further
reduce the background, four slabs of CsI(Na) detectors, in anti-coincidence with
the four phoswich units, laterally covered the instrument. The PDS FOV, of 1.5°
(Full Width at Half Maximum, FWHM), was obtained by means of honeycomb
collimators;

e two wide-field cameras (WFCs) made of a proportional counter surmounted by a
coded mask, with axes perpendicular to the NFI and in opposite directions to each

other. Energy band of 2-28 keV and field of view (FOV) 20° x 20° (FWHM) with
imaging capability with an angular resolution of 3-4 arcmin.

During the industrial phase A study, four focusing telescopes having the same on-axis
direction, one Low Energy Concentrator Spectrometer (LECS) with a passband from 0.1
to 10 keV, and the other three Medium Energy Concentrators Spectrometers (MECS)
with a passband from 1.3 to 10 keV, were included. Moreover, because of the high scien-
tific interest for X-ray pulsars spectra, GSPC was improved with a higher gas pressure
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Figure 1.4: The BeppoSax satellite (left) and payload schematic view (right) (Miliuccs
et all, 12024)).

(HPGSPC). During the phase of design, it was decided (Fronteral 2024) to use the four
slabs of CsI(Na) anti-coincidence detectors as a Gamma-Ray Burst Monitor (GRBM)
with a passband from 40 to 700 keV. In fact, by exploiting the parallel alignment of
two of these elements with the WFCs, the simultaneous detection of a GRB within the
fields of view of both instruments allowed the signal to be classified as a true GRB by
the GRBM and localized with an accuracy between 3 and 5 arcminutes by the WFCs,
a precision never achieved before. Moreover, the combined presence of the GRBM and
WFCs allowed an unprecedented capability of detecting and fast positioning GRBs and
starting follow-up observations.

The first GRB prompt emission identified by both GRBM and WFC was localized
only 20 days after detection. By the time BeppoSAX NFI pointed in that direction, no
X-ray counterpart was found (Piro et al. (1997b)). Therefore, it was clear that, in order
to capture GRB afterglow emission, it was necessary, after a very accurate detection of
the prompt emission, to optimize all processes aimed at pointing instruments across all
spectral bands as quickly as possible toward the source.

1.2.1 The GRB afterglow discovery

The first time afterglow emission was recorded for GRB970228 (Costa et al.,|1997). The
detection, achieved with the GRBM, and the localization, performed by one of the two
WEFCs, revealed a light curve with an initial bright peak followed by three additional
peaks of decreasing brightness (Fig. , . Follow-up observations were conducted
by the NFI eight hours later. Within the FOV of the MECS, a previously unknown
source was discovered (SAX J0501.7+1146), with a flux of (2.84:0.4) x 10712 erg cm =2 57!
in the 2-10 keV band. Subsequent observations showed that the source had faded by
a factor of 20 over a timescale of three days. The confirmation that this new X-ray
source represented a delayed emission, the so-called afterglow, from the GRB event, was
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(a) Time profile of GRB970228 in the ~y-ray
(from the Gamma-Ray Burst Monitor) and
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The origin (time 0) is the trigger time. The
first pulse is shorter in v-rays than in X-rays.
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(b) X-ray images of GRB 970228 as detected
by MECS telescopes at two different times.
The image on the left is that obtained 8 to 16
h after the burst. The figure on the right is
the image obtained in the observation 3.5 days
after the burst. From the first to the second
X-ray observations, the source had faded by a
factor 20 in ~three days (Costa et al., |1997).

ration is ~80 s (Costa et al., |1997).

supported by the matching power-law decay patterns observed in the temporal behavior
recorded by both instruments.

Further observations were conducted in the following weeks in the optical band by
observatories such as the William Herschel Telescope, the Isaac Newton Telescope, and
the Hubble Space Telescope. These observations not only revealed the presence of a
previously unknown optical source that was fading from V' = 21.3 to V' > 23.6 but also
indicated that the source appeared to be embedded in a faint nebular structure, likely
a host galaxy. A detailed spectral analysis of GRB970228 and its afterglow revealed
that the spectrum of the prompt emission was consistent with the Band function that
became harder within each peak, while the afterglow spectrum followed a stable power
law Ng(E) oc E~294,

1.2.2 The first measurement of GRB distance

Another milestone for BeppoSAX was the detection of GRB970508, which resolved the
mystery of whether GRBs originated in our galaxy or in distant galaxies. It confirmed
remote galaxies as the host sites of GRBs, sweeping away all the galactic models. The



combined localization of the transient by the GRBM and WFC was followed by the
identification of an unknown X-ray source by the NFI (1SAX J0653.8+7916) (Piro et al.|,
1997a)). The source coordinates were promptly distributed, enabling several groups to
observe and identify an optical counterpart with increasing brightness over the following
two days, reaching a peak magnitude of R = 20.14 + 0.03, and subsequently decaying
according to a power-law profile. Follow-up observations using the Keck Low Resolution
Imaging Spectrograph detected emission lines at a redshift of z = 0.835, originating from
an extended source in the same position as the point-like object: the galaxy that had
hosted the fading object.

Determining the distance at which a ~-ray burst occurs is crucial for establish-
ing its energy scale. From the luminosity distance of the GRB970508 optical coun-
terpart (1.49 x 10%® cm), obtained assuming a standard Friedmann cosmology with
Hy = 70 km s™ Mpc™! and €y = 0.2, it was possible to derive the first estimate of
the energy released by a GRB: Fi, = (0.61 & 0.13) x 10°% erg, assuming an isotropic
emission. GRB970508 was also notable for the discovery of the first radio afterglow using
the VLA radio telescope.

Currently, the most distant burst that has been spectroscopically confirmed is at
z ~ 8.2 (GRB090423, Tanvir et al. 2009), indicating that GRB observations are very
promising for exploring the high-redshift universe.

1.2.3 Swift contribute to afterglows

A significant contribution to afterglow studies was made by NASA Swift satellite, which,
following the successes of BeppoSAX, was built with a similar configuration (Gehrels
et al, 2004). Launched in 2004 and still operational, Swift is equipped with a wide-field
GRB monitor with a coded mask, the Burst Alert Telescope (BAT, 15-150 keV), for
the prompt identification and localization of gamma-ray bursts (Fig. , as well as an
X-ray Telescope (XRT, 0.1-10 keV) and an Ultraviolet/Optical Telescope (UVOT) for
afterglow observations. Thanks to its rapid response capability, follow-up observations
could be performed in less than two minutes, leading to two major breakthroughs: the
characterization of the early afterglow properties of long GRBs and the detection of
afterglows from short GRBs, which had been beyond the reach of BeppoSAX. Swift
showed the presence of a canonical light curve , with three distinct power-law decays
(o< t77): initially (< 500 s) very steep (3 < 8 < 5), then (10® < t < 10* s) very shallow
(0.5 < B < 1) and after several hours a decay 1.0 < 5 < 1.5 as found with BeppoSAX,
consistent with photo-electrically absorbed power law. Overall, afterglows shown in
Fig. display light curves with a variety of power-law slopes.
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Figure 1.6: Redshift distribution of 70 short (purple) and 488 long GRBs, list updated
up to April 2024. Most of them have been discovered and promptly localized with Swift.
The peak frequency of short GRBs is at lower redshift compared to that of long GRBs
(Frontera (2024).

1.3 Host Galaxies

Much of our knowledge about GRBs comes not from direct observations of the prompt
burst radiation, but from examining their afterglows. These afterglows illuminate the
area around the burst and provide insights into their host galaxies. Furthermore, by
performing spectroscopy of the host galaxies and afterglow spectra, it has become in-
creasingly possible to accurately estimate the redshift of GRBs.

Surveys of long GRBs have established that their host galaxies are typically sub-
L* galaxies (with median luminosity L ~ 0.1L*, where Lx is the characteristic galaxy
luminosity controlling the cut-off of the Schechter function, [Schechter||1976), featuring
exponential-disk profiles Specific Star-Formation Rates (SSFR ~1 Gyr~!) (Gehrels et al.,
2009). Thanks to Swift, the redshift range of GRB host galaxies has been extended from
z ~41to z ~ 9. The ability to determine redshifts via afterglow spectroscopy avoids mass
and luminosity biases, allowing these galaxies to be used for studying the mass-metallicity
relation (Fig.|1.9)). Mass-metallicity studies suggest that long GRB progenitors originate
in low-metallicity environments, with such conditions becoming more common at z > 1.

10
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Figure 1.9: Metallicity as a function of B-band absolute magnitude for the host galaxies
of short (red) and long (blue) GRBs. The yellow bars mark the 14-86 percentile range
for galazies at z ~ 0.1 from the Sloan Digital Sky Survey, whereas crosses designate field
galazies at z ~ 0.3—1. Both field samples exhibit a clear luminosity-metallicity relation.
The long GRB hosts tend to exhibit lower than expected metallicities, whereas the hosts of
short GRBs are in excellent agreement with the luminosity-metallicity relation

e al}, [2009).

This aligns with observations that the GRB rate increases with redshift more rapidly
than the cosmic star-formation rate, creating an offset between the true star-formation
rate and that traced by GRBs.

For short GRBs, afterglow observations revealed a connection with regions of low
star formation, either in elliptical galaxies or in specific regions of galaxies where star
formation is minimal. Thanks to the precise localization of these GRBs, three distinct
classes of hosts were identified (Gehrels et al., 2009):

e Low-redshift (z < 0.5), high-mass (L ~ L*) early-type host galaxies and galaxy
clusters;

e Low-redshift, sub-L* late-type galaxies;

e Faint star-forming galaxies at z ~ 1, resembling the hosts of long-duration GRBs.
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1.4 GRB physics and progenitors

The observational discoveries briefly outlined in the previous chapters, gathered by the
cited space missions and others not explicitly mentioned, must be considered when devel-
oping a physical model aimed at explaining the origin and the properties of gamma-ray
bursts. Moreover, they serve as valuable constraints for ruling out invalid theories. Cur-
rently, there is a widely accepted “Standard Model” for GRBs, though it still presents
gaps and unresolved issues. Firstly, it is crucial to identify the type of object and physical
processes involved in releasing such enormous amounts of energy, referred to as a central
engine.

Since GRBs are produced at cosmological distances, their observed fluxes imply a
tremendous energy release within a few seconds, reaching up to 10°* erg, assuming
isotropic emission, which corresponds to 104" Jfl Such a value is comparable to the con-
version of an entire solar mass into v-ray radiation on a timescale of just a few seconds,
and it is several orders of magnitude larger than the energy released by a supernova.
However, GRB emissions are highly collimated into two oppositely directed jets (Gehrels
et al., 2009), driven by magnetohydrodynamic processes, originating from the central
engine, with opening angles ranging from 2 to 20 degreef’ Consequently, the radiated

energy becomes
Eobs - EiSO(Q/47r)

where €2 is the solid angle of the jet. This collimation reduces the total energy emitted
to a value comparable to that of a supernova, approximately 1/2000 of a solar mass
converted into radiation within a few seconds.

The isotropic energy of GRBs from the earliest stellar population (Population III,
M > 100M,) could be even higher, reaching up to 10°7 erg with duration larger than
10% s. If such a large energy release were observed at high redshift (z = 20), it would
provide compelling evidence for the existence of these primordial, very massive stars
(Toma et al., 2012).

GRBs show variability on the characteristic timescale At of milliseconds, which can
be used as a constraint on the source size R. Variations occurring on timescales shorter
than the light-crossing time of the source will be smeared out due to propagation delays
within the emitting region. Consequently, the relation R < cAt implies typical emitting
regions with sizes of the order of ~ 103 km, where 10°° — 10°* erg must be released
within a few seconds. The release of such enormous energies within a very small volume
suggests the formation of a fireball composed of et e~,~. Such fireball powers the two

11J =107 erg.

2The collimation of GRBs suggests that the actual number of such events in the universe should be
significantly higher than what we estimate from our observations, even accounting for the sensitivity
limits of our detectors. This occurs because most jets will “miss” Earth and will never be observed; only
a small fraction of the total are randomly aligned toward our planet in a way that allows us to detect
them as v-ray bursts.
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opposite jets. This scenario leads to the conclusion that GRBs are likely associated with
mass-accreting disks around compact objects. More precisely, this arises in two contexts:
the explosive end of a massive star and the merger of binary compact stellar remnants,
such as black holes and neutron stars. The remnant of these catastrophic events is in any
case a spinning black hole with an accretion disk or toruﬂ formed from the remaining
debris (Fig. . This structure provides the gravitational energy necessary to power
the GRB, as material from the disk or torus falls onto the black hole. Additionally, the
presence of a spinning black hole is crucial for creating a matter-free region, enabling the
formation and escape of a jet.

An alternative scenario involves a pulsar-like central engine: the accretion occurs
onto a rapidly spinning (period P ~ 1 ms), highly magnetized (up to 10'* — 10'® G on
the surface) neutron star, called fast magnetar, or magnetars, when it is spinning down.
Here, the jets are magnetically driven rather than powered by neutrino annihilation.
The maximum energy that can be extracted is given by the rotational energy (Frontera,
2024):

1 M R \?/ P\
Frow ~ =102 ~ 2 x 10°?
e i, \108em ) \Tms) 8

where [ is the moment of inertia, {2 the angular velocity, M and R the mass and the radius
of the neutron star. These magnetars, due to their intense rotation and magnetic field
dynamics, can generate large-scale magnetic structures and highly magnetized relativistic
winds. If the energy released by a GRB is higher than that given by .., this mechanism
can be ruled out.

1.4.1 Standard Model for GRBs

The concept of a fireball composed of e*, e™, 7, introduced for the first time by (Cavallo
and Rees| (1978)), comes out when huge amounts of energy are released within a very
small volume and are suddenly converted into high-energy (MeV) photons.

Pair creation is an efficient way to suppress photons above ~MeV; however, the high
fluxes observed at such energies suggest that the emission originates from regions with
a low photon density, where pair production is inefficient. Such low photon density
is explained by relativistic expansion and baryon contamination of the fireball. The
fireball is generated thanks to the annihilation of neutrino and antineutrino pairs above
the accretion disk of a recently formed black hole. In the innermost, hottest regions of
the disk, neutrino cooling becomes highly efficient, facilitating the process. Initially, the

3The torus is a structure of dust and molecular gas that surrounds an active black hole and its
accretion disk. It is responsible for the obscuration, absorption, and re-emission of the radiation emitted
by the disk. Several models have been developed to describe its distribution (Elitzur, [2006).
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Figure 1.10: lllustration of the various step of the basic Standard Model with the
internal and external shocks and the various radiations they emit. On the left the two
main scenarios, both collapsar and merger of compact objects which lead to a central
black hole surrounded by a disk are indicated (Vedrenne and Atteia, 2009).

fireball consists of electron-positron pairs in thermal equilibrium, but as it expands, pairs
fall out of equilibrium and recombine.

As described, e.g., in [Vedrenne and Atteia (2009), the highly relativistic expansion
alters the emitted radiation, causing a blueshift of the observed photons and a shortening
of the observed timescales. The optical depth and the rate of pair creation thus are largely
decreased: in the moving source frame, the photons are softer by a factor I' (the Lorentz
factor of the relativistic flow E[), and have lower density due to variable sizes of I"2cAt;
finally, only a small fraction 1/I" of the source can be observed due to the relativistic
beaming. Calculations show that with Lorentz factors ~100, the pair opacity is below
unity before the fireball starts to radiate a significant fraction of its energy.

However, such dense source must be extremely opaque to pair creation (y + vy —
et 4+ e7) so that the radiation emitted when the outflow becomes optically thin would

4the Lorentz factor is given by I' = 1/4/1 — Z—;
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be expected to exhibit a thermal spectrum. Instead, observations reveal a non-thermal
power-law spectrum. Moreover, the photon escape timescale would correspond to the
time when the outflow becomes optically thin, measured in milliseconds, far shorter
than the observed GRB durations. To avoid these problems, Meszaros and Rees (1993)
introduced for the first time a fireball shock model with external shocks and internal
shocks, adding some baryon contamination: interactions between baryons and the fireball
medium generate relativistic shocks. Shocks convert bulk kinetic energy into internal
energy, producing non-thermal radiation and particles, through adiabatic processes. The
abundance of electrons within the medium accelerates the shocks and facilitates energy
radiation via synchrotron or synchrotron-Inverse Compton (IC) processes.

As the fireball accelerates during expansion, a rarefaction wave propagates inward.
At a critical point, the fireball becomes optically thin to Compton scattering, allowing
radiation to escape as the GRB. Meanwhile, the external medium is swept outside the
contact discontinuity in the external shock wave, which effectively describes the observed
multi-wavelength afterglow. As more material accumulates, the fireball expansion be-
gins to decelerate, concentrating matter in a thin shell. This deceleration triggers a
secondary, more energetic emission burst. Between the interface of the fireball material
and the external shock, the gas is heated, and as deceleration progresses, a reverse shock
propagates inward into the fireball ejecta.

These shocks arise in the fast-moving ejecta when the variable outflow from the central
engine causes the ejection of successive shells with different Lorentz factors. When
faster shells overtake slower ones, multiple shocks are produced. The primary burst
is observed as the matter within the blast wave shell cools. This process effectively
accounts for the rapidly fluctuating light curve characteristic of the prompt emission.
This internal-external shock model does not depend on the nature of the central source,
namely whether it is due to the coalescence of compact objects or to a collapsar produced
by the explosion of a supermassive star.

1.4.2 Collapsar

Collapsars are defined as rotating massive stars whose iron core collapses directly into
a black hole. This accretes surrounding matter and emits a powerful relativistic jet,
producing the observed GRB (Gehrels et al., 2009; [Vedrenne and Atteial, [2009; Mészaros|,
2019). Three primary conditions are required in the formation of a collapsar according to
the model: a) a star with a massive core; b) the removal of the hydrogen envelope; ¢) high
angular momentum in the core to sustain a transient torus around the remnant. These
characteristics align well with Wolf-Rayet stars, which are also linked to the progenitors
of type Ib/c supernovae. The formation of the black hole may occur either promptly, as
the collapse of the iron core fails to generate an outward shock (type I collapsar), or via
fallback in a mild explosion (type II collapsar).

In the type I collapsar scenario, the progenitors of long GRBs are stars with masses ex-
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Figure 1.11: The standard GRB fireball shock model from a collapsar, showing the pho-
tosphere, internal shock and external shock resulting in the afterglow (Mészdros, 2019).

ceeding 35-40 M, that have lost their hydrogen envelopes before their death (Fig. [L.11]).
These stars, during the main sequence, can develop helium cores of 9-14 M, and undergo
a two-step collapse: first, the Fe core collapses into a neutron star, followed by its direct
collapse into a black hole surrounded by a massive accretion disk. This system known
as “failed supernova” acts as a reservoir of gravitational energy that powers the GRB.
A supernova does not occur in this case because the outward shock is unable to form
prior to disk formation. The infall of matter along the rotational axis and stagnation
in the equatorial plane create a low-density polar region, enabling energy dissipation in
the disk via neutrino annihilation. This process powers the relativistic outflow of jets
along the polar axis. Additionally, strong magnetic fields within the disk contribute to
magnetohydrodynamic energy dissipation.

As the jet drills through the stellar material, the matter at the jet head heats up
and forms a hot “cocoon”. This cocoon exerts transverse pressure, which confines and
further collimates the jet. Once the jet breaks through the star, relativistic material is
expelled and collides with the winds previously emitted, leading to the formation of a
soft GRB. The GRB itself becomes observable only after the jet clears the outer stellar
layers, allowing relativistic plasma to escape.

Typically, the GRB originates at distances of 10** — 10 cm from the progenitor star,
with emission beginning about 10 seconds after the black hole forms, as the jet dissipates
its kinetic energy and produces gamma-ray radiation (prompt emission). Subsequently,
at a distance of 10*® —10'" cm the jet interacts with the interstellar medium, decelerating
and generating synchrotron emission across X-ray to radio wavelengths, which constitutes
the afterglow.
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Figure 1.12: Model for the production of a GRB from collapsar. At scales of 106 c¢m
the GRB nucleus and its magnetosphere are shown. At 10% cm the accretion flow is
likely to be embedded in a very active corona. Relativistic outflow from the black hole
is focused into two jets. At 10'° c¢m some beaming is expected because energy would
be channeled preferentially along the rotation axis. The majority of stellar progenitors
will not collapse entirely during the typical duration of a GRB. A stellar envelope will
thus remain to impede the advance of the jet. At 102 cm typical size of an evolved
massive star progemitor. A thermal break-out signal should precede the softer ~v-rays
observed in GRBs. 10 cm is the most favorable region for shocks is across the jet
profile, where velocity differences lead to highly variable v-ray light curves. At 106 cm
the external shock becomes important when the inertia of the swept-up external matter
starts producing an appreciable slowing down of the ejecta. At 10'® cm ~ 1 pc the end

of the relativistic phase happens when the mass E/c* has been swept-up (Gehrels et al.
-

Variability in the burst arises from instabilities in the accretion rate, leading to en-
ergy deposition fluctuations. This dynamic promotes GRB production through internal
shocks as successive shells of ejected material interact. The succession of the main phases
for the production of a GRB is summarized in Fig. [1.12

The type II collapsar scenario involves the formation of a black hole following a mild
supernova explosion. In this case, the outgoing shock cannot expel helium and heavier
elements beyond the neutron star. The resulting fallback of this material leads to the
delayed formation of a black hole surrounded by a torus, similar to the type I scenario.
This mechanism applies to stars with masses between 20-40 M, indicating that type II
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collapsar may be more frequent than type I. In this case, the energy of the jet depends
on the efficiency of magnetohydrodynamic processes in extracting energy from the disk
and black hole.

In conclusion, collapsar progenitors are expected to reside in star-forming regions
where massive stars form and evolve. Notably, this model does not account for GRBs
with durations shorter than approximately 5 seconds (Vedrenne and Atteial 2009).

1.4.3 Binary mergers

Both the collapsar model and the mergers of compact binary systems result in the for-
mation of a black hole surrounded by a transient accretion disk or torus. Coalescing
compact binaries with electromagnetic counterparts include neutron star-neutron star
(NS-NS) and neutron star-black hole (NS-BH) systems. They are associated with low
star formation rate galaxies (< 1My yr—1), or elliptical galaxies.

NS-BH mergers can lead to the formation of a more massive black hole with an
accretion disk only if the neutron star is disrupted outside the black hole innermost
stable circular orbit (ISCO). NS-NS mergers can result in the formation of either a black
hole, a stable neutron star, or, in most cases, a metastable neutron star that eventually
collapses into a black hole. Electromagnetic emissions may be absent in cases where
a black hole is formed promptly without leaving behind an accretion disk or ejected
material in NS binary mergers. Similarly, in NS-BH mergers, no emission is observed
when the neutron star is swallowed totally without being tidally disrupted (Fig. [1.13).

As for long GRBs, an accreting black hole in these systems can act as a central en-
gine, powering a relativistic jet. Such systems harbor a huge reservoir of gravitational
binding energy. Strong centrifugal forces clear the polar region, forming a low-density
area. Emergy release into this region generates a radiation-dominated plasma, which
propagates outward, piercing through the circumburst medium formed by material pre-
viously ejected during the merger. In these systems, the two primary energy reservoirs
are the gravitational binding energy of the disk/torus and the spin energy of the black
hole.

Compact binary coalescences (CBCs) are known to emit a range of electromagnetic
signals across the spectrum, from radio waves to gamma-rays. Additionally, they are sig-
nificant sources of gravitational waves (GWs). Since the first GW detection in 2015 from
a binary black hole merger, tens of additional stellar-mass black hole coalescences have
been observed. Notably, two confirmed binary neutron star mergers and two confirmed
(plus one potential) NS-BH mergers have been detected by the Advanced LIGO and
Advanced Virgo detectors (Abbott et al., 2017). These observations affirm the expecta-
tion that CBCs are the most frequent GW sources detectable at high frequencies, where
ground-based detectors are sensitive (approximately 10 Hz to a few kHz). Such detections
enable valuable opportunities for multi-messenger astrophysics. The first GW detection
of a neutron star-neutron star merger occurred on August 17, 2017, and was accompanied
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Figure 1.13: Different scenarios for a NS-NS and a NS-BH merger and the merger
remnant. The EM radiation is expected when an accretion disk and unbound mass are
left outside the merger remnant (Ascenzi et all, |2021)).

by the short GRB (GRB170817A), the optical/infrared kilonova (AT2017gfo), as well as
additional X-ray, optical, infrared, and radio emissions (Troja et al., 2017)). This event
provided a remarkable demonstration of the insights achievable by combining GW data
with electromagnetic observations. A key astrophysical implication of joint detections of
short GRBs and GWs, particularly from BH-NS mergers, is the confirmation that these
systems are progenitors of at least a subset of GRBs (Fig. [1.14)).

1.5 Cosmology and open problems

As highlighted in the review by Frontera (2024), GRBs as highly energetic transients
produce distinct electromagnetic radiation across a wide range of frequencies, making
them detectable over vast cosmic distances and invaluable for both astrophysical and
fundamental physics studies. GRB studies play a crucial role across various branches of
astrophysics. Below, the primary significance and applications of GRBs are outlined:

e Thanks to their extraordinary luminosity, GRBs can be observed at very high
redshifts, making them an excellent probe for studying the early universe. In par-
ticular, they are crucial in probing the formation and evolution of the first collapsed
structures, including Population IIT and early Population II stars. These events
shed light on the epoch of the first star formation and their subsequent impact on
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Figure 1.14: Joint multi-messenger detection of GW170817 and GRB170817A. First:
the summed GBM lightcurve for GRB170817A between 10 and 50 keV. The background
estimate is overlaid in red. Second: the same as the top panel but in the 50—300 keV en-
ergy range. Third: lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Fourth: the time-frequency map of GW170817
was obtained by coherently combining LIGO-Hanford and LIGO-Livingston data. All
times here are referenced to the GW170817 trigger time (Abbott et al., |2017).
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the surrounding environment, particularly their contribution to the reionization of
the intergalactic medium. High-z GRBs also enable the extension of the Hubble
diagram well beyond the redshift range accessible with Type-la Supernovae, pro-
viding an additional tool to rigorously test the ACDM cosmological model and its
associated parameters (Moresco et al., 2022).

Given their cosmological distances, GRBs serve as a unique laboratory to address
several outstanding questions in fundamental physics including: test of the Lorentz
invariance violation expected is some theories of quantum gravity; investigation of
the BH physics through signatures in the timing properties of GRB prompt emis-
sion; studying theories of gravity beyond general relativity, with the association of
GW event; the existence of axion-like particles (ALPs) and their photon oscillations
can be tested using GRBs, as their cosmological distances allow the observation of
high-energy ~-ray photons over vast scales.

GRBs, driven by ultra-relativistic shocks with Lorentz factors of several hundreds,
significantly higher than those of other potential accelerators like blazars, are con-
sidered prime candidates for accelerating particles to the extreme energies observed
in cosmic rays. By analyzing their spectra, the energy distribution of these accel-
erated particles can be constrained.

GRBs are also considered key contributors to the observed UHECRs and high-
energy neutrinos due to the intense shock acceleration driven by the newly formed
compact object. Low-luminosity GRBs, in particular, are expected to play a sig-
nificant role in the production of high-energy neutrinos.

The first GRBs and supernovae may also play a crucial role in the generation
of the first cosmic magnetic fields. As mass is lost, for example through stellar
winds, magnetic flux could be dispersed alongside heavy elements. The widespread
presence of heavy elements in the Ly« forest suggests significant diffusion from the
sites of early supernovae, and magnetic flux may have spread in a similar manner.
This flux, stretched and sheared by large-scale motions, could serve as the “seed”
for subsequent amplification processes, leading to the large-scale magnetic fields
that permeate disc galaxies.

In addition to providing insights into high-redshift star formation regions, each
of these bursts has the potential to constrain the local element abundances in its
host galaxy—data that would otherwise be unattainable until the development of
telescopes larger than 20 meters in diameter. Even more compelling, each burst
offers a unique opportunity to probe the extent of intergalactic reionization at its
specific redshift and along its line of sight.
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Figure 1.15: Amount of absorption at different wavelengths in the atmosphere ex-
pressed in terms of half-absorption altitude, defined as the altitude where 1/2 of the
radiation of a given wavelength incident on the upper atmosphere has been absorbed. At-
mospheric windows correspond to visible and radio frequency; X-rays and UV are strongly
absorbed soon in the upper layers of the atmosphere, while Gamma Rays and IR in the
lower ones (Credits: Atmospheric Windows).

e By deriving a method to determine the burst luminosity independently of redshift
distance, GRBs can be used as standard candles, allowing for the determination
of the cosmic expansion history of the Universe at higher redshifts than is possible
with supernovae.

1.6 Current and future observatories from space and
ground

Observations in the far-UV, X-ray, and ~-ray bands, corresponding to wavelengths below
300 nm and energies above 0.1 keV, must be conducted from above the atmosphere. This
is because the atmosphere is opaque to radiation due to the presence of ozone, molecular
gases, and photoelectric absorption by atmospheric atoms (Fig. [1.15]).

Along with the previously mentioned missions, a multitude of other space missions
contribute to the study and data collection on GRBs. Moreover, various ground-based
facilities have made significant contributions to GRB research, and more in general to
high-energy astrophysics. We highlight the most notable in the following:
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e AGILE (Tavani et al.; 2009), Astro-Rivelatore Gamma a Immagini Leggero, high-
energy Italian mission launched in 2007 and de-orbited in February 2024. It was
capable of detecting and monitoring gamma-ray sources across a wide field of
view (~1/5 of the whole sky). The instruments onboard AGILE included GRID,
Gamma-Ray Imaging Detector (30 MeV-50 GeV), MCAL, Mini-Calorimeter, and
the Super-AGILE detector, all surrounded by a plastic scintillator Anticoincidence
System for background particle identification.

e The Fermi Gamma Ray Observatory (Atwood et al., 2009), launched on 11 June
2008 and still operational, is the result of a collaboration between NASA and ASI.It
has two main instrument: the Large Area Telescope (LAT, 20 MeV-300 GeV), and
a Gamma-ray Burst Monitor (GBM, 8 keV-40 MeV).

e INTEGRAL (Winkler et all 2003), International Gamma-Ray Astrophysics Lab-
oratory. It was launched by the European Space Agency into Earth orbit in 2002
and was designed to provide fine imaging (12 arcmin FWHM angular resolution)
and fine spectroscopy (E/AE = 500) of celestial gamma-ray sources in the energy
range 15 keV-10 MeV, with concurrent source monitoring in the X-ray (4-35 keV)
and optical (V-band, 550 nm) energy ranges.

e IXPE (Deininger et al} 2023) is a NASA-ASI Small Explorers (SMEX) collabora-
tive mission, launched on December 2021 aboard a SpaceX Falcon-9 rocket. The
goal of the mission is measuring the X-ray (2-8 keV) polarization from neutron
stars, black holes, active galactic nuclei (AGN) and angular resolved polarimetry

for the brightest extended sources like supernova remnants (SNRs), pulsar wind
nebulae (PWNe) and large-scale jets in AGN.

e MAGIC (Lorenz, 1996) and H.E.S.S, (H.E.S.S. Collab et al [2021)) Cherenkov
telescopes focus on Very High Energy (VHE, >100 GeV) afterglow emission.

The present facilities are currently engaged in addressing the issues mentioned above.
Below, some future missions and projects aimed at better addressing the open questions
related to GRBs are outlined:

e The Transient High Energy Sky and Early Universe Surveyor, THESEUS (Amati
et al., 2018), a mission approved by ESA for a Phase A study with a planned
launch in 2035, will carry three instruments. These include a Soft X-ray Imager
(SXI, 0.3—5 keV) and an X-ray Gamma-ray Imaging Spectrometer (XGIS, 2 keV—
10 MeV) for GRB detection and localization, both with large fields of view. Ad-
ditionally, it features a 70 cm InfraRed Telescope (IRT, 0.7-1.8um) for identifying
GRB IR counterparts and determining their redshifts, with limited spectroscopic
capabilities (R ~ 400). See below for details.
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Two recently launched space missions are set to significantly advance GRB studies
in the X-ray and gamma-ray energy bands. The Einstein Probe (EP;|Yuan et al.
2015), a Chinese-led mission with international collaboration, launched on 9 Jan-
uary 2024, focuses on exploring GRBs in the relatively under-studied X-ray band.
It features two instruments: the Wide-field X-ray Telescope (WXT), employing
lobster-eye optics for transient surveys, with a large FOV (60° x 60°) and a pass-
band of 0.5-4 keV; and the Follow-up X-ray Telescope (FXT), comprising two units
with Wolter I optics, a narrow FOV (1° x 1°). The SVOM mission (Space-based
multi-band astronomical Variable Objects Monitor; (Gotz et al. 2009), launched
on 24 June 2024, is a Chinese-French collaboration designed for GRB detection
across a broad energy range. It carries multiple instruments: the Gamma-ray
Monitor (15 keV-5 MeV), the X-ray imaging and triggering telescope ECLAIRs
(4-150 keV), the lobster-eye Microchannel X-ray Telescope (MXT, 0.2-10 keV),
and an optical telescope. Moreover, the development of SVOM technology will
be adopted by the THESEUS mission, increasing its Technology Readiness Level
(TRL) and serving as a true pathfinder for THESEUS (Cordier et al., 2018).

In the gravitational wave field, two large experiments have been recently ap-
proved: the ESA-NASA mission eLISA (Laser Interferometer Space Antenna,
Amaro-Seoane et al|2017), foreseen to be launched in the early 2035s, and the
Einstein Telescope, a European ground facility, still awaiting a final location deci-
sion.

Several large-scale neutrino detection facilities are currently operational. These in-
clude the underwater telescope ANTARES (Astronomy with a Neutrino Telescope
and Abyss environmental REesearch project; Montaruli/2002)) and the ICECUBE
Neutrino Observatory (Aartsen et all 2017)). Additionally, a next-generation neu-
trino observatory, the KM3NET (Cubic Kilometre Neutrino Telescope; Katz[2006)),
is under development.

In the Very-High-Energy (VHE) gamma-ray field, there are already several opera-
tional facilities, like VERITAS (Very Energetic Radiation Imaging Telescope Array
System; Holder et al.|[2006) LHAASO (Large High Altitude Air Shower Observa-
tory; [Vernetto et al.|2016). In addition, a very large project is under development:
CTA (Cerenkov Telescope Array; (CTA Consortium| [2010)).

Also, new radio facilities are under development, particularly the Square Kilometer
Array SKA (Dewdney et al., 2009), that will be the largest radio telescope in the
world.

Among the future optical facilities: the European Extremely Large Telescope
(EELT; |Gilmozzi and Spyromilio| 2007)), the US Thirty Meter Telescope (TMT;
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Sanders 2013), the American Giant Magellan Telescope (GMT; Johns|[2006]) and
the Vera Rubin Observatory (Brough et al., [2020).

e NewAthena (New Advanced Telescope for High Energy Astrophysics; Cruise et al.
2024)) is the next ESA Large X-ray observatory to be launched in the second half
of 2030s.

The focus of this thesis is precisely on the THESEUS mission, whose design concept
will be extensively explored in the upcoming chapters, alongside an analysis of the per-
formance of the XGIS instrument. The mission will open a new window on the early
Universe through the detection of high-redshift GRBs. In the next decade, the vast array
of facilities presented will reach their peak capabilities and scientific return, particularly
when working in synergy. By providing complementary information, they will both re-
spond to THESEUS discoveries and generate triggers for THESEUS, turning it into a
true cornerstone for multi-messenger astrophysics (Fig. [1.16]).
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Figure 1.16: THESEUS will work in synergy on a number of themes with major multi-
messenger facilities in the 2030s and will provide targets and triggers for follow-up ob-
servations with these facilities (Amati et al., |2021).
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Chapter 2

THESEUS: ESA M7 space mission
candidate

28



THESEUS ( Transient High-Energy Sky and Early Universe Surveyor) is an ambitious
space mission concept developed by a European collaboration and initially proposed
to the European Space Agency (ESA) in 2016 for the M5 mission opportunity within
the Cosmic Vision Programme (European Space Agency (ESA)| [2021; Amati et al.
2018, 2021). Coordinated by Italy, with the United Kingdom, France, Switzerland, and
Germany as co-leads, the THESEUS consortium includes contributions from numerous
other ESA member states. Its members are responsible for delivering the payload and
science ground segment; the final goal is to address fundamental questions about the
early Universe and high-energy transient phenomena.

In 2018, THESEUS was selected alongside SPICA (Sibthorpe et al., 2015 and En-
Vision (Ghail et al., 2017) for a three-year Phase A assessment study to evaluate its
scientific and technical feasibility. Although EnVision, a mission dedicated to studying
the planet Venus, was ultimately chosen in 2021 as the M5 mission, THESEUS was
reconsidered following the ESA M7 mission call in November 2023. It was endorsed,
along with M-Matisse (Zinzi et al., 2016]), a mission focusing on Mars habitability and
evolution, and Plasma Observatory (Marcucci et al 2023), designed to study the Earth
plasma environment, for a detailed Phase A study.

In mid-2026, one of these three mission concepts will be selected to proceed to the
Definition Phase, becoming ESA next Medium-class mission for a foreseen launch in the
mid-2030s. The selected mission will join the current list of ongoing ESA Cosmic Vision
missions, including Solar Orbiter (Marirrodriga et al., 2021)), Euclid (Racca et al., 2016]),
PLATO (Miglio et al., 2017), and ARIEL (Pascale et al., 2018)), the latter two of which
are still in the development phase.

In this chapter, a broad and non-exhaustive overview of the mission design, scientific
objectives, and payload is presented.

2.1 The mission concept

THESEUS has been designed firstly to fulfill three top-level science requirements. The
first concerns exploiting the unique and breakthrough potentialities of GRBs for inves-
tigating the Early Universe, the second is focused on advancing Multi-Messenger Astro-
physics, and the third is the exploration of high-energy transient phenomena across the
entirety of cosmic history (Amati et al., |2021). The primary scientific goals of the mis-
sion are aligned with the Cosmic Vision program (Turon|, 2006), ESA strategic scientific
plan for the 2015-2025 decade, in particular within the theme of the Early Universe.
THESEUS will address the fundamental question, “How did the Universe originate and
what is it made of ?” and will also make substantial contributions to the themes of “The
Gravitational Wave Universe” and “The Hot and Energetic Universe”.

This will be achieved by a payload and mission profile (see Fig. and Amati et al.
2018)) providing an unprecedented combination of:
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1. wide and deep monitoring of the high-energy sky across a very broad energy band,
provided by the X/Gamma-ray Imaging Spectrometer (XGIS): a set of two coded-
mask cameras using monolithic SDD+CsI(T1) X-,v-ray detectors, with a ~2 sr
imaging FoV and a source accuracy <15 in 2-150 keV range, covering a total
energy band from 2 keV up to 10 MeV and few us timing resolution;

2. focusing capabilities in the soft X-ray band providing large grasp (product of the
effective area and the field-of-view) and high angular resolution, exploiting the Soft
X-ray Imager (SXI): a set of two “Lobster-eye” telescope units, covering an energy
band of 0.3-5 keV and a total FoV of ~0.5 sr with source location accuracy <2';

3. on board NIR capabilities for immediate low-frequency counterpart identification,
arcsecond localization and redshift determination, by using the InfraRed Telescope
(IRT, 0.7-1.8 pum): a 0.7 m class IR telescope with 15’ x 15" FoV, imaging (I, Z, Y,
J and H filters), and spectroscopic capabilities (resolving power, R ~ 400, through
a 2’ x 2/ grism).

These advanced instruments are complemented by a high degree of spacecraft autonomy
and agility (slewing capability >7°/min), ensuring rapid response to transient events.
Additionally, the mission includes the capability for prompt transmission (within a few
tens of seconds) of transient trigger information to ground-based systems, enabling timely
and efficient follow-up observations (Amati et al., 2021)).

The nominal mission duration is set at 4 years (corresponding to approximately three
and a half years of scientific operations), with the possibility of an extension. The mission
will use a Vega-C launcher to place the spacecraft into a low-inclination (5.4°) Low
Earth Orbit (LEO) at an altitude of 550-640 km. This orbit provides several unique
advantages, including maintaining a low and stable background level for high-energy
instruments, allowing the exploitation of the Earth magnetic field for rapid spacecraft
slewing, and enabling the prompt transmission of transient triggers and positions to the
ground. The main ground station for the mission will be located in Malindi, Kenya,
provided by Italy.

To address its specific scientific objectives, THESEUS will exploit the observation of
both long and short GRBs:

e Long GRBs (see Sect. , associated with the collapse of massive stars, provide
an excellent tool for studying star formation and gas physics across all redshifts,
extending back to the reionization era. Thanks to their ionizing radiation, GRB
progenitors and their host galaxies are very good representatives of the massive
stars and star-forming galaxies likely responsible for reionization. Therefore, ob-
taining a statistical sample of GRBs at z > 6 is crucial for independently measuring
the cosmic Star Formation Rate (SFR) during the early stages of the Universe. The
first generation of metal-free stars (Pop I1I) and the second generation of massive,
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Figure 2.1: Schematic view of two spacecraft designs, payload accommodation for the
Phase A of 2018-2021 provided by Airbus Defence and Space (left) and Thales Alenia
Space (right) (European Space Agency (ESA), 2021).

metal-poor stars (Pop IT) can produce powerful GRBs, enabling the identification
of these ancient objects, not yet observed, and the study of their host galaxies.
Furthermore, the contribution of Pop III stars to the metal enrichment of the first
galaxies can be explored by analyzing the absorption features in Pop II GRBs,
which are observed in a medium enriched by the first Pop III supernovae
et al) [2018)). Simulations show that THESEUS will detect and locate between 40
and 50 GRBs at z > 6 over 3.45 years of scientific operations (Fig. , with pho-
tometric redshift accuracy better than 10%, thanks to the identification of Lyman
break features shifted to the THESEUS telescope imaging sensitivity range

7‘

e Short GRBs (see Sect. are associated with the merger of neutron star bina-
ries which are known to be powerful sources of gravitational waves (Amati et all,
2018). Gravitational wave interferometers currently have limited sky localization
capabilities, relying only on triangulation techniques. THESEUS will maximize
the science return of the multi-messenger investigation, detecting electromagnetic
signals from short GRBs, independently of the GW events (Fig. [2.3)). This will en-
able the localization of GW sources beyond 200 Mpc, which will only be accessible
to third-generation detectors expected around 2030 (Stratta et al., [2018]).

THESEUS will be built on the successful model of Swift, which has demonstrated
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Figure 2.2: Top Panel: expected detection rate of long GRBs by THESEUS (orange
histogram) compared with those whose redshift was measured between 2005 and 2020 (blue
area). The purple hatched histogram represents the GRBs for which a determination of
the redshift by either THESEUS or ground-based facilities is expected. The green curve
represents a model fitting the observed distribution: the THESEUS predictions are based
on this. THESEUS will detect between one and two orders of magnitude more GRBs
at any redshift with respect to current facilities, and most notably in the high-redshift
regime (z > 6). Bottom Panel: Distribution of long GRBs with redshift determination
in the peak isotropic luminosity versus redshift plane now (yellow points and hatched
histogram) and after the nominal operation life of THESEUS (purple points and full
histogram) (Amati et al/, | 2021). 29




Figure 2.3: THESEUS/SXI field of view (pink rectangle) superimposed on the proba-
bility skymap of GW170817, obtained with the two Advanced LIGO (cyan) and Advanced
Virgo (green). THESEUS not only will cover a large fraction of the skymap, but will also
localize the counterpart with an uncertainty of the order of 15” with the XGIS and better
than 2’ with SXI (Stratta et all, |2018)

Mission Autonomous Arcsec Optical Near-IR Near-IR On-board <l0keV | >10keV MeV
rapid localisation imaging imaging | spectroscopy redshift X-ray X-ray y-ray
repointing broadcastin, coverage | coverage | coverage

Swift v v v v v
Fermi/GRB vz v
Integral v v v
SVvoM v v v v v v
Einstein Probe v v
eXTP v v v
THESEUS v v v v v v v v v

Figure 2.4: GRB detection performance of THESEUS compared with current and up-
coming high-energy spacecrafts. Note that, in the case of SVOM, the mission profile
includes dedicated robotic telescopes on the ground for granting prompt follow-up of de-
tected transients in the optical and NIR. By the 2030s, THESEUS will be the only facility
allowing both the rapid identification of GRBs and the spectral characterization of their
optical/NIR counterparts for a sizeable population of bursts at low and high (z > 6) red-
shift | Amati et al| (2021).
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the power of rapid on-board localization of high-energy transients. It will also fol-
low other missions, such as SVOM and Einstein Probe (see Sect. , but will have
largely enhanced capabilities for high-redshift and short-hard GRB discovery, and multi-
wavelength characterization compared to these other missions, as summarized in Fig. [2.4]

2.2 Scientific objectives and requirements

The first top-level science requirement is exploring the Early Universe down to the Cosmic
Dawn and Reionization Era, by unveiling a complete census of the GRB population in the
first billion years (European Space Agency (ESA),[2021)). A sample that is representative
of the parent population on a given redshift range within a certain confidence level is
needed in this context. As a quantitative measure of the successful fulfillment of this
scientific requirement, THESEUS will be capable, within the nominal mission lifetime
in orbit, of detecting and precisely locating, at the arcsecond level, using the IRT, at
least 40 long GRBs at z 2 6, corresponding to approximately the first billion years of
the Universe in the standard ACDM cosmology (Fig. 2.2). The main drivers for this
requirement are:

e constraining the slope of the Star Formation Rate (SFR) with an accuracy better
than one magnitude on the cut-off magnitude of the galaxy luminosity function;

e ruling out at 95% confidence level the hypothesis that the reionization is sustained
by stars if low values of the escape fraction f.. are consistently measured in the
host galaxy of fully characterized GRBs detected by THESEUS (this requires at
least 30 GRBs with simultaneous determination of the galaxy SFR and of the
escape fraction).

THESEUS will open a full new window in the exploration of GRBs with respect to
what can be achieved by currently operational observatories such as Swift (in X-rays)
or Fermi (in 7-rays), in particular at high redshift, increasing by at least one order of
magnitude the number of known GRBs at z > 6, as well as probing luminosities by over
two orders of magnitude deeper than currently possible, reaching the average luminosity
of the (estimated) underlying population at all redshifts.

The second top-level science requirement is to identify and study the electromagnetic
counterparts of GW and cosmic neutrino astrophysical sources through an unprecedented
exploration of the time-domain Universe in near IR, X-rays and soft y-rays. As a quan-
titative metric of the achievement of this objective, THESEUS shall be able to detect at
least 30 short GRBs over the in-orbit nominal mission time, in order to build a statisti-
cally interesting sample of gravitational wave sources and short GRB sources, useful for
effectively testing theoretical predictions on the nature of these objects (Stratta et al.
2018)). Moreover, it will help address several questions about jets structure, their origin
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and the physics of their progenitors (Binary Compact Objects). Arcsecond precision lo-
calization can be achieved from follow-up observational campaigns on the ground within
the XGIS localization area. Sky coordinates at the arcsecond precision are mandatory
to activate deep monitoring of the electromagnetic counterpart using large facilities such
as VLT, ELT, etc. JWST will fully characterize, for example, the expected kilonova
emission (too faint to be detected with IRT in most cases, i.e., at z = 0.05) through
high-quality spectra and deep imaging, shedding light on the role of these sources to
the cosmic chemical enrichment of r-process elements. A sample of about 30 GRBs will
enable the accurate (< 1%) independent measure of the Hubble constant, Hy by combin-
ing the luminosity distance obtained from the GW signal of BNS and the redshift from
the electromagnetic counterpart, assuming the combination of ET+Cosmic Explorer and
THESEUS.

In addition to the two pillar top-level science requirements illustrated above, THE-
SEUS is also required to detect and characterize at least 300 transient and/or variable
high-energy sources over the in-orbit mission lifetime, either on-board or in the off-line
data processing, covering the whole range of astrophysical classes mentioned above. The
current estimate of the rate of transients detected by the SXI largely exceeds the science
requirement, even not considering the most common classes of transient events (novae,
stellar flares) that one could efficiently filter on-board to ensure that THESEUS has suf-
ficient flexibility to follow-up less common classes such as GW counterparts, SN shock
break-outs, TDEs, and magnetars.

The conceptual relation between the highest-level (Level 0) scientific requirements
and the Level 1 metric describing their achievement is shown in Fig.

2.3 Payload, science performance requirements

The high-level requirements outlined in the previous section include multiple complemen-
tary aspects that must be considered globally to achieve the best trade-off within the
resources of a medium-class mission. These scientific objectives are achieved through the
synergetic working of the whole scientific payload. THESEUS phase A has successfully
conducted these trade-offs, defining a baseline mission profile that effectively satisfies the
mission scientific goals. The key performance requirements are briefly discussed, taken
from |[Amati et al| (2021)) and summarized in Fig. [2.6}

e High-energy monitors sensitivity and grasp: the core of the THESEUS survey ca-
pabilities are two high-energy monitoring instruments, SXI and XGIS, with wide
FoV, high sensitivity and wide spectral coverage. The grasp of SXI, as shown
in Fig. 2.7 exceeds that of any existing or planned focusing X-ray telescope by
over one order of magnitude. Although the already launched Einstein Probe car-
ries telescope with an even large grasp, this does not invalidate the innovation of
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Level O requirements

THESEUS shall achieve a complete
census and characterization of

GRBs in the first billion years of the
Universe

THESEUS shall identify (i.e. detect
and localize) and study the
electromagnetic counterparts of
GW and cosmic  neutrino
astrophysical sources through an
unprecedented exploration of the
time- domain Universe in near IR,
and X-rays

THESEUS shall have the capability
to  offor  opportunities  for
observatory science, [...]Jprovided

Level 1 requirements

THESEUS shall provide detection,
accurate location, and redshift
measurement for at least 40 GRBs
at z=6 over the in-orbit nominal
mission lifetime

THESEUS shall provide detection
and localization of at least 30 short
GRB over the in-orbit nominal
mission lifetime. Multi-wavelength
characterization and  accurate

the on-board IR telescope

THESEUS shall detect, locate and
characterize at least 300 transients
and/or variable high-energy sources

: localization shall be sought for
those events whose localization is
consistent with the imaging FoV of

over the in-orbit mission lifetime
either on-board or in the off-line
data processing

that THS-SCI-R-010 and THS-SCI-
R-020 are fulfilled [...]

Figure 2.5: Relation between Level 0 and Level 1 THESEUS scientific requirements
(Amati et al., | 2021).

the THESEUS concept, which has a unique combination of sensitive high-energy
monitors, covering a broad energy range, on a rapidly slewing platform, and a
diffraction-limited IR telescope.

e Autonomous slewing capability: the crucial innovation in the science profile of
THESEUS that will allow the rapid observation of the transient’s error box using
the IRT, identifying it with a IR source whose emission is consistent with that
expected from a high-redshift (z 2 6) GRB afterglow, and measure its redshift.
Even though other missions such as Swift and the future SVOM or EP, feature
rapid autonomous slewing capabilities, THESEUS is the only mission where these
capabilities are coupled to a NIR telescope.

e IRT imaging sensitivity, response time and redshift measurement accuracy: in
order to fulfill the goal on the number of high-redshift long GRBs, a large IRT
imaging sensitivity is required, coupled to an effective response time to a trigger
(<10 minutes for at least 50% of the triggered events). Indeed, redshift has to
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SXI sensitivity (36) 1.8x107! erg/em?s (0.3-5 keV, 1500 s)
10" erg/em?/s (0.3-5 keV, 100 s)

XGIS

XGIS

sensitivity (1s, 36) 10°¢ erg/em?/s (2-30 keV)
3x10°® erg/cm?/s (30-150 keV)
2.7x107 erg/em?/s (150 keV-1 MeV)

IRT sensitivity (imaging, SNR=5, 150 s) 20.9 (1), 20.7 (Z), 20.4 (Y), 20.7 (J), 20.8 (H)

field-of-view (area corresponding to >20% efficiency) 2 sr(2-150 keV) — 117x77 degrees®
4 sr (=150 keV)

IRT field-of-view 158x152

Redshift accuracy (6<z<10) <10%

IRT resolving power =400

XGIS
Field-

SXIp

XGIS

IRT p

background stability <10% (over 10 minutes)

of-Regard >50% of the sky

ositional accuracy (0.3-5 keV, 99% c.l.) <2 arcminutes

positional accuracy (2-150 keV, 90% c.1.) <7 arcminutes (50% of the triggered sGRB)
<15 arcminutes (90% of the triggered sGRB)
ositional accuracy (5¢ detections) <5 arcsecond (real-time)

<1 arcsecond (post-processing)

Figure 2.6: Key science performance requirements of THESEUS. They shall be granted
up to mission End-of-Life (EoL). The sensitivity requirements assume a power-law spec-

trum
et al.

with a photon index of 1.8 and an absorbing column density of 5x10%° em ™2
2021).

be determined early enough, while the afterglow flux is above the IRT sensitivity
flux threshold (H-band magnitude of 20.8 for a 150 s exposure). By being able
to follow-up all localized GRBs/X-ray afterglows, THESEUS will detect with the
IRT a large fraction of bright afterglows following the triggers on a short timescale.
A redshift accuracy of 10% obtained from NIR spectroscopy measurements will
ensure a clear determination of the photometric redshift. IRT spectroscopy, with
a resolving power of 400, enables precise redshift measurements even at a contin-
uum S/N of ~3 per pixel. For bursts at z > 6, modeling the Lya break profile
(Fig. 2.8) provides insights into absorption by the neutral intergalactic and in-
terstellar medium. Common metal absorption doublets, such as Fell (2374 A,
2383 A; 2586 A, 2600 A) and SiIV (1393 A, 1402 A), are well resolved at R = 400
and remain detectable in low-metallicity GRB environments with a spectral S/N
of ~10 per pixel. Consequently, THESEUS can determine onboard redshifts in the
z = 2.1 — 6 range. Below z = 2.1, the Call (3934 A, 3969 A) lines become too
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Figure 2.7: THESEUS/SXI grasp (blue area) as a function of energy compared to
that of major X-ray focusing telescopes like the X-ray survey mission SRG/eROSITA
(brown) and XMM-Newton/EPIC (magenta). The SXI grasp exceeds that of any existing
or planned focusing X-ray telescope by over one order of magnitude (Amati et all,|2021)).

weak, making redshift measurements, with these lines, impossible within the IRT
spectral range (0.8-1.6 pm).

e Background stability: in the keV to MeV energy range, the stability of the back-
ground over a time scale of about 10 minutes is essential to allow a very sensitive
triggering capability. In addition, a background as stable as possible is crucial
for optimizing the characterization of the transient, in particular the measurement
of key physical parameters like fluence, duration, beginning and end of the phe-
nomenon.

e Positional accuracy: the need of having a reasonable probability to locate a trigger
within the IRT field-of-view sets the requirements on the positional accuracy. In the
case of SXI, a 2 arcminute positional uncertainty is needed to be confidently placed
within the IRT FoV, whereas for XGIS requirement applies to short GRBs only
and 15 arcminutes localization accuracy is sufficient for reducing substantially the
error region provided by GW detectors even in the 30 s and allowing identification
of host galaxy with ground-based telescopes.

In order to optimize THESEUS capabilities, each instrument Data Handling Unit
(DHU) will operate in synergy.
The following subsections are dedicated to a detailed description of the payload.
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Figure 2.8: The bright afterglow of GRB140515A at z = 6.3 imaged by Gemini (left
inset) contrasts with the much deeper HST image of the same region (right), which pro-
vides marginal evidence for a host galaxy. The Gran Telescopio Canarias (GTC) after-
glow spectrum (main panel) shows a sharp break at Ly-alpha, and detailed analysis of the
spectrum places limits on the metallicity of Z < 0.1Z¢ (Amati et al., |2021).

2.3.1 Soft X-ray Imager

The Soft X-ray Imager (SXI) instrument is one of the two wide-field monitors on THE-
SEUS and is being developed by a consortium of scientists from ESA member states,
led by the UK, including Belgium, Spain, Switzerland and the Czech Republic (O’Brien
2021)). The SXI instrument comprises two identical wide-field modules (Fig. [2.9)
aligned in order to overlap by 1° and be co-aligned with the IRT FoV. They are two
“Lobster eye” X-ray telescopes, using the X-ray imaging principle, first described by
(1979), focusing X-ray imaging system with an effective area maintained across
the entire FOV and a localization accuracy of the order of arcminute. This configuration
increases the sensitivity to fast transients by several orders of magnitude. The optics
aperture for the SXI modules is formed by an array of 8 x 8 square micro pore optics
(MPOs) mounted on a spherical frame with a radius of curvature of 600 mm. X-rays
which reflect off the square pore sides form a central focus, for even number of reflections,
or a line focus, for odd number, resulting in a four cross-arm PSF shown in Fig. A
brief overview of the main characteristics of SXI is reported in Tab. In this configu-
ration, some 75% of the incident X-rays are focused, with detailed simulations showing
the optics provide the required <2’ transient location accuracy. Thanks to its advanced
capabilities, the SXI will enable the detection of hundreds of X-ray transients per year,
it will have high sensitivity to GRBs at high redshifts, search for X-ray transients linked
to multi-messenger events, and monitor the X-ray sky across a wide range of timescales.
Additionally, it will provide valuable targets for future observational instruments.
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Figure 2.9: The left panel shows the SXI module exterior view, while the right panel
shows the focal plane assembly, comprising 8 CMOS detectors, located below the optics
assembly. The electronics box is below the focal plane within the structure which mounts
to the spacecraft. The SXI module is enclosed in MLI, multi-layer insulation, in order

to maintain thermal control (fO 'Brien et al.L |2021|).

effective area (cm?)

10° 10!
energy (keV)

(a) SXI half total effective area peaks at 1 keV,
where the optics exhibit a FWHM of ~6 ar-
cmin. Using the effective area combined with
an estimate of the particle and sky background
rates, the minimum detectable flur level and
the localization accuracy achieved as a func-

tion of time can be determined (O’Brien et al.
2021).

e oo

(b) A schematic of the Lobster-eye cross-beam
shape representing the PSF. The parameters B
and a depend on the quality of the optics, and
can be optimized with exposure time. H is the
distance to the first minimum in the arms. If
the parameters are set such that the source flux
is limited to 50% of the total, B is a robust
measure of the half energy width of the PSF
(O’Brien et al., |2021).
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Table 2.1: Main structural and functional characteristics of SXI.

SXI

Energy band (keV) 0.3-5
MPO size (mm?) 40x40
Focal lenght (mm) 300
Module optics configuration 8x8 MPOs
Module FoV (sr) ~0.25
SXI FoV (sr) ~0.5
SXI mass (kg) 82
Transient localization accuracy <2

2.3.2 X/Gamma-ray Imaging Spectrometer

The XGIS system consists of two coded-mask X-/~-ray cameras operating in the 2 keV—
10 MeV energy range with spectrometric and timing capabilities. It operates also as
an imager in the range 2 keV-150 keV beyond which the mask becomes transparent to
radiation (Labanti et al., [2020). The XGIS FoV, which overlaps the SXI one, is defined
as the solid angle through which a detector is sensitive to electromagnetic radiation.
It can be fully or partially coded (Fig. , depending on whether the direction of
radiation is comprised in the FoV of detector+collimator or if it is below it, resulting in
incident radiation hitting the side of the collimator and being partially detected by the

instrument detection plane.

Table 2.2: Main structural and functional characteristics of XGIS.

XGIS
Energy band (keV) 2-150 keV 150-1000 keV
FoV 117°x77° ~6 st
Effective area (cm?) ~500 ~1000
Angular resolution <120/ -
Transient localization accuracy <15 -
Energy resolution <1200 eV FWHM at 6 keV < 6% FWHM at 600 keV

XGIS mass (kg)

190
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Figure 2.11: Fields of view of the THESEUS instruments. The red (left) and green
(right) squares indicate the partially coded FoV (77x 77 deg®, solid lines) and fully coded
FoV (11x 11 deg?, dashed lines) of the two XGIS units. The yellow rectangle is the SXI
FoV (61x 31 deg?). The blue square indicates the pointing direction of the IRT. The
contour lines indicate the effective area at 10 keV provided by the sum of the two XGIS
units, assuming a 50% open fraction for the coded masks (Mereghetti et al., |2021).

detector

collimator

XGIS Camera

Figure 2.12: Constitutive elements of XGIS instrument. Left Panel: XGIS module:
square SDDs on top and scintillator visible from the side. Right Panel: XGIS camera,
with labelled components (Labanti et al., |2020).
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The detector plane contains 10x 10 modules arranged side by side. A module contains
8x 8 Silicon Drift Detectors coupled to CsI(T1) crystal scintillator bars, 3 cm long, shown
in Fig. [2.12 The SDDs operate in an energy band of 2-30 keV, while the scintillators
operate between 20 keV and 10 MeV. The imaging system of the XGIS is based on the
coded-mask technique, made of tungsten, and located 63 cm above the detection plane.
It has a random pattern with mask elements size of 2 times the detection pixel size
(square pixels, of size 5x5 mm?), providing an angular resolution of ~1° and a source
localization accuracy <15'. The two cameras are misaligned by 420° with respect to
SXI and IRT, thus providing a total FoV of 117° x 77°. Above 150 keV, the FoV of
an XGIS camera can be considered of the order of ~6 sr (almost half of the total sky).
A summary of the main characteristics of XGIS is presented in Tab. The large
extension of the energy band (2 keV-10 MeV) allows XGIS to provide unique insights
on the physics of the emission of GRBs through sensitive timing (milliseconds scale) and
spectroscopy: it can be used complementary to SXI to detect and localize both short
GRBs (also determining the hard spectrum of these events, which makes them mostly
undetectable with SXI) and high-redshift GRBs (thanks to the large effective area). The
structure and working principle of XGIS will be discussed in more detail in Chapt. [3]

2.3.3 InfraRed Telescope

The main goal of the IRT is to identify, accurately localize (<1”) and measure the
distance of the NIR counterparts (redshift determination to an accuracy <10%) of the
high-energy sources discovered by XGIS and SXI. In addition, the IRT will be used
to characterize the afterglows through spectroscopy and as a multi-purpose agile NIR
observatory in space. The instrument responsibility is shared among a consortium led
by Italy in collaboration with France, Switzerland and Germany (Gotz et al. 2020)).
The IRT telescope is a 70 cm focusing three-mirror Korsch telescope with an off-axis
(0.884°) field. The optical design will implement two separated Fields of View: one
for photometry with a size of 15" x 15" and one for spectroscopy of 2’ x 2. Using the
photometric FoV, IRT will be able to acquire images using five different filters (I, Z, Y, J
and H), while with the spectroscopic FoV it will provide moderate resolution (R ~ 400 at
1.1 pm) slit-less spectroscopy in the 0.8-1.6 pum range. The different observation modes
will be implemented through the IRT Camera, which includes a filter wheel, carrying
the different optical filters and a grism, which will allow for spectroscopy. The main
characteristics of IRT are presented in Tab. Thanks to its capabilities, the IRT will
enable onboard, real-time redshift measurements of GRB afterglows, with a focus on
high-redshift events. It will play a key role in detecting, localizing, and determining
the distance of cosmological GRBs. Additionally, through spectroscopy, the IRT will
characterize afterglows, providing essential data for facilities exploring deep-universe
science in the 2030s.
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Figure 2.13: IRT Optical scheme. M1, M2, M3 are under Italy responsibility. The exit
pupil represents the optical interface with the IRT Camera provided by the consortium

([Gdtz et al.L |202Q)

Table 2.3: Main structural and functional characteristics of IRT.

IRT

Photometric wavelength range (um) 0.7-1.8
Photometric FoV 15" x 15
Photometric z accuracy <10%
Collecting area (m?) >0.34
Spectroscopic wavelength range (um)  0.8-1.6
Spectroscopic FoV 2 x 2
Resolving power ~400
Focal length (mm) 6188
Pixel scale 0.6”
IRT mass (kg) 220
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2.4 Observational strategy

THESEUS is designed to detect high-energy transients and rapidly transmit the most im-
portant information to the ground, such as trigger time, position, and redshift, together
with full resolution data within a few hours.

Most of the mission lifetime will be spent in the so-called “Survey Mode”, where the
two wide-field X-ray monitors (XGIS and SXI) observe the accessible portions of the sky
searching for X-ray transients. Once an on-board trigger occurs due to the on-set of an
impulsive X- and/or gamma-ray event, the spacecraft will switch to the “Burst Mode”
and an automatic slew is initiated in order to place the transient, localized by either XGIS
or SXI (or both), within the field of view of IRT. Then, during the “Follow-up Mode”, IRT
will first acquire a sequence of images in different filters (lasting about 12 minutes) aimed
at identifying the counterpart of the source, narrowing down its localization to arcsec
accuracy, and providing a first indication of a possible high-redshift event (z=>6). The
spacecraft will then enter either the “Characterization Mode”, during which the IRT will
acquire a sequence of deeper images in different filters and spectra or the “Deep Imaging
Mode” during which only images in different filters will be acquired (depending mainly
on the IR brightness of the identified counterpart). These two latter sequences aim at
determining on-board the redshift of the transient source. If the counterpart identified
by the IRT is a known transient or a variable source not associated with a GRB, the
spacecraft will go back to the Survey Mode. The Survey Mode is anyway restored
after the Characterization or Deep Imaging Mode is completed. During the Follow-up,
Characterization, and Deep Imaging modes, the monitors will continue collecting data.
THESEUS is also designed to operate in “External Trigger Mode” to rapidly respond to
triggers provided by other facilities. Coordinates of an interesting source are provided
from the ground to the on-board computer, and at least 4 hours after the trigger, the
spacecraft is re-pointed. Depending on the specific nature of the event a custom version of
the IRT characterization mode is initiated. Fig. shows a summary of the THESEUS
observational strategy.
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Figure 2.14: THESFEUS observational modes and strateqy during the detection, follow-
up and characterization of an internal trigger (i.e. an event detected by either the XGIS
or the SXI, or both). Note that only a specific portion of the IRT FoV can be used for
IR spectroscopy, therefore a further small slew is required (Amati et al., |2021)).
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Chapter 3

XGIS: design, simulations and
performance

In this chapter, the performance of XGIS, the THESEUS instrument on which this thesis
focuses, is evaluated. A detailed explanation of its operating principles and construc-
tion design is provided, along with an in-depth discussion of the coded mask technique
employed by the instrument for imaging.

The instrument performance is evaluated in terms of effective area and response
matrix, employing Monte Carlo simulations that were conducted by me using the Geant4
software, which simulates the passage of particles through matter. This tool is a standard
resource used by, among others, space agencies to assess the performance of space-based
X-ray and gamma-ray instrumentation.

After describing in detail the “siswich” detection principle employed by XGIS, the
methods by which Geant4 records events are presented, along with the different instru-
ment mass models used in the simulations, starting from the simplest one and analyzing
the various updates that I have introduced, until reaching a model more faithful to the
current design.

Thus, for each mass model, the corresponding effective area and response matrix
will be presented, which I have further generated as standard FITS format files, (ARF,
Ancillary Response File, and RMF, Redistribution Matrix File).

The simulations have been carried out leveraging the computing power and storage
capacity of the INAF/OAS computing cluster. These required an effective use of par-
allel computing capabilities (multiprocessing), as well as technical tools such as Docker.
Overall, the entire set of simulations required approximately one week of computation
time and around 70 GB of memory storage.

The study of the effective area and the evaluation of the instrument response, which
in this work I have conducted for a single XGIS camera, are crucial in determining the
performance of any instrument and, therefore, for validating the scientific requirements
of the mission.
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3.1 XGIS design and scientific requirements

The main objective of the XGIS instrument is to detect and identify transient sources,
characterizing them across an unprecedented wide energy band, thus offering unique
insights into their emission physics and underlying mechanisms (see Sect. . The
advanced technology employed in the fabrication of its detection elements will yield a
position-sensitive detection plane with a large effective area spanning a broad energy
pass-band from soft X-rays to soft ~-rays (Labanti et al., [2020)).

If the THESEUS mission were to be approved, the XGIS instrument, designed for
both imaging and spectroscopy, would provide the scientific community with a state-of-
the-art tool capable of providing a major contribution to high-energy astrophysics.

The integration in the THESEUS payload of a broad field of view (>2 sr) hard X/soft
~v-ray detection system, which includes that of the SXI, and extends the energy band
from a few keV up to several MeV with an effective area of several hundred cm?, is
critical for several reasons (Amati et al., [2022):

a It enables the detection and precise localization of short GRBs, which are pivotal
for multi-messenger astrophysics, as they represent the most likely and, to date,
the only detected electromagnetic counterparts of gravitational wave signals (in
particular from NS-NS and NS-BH mergers); moreover, their hard spectra make
them undetectable by the SXI.

b It complements the SXI capabilities by providing improved detection and localiza-
tion of high-z GRBs, thanks to its large effective area at <10 keV compared to
previous and current GRB detectors.

¢ It offers unique constraints on the emission physics and geometry of GRBs and
other bright X-ray transients via sensitive timing and spectral measurements over
an unprecedentedly wide energy range.

d It enables the detection of absorption features in the low-energy spectra of GRBs,
which can be useful for probing the circum-burst environment, shedding light on
the nature of the progenitor star, and inferring the redshift.

e It allows for a comprehensive spectral and timing characterization of GRB prompt
emission over four orders of magnitude in energy, significantly expanding THE-
SEUS scientific return by enabling tests of fundamental physics (such as Lorentz
Invariance Violation) and the application of GRBs as cosmological probes for mea-
suring cosmological parameters (through spectrum—energy correlations).

The architecture of the XGIS system, as already discussed in Sect. [2.3] consists of
two X /~-ray cameras, two power supply units (XSU), a Data Handling Unit (DHU) and
harness. Each XGIS camera is powered from its dedicated XSU and is directly connected
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Figure 3.1: Block diagram of the XGIS system (Labanti et al., |2020).

to the DHU, which is the interface of XGIS with the spacecraft for commands, data
downloading and power that is then delivered to the XSUs. A schematic view of the
whole XGIS system is presented in Fig. [3.1]

The design of the XGIS instrument is such that it can autonomously execute the
THESEUS science-driven operational modes, explained in Chapt. 2 XGIS operation
modes are managed by the DHU as follows: during Survey Mode, monitoring and look-
ing, with different methods, i.e., for GRBs within the FoV, XGIS data will be partially
in photon-by-photon mode in which full information for every detected event is down-
loaded, and partially in time-integrated images and spectra; in Burst Mode, when a GRB
is detected, XGIS switches to the photon-by-photon mode; during IRT Follow-up and
Observatory Mode, and External Trigger Mode, XGIS operates as in Survey Mode.

To fulfill the scientific objectives of the THESEUS mission, XGIS must adhere to
stringent requirements outlined in Chapt. [2] and summarized in Tab. 2.2] In particular,
the scientific requirement that will be validated in this work states that:

“XGIS shall be able to detect photons for scientific analysis in the energy range between
2 keV and 10 MeV, assuming that the effective area at 500 keV, 1 MeV, and 10 MeV is
5%, 60%, and 40%, respectively, of the mazimum value of ~1600 cm?” [1]

This problem is addressed using a Monte Carlo approach, which is particularly power-
ful for evaluating the effective area of an X-ray and ~-ray detector. Given the complexity
of the interactions involved, an analytical calculation would be unfeasible. Instead, the

'THESEUS Report: XGIS Instrument Performance Budget.
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Monte Carlo method allows for a statistical sampling of the full probability distribution
of the relevant physical quantities, providing an accurate and efficient way to estimate
the effective area and response.

In the next Section, the software used to perform the simulations is briefly presented,
highlighting its most important aspects.

3.1.1 Geant4

Geant4E] (GEometry ANd Tracking) toolkit is a C++ based particle transport code for
simulating the passage of particles through matter using Monte Carlo methods. It in-
cludes a complete range of functionality including tracking, geometry, physics models
and hits. The physics processes offered cover a comprehensive range, including electro-
magnetic, hadronic and optical processes, a large set of long-lived particles, materials and
elements, over a wide energy range starting, in some cases, from 250 eV and extending
in others to the TeV energy range. It has been designed and constructed to expose the
physics models utilized, to handle complex geometries (Fig. , and to enable its easy
adaptation for optimal use in different sets of applications. The toolkit is the result of
a worldwide collaboration, led by CERN, of physicists and software engineers. It has
been created exploiting software engineering and object-oriented technology and imple-
mented in the C+4 programming language. It runs on Linux, Mac OS, Windows and
different types of UNIX flavours, 32 or 64 bits, and on modern parallel architectures.
It has been used in applications in particle physics, nuclear physics, accelerator design,
space engineering and medical physics (Agostinelli et al., 2003; |Allison et al., 2006, 2016]).
Geant4 has become the standard tool used by many space agencies (e.g., NASA, ESA) in
the simulation of the background and instrument performance of all major X-ray space
telescopes, such as Chandra, XMM-Newton, Suzaku, Athena, eROSITA.

Applications built on Geant4 can simulate any setup or detector and radiation source,
and record chosen output of physical quantities due to source particles and secondaries
interacting with the material of the setup. It provides complete functionality for all areas
of the simulation of particle transport. It can be used to:

e create a model of a geometry with shapes and materials,
e locate points and navigate tracks in that model,
e apply the effects of physics interactions and generate secondary particles,

e record selected information either as tallies or create hits (that are used to generate
detector response),

e visualize a setup geometry and the particle tracks passing through it,

Zhttps://geant4.web.cern.ch/
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Figure 3.2: Left: The logo of Geantj. Right: Monte Carlo method implemented for
the calculation of m, obtained as four times the ratio between the number of randomly
generated points inside a circle and those randomly generated inside a square.

e interact with an application via an extensible terminal or graphical user interface.

It includes a complete set of physics processes for electromagnetic, strong and weak
interactions of particles in matter over an energy range that starts from milli-eV (for
thermal neutrons), eV (electrons) or typically keV (hadrons), up to hundreds of GeV
(or even in part up to 100 TeV). For each type of interaction, a complete set of physics
model implementations is provided. Some choices of modeling approaches are available
and ready to be used as coherent configurations (named “physics lists”).

Geant4 source code is available under an open source license. Any Geant4 application
can and must choose whether to preconfigure, select or input beam/source parameters
or details of its setup, and whether to record information using standard counts or create
custom ways to collect and output quantities of interest.

The file organization of the Geant4 codes follows the structure of the Class Categories,
smaller logical units, that are clusters of classes that are themselves cohesive, but are
loosely coupled relative to other clusters. The class category diagram designed for Geant4
is shown in Fig. (3.3}

A Geant4 simulation can be launched in Interactive Mode, in which it is possible
to visualize the detector mass model, the particle or photon source, and the tracks left
by these; it can be launched in Batch Mode, without direct visualization, implementing
commands through macro text files; or directly implemented hard-coded, via classes
to set up the desired configuration. Nonetheless, the Geant4 toolkit provides all the
components but does not provide a main(), that must be implemented by the user, in
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Figure 3.3: Class categories in Geantj. 1) Run and Event: related to the generation of
events, interfaces to event generators, and any secondary particles produced. 2) Tracking
and Track: related to propagating a particle by analyzing the factors limiting the step and
applying the relevant physics processes; this latter could perform actions long a tracking
step, either localized in space, or in time. 3) Geometry and Magnetic Field: these manage
the geometrical definition of a detector (solid modeling), the computation of distances
to solids and also the presence of a magnetic field. 4) Particle Definition and Matter:
these manage the definition of materials and particles. 5) Physics: it manages all physics
processes participating in the interactions of particles in matter. 6) Hits and Digitization:
related to the creation of hits and their use for the digitization phase; volumes (not
necessarily the ones used by the tracking) are aggregated in sensitive detectors, while hits
collections represent the logical read out of the detector. 7) Visualization: this manages
the visualization of solids, trajectories and hits, and interacts with underlying graphical
libraries. 8) Interfaces: it handles the production of the graphical user interface (GUI)
and the interactions with external software (from Book For Application Developers).
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order to build his own application. Further details about main() function I provided
for the application and the structure of the scripts used to launch the simulation are
provided in the Appendix [A]

The example presented in the following listing shows the simplest code required to
build a simulation program. The main() method must be implemented by these classes:

G4RunManager is the only manager class which should be explicitly constructed; it
controls the flow of the program and manages the event loop(s) within a run. It
can handle also multithreading mode.

G4UImanager handles the user graphical interfaces.

DetectorConstruction describes the entire detector setup, including position of
volumes, geometry, materials, a definition of its sensitive regions, the readout
schemes of the sensitive regions.

PhysicsList defines the particles to be used in the simulation and all the physics
processes to be simulated. In this work, the list FTFP_BERT is used, a model
that simulates hadronic interactions by combining high-energy string fragmenta-
tion, and low-energy cascades, covering a wide range of interaction types between
hadrons and nuclei.

ActionInitialization defines the basic user action classes. These classes are also
provided: RunAction, EventAction, TrackingAction, SteppingAction, which
define, from the broadest to the most specific, the trajectory of the simulated
particles (see Fig. [3.4)).

#include "DetectorConstruction.hh"
#include "PhysicsList.hh"

#include "ActionInitializationO1.hh"
#include "G4RunManagerFactory.hh"
#include "G4UImanager .hh"

int main ()

{

// construct the default run manager

auto runManager = G4RunManagerFactory::CreateRunManager () ;
// set mandatory initialization classes
runManager->SetUserInitialization(new DetectorConstruction);
runManager ->SetUserInitialization(new PhysicsList);
runManager->SetUserInitialization(new ActionInitialization);
// initialize G4 kernel

runManager ->Initialize () ;

// get the pointer to the UI manager and set verbosities
G4UImanager* UI = G4UImanager::GetUIpointer ();
UI->ApplyCommand ("/run/verbose 1");
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UI->ApplyCommand ("/event/verbose 1");
UI->ApplyCommand ("/tracking/verbose 1");
// start a run

int numberOfEvent = 3;
runManager ->BeamOn (number0fEvent) ;

// job termination

delete runManager;

return O;

Listing 3.1: Simplest example of main().

In Fig. 3.4 the operating principle and the main relationships between the class
categories of Geant4 are shown.

=00 @ ([T Create G4RunManager main()
P ) Initialize
Initialization <
(detector setup and _| MyDetectorConstruction |
physics processes) [ MyPhysicsList ‘
Run :: BeamOn RunBeamon
Event 1 <
’ Primaries => Stack | MyPrimaryGenerator |
| MyEventAction |
Track 1 - -
s | MyStackingAction \
[Step1 | .. [StepN |
| MyTrackingAction |
Track 2 ... Track N
| MySteppingAction |
Event 2 ... Event N MyActionInitialization

Delete G4ARunManager

Figure 3.4: Geantj loops. Relation among different user classes. A simulation job
starts with Geant4 kernel initialization; then one or several runs are launched; after
defining the particles and the detector, a Run loops on events, defined with the command
/run/beamOn and specifing the number of the events (e.g. 1, 100, 100000...). An Event
generates primary particles and loops for their tracking and all subsequent secondary par-
ticles. A Track loops on steps, propagating a particle object, up to the point this particle
“dies” or leave the detector world volume. A Step loops over the tracks to which physical
processes are applied in order to simulate physics interactions; it generates secondary
particles, computes energy deposit across the step. Credits: Geantj Tutorial.

The next listing shows an example of a macro file that is processed by the Geant4
executable: it includes the description of the primary particle source, in this case, a
gamma-ray photon at 800 keV emitted from a square planar source with a side length
of 140 cm. The position of the source is 200 cm away from the origin, the tilt angles,
and the direction it points towards are defined. Additionally, extra physical processes
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beyond the default ones provided by Geant4 are specified, such as fluorescence and Auger
electron emission. Finally, the number of primary events is specified.

This type of macro has been used for the simulations to obtain the effective area and
the response matrix.

/gps/particle gamma

/gps/pos/type Plane

/gps/pos/shape Square
/gps/pos/halfx 70 cm
/gps/pos/halfy 70 cm

/process/em/fluo true
/process/em/auger true
/process/em/pixe false

/gps/pos/centre 0.000 0.000 200.000
/gps/pos/rotl -0.000 1.000 0.000
/gps/pos/rot2 1.000 0.000 -0.000
/gps/direction -0.000 -0.000 -1.000

/gps/energy 10.0 keV
/run/beamOn 800

Mass models are representations of the instruments, with varying degrees of fidelity,
designed to provide an effective, albeit not necessarily perfect, model of the device. They
are implemented using appropriate C++ classes: in this work, the DetectorConstruction.cc
has been updated, and MaskParameterisation.cc and PCBParameterisation.cc have
been added for the inclusion of the mask pattern and the detector structure (see next
section).

The mass model used in the simulations is a simplification of the actual design of the
instrument. The simulations carried out for the M5 Phase A employed a mass model
featuring a simple checkerboard pattern for the coded mask with a 50% aperture. In
this work, the outline of the model provided by the THESEUS collaboration during the
M5 study has been initially used, to which the mask pattern®|shown in Fig. has been
added. Subsequently, several upgrades were made to the model, which will be presented
in the following Sections.

The model is composed of:

e coded mask as a tungsten (W, 19.25 g/cm?) layer, 500 pum thick, with a random
pattern and an open fraction of 50%. The mask pattern is read out from an external
file;

3Kindly provided by Dr. Sandro Mereghetti and Dr. Edoardo Arrigoni, INAF /TASF-Milano.
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Figure 3.5: Comparison between XGIS camera design (left) from|Labanti et al.| (2020)
and the employed Geants mass model (right). In the official design, the main structures
of XGIS are shown, such as the coded mask, the collimator, the detector assembly, and
the support structure, which provides rigidity and stability to the detector. In the mass
model, the collimator, made of tungsten, is in green, the support structure, made of
aluminum, which contains the detector, is in blue, and the mask pattern is in pink.

e detection plane with 6400 4.5 x 4.5 x 30 mm? CsI(T1) scintillator bars coupled to
two 450 pm thick silicon (Si) layers at both ends, the top and bottom SDDs;

e optical coupling layers, 1 mm thick, made of silicone (Dow Corning 93-500 compo-
nent), between both SDDs and scintillators;

e side collimators with Al + W layers, respectively 1000 pm and 250 pm thick;
e front-end and back-end electronics (FEE/BEE) as a simplified Al box;
e simplified bus structure as an Al box with effective density.

All the model dimensions (thicknesses, relative placements, etc.) and materials are
parameterized and can be read out at runtime from an external file detectorParam. inp
and the overall model is also saved in geometry.gdml file.

The following section will provide a detailed view and an in-depth description of the
operating principles underlying XGIS.
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Figure 3.6: Left: Pizel operation principle: an X-ray photon is detected directly by the
upper SDD (exposed to incoming radiation, on the left in the figure), while a gamma-
ray photon passes through the SDD and interacts with the scintillator. The produced
scintillation light is then recorded by both the upper and lower SDD (on the left and
on the right in the image; |Labanti et al.| (2020)). Right: Siswich mass model employed
i Geants; the SDD, in red, is modeled as a unique layer, instead of an assembly of
different pizels. Scintillators, shown in yellow, form a single block array, instead of
different modules. The optical coupler, reported in cyan, is in the middle.

3.2 Siswich principle and basic detector physics

The detection of high-energy (HE) photons relies on their interaction with matter, which
induces measurable changes in the detector, such as variations in current, charge, tem-
perature, physical or chemical properties, or emitted light. These changes are then
digitized through data recording and analysis. From each HE photon, four key pieces
of information can be extracted: energy, which determines energy resolution; direction,
which defines spatial resolution and imaging capabilities; time of arrival, which provides
temporal resolution; and polarization angle, which enables polarimetric sensitivity. An
ideal detector would maximize efficiency in capturing all these parameters, though no
real detector achieves perfection.

As explained in Chap. [2] the fundamental detection unit of XGIS consists of two
Silicon Drift Detectors and a scintillator bar (Fig. . This system is integrated with
electronics designed to process the signals generated by the different components of
the detection element. The signal acquisition follows the so-called “siswich” (silicon-
sandwich) principle.
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3.2.1 Silicon drift detectors

Solid-state detectors began to be used as the primary detection medium in devices in
the early 1960s. This technology enabled significant improvements in physical size, en-
ergy resolution, and timing performance compared to gaseous detectors (Knoll, 2010;
Tsoulfanidis, 2015). One of the key advantages of solid-state detectors is their compact
size, made possible by their much higher density compared to gaseous detectors. High-
energy charged particles can deposit their full energy within a relatively small volume of
semiconductor material. Additionally, generating charge carriers (electron-hole pairs) in
a semiconductor requires less energy than creating ions in a gaseous detector (Castoldi
and Guazzoni, 2012). As a result, a larger number of charge carriers are produced for a
given incident radiation, leading to enhanced energy resolution. Furthermore, the faster
movement of electrons in semiconductors compared to gas improves time resolution.

In low-energy radiation spectroscopy, semiconductor detectors offer the best energy
resolution, making them the ideal choice for detecting X-ray photons in XGIS. In fact,
energy and temporal resolution depend on the amplitude of the signal received and on the
associated noise, two factors that are dependent on the device. Silicon Drift Detectors
(SDDs) were chosen for this application because of their excellent efficiency in detecting
soft X-rays, their high quantum efficiency for light (enhanced by the thin and uniform
shape), such as that emitted by a scintillator, and their ability to minimize noise during
signal readout, making them more effective than other types of photodetectors.

The technology underlying the SDDs was introduced by |Gatti and Rehak| (1984), who
proposed a novel charge transport method in which the charge transport field operates
independently of the depletion field.

An SDD consists of an n-type silicon wafer with a concentric pattern of p* junctions
covering its surface (Fig. . At the center of the innermost cathode ring lies the anode,
which collects the signal. A voltage is applied across the wafer to deplete the detector,
while an additional electric field facilitates charge transport. When particles pass through
the detector, they generate electron-hole pairs that drift toward the electrodes under the
influence of the external field (Gatti and Rehak, 1984; (Castoldi and Guazzoni, 2012).
This process creates a potential “gutter” within the semiconductor, guiding the electrons,
generated by radiation interaction, from their point of generation to the anode (Fig. [3.8).

This design allows for a very small-sized anode that is independent of the SDD
photon-sensitive surface, which collects the incident ionizing radiation. Therefore, the
anode has a low capacitance, which minimizes amplifier noise and improves charge mea-
surement accuracy.

The SDDs used in XGIS were designed and manufactured by the Istituto Nazionale
di Fisica Nucleare (INFN), Sezione di Trieste, and Fondazione Bruno Kessler (FBK)
as part of a collaboration with INAF/OAS and other institutions under the ReDSoX
(Research Drift for Soft X-Rays) program, where research and technological innovations
concerning SDDs were born and developed.
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Figure 3.8: Potential gutter within the SDD. A high negative potential is applied be-
tween the external p+ junction strip and the junction near the anode, consequently elec-
trons move (drift) toward the anode Credits: THESEUS collaboration.
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Fig. illustrates the 8x8 SDD cells array that will be used in XGIS. The XGIS
detection plane consists of an 10x10 array of such SDD elements, for a total of 6400
independent cells. The anode side (n-side, right panel) serves as the input for incident X-
ray radiation, while the window side (p-side, left panel) collects light from the scintillator.
Wire bonding connects the SDD anode to the pre-amplifier, i.e., the first stage of the
front-end electronics (FEE), ensuring proper signal processing.

Figure 3.9: XGIS SDD array with 8x8 individual SDDs. The n-side (entrance win-
dow), input side for X-ray radiation, with collecting anodes (left); the p-side, input side
for scintillation light, optically coupled to scintillators (right) (Fuschino et al., |2020).

3.2.2 Scintillators

Scintillation detectors, like semiconductor devices, provide a solid detection medium and
are widely used for measuring nuclear radiation, particles, and photons. They convert
the energy of incoming radiation into light, which then reaches a photodetector and is
finally transformed into an electrical signal for further processing. The amount of light

generated is proportional to the deposited energy (Knoll, 2010).
The ideal scintillator shall have:

e high efficiency in converting an energy deposit in optical photons;

linearity, thus the energy deposit is directly proportional to the number of photons
by a constant factor;

transparency (no self-absorption of emitted light);

fast light emission;

good refractive index for optical coupling with photosensor:
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Figure 3.10: Different types of scintillators varying in shape, material and density.
Credits: FEljen Technology website.

e high stopping power;
e no radioactive components (self-background).

No real scintillator satisfies all these criteria, and the choice for a specific application
is always a trade-off depending on the focus of the experiment (e.g. fast response,
high energy resolution). Selecting the appropriate scintillator is crucial also because its
efficiency depends on the type of radiation it is designed to detect (Fig. [3.10). In the
case of XGIS, a ~-ray detector is needed to complement the soft X-ray range. It must
be composed of high-density elements, such as CsI(T1), (Thallium-doped Cesium lodide,
4.5 x 103 kg/m?) to effectively absorb as much of the incident photon energy as possible.
The detection of y-ray photons is possible because they interact with the scintillator
material, transferring all or part of their energy to electrons within the absorbing medium
(Iyudin et all 2022)). Moreover, since the energy resolution is directly influenced by the
amplitude of the detected signal, it is heavily dependent on the Light Output (LO), which
is measured as the number of scintillation photons emitted per keV of energy deposited
in the material.

The detection of y-rays in scintillators occurs through the three primary interaction
mechanisms of high-energy photons with atoms, nuclei and electrons (Longair, [2011)):

e Photoelectric absorption: the incident ~-ray transfers its entire energy to an elec-
tron bound within an atom of the scintillator material. Photoelectric absorption
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can occur when the energy of the incident photon is larger than the binding energy
of the shell electron. The electron is ejected from its atomic shell and acquires
a kinetic energy Fu, = E, — Ep where E, is the energy of the incident photon
and Ep the electron binding energy. This process is most dominant for low-energy
v-rays (up to hundreds of keV);

Pair production: when ~-rays exceed 1.02 MeV, twice the rest mass energy of an
electron (2m.c?), they can disappear upon interaction with the scintillator, pro-
ducing an electron-positron pair that carries the excess energy, shared among their
kinetic energy E.+ + F.- = E,. Because the positron will subsequently annihilate
after slowing down in the scintillator, two annihilation photons are normally pro-
duced as secondary products of the interaction. This process becomes dominant
for high-energy ~-rays (above 5-10 MeV).

Compton scattering: The y-ray transfers only part of its energy to an electron in the
scintillator and is deflected through an angle # with respect to its original trajectory.
As the photon energy is higher than the electron binding energy, the latter can be
ignored and the electrons can be considered essentially free. By applying energy
and momentum conservation, the relation between E., the gamma energy before,
and E./, the energy after, the collision can be derived.

1 1 1-—
_ 1 _1—cosb (3.1)

E, E, MeC?

Because all scattering angles are possible, the energy transferred to the electron
can vary from zero to a large fraction of the gamma-ray energy. The maximum
kinetic energy that a Compton scattered electron can acquire, results from a “head-
on” collision, which occurs when the gamma-ray photon is scattered backwards
(0 = 180°) (minimum kinetic energy for # = 0°). The Compton edge represents
this maximum kinetic energy transferred to the electron. This interaction is the
most probable in the intermediate energy range between the two previous processes,
as can be seen in Fig. [3.11}

For low-energy 7-rays (where pair production is not significant), the resulting spec-

trum consists only of the combined effects of Compton scattering and photoelectric
absorption (Fig. [3.12al). The continuum of energies associated with Compton-scattered
electrons is known as the Compton continuum, while the narrow peak corresponding to
photoelectrons is referred to as the photopeak.

At intermediate energies, multiple Compton scattering events may occur, sometimes
followed by the escape of the final scattered photon (Fig. [3.12d)). These events can
partially fill the gap between the Compton edge and the photopeak and can distort the
expected continuum shape for single scattering (Fig. .

62



100

Photoelectric effect
Compton effect
Pair production

Total

Hmass [cm? g7 ']

0.1 F

0.01

0.001 |

0.0001

0.01 0.1 1 10 100
Photon energy [MeV]

Figure 3.11: Graph of the mass attenuation coefficient as function of the photon en-
ergy. Photoelectric effect, Compton scattering and pair production are the dominant in-
teraction mechanisms respectively at low (E, <0.1 MeV), medium (0.1< E., <10 MeV)
and high (E., >10 MeV) gamma energies. Attenuation properties of absorbing materials
are expressed in terms of the mass attenuation coefficient ji/p (em?/g), corresponding to
the ratio between the linear attenuation coefficient (u) and the material density (Credits:
Laboratory for Nuclear Technologies).

For higher ~-ray energies, where pair production becomes significant, a more complex
spectral structure emerges (Fig. [3.12c). The resulting annihilation photons may either
escape or undergo further interactions within the detector, leading to partial or complete
energy absorption of one or both photons. If both annihilation photons escape, only the
kinetic energy of the electron and positron is deposited, producing a double escape peak.
If one annihilation photon escapes while the other is fully absorbed, a single escape
peak appears in the spectrum at an energy of 0.511 MeV below the photopeak. A
broad continuum, lying between the double escape peak and the photopeak, also forms
due to various intermediate scenarios where one or both annihilation photons undergo
Compton scattering before escaping. These spectral features result from the different
physical interactions occurring between 7-ray photons and the scintillator material, as
illustrated in Fig.|3.12d| (Knoll, 2010]).

To ensure optimal performance, a scintillator-based detector must be designed to
maximize light collection by the photodetector, in this case, the SDDs. Various tech-
niques, such as polishing, surface treatment, or roughening, can be applied to the scin-
tillator to enhance light transmission. Typically, the scintillator is surrounded by a light
reflective or diffusive material on all sides except the one coupled to the photodetector.
In the optical coupler, between SDDs and scintillators, the light transfer is maximized
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using a transparent medium (epoxy or silicone), which adapts to the refraction indices
of the different media.

For space applications, additional factors must be considered when selecting materi-
als, including thermal expansion properties, lifetime (resistance to aging or yellowing),
outgassing behavior in a vacuum, hygroscopic characteristics, weight, and cost (Iyudin
et al., 2022).

The scintillator bars used in XGIS are made of CsI(T1) with a square cross-section of
4.5x4.5 mm? and a length of 3 cm. The surfaces in contact with the SDDs are polished,
while the remaining sides are left rough. Each bar is individually wrapped with reflective
paper, except for the surfaces coupled to the SDDs. This design ensures that scintillation
light is effectively directed into the photodetector through an optical coupling made of
a transparent and flexible silicone pad, which is less than 1 mm thick.
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Figure 3.12: Representation of spectra for low, medium and high ~y-energy photons in

Fig. |3.12d}, |3.120 and |3.124, with respective physical interactions in Fig.

2010).
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Figure 3.13: Geants interactive mode simulation. The SDDs, in red, and the scintil-
lators, in yellow, are viewed from the side. Photons with an energy of 10 keV, shown in
green and coming from the right, are provided as input for the simulation. In these range
of energies, the photons are completely absorbed in the SDD and classified as “X-mode
events”.

Figure 3.14: Simulation performed using 120 keV photons, coming from the right. At
these energies, the photon energy is deposited in the scintillators (yellow cells) through
photoelectric absorption and classified as “S events”. Parallel green lines are primary
photons while oblique ones correspond to photons scattered by the collimator. In red the
two SDDs.
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Figure 3.15: Simulation performed using 500 keV photons. Different (Compton) scat-
tering angles can be seen as broken green lines. X events now are rare since the SDD
s mo more capable to directly absorb them, while S-mode are dominant. The simulation
15 not yet able to record the height at which the interaction occurs within the scintillator
bar (3 em long). This feature will be implemented in future upgrades.

7 R N

Figure 3.16: Simulation performed using 5000 keV photons. Detection occurs thanks
to pair production within the scintillators, visible two times here: a single photons (green
line) suddenly disappears leaving an electron (red line) and a positron (blue line).

3.2.3 Siswich principle

A ~-ray detector utilizing a CsI(T1) scintillating crystal coupled with a silicon photode-
tector also functions as a direct X-ray detector, as radiation interacting within silicon
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enables the simultaneous detection of both X-rays and ~-rays using a single, compact de-
vice. Given that the energy threshold and spectroscopic performance of such a detector
are primarily influenced by the electronic noise of the photodetector, an SDD was chosen
due to its significantly lower intrinsic electronic noise. This type of detector compact
design makes it a practical solution for meeting the strict weight and volume limitations
of space missions (Marisaldi et al., |2005)).

The fundamental concept behind the siswich principle (an acronym that translates
to “Silicon Sandwich”, Fig. involves coupling two SDDs, one positioned above
and the other below a CsI(T1) scintillator bar, forming a single detection unit known
as a pixel. Each pixel simultaneously operates through direct conversion for detecting
low-energy X-rays (2-30 keV) and indirect conversion for higher-energy X-ray and ~-ray
photons (20 keV-10 MeV). Incident low-energy photons entering from the top window are
absorbed and detected by the upper SDD; photons with energies exceeding ~20 keV pass
through the top SDD and reach the scintillator crystal, where the emitted scintillation
light propagates toward both SDDs: the total energy deposited in the scintillator is
determined by summing the signals measured by the top and bottom SDDs.

It is essential to account for the differing energy requirements for charge generation
in silicon and CsI(T1), which are 3.66 ¢V/e™ and 70 eV/e~ (collected by one SDD),
respectively. Therefore, distinguishing the interaction location is crucial for accurately
determining the deposited energy (Mele et al., [2021]).

Future implementations of the code will include the possibility of determining the
height at which the interaction occurs within the scintillating bar, allowing for an efficient
distinction between counts from the source and those from background sources (see next
chapter).

Signals generated in silicon and CsI(Tl) differ not only in amplitude but also in
timing characteristics. The creation of electron-hole pairs from X-ray interactions in
silicon leads to a rapid signal response (~10 ns rise time), whereas scintillation light
collection is governed by the de-excitation time of fluorescence states, necessitating a
shaping time of a few microseconds to prevent significant “ballistic deficit” (Marisaldi
et al., 2005).

Figures [3.13], [3.14] [3.15] [3.16] show a side view of the detector, hit by photon beams
with energies of 10 keV, 120 keV, 500 keV, and 5000 keV, respectively. Each figure
illustrates the most probable high-energy photon interaction mechanisms with matter
for the given energy range. The simulation identifies an X-mode event (X-ray) and an
S-mode event (v-ray), depending on whether the photon is absorbed by the SDD or the
scintillator.
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Figure 3.17: Left: schematic view of an XGIS pizel, composed of two SDDs, a CsI(Tl)
crystal bar and two front-end readout chips (ORION-FE) and one back-end multichannel
processor (ORION-BE). The event is processed by the Readout Electronics, ORION-
FE, and a single multichannel processor for the event identification, ORION-BE. Right:
Block-diagram of a single ORION readout electronics for the readout of a single XGIS
pizel, composed by two ORION-FE (top and bottom) and one ORION-BE with separate
X and v processing channels (Srivastava et al., |2024)).

3.2.4 Data workflow

The implemented Monte Carlo simulator does not register scintillation light photons as
shown in the previous figures, but it effectively separates the events into X-mode and
S-mode, meaning the X and v photons. Specifically, energy deposits inside the SDD
are classified as X-mode events, while those in the scintillators are classified as S-mode
events. Simulating the production of the optical scintillation photons within Geant4
would introduce excessive complexity, not only in the computational burden given by
the tracking of an extremely large number of optical photon, but also in the accuracy of
the description of the optical interfaces between each volume in the mass model.

Fig. shows the workflow of the simulations performed in this work.

The output of the simulation is a file scorefile.root, which is directly converted
into a FITSﬂ file format and contains all the information recorded in the simulation, as
shown in Fig. [3.19. The output FITS file contains the following information related to
the simulation:

e the EventID, which identifies the primary event generated, ranges from 0 to the
number of primary events initially generated. In the table, only the ones that were
actually recorded are reported.

4Flexible Image Transport System, the standard data format used in astronomy, endorsed by NASA
and the International Astronomical Union.
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SIMULATION MACRO
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RECONSTRUCTED EVENT FILE (FITS)

Figure 3.18: Workflow of the simulations performed in this work.

: Table Browser - o
Window Rows Help
Table Browser for 1: scorefile 1256.0 0.0 0.0.fits
EventiD En_dep Scint_ID| Pixel_ID| X Pixel Y_Pixel Z_Pixel X_Primary | Y_Primary | Z_Primary (Theta_Pri..|Phi_Primary En_Primary | Event_time
1 1 1255, 49972 2892 -1000 0, -6, 0, 0,21842 -6,13632 200, o, 0, 1256, &, =
2 8 0,12388 1090 -looe | -11, -16, Q, -10,8947 -16,13843 200, o, e, 1256, B, (=
3 8 239,10413 1093 -1000 -9,5 -16, o, -10,8%47 -16,13843 200, e, a, 1256, 6,
4 8 720, 59995 1004 -1000 -9,5 -16,5 o, -10,8947 -16,13843 200, 0, a, 1256, 6,
5 106 0, 08534 7300 -1000 | -21, 19, a, -20,89197 18, B4706 200, 0, a, 1256, 6,
6 106 0, 06356 7210 -1000 | -21,5 18,5 0, -20,89197 18, 84706 200, o, 0, 1256, &,
7 106 473,99235 7209 -looe | -22, 18,5 o, -20,89197 18,84706 200, o, e, 1256, &,
2] 106 437, 69685 7211 -looe | -21, 18,5 Q, -20,89197 18,84706 200, o, e, 1256, 6,
2] 141 210, 36334 4608 -1000 12,5 3,5 o, 25,45393 | -13,79244 200, o, a, 1256, 6,
10 149 258, 78735 6484 -1000 16, 14, a, 16,45288 15,35748 200, 0, a, 1256, 6,
11 161 172,38778 7306 | -1000 | -18, 19, a, -19,25559 | 13,77671 200, <} <A 1255, 7,
12 171 0.19328 6816 -1000 4, 16, 0, 4, 21655 16, 07892 200, o, 0, 1256, &,
13 171 123,82232 6728 -100g 4,5 15,5 o, 4,21655 16, 07892 200, o, e, 1256, &,
14 177 530, 49876 -1000 5112 -2,5 6,5 -1000, -3,51908 24, 44059 200, e, a, 1256, 6,
15 212 0, 09664 2413 -1000 | -17, -8,5 o, -17,22246 -8,3873 200, 0, a, 1256, 6,
16 212 0,21554 2147 -1000 | -16,5 -10, a, -17,22246 -8,3873 200, 0, a, 1256, 6,
17 212 1254, 96378 2054 | -1000 | -18,5 -10,5 a, -17,22246 -8,3873 200, <} <A 1255, 6,
18 236 99,89115 3043 -1000 | -13,5 -5, o, -14,50912 -2,48699 200, o, e, 1256, 7.
19 245 582,83782 2789 -100g -7, -6,5 Q, -7,56146 0,83083 200, o, e, 1256, 6,
20 270 232,36391 4771 -1000 5, 4,5 o, 5,38534 5,40814 200, e, a, 1256, 6,
21 312 1255,71277 2696 -1000 -9, -7, o, -9,11151 -6,85453 200, 0, a, 1256, 6,
22 352 1013,83881 2592 | -1000 | -16,5 -7.5 a, -16,18605 -9,512 200, <} <A 1255, 6,
23 352 0, 06356 2237 -1000 | -16, -9.5 0, -16, 18605 -8,512 200, o, 0, 1256, &,
24 364 10,08784 -1000 3145 -7, -4,5 -1000, -7,07262 -4,34595 200, o, e, 1256, &,
25 451 222,15536 7483 -1000 | -18,5 20, o, -14,9957 20,7388 200, e, a, 1256, 7,
26 452 156,7301 2923 -1000 15,5 -6, o, 14, 46068 -4,87965 200, 0, a, 1256, 6,
27 461 936, 55617 4463 -1000 | -15,5 3, a, -10, 0602 26,19277 200, 0, a, 1256, 6,
28 544 0,05104 3939 | -1000 | -10,5 a, a, -10, 6668 -0,02524 200, <} <A 1255, 6,
29 544 0, 399286 3936 -1000 | -12, Q, Q, -10, 6668 -0,02524 200, o, o, 1256, &,
30 544 1254,99746 4025 -looe | -12, 0,5 Q, -10, 6668 -0,02524 200, o, e, 1256, 6,
31 553 1254,91823 6084 -1000 -6, 12, o, -7,92502 9, 69889 200, e, a, 1256, 6, —
27 ‘l 55 N _NQRAEA 5814 1000 75 1n s n m7 QIS0 [+ ={el=i=le] lolel n ] 1256 A ““
Total: 138.214 Visible: 138.214  Selected: 0

Figure 3.19: Data output example (from Topcat) of an on-axis

simulation using

1256 keV photons. Several multiple interaction are reported: FventID 8, 106, 171, 212,
352, 544, 553. Multiple interactions must be filtered out to avoid excessive counting of

detected photons.
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e En dep is the energy deposit for each photon interaction, in keV.

e Scint_ID and Pixel ID identify the location where the recorded interaction oc-
curred. Scint_ID refers to the individual scintillator bar, while Pixel_ID refers to
the individual SDD cell. Both numbers are integers ranging from 0 to the total
number of pixels simulated. If Scint_ID=-—1000, this is a flag indicating X-mode
events. On the other hand, if Pixel ID=-—1000, this flag indicates an S-mode
event, and the scintillator where the interaction occurred is recorded.

e X Pixel, Y Pixel, Z Pixel refer to the physical position (in cm) of the interaction.
These are measured relative to the center of the coordinate system, which is placed
at the central point of the detector.

e X Primary, Y Primary, and Z_ Primary are the coordinates where the primary event
originated, and they are all within the geometry of the defined source. Additionally,
Theta Primary and Phi Primary represent the zenithal and azimuthal emission
angles, respectively, relative to the surface of the source.

e En Primary is the energy of the primary event in keV.

e Event_time refers to the time at which the detection occurs measured from the
start of the simulation, in nanoseconds.

This raw data FITS file is subsequently cleaned using a Python script. The data
is processed by reconstructing the primary events. In fact, if a photon is recorded in
different parts of the detector, it is considered as a multiple detection. It would be an
error to treat each multiple detection as separate individual photons recorded. Therefore,
the newly produced data file allows for event reconstruction by summing the energy
deposits for events with the same ID, leaving only events with unique event IDs in the
final FITS file. Examples of multiple interactions are shown in Fig.

At this point, the cleaned data file is further processed to create two additional FITS
files, which contain respectively the X-mode and S-mode events. This separation is
carried out by following the flagging method already explained.

Noise effect In addition to the energy deposits for X-mode and S-mode events, the
contribution from the intrinsic noise of the instrument has been added, as it affects the
energy deposits.

The quality of the performance of a detection system used for energy measurements
is, indeed, characterized by the width of the pulse-height distribution (i.e., the amount
of detectable voltage produced by a given energy deposit) obtained with particles of the
same energy. Even in the case where each particle deposits exactly the same energy
in the detector, the pulse-height distribution will not be a single line, as expected for
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Figure 3.20: Simulation carried out using 500 keV photons. Each Compton scattering
event (broken green lines) marks a photon detection within the scintillators, where the
interactions occur. The scattered photons, undergoing photoelectric absorption, disappear
within another scintillator, marking an additional detection for the same primary event.
The code has been updated to reconstruct the energy of the primary event and prevent
the incorrect registration of multiple detections.

a monoenergetic source (Tsoulfanidis, 2015)); instead, it will have a certain finite width
due to:

a statistical fluctuations in the number of charge carriers produced in the detector;
b electronic noise in the detector itself;

¢ incomplete collection of the charge produced in the detector.

For both X-mode and S-mode events, the effect of the noise, assumed to be a random
process, is introduced by sampling from a Gaussian distribution centered at the input
value of the energy deposit, Eqep. Different methods to compute the standard deviation
have been used.

For X-mode, it has been calculated as:

wo )
IX = 1000 [keV] where o = m [e”rms] (3.2)

w = 3.66 eV/e~ is the average energy needed to produce one e~ /hole pair in siliconﬂ;

°In silicon the energy gap is Egap=1.1 V. The difference between w and Eg,p, shows that part of
the energy of the incident photons is dissipated into processes that do not generate charge carriers.
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OFano = \/ F' Eqep/w represents the statistical fluctuation expressed in terms of the Fano
Factor F (0.125 for siliconﬂ); o = 30 e"rms represents the electronic noise in the detector
itself.

For S-mode, the standard deviation is:

—0- —
75 = 1000 [keV] where o = \/m [e"rms] (3.3)

Ostat = Lef Egep, the statistical fluctuation in terms of the light efficiency, Leg = 25
e~ /keV, which is the amount of electrons, drifting toward the anode in the SDD, pro-
duced per energy deposited in the scintillator. This value is affected by the efficiency of
the optical coupling between the scintillating bar and the SDD. The factor of 2 in the
electronic noise contribution is the sum in quadrature for both SDDs (upper and lower)
which detect the scintillation light.

The precaution is maintained that if a negative number is sampled, the output will
be the same as the input energy deposit.

3.3 Response files

The working philosophy of a typical X-ray or v-ray instrument is to register properties
of individual photon events that hit the detector material and produce a certain amount
of current/charge, registered as counted photons. Thus, the raw data is essentially
a table where each column describes a different attribute of an event. These include
basic properties like the time of the event, the amount of charge generated by the event
(known as the Pulse Height Amplitude or PHA), and in the case of detectors with imaging
capability, the raw coordinates of the event in units of detector pixels. A major portion of
data processing/cleaning is to convert these event attributes into astrophysically relevant
quantities (Jiang and Pasham, |2020).

The instrumental response of an X-ray experiment is usually expressed by the effective
area and by the redistribution matriz. These quantities are condensed in the so-called
ARM and RMF files, which are included among the results of this work:

e the Ancillary Response File (ARF) consists of a 1-D array as a function of energy
stored as a table extension in a FITS file. It contains the combined telescope/fil-
ter /detector areas, the effective area (cm?), and the quantum efficiency (QE is the
probability to convert a single incident photon into an observed detector count) as
a function of energy. When an input spectrum is multiplied by the ARF, the result
is the distribution of counts that would be seen by a detector with perfect (i.e.

SF is the ratio between the actual standard deviation of the number of pairs produced and the
number of pairs produced. F = 0 means no statistical fluctuation in the number of pairs produced;
F =1 the numbers of pairs produced is governed by Poisson statistics.
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infinite) energy resolution. The RMF is then needed to produce the final observed
spectrum. The sensitivity of the detector to photons of known energy can be also
a function of the position in the field of view;

e the Redistribution Matrix File (RMF) contains information about energy redistri-
bution. Photons of a given incident energy may have a measured pulse height that
differs significantly from the nominal incident energy. It consists of two FITS exten-
sions: the MATRIX extension, 2-D array, energy vs PHA channels, which provides,
for each incident photon energy, a probability of being measured at each possible
pulse height; and the EBOUNDS extension that explicitly lists the nominal energy
range of each PHA channel. The RMF is created by folding together individual
components due to the detector gain and the detector energy resolution.

In the next sections, the XGIS effective area will be evaluated by employing different
mass models in the simulations, starting with a simple model with a more realistic
mask pattern, and gradually incorporating additional layers, each briefly described, until
reaching the final detector configuration.

Then, the response matrix for the simple model and the completely upgraded model
will be discussed.

3.3.1 Effective area

The effective area quantifies the capability of a telescope to collect photons. In the case
of XGIS, it depends on the characteristics of the camera, such as the geometry, physical
dimensions, and materials of the coded mask, the collimator, and the detector, as well
as the incidence angle of the incoming radiation. In general, for an X-ray experiment
(which can be at the focal plane of focusing optics, or can be a collimated instrument),
the effective area is expressed by the formula:

Aet(E,0,2,y) = Ageom x R(E) x V(E,0) x QE(E, z,vy) (3.4)

where Ageom is the geometric area of the detector, R(E) is the fraction of photons reflected
by the mirror (which depends on the radiation energy, but also on the polishing and
material), V(E,0) is the vignetting function, which expresses the dependence of the
collected flux on @, the off-axis angle, and QE(E, z,y) is the quantum efficiency, the
fraction of incident photons effectively registered, which depends on the photon energy
and its position on the detector (z,y).
All these contributions can be also differently expressed in terms of their overall effect,
as:
Aeff = Ageom X E(Ev 97 ¢) (35)

where the effective area A.g of a telescope, from a given direction, is given by the ge-
ometric area Age,, exposed to the incoming flux, convoluted with the efficiency e in
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collecting and detecting photons from the (6, ¢) direction. One can further assume that
every location (x,y) in the detector plane has the same sensitivity.

In this thesis work, the simulations performed to evaluate the effective area required
the development of a Python script pipeline that automatically launches the Geant4 ex-
ecutable from the terminal. The data obtained from the simulation were then processed
as described earlier, and subsequently, the ARF (and RMF, see the next section) files
were generated.

The pipeline, through an initial Bash script, utilizes a three-loop structure to run
simulations with different input energies and varying photon incidence angles. This
script generates a macro file that is then directly passed to the Geant4 application,
which is executed in Batch Mode. The output is a root file, scorefile.root, which is
subsequently converted into FITS format.

The for loop runs a total of 6624 simulations in order to evaluate the effective area
and the response matrix, with the following inputs:

e monochromatic energies: from 2 to 30 keV with a step of 0.5 keV, from 32 to
150 keV with a step of 2 keV, from 152 to 600 keV with a step of 4 keV, and finally
from 616 to 5000 keV with a step of 32 keV,

e zenith angles 6 from 0° to 120° with a step of 15°;
e azimuthal angles ¢ of 0° and 45°.

The energy, 6 and ¢ space was determined through a trade-off between statistical accu-
racy and computation time. In future improvements, simulations could sample this space
more finely, leading to a better representation of physical phenomena, higher accuracy in
results, and the possibility of identifying secondary effects. However, this leads to higher
computational costs.

For all simulations, a total of 1.470.000 primary events was used, generated from
a square-shaped plane source with an area of 140x140 cm?, employed to ensure full
detector coverage and corresponding to a photon density of 75 photons/cm?. A parallel
beam was used to simulate a point source located at an infinite distance. Fig. shows
an example of simulation.

The effective area was evaluated using simulations for a single XGIS camera using

the following formula:
Niet 80Y°
Ao = — 3.6
T Psource % (89) ( )

where Nge; is the number of events detected (in X-mode or S-mode) while psource depends
on the number of primary events and the area of the source. The multiplicative factor is
introduced to account for “dead pixels”. The XGIS design, indeed, includes the division
into Modules and Supermodules (see Chapt. , thus a passive space one-pixel wide
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Figure 3.21: The images show the same simulation at 10 keV with 6 = 30° (zenith
angle) and ¢ = 40° (azimuthal angle) from different viewing angles. Left: XGIS detector
exposed to the parallel photon beam. Right: The square shape of the source, covering
the entire detector, is visible. The red track corresponds to an electron ejected from a
mask element due to the photoelectric effect; in order for the electron to be ejected, the
interaction must have occurred very close to the surface, otherwise, it would have been
absorbed by the other tungsten atoms within a few microns.

separates each Module from the adjacent ones. This results in 9 “dead” rows and 9
“dead” columns in the plane. To account for this construction effect, since the mass
model considers for simplicity a unique 89x89 block of scintillator bars, this correction
factor has been introduced in the calculation of the effective area to match the real
design.

In the following paragraphs, a description of the different elements added to the mass
model used in the simulations is provided, along with the corresponding effective areas
obtained.

Simple mass model

The first round of simulations has been performed using a simple mass model derived
from the Mb-era one provided by the THESEUS Collaboration, with the addition of
a realistic coded mask pattern, as previously described. The mask pattern, readout
from an external file, has been implemented using appropriate C++ classes. Below is a
brief description of the functioning of the coded mask, which is further discussed in the

Appendix
An X-/~-ray detector becomes an X-/~-ray telescope when it is able to measure the
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direction, energy and arrival time of celestial X-rays. Since GRBs are bright only for short
time intervals and arrive at unpredictable times from random directions in the sky (see
Chapt. , to maximize the expected number and redshift distribution of the detectable
GRBs, XGIS is designed to optimize several factors: the fraction of the sky that it is
capable of monitoring; the localization accuracy to perform follow-up observations as
soon as possible; the energy range to characterize the GRB spectral shape that extends
to low energies to favor high-z sources. The optimized design must take into account
the payload budget resources for a Medium class satellite mission (i.e., mass, dimension,
power, telemetry; see design trade-offs from |[Mereghetti et al.|2020).

In order to perform imaging, XGIS utilizes the coded mask technique because, as
successfully demonstrated by many past and current missions, an excellent trade-off
between the aforementioned requirements can be achieved. A design consisting of two
identical units (“cameras”) with partially overlapping fields of view was adopted. The
two cameras will be pointed in directions offset by £20° from the satellite boresight
direction, which coincides with the IRT pointing direction. Coded mask imaging requires
a position-sensitive detector, previously described, able to record the shadows of the
aperture pattern cast by the sources in the field of view. The recorded “shadowgrams”
can then be deconvolved to reconstruct images of the sky.

The coded mask is an array of square elements, made of tungsten with a thickness of 1
mm, placed at a distance of 63 cm from the top surface of the detector. The dimensions
of the mask pattern are 56.5x56.5 cm?. The mask is supported by a mechanical Al
structure, 1 mm thick, that connects it to the detector and is reinforced inside by the
collimator, which consists of four slabs of a 250 pum thick layer made of tungsten. This
latter is crucial to ensure that no unencoded radiation reaches the detector and also acts
as a passive shield to delimit the field of view at low energies.

In coded mask imaging systems, the field of view (FoV) is defined by the dimensions
of the mask (Dyy), of the detector (Dp) and their distance (H). The central part of
the FoV, corresponding to directions for which the whole source flux recorded by the
detector has been modulated by the mask pattern, is called Fully Coded FoV (FCFoV).
The Partially Coded FoV corresponds instead to directions for which only part of the
detected source flux has passed through the mask pattern. The sensitivity is nearly
uniform in the FCFoV, while it gradually decreases in the PCFoV, as a result of the
decrease of detector area used to record the source counts (Fig. [3.22).

For a given spatial resolution of the detector, which in the XGIS case corresponds
to the distance between the centers of adjacent SDD pixels (i.e., the pitch, P = 5 mm),
the angular resolution © of a coded mask imaging system depends on the mask distance
(H = 63 cm), and on the size of the mask elements (M = 1.027 cm), a value that will
be optimized during the Phase B study. For on-axis sources it can be approximated
by © ~ /(M/H)?+ (P/H)? ~ 1.04°. The final value of M has not been decided yet,
since it will be optimized with a careful trade-off during the phase-B study, when further
design elements will be defined. However, it can be anticipated that the ratio M /P will
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Detector

Figure 3.22: Left: Angular dependence of the detector working area (i.e. the detector
geometric surface that records a source flux modulated by the mask pattern) for one XGIS
camera. The top value is achieved in the Fully Coded FoV of ~ 10° x 10°. The zero
response has a size of T7° X 77° (Mereghetti et al., |2020). Right: Division of the field
of view of a coded-mask instrument, such as XGIS. Within tha FCFoV, the radiation
is totally coded, while within PCFoV, part of the incoming radiation does not reach the
detector plane (Caroli et all, |1987).

likely be in the range 1.5-2.5, leading to © ~ 0.8°-1.2°. The source location accuracy
(SLA) is generally much better than the angular resolution because it depends also on
the statistical significance (SNR) of the source detection. In particular, the location
accuracy is given approximately by SLA = A©/SNR. The factor A, of the order of a few,
depends on how the SLA and source significance are defined, as well as on the imaging
properties of the mask, that in general are not those of an ideal system.

Coded mask imaging relies on the fact that part of the detection plane measures
the source plus background contribution, while the remaining part measures only the
background. This is true in an ideal instrument, where the mask closed elements are
completely opaque and the open elements are completely transparent. In a real system,
the closed mask elements become increasingly transparent as the photon energy increases,
as shown for XGIS mask in Fig. On the other hand, the open elements are not
completely open due to the need to mechanically support the mask, and therefore they
are increasingly opaque as the photon energy decreases. These two effects are encoded
by the transparency functions T¢(E) and Tp(E) of the closed and open mask elements.
The detector sensitivity as a function of energy thus depends on these two functions.
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(c) 100 keV (d) 150 keV

Figure 3.23: The random pattern coded mask employed; black pizels correspond to
closed elements (top left panel). The images of the detector are shown in sequence, rep-
resenting the number of counts per pizel for on-azis simulations using 10 keV, 100 keV,
and 150 keV, respectively (for a 500 pm thickness of the mask). Within these energy
ranges, the XGIS works as imager, as the mask elements are opaque to such energy range.
At 150 keV, pizels that did not register cou%ts at lower energies begin to light up.



(a) 200 keV (b) 500 keV

Figure 3.24: Images of the detector at for input energies of 200 keV and 500 keV,
above the energy range of XGIS imaging capability (for a 500 pm thickness of the mask).
The pizel counts result more uniform because, at high energies, the closed mask elements
become transparent. Therefore, the effective area increases, as it is limited only by the
passive elements of the spacecraft and no longer by the mask-collimator system. The
images, like the one in Fig. has been produced taking into account the 9x 9 rows of
dead pizels that reproduce the XGIS design

Another factor that affects the sensitivity is the mask open fraction, that is defined
as the number of open mask elements divided by the total number of mask elements.
The optimal mask fraction that maximizes the sensitivity (usually in the 25% to 50%
range) depends on the nature of the background.

The coded mask pattern has been implemented in the mass model using an external
FITS file. It has an open fraction of 50% (Fig. [3.23a). The mask tiles have a side
length of 1.027 cm, avoiding a size exactly twice the pixel one to allow for finer sampling
of the shadowgram. In fact, if the dimensions were a multiple of the pixel size, the
deconvolution process for image reconstruction could introduce artifacts. Additionally,
it is not guaranteed that there are no sky directions that project the same shadow or
very similar shadows (identical shadows, generated by different sources, turn out into
identical deconvolved images). The sensitivity is also influenced by the relative size of
the mask and detector elements. Since these also affect the angular resolution (and
source location accuracy), it is necessary to make a trade-off between these properties
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and the sensitivity. Finally, one must take into account that the imaging properties, and
in particular the so-called “coding noise”, depending on the chosen mask pattern have
an influence on the sensitivity. This is because, in general, the instrumental response

to a point source is not a delta function but consists of a central peak with structured
sidelobes (see Appendix [B).

Fig. [3.36], [3.37 and [3.38] show examples of the shadowgrams of the mask projected
onto the detector and the corresponding deconvolved imagedﬂ The source is a GRB with
a typical Band function spectrum with slope o = —1, f = —3, and FEpreac = 300 keV,
simulated firstly on-axis, then at # = 30° and ¢ = 30°, and finally, they are overlapped.

In Fig.[3.25], the effective area for the simple mass model is shown for different off-axis
angles, considering both azimuthal angles ¢ = 0° and ¢ = 45°.

The on-axis effective area at low energies (black line) is ~800 cm? reflects how, in
this energy range, the main limitation is due to the presence of the coded mask, which
blocks about half of the incoming radiation detected in X-mode, up to 10 keV. Starting
from 20-30 keV, events detected in S-mode become dominant.

Notably, from 150 keV onward, the energy threshold for imaging in XGIS, the effective
area increases significantly because the FoV is no longer constrained by the tungsten
collimator and coded mask, which become nearly transparent, and is instead determined
only by other passive elements of the satellite. At very high energies, the detector
response becomes mostly isotropic (~6 sr), dominated by the simple cosine effect.

A distinct feature can also be observed at ~67 keV, corresponding to the increase in
the mask opacity due to the K-shell edge of tungsten.

Above 400 keV, the effective area starts decreasing due to the declining efficiency in
photon detection (low cross section interactions). As the zenith angle 6 increases, the
effective area decreases across the entire energy range.

A sharp drop in the effective area is observed at angles of ~ 30°, as at these angles,
a source is within the partially coded region of the FOV. Consequently, the illuminated
portion of the detector is smaller because it is partially covered by the collimator. At
45°, instead, a source is entirely outside the XGIS FOV, resulting in a null effective area.

"Kindly provided by Edoardo Arrigoni, INAF-IASF Milano.
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Figure 3.25: Effective area with the simple mass model and a random mask pattern, for
¢ =0° (left) and ¢ = 45° (right). The curves, up to 40 keV, show X-mode events, while
at higher energies they show S-mode events. For off-axis angles above 45°, the effective
area at low energies s null, whereas at higher energies, detection remains possible even
for large off-axis sources. At ~67 keV the K-shell edge of tungsten is noticeable.
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Preliminary test

During the XGIS M5 design phase, various trade-offs have been made to optimize its
performance (Mereghetti et al., 2020). Among these, the choice of the tungsten mask
thickness has played a crucial role, as it determines the mask transparency to radiation
(transparency functions T¢(E) and Tp(E)) and the energy range over which the XGIS
instrument operates as an imager.

Therefore, a preliminary study on the thickness of the coded mask has been carried
out in this work to evaluate its impact on the effective area. This has been assessed
through on-axis simulations for two different mask thicknesses: 200 pm and 1000 pm.
These cases have also been compared to the previously simulated 500 pym case, which is
currently the reference value adopted in the XGIS design. The results of the effective
area analysis are presented in Fig.

For energies below 30 keV, the effective area remains unchanged, as tungsten effi-
ciently blocks low-energy photons regardless of thickness. However, significant differences
emerge at higher energies, where photons are detected in S-mode.

For a 200 pm thick mask, transparency increases at lower energies. This is evident
from the fact that, around 40 keV, the effective area increases, reaching and exceeding
50% of the geometric area (~800cm?). This indicates that the mask elements begin to
transmit radiation. A drop in effective area is observed due to the K-shell absorption
edge of tungsten at ~67 keV, after which the effective area starts increasing again. In
this scenario, the detector operates in imaging mode up to 100 keV, above which the
FOV is no longer limited by the collimator. Moreover, the peak effective area is reached
at lower energies and attains higher values, exceeding 1200 cm?.

Considering that a thinner 200 pm mask weighs only 0.61 kg compared to 1.54 kg for
the 500 pm mask, reducing the mask thickness would lower the payload mass. This could
benefit the XGIS instrument, potentially allowing mass reallocation to other payload
components. However, this reduction comes at the expense of a narrower imaging range.

Conversely, for a mask thickness of 1000 pm, the imaging range extends up to ap-
proximately 200 keV. However, this comes with a significant increase in payload mass
and higher material costs, reaching 3.07 kg. One effect of this increased thickness is the
disappearance of the K-shell edge feature due to the complete absorption of photons
within its energy range. Additionally, the peak effective area is lower and shifted to
higher energies.

This analysis confirms that, in the design phase of a space mission, the trade-offs
involved are numerous and highly complex, requiring careful evaluation of multiple in-
terdependent factors.

A tungsten mask with a thickness of 500 pum offers an excellent balance of perfor-
mance.
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Figure 3.26: Effective area obtained through on-axis simulations using mask thick-
nesses of 200, 500, and 1000 microns. While no differences are observed at low energies,
for energies above 30 keV, the thickness affects the transparency of the mask, progres-
siwely increasing the imaging range of XGIS.
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Figure 3.27: Left: Ezpected integral rate of debris (red) and micrometeoroids (blue)
on the XGIS SDDs without shielding. Right: Ezpected integral rate of debris (red solid
line) and micrometeoroids (blue solid line) on XGIS SDDs with the combined shielding
discussed in the text. The black solid line indicates the total integral flux (debris and
micrometeoroids). The region in green indicates the diameters of the particles that are
stopped either if the beryllium layer is above the detection plane or below the coded mask.
The region in blue indicates the parameters of the particles that are stopped only if the
beryllium layer is above the detection plane but are able to pass through if the beryllium
15 below the coded mask. Source: THESEUS Collaboration.

Upgrades to simple mass model

The decision to add new elements to the mass model, not included in the original design,
comes from further studies within the THESEUS Collaboratiornff] aimed at shielding the
detector from potential hypervelocity particle impacts, specifically from micrometeoroids
and orbital debris (MMODs), to which spacecraft in Earth orbit are exposed. The study
considered specific models of debris and micrometeoroid fluxes, which are defined as the
number of intercepted objects per unit time and area. The relevant area for this flux is
the actual outer surface area of a spacecraft element, for which an isotropic distribution
of MMODs is assumed. For the analysis of impacts from debris, the model by |Oswald
et al| (2005) is assumed, considering a particle density of 2.8 g/cm?® and a velocity of
13 km/s. The flux of micrometeoroids is estimated using the model by (Grin et al.
(1985), assuming particles with a density of 2.5 g/cm? impacting at normal incidence
with a velocity of 20 km/s.

The number of impacts expected on the detection plane of XGIS is primarily due to
its large FoV. A significant fraction of XGIS SDDs is estimated to experience at least one
impact per year from debris and micrometeoroids, roughly one SDD every five. Since
the majority of these impacts will create craters deeper than the thickness of the passive

8Reported in the THESEUS Technical Note: XGIS Instrument Radiation Effects
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layers covering the SDD), thus reaching the silicon bulk, a shielding system for XGIS was
studied.

The study identified the Whipple Wall as the most effective shielding strategy. A
Whipple Wall consists of a thin bumper and a rear wall, separated by an interior spacing.
For XGIS, the multi-layer insulation (MLI), that would have been introduced anyway for
thermal-control purposes, would serve as the bumper, while a Polypropylene layer would
act as the rear wall. The MLI is composed of a 7.6 um Kapton layer coated with 100 nm
of Aluminum. For an orthogonal component of the particle velocity vparticle >7 km/s,
the minimum critical diameter (de;) of particles capable of penetrating the structure is
given by [Christiansen et al.| (2009):

derit = 3918ttt Lot Poumnmer (Uparticle €08 0)™2/% d3 (o /70)1/3 (3.7)

where tw,n is the thickness of the rear wall in cm, pparticte 1s the density of the particle
in g/cm?, phumper the density of the bumper in g/cm?, vparice the velocity of the particle
(assumed as orthogonal to the shield) in km/s, d is the distance between the bumper
and the rear wall in cm, and oway the yield stress of the rear wall in kilobarnﬂ.

The critical diameter is ~0.7 pm for debris and ~0.6 pum for micrometeoroids in
the case of the XGIS MLI. This estimation indicates that even small particles can pass
through the XGIS MLI.

To mitigate the expected number of MMODs impacts, an additional rear wall made
of a 25 um layer of beryllium or, equivalently and more conveniently from a mechanical
point of view, a 15 um polypropylene layer was introduced, positioned 10 cm above
the SDDs (53 cm below the MLI). With this additional shielding, the critical diameter
increases to ~230 pum for debris and ~130 pum for micrometeoroids, resulting in an
expected cumulative impact rate of 1.5x107° impacts/SDD /year.

In conclusion, the expected rate of MMODs capable of reaching the XGIS SDDs
is extremely low when adopting a Kapton-beryllium or Kapton-polypropylene Whipple
Wall shielding, remaining below 1075, as shown in Fig [3.27]

The following figures show how the effective area changes due to the implementation,
in the simple mass model, for on-axis simulations, of the MLI (Fig. , the polypropy-
lene layer (Fig. [3.29), and their combined effect (Fig. |3.30). The impacts are mainly
noticeable at energies up to 10 keV: a drop in the effective area is observed compared
to the simulation done with the mask only. This is consistent with the transmission
curves, which foresee at 2 keV, for the polypropylene layer, a transmission of ~70% of
the radiation, while for the Kapton and aluminum layer, it is ~56%, considering the
previously mentioned thicknesses.

When combining the total effect of the Whipple Wall, an overall more pronounced
reduction of the effective area at low energies is noticeable, with a total transmission effect

9The barn is the unit of cross-section measurement. 1 barn=10"2% cm?.
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Figure 3.28: Effective area obtained through on-axis simulations with the addition of
MLI in the mass model; the reduction effect is noticeable at low energies.

of 45%. The effect is practically absent for the S-mode. The reduction in the effective
area at low energies, however, does not significantly affect the imaging capabilities of
XGIS.

The last volume to be added concerns part of the Top Front End (Top FE) printed
circuit board (PCB), which houses the preamplifiers that carry the signal to the bottom
back-end electronics. The choice to place them above the illuminated detector area, thus
partially obstructing the SDDs, is driven by the fact that the closer they are to the SDD
anodes, the lower the induced electronic noise, as the connection wires will be shorter.

The PCB has been implemented in the mass model as plates covering the entire
length of the detector, with a width of 3 mm and a thickness of 1.6 mm, obstructing a
total of 30% of the detector. The material used, FR4 (a mixture of glass fiber and epoxy
resins), with the chosen thickness, has the effect of sharply cutting off the detection of
low-energy photons in the areas obscured by these structures.

Complete mass model

In Fig. [3.32] the volumes added to the mass model are shown: the Whipple Wall, com-
posed of MLI and polypropylene, and the PCB located above the detector plane.

In Fig. 3.33] the effective area is shown for all 18 simulated directions with the
complete mass model. The main difference compared to the effective area of the simple
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Figure 3.29: Effective area obtained through on-axis simulations with the addition of
polypropylene layer in the mass model; the reduction effect is noticeable at low energies.
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Figure 3.30: Effective area obtained through on-axis simulations with the addition of
MLI + polypropylene layer in the mass model; the overall reduction effect is noticeable
at low energies.
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Figure 3.31: Effective area obtained through on-axis simulations with the addition of
PCB in the mass model; the sharp reduction effect is noticeable at low energies.

model is observed for low-energy events detected in X-mode. The effects of the additional
structures, analyzed earlier, are significant up to 10 keV. At higher energies, the complete
mass model does not obstruct the transparency of the structures, and the effective area
increases similarly to the simple model.
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Figure 3.32: Internal view of the XGIS mass model. Starting from the left, the MLI
18 shown in gray, completely covering the coded mask. The polypropylene layer is in
brown, and the vertical bars of the PCB are in green. The green plane at the bottom
represents the tungsten collimator structure, adjacent to which, in blue, is the aluminum
structure that provides stability. The white structure contains the scintillators, while the
blue aluminum structure connects XGIS to the spacecraft.
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Figure 3.33: Effective area with the complete mass model and the random mask pattern,
for ¢ =0° (top) and ¢ = 45° (bottom). The curves, up to 40 keV, show X-mode events,
while at higher energies S-mode events are displayed. For off-axis angles beyond 45°,
the effective area at low energies is null, whereas at higher energies, detection remains
possible even for large off-axis sources.
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3.3.2 Response matrix

Depending on the type and energy of the incident particle, as well as the detector type,
a monoenergetic source produces a pulse-height distribution that may be Gaussian or
follow a more complex function. In either case, although all particles are emitted with
the same energy at the source, there is a probability that they may be recorded within
a range of energies. This implies that an event in a given detector PHA channel does
not directly reveal any meaningful information about the astrophysical object being
observed; rather, it encodes the energy of the incident photon according to a relationship
that depends on both the photon energy and the position on the detector where it is
recorded. This information is encapsulated in the detector Response Matrix, also called
the Redistribution Matrix.

The astrophysically relevant information is obtained by unfolding the measured spec-
trum using the Redistribution Matrix. In fact, the measured spectrum of the source
M(E)dE, which represents the number of particles recorded with energies between E
and F 4 dF and coincides with the pulse-height distribution, in linear approximation, is
given by (Tsoulfanidis, [2015)):

M(E) = /0 N R(E,E')S(E')dE’ (3.8)

where:

e R(E, E')dFE is the probability that a particle emitted by the source with energy E’
will be recorded with an energy between F and E + dFE; it can be expressed also
in terms of A(F), effective area as a function of energy;

e S(FE)dE is the source spectrum, i.e., the number of particles emitted by the source
with energy between F and F + dF.

In this work, in order to determine the response function of XGIS within its energy
range, the simulations described in the previous section have been performed.

In the ideal case, the redistribution matrix is a sharp and diagonal function, which is
possible to invert to get the detector response. Actually, as found for XGIS, this is not
a diagonal function, and the measured spectra should be fitted taking into account this
non-diagonal response. This arises from the fact that the detector response will have a
low-energy tail and various other spectral components for a given input energy.

In Fig. and Fig. [3.35] the response matrices obtained, on-axis, using the simple
and complete mass models are compared, respectively, for X-mode and S-mode. Input
energies versus PI channel are plotted; in particular, 57 channels have been used for
X-mode, while 317 channels for S-mode.

The response matrix for X-mode is essentially diagonal, being dominated by pho-
toelectric full-energy depositions. Instead, the response for S-mode has a significant
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contribution from non-diagonal elements (low-energy tail) due to the effects discussed in
Sect. such as the photopeak with its intrinsic broadening, single and double-escape
peaks, Compton scattering and fluorescence.
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Figure 3.3/: Response matrixz for X-mode with simple (top panel) and complete (bottom
panel) mass model. In this energy range, the redistribution is essentially diagonal, being
dominated by photoelectric full-energy depositions.
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Figure 3.35: Response matriz for S-mode with the simple (top panel) and complete
(bottom panel) mass model. Note the logarithmic color scale which emphasizes the off-
diagonal elements of the redistribution, mostly due to Compton-scattered events.
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3.4 Summary

The performance of XGIS has been evaluated in terms of effective area and instrument
response through Monte Carlo simulations conducted with Geant4, a standard tool for
such analyses. The performance was assessed separately for detection in X-mode (2-
30 keV) and in S mode (20-5000 keV).

The simulations have been performed using the mass model developed during the
THESEUS M5 study, to which a random mask pattern has been added (with different
thickness values), and then compared with the same model after several improvements in
modeling accuracy have been introduced. In particular, the simplest model with random
pattern mask yields an effective area of ~800 cm? in X-mode, consistent with the fact
that the mask pattern has an open fraction of 50%. Instead, the effective area for the
updated model is in line with a 72% reduction in count rate in the whole 2-30 keV
band, attributable to the diminished contributions of each introduced component (MLI,
polypropylene, PCB).

No differences were observed between the two mass models for the in S-mode effective
area, which peaks at slightly less than 1200 cm? at ~300 keV, since the implemented
additional layers affect only low energies.

The effective area is verified to be compliant with the mission requirements.

Finally, the response matrices were found: for X-mode, it is essentially diagonal,
while for S-mode, in addition to the diagonal contribution, a low-energy tail is present.

Upcoming improvements to the performance evaluations will include finer sampling
of the energy, zenith angle, and azimuthal angle space, as well as simulations involving
a larger number of primary events (at least an order of magnitude greater). A better
mass model (derived from CAD model) for the simulations will be exploited, provided
by the University of Valencia working group responsible for the XGIS coded mask design
and implementation. Furthermore, the height within the scintillator bars where the
interaction occurs will be introduced as part of the simulation outputs, allowing for a
more accurate event reconstruction (also from an electronic noise point of view). The
effective area of the XGIS system will also be studied by combining the contributions
from both XGIS cameras.

The outputs obtained here are useful for upcoming scientific simulations of XGIS per-
formance and actively contribute to the current study phase of the entire M7 THESEUS
mission, contributing to the update of the official documents provided to ESA for this
phase.
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Figure 3.36: (Top) Shadowgram projected by a simulated GRB on-azis with a typical
Band function spectrum (see Sect. with slope « = —1, = =3, and Fyreax =300 ke V.

(Bottom) Deconvolved image showing a count spike corresponding to the point-like GRB.
The images have an asinh color scale.
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Figure 3.37: (Top) Shifted shadowgram projected by a simulated GRB off-azis (0 = 30°,
¢ = 30°) with a typical Band function spectrum with slope o = —1, f = =3, and
Ehreax =300 keV (linear color scale). (Bottom) Deconvolved image showing in the top-left
part a count spike corresponding to the point-like GRB; secondary structures are also
visible around the GRB (asinh color scale).
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Figure 3.38: (Top) Overlapped shadowgrams projected both by a simulated on-axis
and off-axis GRB (0 = 30°, ¢ = 30°) with a typical Band function spectrum with slope
a=—1, 8= -3, and Epeax =100 ke V. (Bottom) Deconvolved image showing both counts
spike of the two GRBs. The images have linear color scale.
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Chapter 4

In-orbit background simulations

In this chapter, Monte Carlo simulations performed using Geant4 have been exploited to
evaluate the contribution of different background sources to XGIS, separately for X-mode
and S-mode.

An accurate assessment of the expected in-orbit instrumental background is essential
for evaluating the scientific performance of the experiment. The sensitivity of XGIS, in
fact, depends on the combination of several factors, the most important of which are the
effective area and the background itself.

As already discussed in Chapt. [2] an essential requirement for the THESEUS mission
is the stability of background levels. Ensuring a stability larger than 10% on a timescale
of 10 minutes is crucial to enable a highly sensitive triggering capability and to optimize
the characterization of transients, in particular for measuring key physical parameters
such as fluence, duration, the start and end times of the phenomenon.

Therefore, after a detailed description (Campanal, 2022)) of the background sources
affecting all high-energy detectors operating in Low Earth Orbit (LEO) and used as input
for the simulations, the contributions of each background source will be presented, lever-
aging both the simple mass model and the complete mass model described in Chap.

Finally, the strategies implemented in the XGIS design to reduce the background
noise will be discussed.

4.1 Background sources in Low Earth Orbits

The sensitivity of an instrument is influenced not only by intrinsic noise (see Chapt.|3)) but
also by external factors: every detector experiences extrinsic noise originating from the
environment in which it operates, that can affect its ability to measure signals and impact
its observations of cosmic sources. The photon counts resulting from an observation that
do not originate from the source under study are referred to as background.

The properties of the background are determined by the detector design, the charac-
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teristics of the operational environment, and the type of measurements being conducted.
To ensure an accurate interpretation of scientific data, a thorough understanding of the
background is essential (Campanaj, 2022).

The raw data from the observations, indeed, include events resulting from high-
energy photons as well as high-energy particles interacting with the detector. These
particle events can originate from various sources and, upon interacting with the detector,
generate charge that mimics the behavior of high-energy photons, leading to spurious
counts.

XGIS will operate at a nominal altitude between 550 km and 640 km, corresponding
to a mostly circular Low Earth Orbit (LEO), with a low inclination of 5.4° and an orbital
period of about 97 minutes. This specific inclination, combined with the chosen oper-
ational altitude, ensures a suitable environment for THESEUS performance, as already
shown by previous missions such as BeppoSAX and AGILE. The lower altitude limit for
an orbit is determined by atmospheric braking-induced orbital decay.

The spacecraft design enables payload operations also during eclipses, which occur
once per orbital revolution around the Earth, last about 35 minutes under the nominal
reference orbit parameters, with duration variations of approximately 10 seconds for
every 50 km change in altitude (Fig. [£.1).

LEOs offer several advantages, primarily by providing a low and relatively stable
overall background environment, which is essential for satisfying the XGIS requirements:
“stability shall remains within 10% over timescales of <10 minutes throughout the mis-
sion in-orbit lifetime and outside the South Atlantic Anomaly region[']

Several past and current GRB experiments operating in the 10-20 keV to a few MeV
energy range aboard space missions such as CGRO/BATSE, BeppoSAX/GRBM, Swift /-
BAT, Fermi/GBM, and Konus/WIND have demonstrated that a stable background over
this timescale is crucial for enabling sensitive triggering capabilities. Even though typ-
ical GRBs dominate the background during their peak and bulk emissions, the more
interesting events are typically the weakest.

Another important aspect of LEOs is that the required launcher Av, i.e. the impulse
per unit mass needed for orbital insertion (a measure of the fuel required for the launch),
is relatively small. This results in higher allowable payload masses, making it more
efficient for carrying larger instruments or payloads.

Being close to Earth surface means to receive significant radiation emitted by the
Earth itself, known as albedo radiation. Additionally, at altitudes around 600 km, about
30% of the sky is obstructed by the Earth (see next Section), leading to considerable
source occultation time. A well-planned pointing strategy can help reducing this effect
(see caption in Fig.

Moreover, orbiting close to Earth, in particular at low equatorial inclinations, provides
near-complete shielding of the spacecraft by the geomagnetic field against damaging

I'THESEUS/MT: Science Requirements Document.
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Figure 4.1: The expected sky exposure for the SXI instrument, computed from sim-
ulations assuming a nominal mission duration of 4 years. The color scale represents
exposure in units of days. Due to its larger FoV, the sky exposure of XGIS is signifi-
cantly larger. In Survey Mode, SXI and XGIS will be capable of detecting GRBs and
other transient sources within their FoV. Various pointing strategies have been evaluated
to optimize the trade-off between maximizing the number of detected GRBs and ensur-
ing a distribution of their sky positions easily accessible to large ground-based facilities.
To minimize Farth occultation of the FoV, two exposures are planned for each satellite
orbit, directed toward positions with opposite right ascension (i.e., RA; and RA; +12h)
and a declination of £30°, depending on the season. This observing strategy will result
i a non-uniform sky coverage, with most Survey Mode pointings lasting around 2.3 ks.
(Mereghetti et all, [2021).

solar particle events and Galactic cosmic rays, compared to much higher orbits such as
HEO (Highly Elliptical Orbits, apogee >36.000 km, Fig. |4.2)). Another advantage is
the possibility to exploit the Earth magnetic field for fast slewing of the spacecraft (by
exploiting reactions wheels and magnetic torquers), as well as the facilitation of prompt
transmission of transient triggers and positions to the ground. For THESEUS, the main
ground station will be located in Malindi (Kenya) and will be operated by the Italian
Space Agency.

The Earth is surrounded by its geomagnetic field, which is generated by the convection
currents in the molten outer core. At the surface of the Earth, the strength of the field is
~0.5 G. In a simplified model (particularly accurate at lower altitudes), the geomagnetic
field can be approximated as a tilted dipole, offset from the Earth center by around
500 km, and inclined by about 10° relative to the planet rotation axis. The complex
interaction between the solar wind, cosmic rays and the geomagnetic field leads to the
creation of two distinct regions where charged particles become trapped: the Van Allen
radiation belts, distinguished into an in inner and an outer region (Fig. . The inner
radiation belt spans from approximately 1.000 km to 12.000 km in altitude, primarily
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LEO (equatorial)

Figure 4.2: Various types of Earth orbits: LEO polar, equatorial, and HEO (Campana,
2022).

containing high-energy protons, with energies from MeV to GeV, and electrons up to a
few MeV. The outer radiation belt extends from about 12.000 km to 60.000 km and is
mainly composed of high-energy electrons with energies in the hundred of MeV.

The low altitude and inclination chosen for THESEUS allow to minimize the exposure
to the Van Allen trapped charged particles encountered by the spacecraft, in particular
avoiding the South Atlantic Anomaly (SAA).

The SAA is a region roughly located above the coasts of Brazil and the South Atlantic
Ocean, where the magnetic field is weaker compared to an idealized Earth-centered dipole
field, therefore Earth inner Van Allen radiation belt comes closest to the surface, reaching
altitudes of 200 km. As a result, the flux of energetic particles in this region is elevated,
exposing orbiting satellites to higher levels of radiation. The SAA is defined as the
region of space where the flux of particles with energy >20 MeV exceeds the threshold of
1 proton cm™2 s (European Space Agency (ESA), 2021). The geomagnetically trapped
electrons and protons inside the inner Van Allen radiation belt (originating from solar
winds and cosmic rays) populate this region and are responsible for the radioactivation
of the instruments and spacecraft structures, as well as for the radiation damage to the
detector itself.

The activation-induced background represents a minor, albeit non-negligible, contri-
bution to the overall background (Campana et al., 2020)). Nevertheless, this has not been
simulated in the present work.

As shown in Fig. 4.4 the THESEUS low-inclination orbit will only graze the SAA in
its outermost regions. This results in shorter transit durations and much lower trapped
particle fluxes compared to a satellite in a higher inclination orbit which would pass
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Figure 4.3: The Van Allen radiation belts, including both the inner and outer radiation
belts, are depicted, as well as the SAA region (Campand, 2022).

through the “core” of the SAA. However, data collected by XGIS during the passage
through the SAA will be discarded.

In the following sections, the main populations of particles and photons that con-
tribute to the on-board background are described, and have been employed as the inputs
for the Monte Carlo simulations.

4.1.1 Primary cosmic rays

The cosmic rays, composed by high-energy protons (~85%), ions (~13%), and electrons
(~2%) (Longair, [2011), are particles accelerated to relativistic velocities in different
processes, originating from galactic and extragalactic sources. Interacting with the at-
mosphere, cosmic rays produce showers of secondary particles, which can reach the Earth
surface but can also be reflected back into space.

The primary cosmic ray spectrum extends from an energy of a few MeV /nucleon
to extremely high energies, above 10 eV /nucleon. The differential spectrum is well
described, above ~1 GeV /nucleon, by a power-law distribution,

F(E) = dN/dE « E™

where v ~ 2.7.

The intensity of the cosmic ray flux is modulated by the 11-year solar cycle, with a
variation in the total integral flux of cosmic rays at the Earth location of about a factor of
two between solar minimum and maximum. The magnetic fields transported by the solar
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Figure 4.4: Top panel: Map of the trapped proton integral fluzes, above 100 keV, at
an altitude of 600 km, computed using the AP8 model at solar minimum. The region

with the strongest emission is the SAA. Bottom panel: The equatorial orbit in which
THESEUS will operate: the SAA will be only grazed. Source: SPENVIS.
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wind can deflect and scatter the incoming cosmic rays. The parameter that quantifies
the effect of the solar cycle is the solar modulation potential ®: at solar minimum it is
0.55 GV, while at solar maximum it is 1.10 GV (Gleeson and Axford, |1968). Moreover,
the presence of the geomagnetic field modifies the trajectories of charged particles near
the Earth, according to the particle rigidity R = pc/q, where p is the momentum, ¢
the charge and ¢ the speed of light (i.e., the momentum for unit charge, measured in
volts). If an individual cosmic ray has a rigidity above a certain threshold, it can reach a
given location in the magnetosphere. This threshold value is called cutoff rigidity, Ry,
and is a complex function of the altitude, the geomagnetic latitude, and the incoming
direction of the incident particle (see Stormer formula in [Smart and Sheal[2005)). For the
600 km, 5.4° inclination THESEUS orbit, the cutoff rigidity is found to be in the range
Rey ~10.1-12.1 GV.

By taking into account all these factors, the full differential spectrum for a primary
cosmic ray particle of mass M, charge Ze, rigidity R, and kinetic energy F, at a location
around the Earth given by an altitude h and a geomagnetic latitude X, can be expressed
by the following relation (Mizuno et al., 2004):

F(E) = Fy(E) x Fy(E, M, Z,®) x C(R, h, \) (4.1)

in which Fy is the incoming, unmodulated, cosmic ray spectrum, F); is an analytic solar
cycle modulation factor, and C' is a geomagnetic cutoff function (Campana et al., [2013]).

The unmodulated cosmic ray flux can be described following the approximations by
Mizuno et al.| (2004), based on AMS measurements (AMS collaboration, 2000):

R(E)

Fy(E) = K x lW

-
} [particles cm? s st™! MeV™!] (4.2)

where R(F) is the rigidity in GV and K and 7 are parameters which depend on particle
type and geomagnetic latitude. In particular, for the primary particles used in the
simulations, the following values obtained from the AMS observations were employed for
the differential spectra:

e protons, K =239, v =283
e clectrons, K = 0.65, v = 3.3
e positrons, K = 0.051, v = 3.3
e alpha, K = 1.5, v=2.77

Only the primary helium nuclei have been considered, as the contribution of heavier
nuclei is negligible with respect to the other primary particle fluxes (Zuccon, 2004).
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4.1.2 Secondary particles

The interaction of cosmic rays with the Earth atmosphere produces a secondary compo-
nent, “quasi-trapped” in the magnetic field lines. According to AMS measurements, this
secondary component is composed of a short-lived and a long-lived particle population,
both originating from the regions near the geomagnetic equator. Mizuno et al.| (2004)
model the secondary equatorial proton spectrum as a cutoff power-law:

—0.155
F(FE)=0.123 x ( ) e (E/051)75% [particles cm? s™' sr™! MeV '] (4.3)

1GeV

and a power law for energies below 100 MeV:
E N\
_ . 2 —1 .—1 -1
F(E) =0.136 x (100 eV) [particles cm® s7* st MeV ™ (4.4)

Furthermore, the equatorial secondary electron spectrum can be approximated with a
broken power law:

E 2.2
3Gev \ **/ E \*
F(E)=0. —_— f E > 4.
(E) =03 x <100Me\/) (3Ge\/) or E23GeV (4.6)

and a power law for energies below 100 MeV:

L B - 2 1 1 ~1
F(FE)=0.3x (M) [particles cm® s™" st keV ™| (4.7)

4.1.3 Photon background

The principal source of photon background for a spaceborne X-ray astronomy mission
is the nearly isotropic diffuse cosmic radiation, the cosmic X-ray background (CXB),
discovered during the very first X-ray astronomy experiments in the 1960s (Giacconi
et al., |1962)), which is the integrated emission of extragalactic point sources such as
AGN, powered by supermassive black holes. The model assumed is given by |Gruber
et al.| (1999) derived from HEAO-1 A4 and COMPTEL measurement. Below 60 keV:

—1.29
F(E)=7.877><( ) e B3 [photons cm? 571 sr! MeV™Y]  (4.8)

1 keV
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while above 60 keV it is described by the following formulas:

6.5
F(E) =0.000431 4.
(E) =0.0004317 x (60ke\/) (4.9)
—2.58
.0084 4.1
+0.0084 x (60ke\/) (4.10)
~2.05
0.00048 —_— 4.11
N X (60ke\/) (4.11)
[photons cm? s sr™! keV ™! (4.12)

Besides the extragalactic component, the diffuse photon emission includes also a
galactic contribution, non uniform spatially, due to different classes of sources such as
cataclysmic variables, coronally active binaries. The emission is strongest in the central
radians of the galaxy (i.e., approximately for absolute galactic longitudes below 30° and
latitudes below 10°), but a thin component all along the Galactic disk is still present at
other longitudes (Revnivtsev et al. 2006)).

Another source of photons background that has been employed in the simulations is
the Earth y-ray albedo radiation, which includes the reflection of CXB emission; this
component is mainly produced through bremsstrahlung and 7° decay processes during
the interaction of the primary cosmic rays with the atmosphere, along with the showers
of the already described secondary particles. The modeling developed by Ajello et al.
(2008) based on Swift/BAT data has been used:

0.0148
F<E) = 5 1.72
(rev)  + (s575ev)

Finally, neutron albedo radiation has been considered, originating from hadronic
showers induced by the interaction of primary cosmic rays with the atmosphere. The
resulting neutron flux will depend on the geomagnetic latitude, with a flux increase of
about an order of magnitude for polar regions with respect to equatorial latitudes. The
adopted model is the one suggested by ESA standards (ECSS| 2000).

Fig. shows the average differential fluxes of each described component.

[photons cm? s~ st keV ™! (4.13)
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Figure 4.5: Differential spectra of background sources in equatorial LEO expressed in
terms of particles ecm™2 s71 sr™! MeV='. Up to 10 keV, CXB and Photons Albedo com-
ponents are dominant, while at higher energies, particles contribution prevails (Campana
et al.l, 12020,).

4.2 Simulations

To study the impact of the previously described background sources, macro files contain-
ing the differential spectrum of each source have been provided as input to the Geant4
application. Unlike the simulations performed for the effective area and response matrix,
this time the input sources have been simulated isotropically on a sphere surrounding
the XGIS mass model, as shown in Fig. [4.6] Once again, both the simple and upgraded
mass models have been used, and the same pipeline has been exploited in order to obtain
cleaned data, divided among X-mode and S-mode events (see Sect. [3.2.4)).

The initial events (particles or photons) are generated on the surface of a sphere of
radius R (see Fig. |4.7)), with a cosine-biased emission angle to ensure an isotropic flux.
The emission angle is further restricted between 0 (normal to the spherical surface) to
Omax: the emission cone then subtends a smaller sphere of radius r that surrounds the
detector. In particular:

O e = arctan (%)

Calling ® the energy-integrated flux between F,,;, and F,.., expressed in particles cm™
s~ sr7!, then the total rate is:

2

N, = ® 47° R? sin® 0.
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Figure 4.6: Simulation of an isotropic source. The XGIS mass model (collimator
shown in green, support in blue, coded mask in pink) is fully exposed to radiation (green
lines).

This derives from the integration over the 27 emission angle for a point on the spherical
surface, biased with the cosine law:

27 /2
/ dgb/ cosfsinfdf ==
0 0

and integrated over the source sphere surface S = 47 R?. The restriction on the emission
angle introduces the further factor sin? 0. Therefore, the simulation time (i.e. exposure
time) that corresponds to N generated primary events is:

N
T =
D 472 R? sin? 0,05

Simulations provide C; counts in the energy bin i, (multiplied by the factor (80/89)?
to account for the “dead pixels”) both for X-mode and S-mode, thus the corresponding
measured flur, in counts cm~2 s7!, i.e., convolved with the detector response, has been

computed as:

C;
T Adet
where Age is the detector geometric area. Events detected in X-mode have been nor-
malized using Age; = 1600 cm?, while events in S-mode have adopted Age; = 1296 cm? E]

F, =

2The first results from the number of SDD pixels per detector side (80) multiplied by the pixel size
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Figure 4.7: Sketch of the source geometry used in the simulations for the background.
Photons are emitted from a sphere of radius R; their isotropic emission is confined within
an angle Oy, which subtends a smaller sphere of radius r, that encloses the entire XGIS
system.

For the spherical source, a radius of R = 500 cm has been chosen, while » = 70 cm
has been fixed to ensure that the whole XGIS system is irradiated. Therefore, a value of
Omax = 7.97° has been computed. This choice is not restrictive, as the only constraint is
to illuminate the entire detector.

Another aspect that needs to be considered in the normalization of the counts in X-
mode and S-mode is the solid angle of origin for each source. It is important to first note
that the solid angle, Qg, subtended by the Earth at an altitude & is given by (Campana
et al., 2013):

1 2
with Rp the Earth radius; thus the accessible sky subtends a solid angle of Q2 = 47 — Q.

As shown in Fig. [4.8] a satellite like THESEUS, orbiting at an altitude of 600 km, has
its FoV obstructed by the Earth by 30%. For this reason, the following correction factors
have been considered: 0.7 for primary particle sources and the CXB, as they come from
space; 0.3 for albedo radiation, which originates from the atmosphere; 1 for secondary
particles, as their incoming direction is almost isotropic (AMS collaboration|, [2000). In
Tab. [4.1] for each simulated source, the number of primaries, the energy-integrated flux

(0.5 cm); the second considers the same number of scintillator bars, each with a size of 0.45 cm.
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Figure 4.8: The fraction of the sky obstructed by the FEarth for a given orbit altitude
h. For an altitude of 600 km, the Earth covers approzimately 30% of the field of view
(Campana et all (2015).

2

® (particles cm™2 s71 sr™!), the resulting exposure time and the fraction of solid angle

are shown.

Source N & (part/cm?/s/sr) Exposure (s) Solid Angle
primary Alpha 10° 1.66 x 1073 317.5 0.7
primary Protons 10° 1.14 x 1072 46.2 0.7
primary Electrons 10° 7.15x 107° 7371.7 0.7
primary Positrons 10° 6.00 x 1076 87846.2 0.7
secondary Protons ~ 10° 9.55 x 1073 551.9 1
secondary Electrons 109 9.43 x 1073 558.9 1
secondary Positrons 109 3.11 x 1072 169.5 1
neutron Albedo 107 3.70 x 1072 1424.5 0.3
photon Albedo 107 6.69 x 1071 78.8 0.3
CXB 107 1.10 x 101 4.8 0.7

Table 4.1: Inputs provided to the simulations for both the simple mass model and the
upgraded one. The background sources are those described in the previous section. The
number of primary events have been chosen to ensure a significant counting statistic
(>10.000 counts). The integrated fluzes has been derived from the spectra discussed
earlier, which were used to calculate the exposure time; finally the solid angle factor
considered for each source.
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The contribution of each component to the XGIS background as a function of energy
per unit area, is shown in Fig. 4.9 and Fig. [£.10, for the count rates in X-mode and
S-mode, respectively. The results are presented for the simple mass model (top panels)
and the upgraded one (bottom panels). In Tab. and Tab. , the total count rates
for the individual components and for the total background are reported, respectively,
for the simple and upgraded mass models. Finally, in Fig. [£.11] the total count rates per
unit area, as a function of energy, are shown.

For both mass models, the dominant contribution to the X-mode background, in the
2-30 keV energy range, comes from the CXB, which accounts for more than 99% of
the total contribution. The contribution from other sources is negligible. The difference
between the simple and upgraded mass models is noticeable at low energies: in fact, the
count rate is nearly halved from 2800 £ 33 to 1630 £ 21 counts/s (~ 42% reduction)
due to the additional components. As analyzed in Chap. [3 these components reduce
the detection of low-energy photons, consequently decreasing the overall background
contribution in this energy range.

For the S-mode background, in the 20-5000 keV energy range, the dominant con-
tributions are due to the photon background up to several hundred of keV. For higher
energies, the particle background becomes dominant. The difference in count rates be-
tween the two mass models is negligible (~ 1%) since, at high energies, the layers result
transparent. The count rate reaches 1630 £ 25 counts/s. The S-mode background also
shows noticeable fluorescence lines due to the tungsten in the mask and collimator (K,
and K lines at ~59 keV and ~67 keV, respectively), which could be used for calibration
purposes.

The reported data are averaged over all possible satellite pointing directions. How-
ever, the Earth position relative to the XGIS pointing direction significantly impacts the
resulting background, and its modulation will be the subject of further studies. For M5,
it has been shown that, for S-mode, the maximum modulation is about 20%, a relatively
small value due to the nearly isotropic sensitivity of the instrument. Whereas, for X-
mode, the modulation can reach up to 90%, as a result of the restricted FoV (Campana
et al., 2020).

Having an accurate estimate of the expected background rate at the current stage
of the mission study is crucial, as it allows for further investigations and simulations
regarding the population of short and long GRBs that XGIS can detect and localize.
Moreover, it enables a more precise distinction between true detection triggers and false
ones. In fact, considering that SNR = Ngignal/\/Nsignal + Nbkg, for M5, a conservative
estimate was made such that triggers with SNR > 7 are considered to be originated
from true GRBs. This estimate, based on studies of simulated GRB populations, allows
not only to discard potential false triggers but also to avoid missing true, albeit faint,
triggers (Mereghetti et al., [2020)).
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Figure 4.9: Simulated source contributions to the X-mode background for the simple
mass model (top panel) and the upgraded mass model (bottom panel), expressed in counts
em ™2 sV keV =L, The dominant contribution comes from CXB, while the others are neg-
lrgible. Note that at lower energies, the count rate in the upgraded mass model is reduced
by ~ 42% thanks to the presence of additional layers.
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Figure 4.10: Simulated source contributions to the S-mode background for the simple
mass model (top panel) and the upgraded mass model (bottom panel), expressed in counts
em ™2 s keV L. Up to several hundred of keV, the dominant contribution is the photon
background sources, while at higher energies, particle background prevails. No significant
difference between the two mass model is present. Tungsten fluorescence lines are also

present.
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Figure 4.11: Total background contributions in X-mode and S-mode for the simple
mass model (top panel) and upgraded mass model (bottom panel), expressed in counts
em~2s Y keV L. At lower energies, the shielding effect of the protecting layers reduces
the counts, while at higher energies, tungsten fluorescence lines are present.
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Table 4.2: Total background count rate in X-mode and S-mode for the simple mass
model. X-mode rate has been computed in the range within 2-30 keV, while S-mode rate
in the range 20-5000 keV. The percentages refer to the maximum value reported for X-
mode and S-mode. The statistical error is also reported.

Source X-mode (s7!) S-mode (s7!) X-mode (%) S-mode (%)
CXB 2.80 x 103 9.18 x 10? 99.82% 56.33%
photon Albedo 2.99 x 10° 4.27 x 10? 0.11% 26.20%
primary Electrons 1.76 x 1073 1.86 x 1071 0.00% 0.01%
primary Protons 1.96 x 1071 1.46 x 10* 0.01% 0.90%
secondary Positrons 1.04 x 10° 1.71 x 102 0.04% 10.50%
neutron Albedo 2.02 x 1071 3.90 x 10! 0.01% 2.40%
primary Alpha 9.80 x 1072 2.82 x 10° 0.00% 0.17%
primary Positrons 1.67 x 1074 1.58 x 1072 0.00% 0.00%
secondary Electrons  3.34 x 107! 4.51 x 10* 0.01% 2.77%
secondary Protons 2.03 x 1071 1.18 x 10! 0.01% 0.72%
Total X mode 2800 + 33 100%

Total S mode 1630 + 21 100%

Table 4.3: Total background count rate in X-mode and S-mode for the upgraded mass
model. X-mode rate has been computed in the range within 2-30 keV, while S-mode rate
in the range 20-5000 keV. The percentages refer to the maximum value reported for X-
mode and S-mode. The statistical error is also reported.

Source X-mode (s7!) S-mode (s7!') X-mode (%) S-mode (%)
CXB 1.63 x 103 9.02 x 102 99.74% 56.04%
photon Albedo 2.69 x 10° 4.24 x 10? 0.16% 26.35%
primary Electrons 0.00 x 1074 0.18 x 1071 0.00% 0.01%
primary Protons 0.22 x 1071 1.47 x 10* 0.01% 0.90%
secondary Positrons  0.69 x 107! 1.70 x 10? 0.04% 10.59%
neutron Albedo 0.20 x 1071 3.91 x 10* 0.01% 2.43%
primary Alpha 0.06 x 1072 2.65 x 10° 0.00% 0.16%
primary Positrons 0.00 x 1074 0.02 x 1072 0.00% 0.00%
secondary Electrons  0.25 x 107! 4.50 x 10! 0.02% 2.79%
secondary Protons 0.14 x 1071 1.16 x 10* 0.01% 0.72%
Total X mode 1630 + 25 100%

Total S mode 1610 + 21 100%
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4.3 Radiation effects and mitigation strategies

In the space environment, the interaction of high-energy particles can damage any X-ray
detector. For instance, solid-state detectors are susceptible to the so-called nonionizing
energy loss (NIEL), in which the transfer of energy from an incoming particle can damage
the crystalline lattice of a semiconductor detector, increasing the dark current over time
and degrading its performance.

Charged particles can interact with the satellite leaving in their wake an ionization
streak, i.e., a continuous ionization of the material along their path, that, however, can
be detected by the instrument. Another process that generates charged particles is the
production of secondary showers by the electromagnetic and hadronic interactions of a
high-energy primary proton with the instrument or the spacecraft structures. Moreover,
high-energy protons encountered by the spacecraft along its orbit can induce radioac-
tivation of the various spacecraft and detector materials: the net result is the creation
of various types of unstable isotopes, which can then decay and ultimately perform as
sources of unwanted -rays and ionizing particles, thus contributing to the background.

The background influences the instrument performance on multiple levels. It intro-
duces rapid variations such as sudden increases due to flares, as well as gradual shifts
related to the satellite orbit and orientation, affecting timing measurements. In the
spectral domain, additional continuous signals and distinct emission lines are present,
for example due to fluorescence in the detector materials. In imaging, these effects
can lead to localized issues, such as unusually bright pixels and non-uniform detector
responses.

These effects impose strict requirements on the design of space experiments, influ-
encing factors such as the detector operating temperature and expected lifetime.

Estimating the level of onboard background for an X-ray space experiment is a
mandatory feature of the instrument design phase and, in order to minimize it, sev-
eral strategies can be employed (Campanay, 2022).

To suppress the background caused by high-energy photons, detectors can be shielded
using appropriate thicknesses of high-Z (high-density) materials. In the case of XGIS,
the primary shielding is provided by the tungsten and aluminum layers that form the
collimator and the detector supports. However, these shields can still generate a signifi-
cant amount of secondary radiation, for example, due to fluorescence (as highlighted in
the figures of the previous section).

A more advanced technique, which also helps reduce the mass, involves using graded-
Z shielding (Fig. [4.12). This consists of a stack of materials with progressively lower
atomic numbers. The layer with the highest Z is capable of scattering and absorbing
protons, electrons, and gamma rays. Each following layer absorbs the X-ray fluorescence
generated by photon interactions in the previous material, gradually reducing the energy
to an acceptable level. A similar system could be introduced in the XGIS design to
reduce the impact of fluorescence lines, but the trade-off with the additional mass and
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complexity burden has to be carefully evaluatedﬂ.

Another method to reduce the impact of charged particles on the instrumental back-
ground is the use of an active anticoincidence system. This involves surrounding the
instrument with a fast, particle-sensitive detector. When the anticoincidence detector
is triggered, it generates a veto signal, which allows for the rejection of any event that
is caused by the same particle in the detector of interest (Fig. [4.13). This technique
“isolate” the true events of interest by effectively filtering out background interference
from charged particles. In the case of XGIS, this could be achieved by exploiting the
most external layer of scintillator bars.

Another effective suppression method for particle-induced events can be achieved
through an onboard filter, implemented either in hardware or software, that identifies
and rejects such events. Particles incident on the XGIS detector leave ionization streaks
that intersect multiple crystals simultaneously, and these can be effectively recognized
thanks to the fine segmentation of the detection plane, which consists of 6400 individual
pixels. Simulations show that a “topological” filter, which considers both the occurrence
of an energy deposit above a few MeV in a single crystal (event saturation) and the
number of simultaneously triggering crystals (event multiplicity), can achieve a rejection
efficiency as high as 90%, depending on the type and energy of the incoming particle
(Campana et al., 2020).

3THESEUS Report: XGIS Instrument Performance Budget.
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Figure 4.12: FExample of a graded-Z shield, in which layers of materials with different
atomic number progressively filter the incoming photon flux, shifting the typical energies
to lower values (Campand, |2022).

Photon

Anticoincidence shield

Figure 4.13: Conceptual example of an active anticoincidence. A charged particle will
leave a signal on both the detector and on the external shield, while photons will interact
only with the detector. A suitable control electronics can then veto events occurring on

both structures (Campana, |2022).
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4.4 Summary

The background noise sources in LEO affect the observations of any X-ray and gamma-
ray detector.

The background count rates of the XGIS instrument have been evaluated through
Monte Carlo simulations using the Geant4 software, considering both the simple and
the upgraded mass models. As input, the sources described in |Campana et al. (2013)),
previously used for studies conducted during the M5 phase, have been employed.

The simulations show a 42% reduction in background counts in X-mode (2-30 keV)
between the two mass models, decreasing from 2800 & 33 counts/s to 1630+ 21 counts/s.
This reduction is due to the protective layers in the upgraded mass model, which limit the
passage of photons and particles with energies below 10 keV. The dominant component
is found to be the Cosmic X-ray Background.

The background in S-mode (20-5000 keV) does not show significant differences be-
tween the two mass models and remains at approximately 1610 4+ 21 counts/s, since
the implemented protective layers affect only low energies. In this case, photon back-
ground dominates up to a few hundred keV, while at higher energies, particle background
becomes the main contributor to the noise.

Upcoming improvements will take into account the activation of materials caused by
trapped particles within the geomagnetic field lines. Moreover, a systematic study of
strategies for rejecting spurious events, as well as a more detailed analysis of background
contributions as a function of the XGIS pointing direction relative to the Earth, will
be conducted. Additionally, a better mass model (CAD model) for the simulations will
be exploited, provided by the University of Valencia working group responsible for the
XGIS coded mask system.

The background count rate obtained is useful for upcoming scientific simulations of

the XGIS performance and actively contributes to the current study phase of the entire
M7 THESEUS mission.
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Chapter 5

Conclusions and future perspectives

Gamma-Ray Bursts are the most energetic transient phenomena ever observed in the
universe, capable of outshining any other source in the y-ray band. Their extreme lumi-
nosity and connection to the final stages of stellar evolution make them essential tools for
investigating the Early Universe and Multi-Messenger Astrophysics. In particular, high-
redshift GRBs can provide crucial insights into the first stars (Population III) and the
cosmic reionization process, while GRBs detected across a wide redshift range contribute
to understanding star formation history and the evolution of cosmic metallicity.

The scientific importance of GRBs has led to the development of advanced space
missions such as THESEUS, which is currently in Phase A (in the framework of the ESA
Cosmic Vision M7 launch opportunity, after a previous study carried on in 201821 for
the M5 slot) until the downselection of the mission, that will occur in 2026. Its payload
includes two wide-field high-energy monitors and an infrared telescope, combined with
rapid slewing capabilities, enabling the detection and localization of GRBs up to high
redshifts. THESEUS will play a key role in triggering alerts for future ground-based and
space-based observatories.

My thesis focuses on the performance evaluation of XGIS, the wide-field monitor on-
board THESEUS, designed to perform imaging in the 2-150 keV range and spectroscopy
up to 5-10 MeV. The detector employs an innovative design, combining Silicon Drift
Detectors with CsI(T1) scintillating bars, resulting in a compact architecture capable of
covering a broad energy range.

The sensitivity of XGIS, crucial for detecting weak GRB signals, depends on factors
such as effective area, instrumental response and background noise. These aspects have
been analyzed through Monte Carlo simulations using the Geant4 toolkit, a standard
tool for evaluating high-energy instruments. Compared to previous studies conducted
for M5, the simulations in this work benefited from a more detailed mass model of XGIS,
allowing for a more precise assessment of its design and performance.

Monte Carlo simulations were conducted to evaluate the effective area and instrument
response in both X-mode (2-30 keV) and S-mode (20-5000 keV). The analysis compared
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the simplified mass model with a random coded mask pattern to an improved model
incorporating additional protective layers.

e In X-mode, the simple model yielded an effective area of ~ 800 cm?, consistent with
the 50% open fraction of the mask. The upgraded model showed a reduction in
effective area (< 600 cm?), due to the added shielding materials (MLI, polypropy-
lene, PCB). In both cases the instrument response is essentially diagonal.

e In S-mode, no significant differences were observed between the two models. The
effective area peaks at ~1200 cm? around 300 keV, as the protective layers, trans-
parent in this range, mainly affect low-energy photons. In both cases the instrument
response is diagonal, with a low energy tail.

The effective area was confirmed to meet mission requirements. Future improvements
will include finer sampling of energy, zenith, and azimuthal angles, as well as an increased
number of simulated primary events. Additionally, an updated CAD-based mass model
provided by the University of Valencia working group will be incorporated.

Background noise sources in Low Earth Orbit significantly impact X-ray and ~-ray
observations. The background count rate for XGIS was evaluated using Monte Carlo
simulations based on established models from previous studies.

e In X-mode, the improved mass model resulted in a significant reduction in back-
ground counts (from 2800 £ 33 to 1630 £ 21 counts/s), mainly due to the added
protective layers. The dominant background component in this range is the Cosmic
X-ray Background.

e In S-mode, background levels remained unchanged (1610 £ 21 counts/s) as high-
energy photons and particles are less affected by shielding. Photon background
dominates up to a few hundred keV, while at higher energies particle background
become the primary source of noise.

Future work will refine background estimations by considering material activation
effects due to trapped particles, optimizing event rejection strategies, and analyzing
background contributions as a function of the instrument pointing direction relative
to the Earth. The updated CAD-based mass model will also be implemented for more
accurate simulations, allowing to evaluate also the performance of different, more efficient
scintillator crystals such as GAGG:Ce (Cerium-doped Gadolinium Aluminum Gallium
Garnet).

In subsequent phases of the THESEUS study, further design optimizations will be
explored, including improvements to the coded mask pattern, mask element size and
thickness, and mask support structures. Simulations will also investigate the possibility
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of reducing background noise by exploiting the coarse 3D event reconstruction capabil-
ities of XGIS, allowed by the dual readout of the scintillation light at both pixel ends,
which could help discriminate spurious events originating from the bottom side of the
scintillators. These optimizations will contribute to refining the instrument design trade-
offs and enhancing its overall performance.

The results of this study provide valuable inputs for upcoming scientific simulations
of XGIS performance and actively support the ongoing Phase A study of the M7 THE-
SEUS mission (see Fig. For example, the analysis of the effective area, response,
and background will be used to evaluate the overall flux sensitivity of the instrumentﬂ.
Furthermore, the output of the simulations will be useful for studying and optimizing
data transfer from the detector/module level to the data handling unit.ﬂ

The results presented in this thesis have also contributed to updating the official
performance documents provided to ESA, ensuring that XGIS meets the mission scientific
and technical objectives.

L According to the THESEUS/M7 Science Requirements Document, the current values for the sen-
sitivity requirement are of 1.8 x 107! over the 0.3-5 keV energy band in 1500 seconds, of 1 x 10710
over the 0.3-5 keV energy band in 100 seconds, of 10~® over the 2-30 keV energy band in 1 second,
of 3 x 1078 over the 30-150 keV energy band in 1 second, and of 2.7 x 10~7 over the 150 keV-1 MeV
energy band in 1 second at 3o, in cgs units.

2In particular, this topic is currently actively under evaluation in the XGIS collaboration as a part
of the Phase A study (I'm grateful to P. Calabretto and G. Mattioli for useful discussions).
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Figure 5.1: Simulation, using the response matrices obtained in this work, of a very
bright GRB (total 50-300 keV fluence of ~10 photons cm™2) as observed by XGIS. The
black curve s X-mode, the red curve is S-mode. The spectrum is modeled as a Band
function (Band et all |1993) with parameters o = —2, § = =3, and a break energy of
300 keV.
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Appendix A

Listing of the main() function

Here is the main() function I developed for the Geant4 simulations. This function
calls several C++ scripts that make up the simulation, including those that define the
construction of the mass model, the scripts that define the simulated physical processes,
and those related to user actions, which include the input source and the output data to
be saved.

The Python pipeline is used to invoke the main() function an arbitrary number of
times, enabling consecutive simulations to be executed in sequence.

#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

int main(int argc,

{
// G4Random::setTheEngine (new CLHEP::RanecuEngine);
// G4Random::setTheSeed (time (0)) ;
// Detect interactive mode (if no arguments) and define UI session

"G4MTRunManager .hh"
"G4RunManager .hh"
"G4VisExecutive.hh"
"G4UImanager .hh"
"G4UIExecutive.hh"
"G4UIterminal .hh"
"G4UItcsh.hh"
"DetectorConstruction.hh"
"UserActionInitialization.hh"
"PhysicsList.hh"
"G4PhysListFactory.hh"
"G4VUserPhysicsList .hh"
"PrimaryGeneratorAction.hh"
"UserRunAction.hh"
"UserEventAction.hh"
"G4UImessenger .hh"
"G4AnalysisManager .hh"

char **argv)

G4UIExecutive* ui = 0;
if (argc == 1)
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69

{
ui = new G4UIExecutive (argc, argv);
}
// Construct the run manager
#ifdef G4MULTITHREADED
G4MTRunManager * runManager = new G4MTRunManager;
runManager ->SetNumber0fThreads (4) ;
#else
G4RunManager * runManager = new G4RunManager;
#endif
//runManager ->SetVerboselLevel (2) ;
// Set mandatory initialization classes
runManager ->SetUserInitialization(new DetectorConstruction());
runManager ->SetUserInitialization(new PhysicsList ());
// User action initialization
runManager ->SetUserInitialization(new UserActionInitialization());
// Initialize G4 kermnel
runManager->Initialize () ;
G4AnalysisManager* analysisManager = G4AnalysisManager::Instance();

// Visualization manager construction

auto visManager = new G4VisExecutive;

// G4VisExecutive can take a verbosity argument - see /vis/verbose
guidance.

// G4VisManager* visManager = new G4VisExecutive ("Quiet");

visManager ->Initialize () ;

// Get the pointer to the User Interface manager

auto uiManager = G4UImanager::GetUIpointer ();

// Activation of atomic EM de-excitation processes

uiManager ->ApplyCommand ("/run/initialize");

uiManager ->ApplyCommand ("/process/em/deexcitation World true true,
true") ;

uiManager ->ApplyCommand ("/process/em/fluotrue") ;

uiManager ->ApplyCommand ("/process/em/auger true");

uiManager ->ApplyCommand ("/run/physicsModified");

if (!tui) // Batch mode
{
// execute an argument macro file if exist
G4String command = "/control/executey";
G4String fileName = argv[1];
if (argc==3)
{
// If there are two batch files (e.g. a General Particle
Source macro)
// load this first
G4String fileGPS = argv[2];
uiManager ->ApplyCommand (command+£fileGPS) ;
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90

99

100

101

G4cout << "GPS_macrofile_executed: " << fileGPS << G4endl;

3
else
{
// Default GPS
uiManager ->ApplyCommand ("/gps/particle gamma") ;
uiManager ->ApplyCommand ("/gps/energy 100,keV") ;
uiManager ->ApplyCommand ("/gps/position ,,uu0.0,,0.0,+50.0
cm") ;
uiManager ->ApplyCommand ("/gps/direction ,u0.0,,0.0,-1.0");
uiManager ->ApplyCommand ("/gps/polarization ;1.0,,0.0,,0.0");
}

// Execute batch file
uiManager ->ApplyCommand (command+fileName) ;
G4cout << "Batch_ file executed: " << fileName << G4endl;

}
else // GUI or interactive mode
{
uiManager ->ApplyCommand ("/control/executeinit_vis.mac");
if (ui->IsGUIQ)) {
uiManager ->ApplyCommand ("/control/execute visGUI .mac") ;
}
// start interactive session
ui->SessionStart () ;
delete ui;
}

// Job termination
delete visManager;
delete runManager;
return O;

}

Listing A.1: The main() function implemented in the Geant4 application used for all
simulations.

Below, I provide the list of C++ source code files used for the simulation. Their corre-
sponding headers files are omitted. The CMakeLists.txt file is used to build the source
code and create the executable xgis M7. The mask.dat and detector_params.inp files
are input parameters for the mass model, which are read by ConfigFile.cc to allow
easy modifications. The mask.dat file contains the random mask pattern provided to
the mass model, which can also be easily replaced. The geometry.gdml file contains all
the information related to the detector.

e DetectorConstruction.cc
o ModuleParameterisation.cc

e PrimaryGeneratorAction.cc
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e SensitiveDetector.cc

e UserRunAction.cc

e DetectorHit.cc

e PCBParameterisation.cc
e SDDDetectorHit.cc

e UserActionInitialization.cc
e UserRun.cc

e ConfigFile.cc

e MaskParameterisation.cc
e PhysicslList.cc

e SDDSensitiveDetector.cc
e UserEventAction.cc

e CMakeLists.txt

e geometry.gdml

e xgis M7.cc

e detector_params.inp

e mask.dat

xgis M7

The Geant4 application was initially tested with simple simulations on my personal
computer. Subsequently, the simulations exploited the computational power of the IN-
AF/OAS computing cluster. The deployment of the code on the cluster was achieved by
means of a Docker container, which included all the necessary dependencies to run the
application.
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Appendix B

Coded mask technique

Unlike telescopes based on the reflection or refraction of incoming radiation, the image
obtained by the detector of a coded mask instrument is quite different from the actual
image of the observed sky. This is because the signal collected by the detector does not
directly represent the observed sources but rather the shadow pattern produced by them
after being encoded by the mask (Fig.[B.]). To obtain an image of the sky, it is therefore
necessary to properly decode this signal (Fig. [B.2)).

In order to decode the signal, let’s consider a detector composed of a grid of pixels
(x,y), where the signal D in each pixel is given by

D(z,y) = A(z,y) * S(z,y) + B(z,y) (B.1)

where A is the matrix describing the mask pattern, S is the observed sky image, B
represents the background noise, and * denotes the correlation operator. If the chosen
mask pattern is appropriate, it is possible to reconstruct an image of the observed sky
sources by performing a convolution between the detector image and a specific decoding
matrix, which depends on the selected pattern:

~

S(z,y) = G(z,y) * D(x,y) ~ S(z,y) (B.2)

where S is the reconstructed sky matrix and G is the decoding matrix defined such
that Point Spread Function PSF=G x A is d-form. If the matrix A were invertible, then
G = A1 would satisfy the previous condition, but this solution could lead to background
noise amplification issues if some elements of GG are large. To avoid this, it is possible to
define G as:

Gﬂ:{L gAﬁzl
T/(r—1), fA;=0

Where 7 is the open mask fraction, i.e., the ratio between the number of open mask
elements and the total number of elements. The matrix thus defined approximates
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Coded mask system
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Figure B.1: Left: a pinhole camera or a single-open-cell coded-mask imager.
detector plane registers an image of the source field with relatively low significance peaks,

The

since the detecting area corresponds to only one mask element. Right: a coded-mask
imager. The detector plane registers an overlapping set of shifted shadowgrams of the
mask pattern, each set associated with one point source. The peaks in the reconstructed
image have much higher significance, since the number of detected source photons is
multiplied by the number of open cells of the basic mask pattern (Bragd, |2019).

Figure B.2: Comparison between simulated deconvolved sky itmages for a source within
the FCFOV (left) and within the PCFOV (right). Many more artifacts and secondary
lobes are produced during the deconvolution of off-axis sources, while on-axis sources
generate flat side-lobe peaks. (Goldwurm and Gros, |2024).
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Figure B.3: Self-supporting mask pattern (left). MURA pattern (right) (Credits:
Edoardo Arrigoni, INAF-IASF Milano).

a solution to the given condition and does not cause uncontrolled background noise
amplification, as it assumes limited values for plausible 7 values (~0.3-0.5)

During the design phase of a detector, it is necessary to make an optimal choice of the
mask pattern used. In fact, to reconstruct an image of the sky from the data collected
by the detector, it is essential that the shadow projected by the mask be unique for each
direction from which the radiation originates. Therefore, the autocorrelation function
(ACF) of the mask, which determines the PSF, must be §-shaped.

The simplest pattern that satisfies this condition is one consisting of a single hole (this
is the working principle of the so-called pinhole camera). However, in this configuration,
sensitivity and localization accuracy are inversely proportional to each other, since the
former depends on the area of the hole, while the latter depends on the inverse of its
angular size. A proposed solution to this issue is to use a pattern consisting of multiple
holes arranged in random positions. This improves sensitivity (which is proportional to
the total area of the holes) without altering localization accuracy (which depends on the
angular size of each individual hole).

The Fig. shows two types of patterns different from the random pattern used in
the thesis work.

On the left, a Self-Supporting mask pattern (Giles, 1981) is shown, in which the
closed elements of the mask are all adjacent. On the right, the MURA pattern (Modified
Uniformly Redundant Array, Fenimore and Cannon||1978)), which has not been chosen
for XGIS since; although it deconvolves sources within FCFOV with less degradation, it
worsens sources within PCFOV significantly, introducing artifacts and secondary struc-
tures. Therefore, since XGIS is designed to detect transient phenomena, it is expected
that most of the observed sources will be off-axis.
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