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Abstract

The High Energy Rapid Modular Ensemble of Satellites Pathfinder (HERMES-PF) is a new
mission concept involving the development of a constellation of six CubeSats in Low-Earth
Orbit. The main HERMES-PF scientific goals are: to accurately and timely localize bright X-
ray /soft y-ray transients, such as Gamma-Ray Bursts (GRBs) and other high-energy transients,
and to investigate, for the first time, the temporal structure of GRBs down to the microsecond
scale and constrain the models for the GRB engine.

The mission consists of two projects: the HERMES Technological Pathfinder (HTP), funded
by MIUR and ASI, which aims at demonstrating the feasibility of the project based on the
first three nanosatellites; the HERMES Scientific Pathfinder (HSP), funded by the EU Horizon
2020 program, which includes three additional satellites for the purpose of enabling an initial
GRBs localization experiment.

At the core of each scientific payload there is a hybrid Silicon Drift Detector (SDD)/GAGG:Ce
scintillator based system for X-ray and ~-ray detection. For the HERMES-PF readout elec-
tronics, a low-noise, low-power application-specific integrated circuit (ASIC), called LYRA, was
designed and developed.

The HERMES-PF also operates together with the Australian-Italian SpIRIT (Space Industry
Responsive Intelligent Thermal) mission, which hosts an HERMES-like detector. SpIRIT is
a 6U CubeSat developed by a consortium led by the University of Melbourne with Italian
participation, supported by the Australian and Italian Space Agencies.

SpIRIT was launched on December 1, 2023, while HERMES-PF was launched on March 15,
2025, forming a seven-satellite mini-constellation in Sun-synchronous orbit.

An X-ray and ~v-ray spectrometer, derived from the HERMES-PF payload, was also included
in the TASTE ( Terrain Analyzer and Sample Tester Explorer) mission study, with the goal of
obtaining X-ray and ~-ray spectroscopy of the surface of Deimos, one of the moons of Mars.

The mission is currently in phase B and is funded by ASI.

The thesis project focuses on the calibration and performance analysis of the HERMES-PF

and SpIRIT flight units, from ground calibration activities to in-orbit commissioning. It also



II Abstract

includes contributions to TASTE mission studies for adapting the HERMES-PF payload to the
Martian environment.

The first part of the work describes the ground integration and calibration of the last three
HERMES-PF payloads, which were fully tested and calibrated at the FBK (Trento) and
INAF /IAPS (Rome) clean-room facilities. Calibrations were performed with radioactive sources
in a temperature range from -20 °C to 420 °C and the results of all seven payloads (HERMES-
PF + SpIRIT) were consolidated into a Calibration Database (CALDB) for future in-orbit
configuration and monitoring. The technical performance of each payload was evaluated and
discussed.

The second part presents the commissioning of the HERMES-PF payload on-board SpIRIT,
monitored in part at the University of Melbourne. Commissioning activities included veri-
fication of the payload’s functionality and performance in the space environment. In-flight
calibrations were performed, allowing detector thresholds to be optimized, background noise
levels to be monitored, and the CALDB to be successfully verified and updated in orbit, demon-
strating the scientific functionality of the payload. The first scientific observations were then
acquired and analyzed.

Finally, the thesis describes the developments for the TASTE mission. The trade-off studies and
modifications required to the HERMES-PF payload to meet the new scientific and technical
requirements and survive in the Martian space environment are presented, with a focus on
the new readout electronics and the development of a test board to verify its functionality.
These results represent the first step in adapting HERMES-PF detector technology to operate

in harsh space environments.

The thesis is organized as follows: Chapter 1 introduces y-ray astronomy, with a focus on the
evolution of high-energy instrumentation and Gamma-ray Bursts. Chapter 2 gives an overview
of CubeSat applications for high-energy astrophysics. Chapter 3 describes the HERMES-PF
mission: from technological and scientific objectives to a detailed description of the instrumen-
tation. Chapter 4 reports the calibration campaigns on the HERMES-PF flight models, with a
related discussion on the results obtained. Chapter 5 presents the SpIRIT in-orbit results. And
Chapter 6 summarizes the TASTE mission, describing the proposed payload modifications.
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Chapter 1

An overview of Gamma-Ray Bursts

1.1 Introduction to Gamma-ray Astronomy

The study of X-ray and v-ray radiation has shown a violent and rapidly changing aspect of the
Universe that has profoundly revolutionized modern astronomy. This is particularly true for ~-
ray astronomy, which represents nearly 15 orders of magnitude in energy in the electromagnetic
spectrum, covering the range ~ 10° eV-10'° eV.

These energetic photons provide us with a fascinating insight of our Universe under extreme
conditions where the laws of physics are taken to their limits[I]. The study of this high-energy
radiation involves a large field of research, interesting for many reasons: looking at the -
ray window of the electromagnetic spectrum allows us to explore the most energetic celestial
phenomena happening on very different astronomical scales.

In our Galaxy, there are different kinds of sources in which such an energetic radiation has been
detected: supernova remnants, a number of pulsars, pulsar wind nebulae and microquasars.
Outside the Milky Way, y-rays have been observed from galaxies with an exceptional rate of star
formation, and from ultra-relativistic jets of particles escaping supermassive black holes located
in the center of some galaxies. In addition, the ~-ray sky is populated by extremely energetic
transient events called Gamma-Ray Bursts (GRBs) [2]. The low probability of interaction
with matter that characterizes v-rays means that, by studying this radiation, it is possible to
observe, with relative ease, sources at a considerable distance from us. In particular, v-ray
photons travel in straight lines, enabling an accurate determination of their origin. Finally,
the ~-ray emission is seen not only from localized sources, but also from diffuse regions in our

Galaxy and beyond.
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In Figure the Fermi/LAT five years image shows the entire sky at energies higher than
1 GeV.

Figure 1.1: The Fermi/LAT five years image showing the entire sky at energies higher than 1
GeV. Brighter colors indicate brighter y-ray sources. The most prominent feature is the bright
band of diffuse glow along the map center, which marks the central plane of our Milky Way galaxy.
Credit: NASA/DOE/Fermi LAT Collaboration.

However, this is not the end of the story: the Universe is observed not only through the
different windows of the electromagnetic spectrum, but also through other cosmic messengers,
i.e. via Cosmic Rays (CRs), neutrinos and Gravitational Waves (GWs) and 7-ray are the perfect
companion for multi-messenger astronomy [3]. These reasons have led to the widespread interest
in ~-ray astronomy in recent decades. Gamma-ray astronomy could also give new insights on
cosmology (through the measurement of infrared background or by studying primordial black
holes) and to particle physics beyond the Standard Model (evidence of supersymmetric particles
or dark matter). The number of present and planned experiments demonstrates the continuing

growing interest of the scientific community in this field.

1.1.1 The evolution of high-energy instruments

Because of the wide energy range covered by ~-rays, no single technique or instrument can
cover it entirely. The Earth’s atmosphere blocks y-rays from reaching the ground, therefore,
their direct detection requires space-based instruments. At higher energies, the sensitivity
of space-based detectors is insufficient, so a ground-based technique is required [4]. As a
consequence, there are two types of y-ray instruments: space-based, that work at low energies
between 100 keVs to 100 GeV, where ~-rays are mostly absorbed by the Earth’s atmosphere,
and ground-based detectors, that work typically with energies above 100 GeV and and are
therefore complementary to the former ones. Here the focus is on the firs category of detectors,

as they are of most interest in this work. The design of a space-borne detector sensitive to
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~-rays involves several challenges both in terms of logistics in satisfying certain mass, power,
and cost requirements, and regarding the constraints characterizing the launch and operation
of the instrument in the space environment. The most important design problem, however, is
finding an efficient way to deal with the intense charged particle environment experienced by
any space-based instrument [5]. Thus, in addition to pursuing scientific objectives, the design
must consider the complexities of space operations: noise, vibration, and acceleration to which
a rocket is subjected, as well as thermal stresses and changes in performance due to temperature
variations. The space radiation environment also requires radiation-resistant electronic circuits

to minimize failures since repairing an instrument once it is in space is not practical [5].

History of space-based y-ray detectors

The development of space-based ~-ray astronomy began in the late 1960s and early 1970s:
the OSO-3 satellite, Orbiting Solar Observatory 3, a sandwich of crystal scintillators (Csl and
Nal) and a Lucite Cherenkov counter, surrounded by a plastic anti-coincidence scintillator,
in 1967-1968 provided the first evidence that the Milky Way was a bright source of v-rays
above 50 MeV [3]. The first significant results were obtained in 1972-73 with the SAS-2,
Small Astronomy Satellite 2, with an on board instrumentation made of a wire spark-chamber,
which revealed the Galaxy’s diffuse emission and discovered the Crab and Vela nebulae and
the periodic signals of their pulsars [3]. In 1975 the first satellite of the newly formed European
Space Agency (ESA) was launched: COS-B [6], with a spark chamber ~-ray detector and a
proportional counter mounted on the side of the y-ray detector, which produced a catalog of
25 sources, all Galactic except one, the quasar 3C 273.

Coming to our closest times, a turning point for «-ray astronomy was the 90’s: the satellites
began to be equipped with instrumentation capable of achieving much better angular resolution
(typically up to ~0.1°). In 1991, the United States launched the first orbiting satellite fully
dedicated to v astronomy: the Compton Gamma-ray Observatory (CGRO) [7]. It comprised
four instruments that covered six decades of the electromagnetic spectrum, from 30 keV to 30
GeV. The Burst And Transient Source Ezperiment (BATSE) was the smallest one, consisting
of eight modules. Each unit included a large flat Nal(T1) scintillator and a smaller, thicker
scintillator for spectral measurements, combined to cover an energy range from 15 keV to over
1 MeV.

The Oriented Scintillation Spectrometer Experiment (OSSE), with four large, collimated Nal
scintillator detectors to study v-rays within the range 60 keV-10 MeV, allowed for alternating
observations of a y-ray source and nearby background regions. The Imaging Compton Telescope

(COMPTEL), for the detection of medium—energy v-rays between 0.8 and 30 MeV, consisted
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in two detector arrays, using a liquid scintillator as passive material and Nal crystals as active
material absorbing the scattered photon.

The Energetic Gamma Ray Ezxperiment Telescope (EGRET) had a tracker made of spark
chamber modules and a calorimeter a block of of Nal. The entire instrument was covered by
a plastic scintillator anti-coincidence dome to prevent triggering from events not associated
with y-rays. The Third EGRET catalog revealed 271 sources, among which were many Active
Galactic Nuclei (AGN), inaugurating the field of extragalactic v-ray astronomy at high energies
[3].

At lower energies, in the range 100 keV—few MeV, Swift (2004) and INTEGRAL (2002) played
a key role in monitoring the sky for nearly two decades (although the effective area of Swift’s
BAT instrument decreases significantly above ~150 keV). Earlier missions, such as GRBM
aboard BeppoSAX, which detected over 1000 GRBs, also contributed crucially to the study of
X-ray and soft y-ray transients [§].

The scientific objectives of the International Gamma-ray Astrophysics Laboratory [9] have been
addressed through the use of high-resolution spectroscopy (2 keV at 1 MeV) with accurate
imaging (angular resolution of 12 arcmin) and positioning of celestial sources in the soft ~-ray
domain in the range 15 keV-10 MeV. Its payload consists of a spectrometer (SPI), an imager
(IBIS) differently optimized to complement each other. These are supported by two monitor
instruments that provide complementary observations in the X and optical energy bands: the
Joint European X-ray monitor (JEM-X) and the Optical Monitoring Camera (OMC).

SPI, IBIS and JEM-X share a common principle of operation: they are all coded-mask tele-
scopes. A coded mask basically consists of a position-sensitive detection plane (PSD) and a
mask model placed at a certain distance above it. By exploiting the pinhole camera principle,
a point source in a large field of view casts a mask shadow on the sensing plane.

In November 2004, the Swift Gamma Ray Burst Explorer [10] was launched with three on
board instruments: the Burst Alert Telescope (BAT), a large field of view telescope capable
of observing a huge section of the sky in the energy interval between 15 and 150 keV, the
X-ray Telescope (XRT) sensitive in the energy band between 0.2 and 10 keV, and an Ultravi-
olet/Optical Telescope (UVOT).

Swift is still operational, while INTEGRAL concluded its scientific operations on February 28,
2025 [11].

In high-energy ~-ray astrophysics, the two main missions are Fermi, launched in 2008, and its
entirely Italian precursor AGILE, launched in 2007.
Space telescopes sensitive to y-rays above a few MeVs detect photons through their interaction

products, since they cannot be focused. As a consequence, usually to measure the direction of
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incoming ~-rays and their energy two subdetectors are required: a tracker and a calorimeter.

In addition, an anti-coincidence detector is critical to reject background due to cosmic-rays.

Figure 1.2: Generic tracker based «-ray detector showing the transformation of an incident -ray
into an electron-positron pairs by tracker conversion foils [5]. The particles are tracked through
the instrument, allowing the original direction of the y-ray to be reconstructed, and deposit their

energy in the calorimeter, which measures the energy of the ~-ray.

In Figure we can see a sketch of this structure: the tracker detects the electron-positron
pair created in the conversion of photons on the converter plates, being able to measure the
deposited energy and the position of each interaction, allowing to determine the direction of
arrival of the y-ray. The calorimeter is a device that measures the energy of the secondary
particles. The anti-coincidence system is the first instrument a particle encounters when it
makes contact with the satellite and is formed by a shielding scintillator that surrounds the
main detector. It is used to reject charged particles, background like cosmic rays, that consist
mainly of protons and heavier nuclei.

The Astrorivelatore Gamma ad Immagini Leggero [12] is the first of a new generation of high-
energy space missions based on solid-state silicon technology combining for the first time two
sophisticated co-axial instruments, a y-ray detector and a hard X-ray detector.

The first one, the Gamma-Ray Imaging Detector (GRID), covers a range between 30 MeV and
50 GeV, while SuperAGILE, the hard X-ray imager, operates in the 1860 keV energy band.
The instrument is completed by a Mini-Calorimeter and by an anti-coincidence system. The
very large field of view of the v-ray imager coupled with the hard X-ray tracking capability
makes AGILE suitable for studying galactic and extragalactic sources, as well as GRBs and
other fast transients. AGILE re-entered the atmosphere on February 14, 2024, bringing its
intense activity to an end [13].

The Fermi observatory [14] was launched in 2008 and is still operational. The main instrument
on board is the Large Area Telescope (LAT), a high-energy 7-ray imaging telescope covering
the energy range from 20 MeV to about 300 GeV and above, with a tracker, an ACD and a
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calorimeter and a field of view covering about 20% of the sky. The Gamma-ray Burst Monitor
(GBM) is the other Fermi instrument, consisting of two sets of detectors: twelve Nal scintillators

and two BGO scintillators, and complements the LAT observations of transient sources.

Figure 1.3: Some of the -ray space missions mentioned in the text, showing the energy coverage

and time of each mission adapted from [I5].

In Figure some of the y-ray space missions mentioned showing the energy coverage and time
of each mission. For space telescopes that detect y-rays in the energetic range between 100 keV
and tens of MeV there is a lack of high resolution and high sensitivity observations [16]. The
most sensitive observations to date have been obtained by COMPTEL with an energy resolution
of 8.8% FWHM at 1.27 MeV, quite modest performance when compared to the improvements
achieved today in the other energy bands, and SPI, the spectrometer on INTEGRAL, which
has been taking data since 2002, but with a worse sensitivity and field of view than COMPTEL.
This lack is mainly due to the difficulty of observations in this energy band: photons, because of
their small cross section to interact with matter, interact mainly through Compton scattering,

which makes it difficult to reconstruct the direction of the incoming photon.

Several large-scale missions dedicated to MeV 7-rays, such as newASTROGAM [17] and AMEGO-
X [I8] have been proposed, but most of them are still in the design or conceptual phase, with
launches not expected until the next decade [19]. In this context, ASTENA is another mission
concept proposed in response to the ESA Voyage 2050 call [20] 21].

Among NASA’s Small Explorer missions there is COSI, scheduled for launch in 2027, which
will operate in the 0.2-5 MeV band [22].

At the same time, there has been a significant increase in projects based on CubeSats, which

provide economical and rapidly deployable platforms. A CubeSat dedicated to MeV ~y-rays
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could therefore serve as a key demonstrator for both technological and scientific objectives,
providing useful information for the design and construction of future large-scale MeV obser-

vatories [19].

1.2 Gamma Ray Bursts

Gamma-Ray Bursts are transient sources and are the most energetic bursting events in the

073754 erg and can last from a fraction of seconds to several

Universe, releasing energies up to 1
hours [23]. GRBs are the result of at least two very different types of stellar death. They can
occur as a result of the merger of two compact objects or from the collapse of massive stars.
They are absolutely random in their occurrence on the sky and it is impossible to predict when
and where they originate. The rate observed across the entire sky depends on the sensitivity of
the detector: for instruments like BATSE it’s typically 2-3 events per day. The variable emission
of radiation that lasts for tens of seconds is called prompt emission, whose rapid variability
imposes constraints on the size of the emission source. The next phase is called afterglow: a
long-lasting multi-wavelength emission produced by the interaction of the relativistic jet with
the surrounding medium. It can persist for days or even months, depending on the energy
band observed. GRBs are brief and bright and can eclipse other ~-rays sources, during their
short lifetimes. This makes them easy to detect with small omnidirectional detectors outside
the atmosphere.

They were accidentally discovered in 1967 by the Vela satellite network, a group of American
military satellites [10], which was used to monitor possible nuclear explosions outside and inside
the Earth atmosphere and announced to the public in 1973 as an astronomical phenomenon.
A turning point came with BATSE aboard CGRO, which, during 9 years of activity, obtained
positions for more than 2700 GRBs [10] by identifying their isotropic angular distribution, an
early clue to their extragalactic nature. However, BATSE was unable to position them with
sufficient precision in the sky to allow follow-up observations at other wavelengths.

This was later confirmed by the BeppoSA Xsatellite [24], launched in 1996, which made it possi-
ble to locate and detect GRBs. It covered an energy range from 0.1-300 keV, with four Narrow
field Instruments (NFI), two Wide Field Cameras (WFCs), sensitive in the 2-30 keV band,
which observed the region where the GRB came from, and the Gamma-Ray Burst Monitor
(GRBM), operating in the 40-700 keV range. It made possible to detect for the first time the
long-lived afterglow [25], which fades with time, i.e., a fainter emission that accompanies the
immediate emission that lasts up to days and moving from the X-ray to the infrared band.
This has made it possible to measure some GRBs that directly prove their extragalactic origin:

once the GRB was detected in the v band, the satellite first analyzed its X-ray emission and
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then sent an alert signal, so that the optical telescopes could be pointed toward the source with
an accuracy of several arcseconds and the optical afterglow could be observed from the ground.
The optical follow-up allowed the host galaxy to be identified and the redshift to be tracked,
confirming the extragalactic origin of these phenomena.

After these first results, several satellites were designed to study these energetic objects: one
of the most important is Swift (see Section which opened a new era for the study and
understanding of the GRB phenomenon. The BAT instrument continuously monitors a large
area of the sky and, after detecting a GRB, calculates its position within about 10 seconds.
Then Swift quickly re-points itself, aiming XRT and UVOT towards the source, starting ob-
servations, thanks also to ground observers and other satellites to which the GRB coordinates
are immediately sent. This has allowed us to obtain a large number of GRBs with redshift
measurements, discovering GRBs at high redshift, like GRB 090423 at z ~ 8.1 [26]. Also Fermi
plays an important role: GBM observes about 250 GRBs per year [14], while LAT detect ~ 10
GRBs per year above 100 MeV [27].

Therefore, one of the primary mission objectives of several current satellites is to rapidly detect
and optionally localize GRBs, and rapidly transmit this information on ground to alert other
satellites and ground observers for a refined localization through triangulation of the signal
observed by different instruments, and follow-up observations at other wavelengths. Based on
this principle, there is the InterPlanetary Network [28](IPN), a project operating since 1976 that
combines data from existing y-ray detectors on multiple spacecraft to provide GRB localizations
through cross-correlation of light curves. Localization accuracy is proportional to spacecraft
distances, and can be improved by increasing detector spacing and more accurate receiver
timing. In this way, it is possible to observe a GRB at several wavelengths. A disadvantage of
the IPN method is the delay in acquiring data from all spacecraft up to about 1 day. Despite
this, many GRB positions were determined quickly enough to allow identification of their

counterparts so that redshift measurements and other observations could be made [2§].

1.2.1 Temporal and Spectral Properties

Only a limited number of GRBs have similar properties, while most bursts differ significantly,
making it difficult to summarize their fundamental characteristics. The time profile may have
several peaks or spikes or may simply be without a fine structure [10]. The distribution of burst
durations shows a bimodal pattern [29], which is why they are divided into two classes: short
and long. The former are pulses lasting <2 seconds, while the longest >2 seconds (see .
There is a correlation between variability and brightness: the brighter the GRBs are, the

more variable they are. Hence, what characterizes the morphology of the light curves is a
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great diversity: except for a few cases of random similarity, each GRB seems to have its own
signature. The variability observed in the prompt emission of GRBs provides constraints on
the size of the emission source: the typical minimum timescales of variability are of the order
of ~10 ms (with only rare cases reaching ~1 ms)[30], implying a compact central engine with
a characteristic size of ~ 106-107 cm. However, this scale does not correspond to the size of
the y-ray emitting region. Due to the relativistic expansion of the outflow, with typical bulk
Lorentz factors I' > 100, ~-ray emission is expected to originate at much larger radii, of the
order of ~ 10'3-10'* c¢m, consistent with photosphere and internal shock models [30].

An other important aspect is that GRBs do not repeat: they are one-time events, since the pro-
genitor system undergoes an irreversible transformation that prevents repetition on observable
timescales.

The energy spectrum of a burst have a spectral energy peak often on the order of hundred of
keV. Thus, most of all of the energy produced is emitted in the X-ray and v-ray regime: they
emit most of their power at photon energies of tens to hundreds of keV, while some have been
detected at energies of GeV.

In the near half century since the announcement of their discovery, GRBs have moved from a
niche question to the astrophysical mainstream and are one of very few classes of sources to be
identified from the very high-energy ~-ray to the low frequency radio regimes [23]. As previously

mentioned, the emission occurs in two stages: the prompt emission and the afterglow.

Prompt Emission

Prompt emission is the first emission phase of a GRB, the brightest and shortest in duration.
It is typically observed in the 10 keV-1 MeV range with a duration from 0.1 s up to a few
hundred seconds (~ 103s), characterized by a non-thermal spectrum which varies from one
GRB to another. Operationally, it is defined as the period of time during which the ~-ray
detector detects a signal above the background.

Prompt GRB spectra are often fitted by a phenomenological broken power-law function known

as the Band function [31]:

E o —&
A (To5rey) € ™ E < (a—p) Ey

N(E) = o
4 (miﬁ)Eo) ’ eﬁ_a(looiev)ﬁ E > (a—B)E

(1.1)

100 keV

where Ej is the break energy of the spectrum, A is the normalization factor, a the low-energy
photon spectral index, 8 the high-energy photon spectral index. Although this is the main
component of the spectra, some GRBs show an additional (quasi) thermal component and/or

a high energy power-law component is necessary to explain the spectral data [32].
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There is no definitive explanation for how physical mechanisms can generate the spectral com-
ponents observed in the emission, so various models have been developed to interpret the
emission processes involved.

The Band component, which spans several orders of magnitude in terms of energy, clearly
indicates a non-thermal origin. Relativistic electrons accelerated by internal shocks or magnetic
dissipation are expected to radiate mainly via synchrotron emission [33]. However, discrepancies
have been found between the observed keV-MeV spectral slopes and those predicted by simple
synchrotron models. Recent studies suggest that synchrotron radiation in a moderately fast
cooling regime could explain the observed spectra [32]. On the other hand, the presence
of a blackbody or quasi-thermal component indicates emission from the photosphere of the
relativistic flux, where photons decouple from matter after multiple Compton scatterings. This
thermal emission had already been predicted in one of the first models developed to describe

the central engine: the fireball model, described in Section [1.2.2]

Most of the prompt emission is highly variable, showing 100% flux variation on a time scale
much shorter than the overall duration of the burst. The prompt emission has, generally, an
irregular course whose structure can often be broken down into many pulses. The shape of the
pulses varies significantly and randomly as shown in Figure while their duration follows a
bi-modal distribution as shown in Figure [L.5

The most commonly used measure of duration is Ty, defined as the time in which 90% of the
GRB counts arrive.

A classification based on their duration can be introduced. Kouveliotou et al. in [29] showed
that GRBs can be divided into two distinct groups: long bursts with Tyg > 2 s and short bursts
with Tyyp < 2 s. These two classes also have different spectral hardness ratios (HR), i.e., the
ratio of photons observed in the hard (100-300 keV) and soft (50-100 keV) energy band.

The hardness ratio reflects either the count rate, or the energy contained in one band, relative
to another and represents a characteristic that emerges from the analysis of spectral properties
of the different populations:short bursts are mainly harder emitting more high-energy radiation,
while long bursts are softer, with comparatively lower high-energy emission.

Long GRBs are characterized by wide variety of temporal structures. While some exhibit
short-lived pulses consisting of consecutive “single spikes” separated by quiet intervals, most
long bursts have simpler profiles, such as shapes that rise rapidly and decay exponentially, or
light curves with only a few distinct pulses. This behavior reflects the intrinsic diversity of
their light curves [34].

They show substantial evidences for different origins. The host galaxies of long GRBs are

predominantly irregular and star-forming, with a few being spiral galaxies with active star
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Figure 1.4: A selection of the wide variety of temporal profiles of GRBs, as detected by Swift-
BAT. Note the wide range of durations and morphologies of the bursts, highlighting the diversity
of the prompt GRB emission [23].

formation [32], therefore they are the endpoints in the lives of massive stars and their rate is
roughly proportional to the star formation rate of the host galaxy. Within the host galaxy,
they are preferentially located in the brighter central regions. Since long GRBs originate from
the collapse of massive stars and occur in regions of active star formation, they are expected

to be associated with supernovae, specifically of type Ic [35].

In contrast, a significant fraction of the host galaxies of short GRBs are quiescent, with little
or no star formation, however, the majority are actively star-forming galaxies[36]. They often
occur several kiloparsecs away from their host galaxies, with locations only weakly correlated
with the stellar light distributions of their hosts [36]. Short GRBs are typically less energetic
(their isotropic equivalent energy is of the order of 10*-10% erg) than long GRBs and occur
at lower redshift.

The main difference between long and short GRBs is in their progenitor systems and collapse

processes. Short GRBs originate from the merger of compact binaries, which involves three
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Figure 1.5: GRB classification into short and long according to their Tyy and BATSE HR [29].
The solid line shows the long GRBs (Tyo > 2 s) and the dashed line the short GRBs (Tgg < 2s).
The dashed lines correspond to the average HR of the two classes of GRBs.

phases: spiraling, merger, and the formation of an accretion disk capable of launching a rela-
tivistic jet. Long GRBs, on the other hand, result from the collapse of the core of a massive
star. During this collapse, the non-spherical symmetry allows the formation of an accretion
disk around the newly formed black hole, which feeds a relativistic jet.

To get a long GRBs is necessary but not sufficient having a massive BH. It is also necessary
that the accretion disk is in non-spherical collapse: in a binary system, the interaction of the
pair can cause the star that then explodes as a SN to acquire a very high rotational velocity,
and as a result the collapse will not be perfectly spherical. A moment before the explosion can
be created the binomial BH - accretion disk and the jet starts, it lasts very little but it is very

energetic.

Afterglow Emission

The afterglow emission, i.e. the phase that follows the prompt, was identified firstly in 1997
by BeppoSAX , and consists of a considerably longer emission with energies ranging from
X-ray then optical, IR and finally radio and can last from days to months [10].

Afterglows are necessary for locating GRBs, measuring their redshift and thus defining their
energy, identifying the galaxies that host them and detecting the nascent supernovae or kilono-
VaeE| that locate the progenitors of long and short GRBs. Any model of the afterglow is defined
by two parts: a hydrodynamic description of the deceleration of the relativistic ejecta of the
burst by the circumstellar medium and an identification of the radiative processes at work [37].
The afterglow is believed to originate in the external shock produced by the shock wave of the

explosion colliding with and sweeping away material in the surrounding interstellar medium.

! Transient events due to the merger of two neutron stars (or a neutron star and a black hole), which produce

three observable phenomena: a gravitational wave signal; a short v-ray burst and heavy elements.
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Its temporal structure changes depending on the spectral band. The origin of the spectrum
is also non-thermal and the emission is well described by synchrotron emission, as expected
by the standard shock model. The emission at progressively lower wavelengths (X-ray, optical,
radio) are due to the expanding shock wave that sweeps away more and more material, making

it slow down and lose energy.

Figure 1.6: A schematic illustration of the X-ray afterglow light curve based on the observations
of the Swift XRT. The phase “0” denotes the prompt emission, “I” is the rapid decay phase, “II”
the shallow decay phase or plateau, “III” the normal decay, “IV” the post jet-break phase and

“V” the flaring phase. Typical temporal indices in the four main steps are also indicated [32].

As shown in Fig. typical X-ray light curves can be summarized into five components,
namely a distinct component of rapid decay (I), a shallow decay component (II), a normal
decay component (III), a jet breaking component (IV) and X-ray flares (V).

The main characteristics of each of these component are listed [38] [32]:

I Steep decay phase behaves as the “tail” of the prompt emission and the decay slope is

typically in the range of ~ 3 to ~ 10;

II Shallow decay phase has a typical slope is in the range between 0 and ~0.7. If the slope
of the shallow decay component is close to 0, it is also called a plateau. This phase begin

at ~100-1000 s after the trigger, lasting until 10% s;

III Normal decay usually follows the shallow decay component, or sometimes directly follows

the II component. It has a decay slope of ~1.

IV Post jet break phase often follows the normal decay segment, as is also expected in the

external shock model;
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V X-ray flares are “superimposed” on the background power-law decay components hence
considered to be of different origin. Their light curves typically show rapid rises and
falls with steep indices. Many properties of X-ray flares, both in the time and spectral
domains, are similar to those of prompt emission, suggesting that that they could be

directly powered by the central GRB engine.

Compared with the X-ray afterglow, the optical afterglow exhibits more complicated behavior.
The optical light curve can also consist of shallow decay, normal decay, and jet-break phases.
To understand both prompt emission and afterglow, the fireball model is used, which provides

a consistent description of the different emission phases observed in GRBs.

1.2.2 The fireball shock model

The isotropic energy involved in GRBs can reach the order of 10°* erg. This high amount
of energy, combined with the short variability observed in prompt emission, which implies a
compact central engine, leads to extreme energy densities, which limit the physical processes
plausible for the creation of GRBs.

This huge energy within a very small volume implies the formation of a e™, e™, v fireball [10].
Standardizing the countless aspects of GRBs emission under a common theory is not easy: the
numerous observations of GRBs and of their afterglows constrain the fireball model [39], shown

in Figure that describes the emitting regions.

Figure 1.7: Tllustration of the fireball model [40].

The GRB is produced by a central engine that releases a large amount of energy in a very
compact region, generating an ultra-relativistic outflow that expands to increasingly larger
radii. If the engine remains active for a finite time, it can eject multiple shells with different

Lorentz factors.
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Initially, the internal energy of the outflow is converted into kinetic energy during an accelera-
tion phase, allowing the shells to reach Lorentz factors, typically of the order of I' ~ 10%2-103.
After this acceleration phase, the outflow enters the coasting regime in which the Lorentz factor

remains approximately constant with radius [41].

The ejected shells do not all propagate at the same speed: a faster shell that follows a slower one
will surpass it, and the interaction will produce a shock that transfers energy to the particles
and the magnetic field. The accelerated particles emit non-thermal radiation, mainly through
synchrotron emission and, in some cases, inverse Compton scattering, giving rise to the observed

emission of ~-rays.

There is y-ray emission every interaction between the shells, and since this occurs randomly,

all the GRBs are different from each other.
In summary, the fireball model can be divided into several phases:

Fireball phase: a central engine provides the energy to convert into kinetic energy and generate

the subsequent shocks;

Prompt phase: the energy is transferred to the particles and the magnetic field and conditions
are generated to have the ~-ray flashes. This is an “internal” mechanism in which the shells
ejected from the central engine collide with each other. Their interaction leads to the formation
of shock waves: a forward shock propagating into the slower shell and a reverse shock that
propagates backward in the rest frame of the fast shell and is responsible for its deceleration.
The electrons accelerated in these shocks emit synchrotron radiation in the presence of magnetic
fields. Each shock produces its own emission, and the resulting prompt emission (spectrum

and variability) is the addition of simultaneous emission from multiple shocks;

Afterglow phase: as the relativistic outflow propagates outward, it begins to interact with
the interstellar medium. The interaction gives rise to external shocks, in which the total
kinetic energy of the flow is progressively transferred to the surrounding medium, accelerating
it. For these reasons, the afterglow phase is called “external” phase. The afterglow follows
a distribution in energy that decreases with time in both frequency and energy: F(FE,t) ~

t—y =8 [42], passing from X-ray , then optical and finally radio frequencies.

Therefore, as the speed decreases for the braking action of the external medium, the emission is
at gradually lower frequencies. Particles scattered across the shock interface will be accelerated
at a relativistic velocity, leading to non-thermal synchrotron radiation and IC, meanwhile the
outflow continues to expand outward, gradually slowing down due to its interaction with the

external medium.
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1.2.3 Multimessenger Astronomy

One of the most interesting aspects of studying Gamma-ray bursts is that their extreme pro-
genitor systems represent the most natural places for the production of additional astrophysical
messengers. These “non-photon” signals include very high-energy cosmic rays, neutrinos, and
gravitational waves [23]. The combined observation of these different messengers constitutes
Multi-messenger astronomy, which offers a unique opportunity to understand the behavior of
the most extreme astrophysical systems. Gamma-ray bursts arise from some of the most ex-
treme conditions in nature, and thus their progenitors are among the most likely sources of
multi-messenger signals [23]. Here, the focus is on the relationships to GRBs as multi-messenger

sources.

Gravitational Waves

Gravitational Waves are ripples in space-time, produced from accelerating, non-spherically
symmetric systems. They can be associated with GRBs, particularly short GRBs, presumably
the result of coalescence of two compact objects (BH4+NS, NS+NS). The mergers of compact
objects have, in fact, been studied as potential sources of GWs. The crucial breakthrough for
multimessenger astronomy occurred in August 2017, when Fermi and INTEGRAL detected
a short-lived GRB about two seconds after LIGO (Laser Interferometer Gravitational Wave
Observatory) and VIRGO observed the first merger of a binary system of neutron stars [23, 43].
This became increasingly clear as location information became available. The event is shown
in Figure [1.8] The position triangulated by the two LIGO detectors and by VIRGO was in
agreement with that of Fermi, and INTEGRAL enabled a refined electromagnetic position.

Since short-lived GRBs are rare, the connection between the two based on timing alone was
very suggestive.

Since GRBs are bright and easily identifiable in the sky, monitoring programs such as Swift
and Fermi, which cover the entire sky or smaller, deeper areas, offer promising opportunities
to detect GW counterparts.

Being rare events, with detection rates of only a few per week, their frequency is sufficiently
low that the coincident detection of a GRB and a GW trigger within seconds of each other
has a low probability. This means that the association of a GRB with a GW transient, can
occur via temporal information alone even in the absence of any positional information. This
is extremely interesting. Indeed, the error boxes derived from these y-ray detectors can often
be much smaller than those obtained from the GW event alone, providing a much easier search

for afterglows or host galaxies.
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Figure 1.8: The detection of GW170817 and GRB170817A [44]. The bottom panel shows the
frequency of the gravitational wave signal plotted against the time from the merger. The top panel
shows the 7-ray light curves recorded by Fermi (in two different energy bands) and Integral. The

GRB occurred within about 2 seconds from the merger [23].

Finally, the precise timing of GRBs also narrows the window for searching for GW, lowering the
associated background. This means that even in the absence of a gravitational wave trigger,
the data stream can be analyzed only around the time of the GRBs, increasing the effective

sensitivity (and hence distance) by a factor of ~ 2.

The detection of a GW signal coincident with a GRB is a very exciting discovery. The fact
that GW is emitted in close proximity to the central engine provides direct evidence of the
progenitor, its nature, and its mass distribution. The main facilities are now in operation for
the detection of GW: in this way, the operation of an efficient all-sky X-ray and ~-ray monitor
with good localization capabilities will play a key role in bringing multi-messenger astrophysics
to maturity, and to fully exploit the enormous benefits of adding an additional dimension to

our ability to study cosmic sources [45].
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1.2.4 Current and Future Perspectives

The joint detection of GW170817 and GRB170817A demonstrated the power of multi-messenger
astrophysics and highlighted the need for a new generation of instruments capable of observing
the Universe simultaneously in Gravitational Waves, X-rays, y-rays and high-energy neutrinos.
Indeed, over the past 50 years, GRBs have driven the development of cutting-edge technologies
for high-energy astrophysics, leading to the launch and success of numerous space missions
dedicated to studying these phenomenal46]. Based on these legacy, several space missions are
currently underway or in development, with the aim of expanding our ability to detect and

locate transient phenomena across multiple messengers.

Among recent space missions dedicated to X-rays and v-rays, SVOM, Space-based multi-band
astronomical Variable Objects Monitor, (a joint Chinese-French project) was launched on June
22, 2024. The payload includes a y-ray monitor, GRM (15 keV-5 MeV), the ECLAIRs X-ray
imager and trigger (4-150 keV), the MXT lobster-eye telescope (0.2-10 keV), and an optical
telescope [47, [48]. Therefore, ECLAIRs and GRM perform GRB prompt observations, while
MXT and VT are dedicated to follow-up observations in the X-ray and optical energy bands,

respectively.

Another important future mission is THESEUS [49] (Transient High-Energy Sky and Early
Universe Surveyor); already studied by ESA in 2018-2021 as an M5 candidate mission, it was
selected again for a Phase A study in the framework of the ESA M7 call. If selected, its launch
is scheduled for 2035. THESEUS is designed to study the early Universe by detecting high-
redshift GRBs and enable the identification of electromagnetic counterparts of gravitational
wave sources, which are expected to become increasingly common with the commissioning of
new detection facilities. The mission will carry three main instruments: a Soft X-ray Imager
(SXI, 0.3-5 keV) based on a lobster eye focusing system, an X-ray and ~-ray imaging spec-
trometer (XGIS, 2 keV-10 MeV) for GRB detection and localization, and a 70 cm infrared
telescope (IRT, 0.7.-1.8 pm) with both imaging and spectroscopic capabilities to identify the

infrared counterparts of GRBs and measure their redshift [48].

In parallel with these large missions, continuous advances in compact low-power detectors,
readout electronics, and flight computers have opened up new opportunities for X-ray and -
ray detection using CubeSat platforms [50]. This type of missions are therefore able to bridge
the gap between satellites launched in the 2000s and already been operational for more than
10 years, and their successors, since they require a much shorter development time scale, a
minor cost and have less overall complexity. ~-ray detection CubeSats are expected to play
an increasingly important role in the new era of time-domain and multi-messenger astronomy,

making an increasingly significant contribution to the detection and localization of Gamma-Ray
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Bursts (GRBs). This aspect will be discussed in more detail in Chapter

An example of this type of mission is HERMES-PF (High Energy Rapid Modular Ensemble
of Satellites) Pathfinder, a constellation of six CubeSats designed to detect and localize high-
energy transients such as GRBs. Each satellite is equipped with a compact detector capable
of measuring X-ray and ~v-ray photons with high temporal precision. The mission is described

in detail in Chapter
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Chapter 2

CubeSats for High Energy
Astrophysics

A nanosatellite is defined as any satellite with a mass between 1 kg and 10 kg, a category
that includes CubeSats [51]. The term CubeSat refers to a class of small satellites built to
standardized dimensions and form factors. The basic unit, known as “1U”, is a cube of 10 cm
x 10 cm x 10 ¢m and a typical mass of up to 2 kg. A 2U CubeSat is formed by stacking two
of these units, with dimensions of approximately 10 cm x 10 ¢cm x 20 cm and a maximum
mass of approximately 4 kg. Larger configurations, such as 3U, 6U, 8U, 12U, and 16U, can
be created by combining multiple 1U units in a modular way [52]. To date, more than 2,000

nanosatellites have been launched, the most common being 3U CubeSats [51].

The CubeSat concept was introduced in 1999 by R. J. Twiggs at Stanford University to make
satellite mission development accessible within academia [53]. This entails the need for short
development times, compatible with master’s and doctoral programs, and costs low enough to
be accessible to universities. At that time, the high cost of launches per kilogram restricted
spacecraft mass to only a few kilograms. In the following two decades, CubeSats have expanded
far beyond their educational origins and are now employed extensively in commercial, scientific,

and defense applications [53].

CubeSat missions offer numerous advantages in several areas. They benefit from lower produc-
tion and launch costs, the possibility of sharing launch opportunities, and the miniaturization
and commercialization of space-grade electronic components. The wide availability of com-
mercial CubeSat manufacturers, combined with standardized structural and electronic designs,
further facilitates development. In addition, space agencies provide financial, programmatic,
and technical support, making CubeSat missions increasingly accessible. As a result, the num-

ber of CubeSats orbiting Earth has grown significantly in recent years, as shown in Figure [2.1

21
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a trend that is expected to continue in the coming decades.

Figure 2.1: Total number of nanosatellite launches between 1998 and 2025, with forecasted

launches between 2025 an 2029 [51].

The reduction in costs in current CubeSat projects can be mainly attributed to four factors [53,

52):

e miniaturization, which leads to lower mass and smaller volumes; the miniaturization of

electronic components has enabled the integration of complete satellite subsystems into

compact and lightweight modules.

hardware standardization, which is often based on Commercial Off-The-Shelf (COTS)
components; today, processors, memory chips, optics, and batteries originally developed
for commercial applications often satisfy the stringent quality standards of space missions.
As a result, CubeSat developers can adopt COTS electronic equipment, substantially re-
ducing costs compared to custom-designed solutions. Standardization extends to multiple
aspects of CubeSat development, including structural components, electronic interfaces

and communication protocols.

lower labor costs at universities and research institutes compared to traditional space

industries;

less stringent quality control requirements. For example, ESA’s In-Orbit Demonstration
(IOD) CubeSat projects must comply with requirements and risk levels that are about

ten times lower than other programs.

The cost of a standard CubeSat weighing approximately 5 kg varies between 0.02$ and 0.08%

million per kg, which is much lower than large missions (including bus and payloads). For
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example, IXPE (330 kg) costs approximately 0.42% million per kg [53]. Standard CubeSats are
generally simple and have limited capabilities. A more interesting comparison can be made with
advanced CubeSats, which are specifically designed for scientific missions. A representative
example is the HERMES Pathfinder (HERMES-PF, see Chapter [3). The net cost of each
HERMES-PF 3U CubeSat, including its payload, is approximately $860,000. This is 2 to 7
times higher than the cost of a standard 3U CubeSat, but still only about one-third of the cost

of an Explorer-class mission [53].

2.1 CubeSats for Gamma-ray Astronomy

The relatively low cost of CubeSat-based scientific missions has expanded the space science

community, encouraging participation from both academia and small and medium-sized enter-

prises.
Mission Type Objective(s) Energy range Status
BlackCAT [54] 6U High-z GRBs; Transients 0.5-20 keV Launch late 2025
BurstCUBE [55] 6U GRBs 50 keV-1 MeV Launch 03/2024
COMCUBE [56] 57 6U GRBs; Polarization 50 keV—few MeV Study phase
COMPOL [58] 3U Cyg X-1 Polarization 160 keV-few MeV Launch 2026
CUSP [19] 6U Solar Flares; Polarization 20-100 keV Study phase
EIRSAT-1 [60] 2U GRBs; Education; Tech Demo 30 keV-2 MeV Launch 12/2023
GIFTS [61] 6U GRBs 50-300 keV In development
GRID [62] 6U GRBs ~10 keV-2 MeV  Launch 10/2018; 11/2020; 02/2022
GRBAlpha [63] [64] 1U GRBs; Solar Flares 70 keV-890 keV Launch 03/2021
GRBBeta [64] 1U GRBs; Solar Flares 70 keV-890 keV Launch 07/2024
GTM [65] 2 x 1U payloads GRBs 50 keV-2 MeV Launch 2026
HERMES PF [66] 7 x 1U payload GRBs 5-500 keV Launch 03/2025
IGOSat [67) 3U ~-rays; Education 20 keV-2 MeV Launch 2026
IMPRESS [68] 3U Solar Flares 4-100 keV Launch 2026
LECX [69] 2U GRBs 30-200 keV Launch 2025
LIGHT-1 [70] 3U TGFs; Education 20 keV-3 MeV Launch 12/21
MAMBO [71] 12U Cosmic diffuse background 0.3-10 MeV Launch 2025
MeVCube [72] 73], 6U GRBs 200 keV—4 MeV Launch 2025
Min-XSS1 [74] 3U Solar Flares; Education 0.4-30 keV Launch 12/2015
Min-XSS2 [75] 3U Solar Flares; Education 0.4-30 keV Launch 12/2018
SOCRATES [76] 3U GRBs; Tech Demo; Education 200 keV-1.3 MeV Launch 11/2019
VZLUSAT-2 [63] [64] 3U GRBs 30-890 keV Launch 01/2022
3UTRANSAT [77] 3 x3U GRBs 15-200 keV Study phase

Table 2.1: Planned and operational CubeSats for high-energy astrophysics adapted from [50].

In recent years, CubeSats have increasingly been employed for astronomical observations,

thanks to their modularity and low cost, which make them attractive alternatives to larger,
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more expensive platforms. They have participated in numerous missions aimed at studying a
variety of cosmic phenomena, including exoplanets, interstellar matter, and other astrophysical
targets. The primary instruments flown on these missions include UV, visible, and infrared
telescopes, X-ray and solar X-ray spectrometers, y-ray detectors, particle detectors, and radio
interferometers [52].

In this work, the emphasis is mainly on the contribution of CubeSats to v-ray astronomy. In
particular, Table adapted from [50], lists some operational and planned CubeSat missions.
The primary scientific objectives generally include the observation of transient phenomena
such as GRBs, Solar Flares, and Terrestrial Gamma-ray Flashes (TGFs). In addition to their
scientific role, CubeSats also provide a valuable test bed for innovative technologies in orbit,
helping to increase their technology readiness level (TRL) to the point where they can be
adopted in large-scale missions by major space agencies. With the advent of multi-messenger
astronomy, the impact and scope of CubeSat-based research is constantly increasing [50].

The following subsections summarize just a few of the most interesting recent CubeSat mis-
sions that have contributed to high-energy astrophysics, highlighting the growing potential of
CubeSats in this field.

2.1.1 GRBAlpha/VZLUSAT-2

GRBAIpha is a 1U CubeSat launched on March 22, 2021, into a Sun-Synchronous polar orbit
(SSO) at an altitude of 550 km [78]. The detector on board consists of a CsI(T1) scintilla-
tor read by eight silicon photomultipliers (SiPMs) [63]. GRBAlpha is the first 1U CubeSat
to successfully detect multiple confirmed Gamma-ray Bursts (GRBs) [50]. Figure shows
an example of a light curve detected by GRBAlpha. The mission serves as a technological
pathfinder for a future constellation of CAMELOT nanosatellites that will monitor and locate
GRBs using a time-based cross-correlation technique [63].

GRBAIlpha’s detectors have also been installed on VZLUSAT-2, a 3U CubeSat built by the
Czech Aerospace Research Center. The satellite was launched on January 13, 2022, into a SSO
orbit at an altitude of 550 km [63]. GRBAlpha detected over 140 transients, of which approx-
imately 81 were identified as GRBs, while VZLUSAT-2 recorded approximately 83 transients,
of which approximately 44 were GRBs, confirmed by larger GRB missions [64]. These results
demonstrate the potential of nanosatellites for the regular detection of these events. GRBAlpha
re-entered Earth’s atmosphere on June 9, 2025.

The successor to GRBAlpha, GRBBeta, was launched on July 9, 2024. It includes minor
improvements to the readout electronics and new down-link capabilities that should allow

sampled data to be downloaded at a much higher rate [64]. The satellite is currently operational
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Figure 2.2: Light curve of GRB211019A detected by GRBAlpha [79] [50].

and functioning nominally.

2.1.2 EIRSAT-1

The Educational Irish Research Satellite 1 is the Ireland’s first satellite and it is supported
by the second edition of the European Space Agency’s (ESA) Fly Your Satellite! program
[60]. It was launched on December 1, 2023, into a Sun-Synchronous orbit at an altitude of
~520 km. It is a 2U CubeSat with three payloads on-board; GMOD, a scintillator and SiPM
based detector for detecting GRBs; EMOD, a thermal materials experiment, and WBC, an
attitude control and determination software test bed [80]. EIRSAT-1 detected several Gamma-
ray Bursts during its mission: one example is GRB 240821B on August 21, 2024, detected
by the GMOD ~5-ray module and also confirmed by Fermi GBM [81]. The satellite reentered
Earth’s atmosphere on September 4, 2025.

2.1.3 BurstCube

BurstCube is a 6U CubeSat designed to detect GRBs and enable multimessenger observations,
launched on March 21, 2024 [55]. BurstCube is funded via NASA’s APRA program [50]. The
instrument consists of four CsI(T1) scintillator detectors read by SiPM arrays. BurstCube

successfully detected GRB 240629A [55] and it was decommissioned on September 16, 2024.
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Chapter 3

The HERMES Pathfinder mission

The High Energy Rapid Modular Ensemble of Satellites Pathfinder (HERMES-PF) is an in-orbit
demonstration mission that aims to develop a constellation of six nanosatellites (3U CubeSats,
see Chapter [2) in low Earth orbit, hosting compact and innovative X-ray and v ray detectors.
The main goal is to monitor high-energy cosmic transients, such as Gamma Ray Bursts (GRBs)

and the electromagnetic counterparts of Gravitational Wave Events (GWEs) [82], 66].

Timelines Modules Launch
HTP (ASI) 2017-2022 3 nanosatellites March 15, 2025
HSP (Horizon 2020) 2018-2022 3 nanosatellites March 15, 2025

SpIRIT (ASI-ASA-UniMelbourne) 2019-2022 1 HERMES Payload | December 1, 2023
HERMES Full Constellation | On going studies

Table 3.1: Summary table of HERMES-PF mission steps and timelines.

The mission consists of two projects: the HERMES Technological Pathfinder (HTP), funded
by the Ministry of Education, University and Research and the Italian Space Agency, which
aims at demonstrating the feasibility of the project based on the first three nanosatellites,
and the HERMES Scientific Pathfinder (HSP), funded by the European Union Horizon 2020
research and innovation program, which includes three additional satellites for the purpose of
enabling an initial GRB localization experiment, for a total of six flight units. A HERMES-like
detector is also be hosted on board the SpIRIT (Space Industry Responsive Intelligent Thermal)
project, coordinated by the Australian Space Agency (ASA) and the University of Melbourne.
The Italian participation has been approved and funded by ASI.

The HERMES-Pathfinder mini-constellation thus consists of six satellites plus SpIRIT. SpIRIT
was launched on December 1, 2023, while HERMES-PF was launched on March 15, 2025 in a
Sun-synchronous orbit. In October 2025, HERMES-PF is still under commissioning because

of some communication issues between the spacecraft and the Ground Antennas.

27
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The final step will be the realization of the HERMES Full Constellation (HFC), a network
composed by tens of units, designed to continuously monitor the full sky for GRBs, GWESs, and
other high-energy events. The main information and timelines for each project are summarized
in Table 3.1]

Compared with the usual mission design, HERMES-PF provides a different approach, aiming to
achieve a network of modular, low-cost, and small (10x10x30 cm?) units. This strategy offers
several advantages: it prevents mission failure due to the loss of one (or even more) units, if one
or more units fail, the constellation and the experiment remain operational; it allows hardware
to be tested during the first launches, with the possibility of improving the design in subsequent
launches; it allows for a gradual deployment strategy: starting with reduced Pathfinder versions

of HERMES to demonstrate feasibility, before deploying the entire constellation.

3.1 Scientific Goals

The three main scientific goals of HERMES are [45]:

1. accurate and timely localization of bright X-ray/soft ~-ray transients, such as GRBs and

other high-energy transients, including the electromagnetic counterparts of GWEs;

2. investigate, for the first time, the time structure of GRBs down to microseconds, to

constrain the models related to GRBs engine;

3. study the radiative mechanisms responsible for the emission of GRBs through systematic

measurements in the energy range below 10 keV.

3.1.1 Transient detection and localization with HERMES

The localization strategy adopted by HERMES for the determination of the position on the
celestial sphere of the GRBs is determined by measuring the delay between the arrival time
of the transient signal at the different detectors. This is a well-known technique, adopted for
locating GRBs since their first discovery by the VELA satellites[10] and used routinely by the
InterPlanetary Network (Section . Delay times are calculated using the cross-correlation
function between the light curves recorded by different detectors. The accuracy in determining

the position opy is given by the following formula [45]:

C\/U%c + 0Fpos + OFive T 03
OPA ~ (3.1)
ABVN —1-2

where occ is the error on the cross-correlation calculated between two light curves, orpos=

opos/c is the error due to the uncertainty on the location of the satellite, ornvg is the uncer-
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tainty on absolute time, gy is a systematic uncertainty, AB is the Average Baseline, namely
the average distance between detectors, and N is the number of detectors which detect a given
event. The requirement on the localization capability, 1 arcmin or less for long and short GRBs
with variability down to ~ms and ~1° for all short GRBs, imply that orpos, oTivE and ogys
should be smaller than a few tens us. By including these values in Eq. and considering a
base distance between the different spacecraft similar to the Earth’s radius AB ~ R ~ 7000 km,

a simplified equation is obtained:

2.4°y 02 + o2
s (3.2)

N -3

OPA ~

The magnitude of oo depends on multiple factors: a) the temporal resolution of the detector;
b) the temporal structure of the transient; ¢) the number of photons per temporal bin in the
light-curve, which is basically given by the intensity of the transient and by the collecting area
of the detector, and d) the level of the background. Experience gained from operating a small

fleet of units in orbit prototype will be crucial to verify the various expected contributions.

3.1.2 The GRB inner engine

The main observational characteristics of GRBs are their enormous luminosity and rapid vari-
ability, typically on timescales of tens of milliseconds to seconds, with millisecond variability
being rare [83, [84]. These characteristics led to the development of the fireball model [85] (see
. Although successful in explaining GRBs observations, this model implies the presence
of a thick photosphere, which hampers direct observations of the hidden internal engine, which
accelerates the mass flow. The fast variability of GRBs offers a possibility for investigation of
their internal engines. In particular, numerical simulations [86] [87] and analytical studies [8§]
suggest that the light curves of GRBs reproduce the activity of their internal engine. However,
there are alternative interpretations, according to which the variability on a short time scale
derives from dissipation processes that occur occurring at larger radii in the jet [89).

Light curves have been studied in detail as low as 1 ms or so [90], while the pus-ms window
is essentially unknown, just as little is also known about the actual duration of the prompt
event. We do not know how many shells are ejected by the central engine, what the ejection
frequency is, and its length. This leads to the conclusion that accurate and sensitive GRB
timing, including the pus/ms window, should help answer at least some of these questions [45].
One of the most important open issues in GRBs is also the composition of the jets. It is not
clear yet whether the energy of the jet energy is carried out by the central engine in the form
of Poynting flux (magnetic jet) or as kinetic energy of matter (baryonic jet). The two scenarios

predict different variability properties which is why the detection of sub-millisecond variability
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is also critical to place constraints on both models and on the composition of the jet itself [45].
Fast timing, at the level of fractions of us, is at the heart of the HERMES concept. Once
the position of the GRB has been deduced from the time delays of the signals detected by
the different detectors, the same signals can be realigned in time and summed to improve the
GRB statistics. The total collecting area needed to provide a few counts per 10 us for GRBs
with a photon count rate of 10 ph/s/cm? in the energy band 50-300 keV is of a few m?2, which
translates into ~50-100 detectors simultaneously looking at the source, each of which having
a collecting area of ~ 200 cm? [45].

This photon count rate corresponds to relatively bright bursts, which are expected to occur a
few times per month across the full sky.

Studies conducted using BATSE data [01] have suggested two trends: a positive correlation
between luminosity and variability, and a negative correlation between width and amplitude
of individual pulses in a burst. Both trends support the search for short-duration variations in
bright bursts.

More recent analyses on a much larger samples of GRBs show that the correlation between
luminosity and the traditional variability estimator is weaker than previously thought [84] 92].
Instead, it has been found that the luminosity of GRBs is more strongly correlated with the
minimum variability timescale, defined as the shortest timescale over which the signal shows
uncorrelated temporal variability in the prompt light curve [93]. This parameter could reflect
the activity of the central engine and the emitting regions, reinforcing the scientific relevance

of fast-timing observations.

3.1.3 The HERMES Pathfinder Goals

The Pathfinder and the Final Constellation have a specific program of objectives. The main
goal of the HERMES Pathfinder program is to demonstrate the feasibility of the HERMES

approach and, in particular, to [45]:

e develop instrumentation and miniaturized scientific technologies for the detection and

study of GRBs and other high-energy transients;

e demonstrate that accurate localization of GRBs can be achieved by measuring the signal

arrival delay time of different detectors hosted by miniaturized satellites;

e demonstrate the applicability of disruptive technologies and Commercial Off-The-Shelf

components to a challenging space mission.
The two main high-level scientific requirements are:

e to detect GRBs with peak fluxes > 0.5-1 ph/s/cm? in the 50-300 keV band;
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e to detect > 40 long GRBs and > 8 short GRBs simultaneously in at least 3 units during
a nominal 2-year phase and be able to assess their position by analysis of the time delay

in signal arrival on different detectors.

3.1.4 The HERMES Full Constellation Goals

The HERMES Full Constellation should be able to reach the following high-level scientific
goals [45] :

e to cover each location of the celestial sphere using 20-30 detectors with maximum off-axis
angle, i.e. the distance from the optical axis of the detector, equal to 60 degrees.The full

sky should be accessible at each given moment;

e to achieve sensitivity to weak GRBs with flux ~ 0.2 ph/s/cm? in the energy band 50-300
keV allowing the observation of events similar to GRB170817 at distance 120-150 Mpc;

e to achieve localization accuracy better than 15 arcmin for long bursts and 1 degree for
short bursts, where accuracy is a function of the GRB flux for the long and short GRB,
respectively. Stronger GRBs allow to recover time delays with a better accuracy [94].
This would allow prompt identification of the electromagnetic counterpart of a GWE and

guide multiwavelength follow-up;

e to disseminate to the astrophysical community the positional data of transient events

within few minutes from the trigger time;

e to deploy a sufficient number of units to achieve a total collective area of the order of a

few m?;

e to achieve better than ps photon timing accuracy.

3.2 The expected scientific performances

The HERMES-PF pre-launch expected scientific performances are reported in [95]. The pre-
dicted number of short and long GRBs events detected with HERMES-PF per year is shown
in Table

HERMES-PF is expected to detect short GRBs at a rate of 19f§ per year and long GRBs at
a rate of ~195f§% per year. Short GRBs are detected mainly by the « instrument, because
of their harder spectra [96]. The effective area of HERMES-PF (HP) is smaller than that of
Fermi-GBM, which explains its lower detection rate of short GRBs (~40 yr—!, [97]) . For
long GRBs, approximately 26% of detections are made possible by the extended sensitivity in
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GRB Class S-mode X-mode X-mode only Total
Long 147173 131417 51772 195733
Short 1913 0.3%0:3 <0.1 1973

Table 3.2: Predicted number od Short and Long GRBs events detected with HERMES-PF per
years adapted from[95]. For each GRB class, the table shows the total rate and partial rates
in X and S modes (see text for discussion). X-only refers to events detected only by the X

instrument.

the soft X-ray energy range (3-20 keV). Combined with the possible implementation of burst
fluence-based trigger algorithms, this makes HP competitive with Fermi-GBM, which observes

long GRBs at an average rate of ~200 yr—! [97].

Figure 3.1: GRBs detection rates expected from HERMES-PF (events per year) as a function
of redshift z [98].

The GRB detection rate has been estimated under the assumption of a 50% duty cycle (as
expected in a Sun-Synchronous Orbit) and with the six satellites organized into two triplets,
each oriented toward different regions of the sky. In this configuration, each triplet provides a
field of view of about 5.20 sr in S-mode and about 3.14 sr in X-mode [95].

Thanks to the extension of the energy band to soft X-rays (3 keV), HERMES-PF will be
able to detect approximately 3.4 GRBs per year with redshift z>6 as shown in Figure [3.1] .
This estimate was derived from the sample of 8 high-redshift GRBs observed over the last two
decades. With follow-up in the near-infrared (NIR) from ground-based and/or space-based
facilities, HERMES-PF will therefore be able to significantly expand the current sample of
high-z GRBs already during its operational lifetime [98].



3.3 Payload Design

33

3.3 Payload Design

Parameter Value
Payload peak effective area (X-mode & S-mode) 52 cm?

Field of View 3.2 st FWHM
Low energy threshold < 3 keV

Energy resolution X-mode (@ 6 keV)
Energy resolution S-mode (@ 60 keV)
Time resolution (68% c.l.)

Time accuracy (68% c.l.)
Background rate 50-300 keV
Background rate 3—2000 keV

< 800 eV FWHM
< 5 keV FWHM
320 ns

181 ns

72 counts/s

510 counts/s

Payload mass 1.55 kg
Payload power in Observation 1.8 W
Payload Telemetry (scientific + engineering) 610 Mbits/day (50% duty cycle)

Table 3.3: Summary of HERMES-PF anticipated performance [98]. The background rates were

estimated for an equatorial orbit, originally planned for the launch.

The scientific requirements of HERMES-PF determine ambitious payload (P/L) requirements
summarized in Table wide energy bandwidth, good efficiency, good energy resolution,
high time resolution, extremely compact design, reliable operation in a wide range of space
environments (e.g., temperature, radiation damage, etc.) [98].

To meet these requirements within the mass, volume, and power constraints of a CubeSat,

HERMES-PF was designed with an innovative and customized design.

The payload structure is allocated in a 1U-CubeSat (10 cm x 10 cm X 10 em), with a total
mass < 1.6 kg) that is composed by four major blocks represented in Figure the Detector
Assembly, the Back-End Electronic board (BEE), the Power-Supply electronic board (PSU)
and the Payload Data Handling Unit (PDHU). In the following sections, these components
and their principle of operation will be explained in detail. The integration of the Detector
Assembly took place in the laboratories of the Fondazione Bruno Kessler (FBK) in Trento,
Italy. The BEE, PSU and PDHU boards were integrated with the detector at the INAF/TAPS

laboratories in Rome, where functional tests were also conducted [99].
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Figure 3.2: Exploded view of the HERMES-TP/SP Payload [98].

Starting from the top, the payload is composed of:

Detector support structure, mounted on top of the sensing plane. A thin optical filter,
designed and produced by the Institute of High Energy Physics (IHEP) in Beijing, China,
is placed between the top and bottom of this structure to block Optical/UV light from
the environment that could degrade the performance of the detectors. The filter also

plays a role in the overall thermal design of the detector assembly.

Front-End Electronics (FEE), a rigid-flex printed circuit board with a main plate located
below the filter and two side wings, that hosts 12 SDD arrays, 120 LYRA-FE ASIC
arrays (one for each SDD channel), 4 LYRA-BE ASICs, discrete electronic components

and electrical connectors acting as the electrical interfaces with the BEE board.

60 scintillator crystals, where each crystal is optically connected to two SDD cells. They
are housed in the crystal box that, along with the FEE board and the detector support
structure, defines the overall mechanical structure, above the BEE. The box is shielded

on the sides and on the bottom by three 200 um thick tungsten plates.

Back-End Electronics (BEE). This board reads analog signals from the FEE, produces
digital data via external ADCs, handles time marking and other operations using a Field

Programmable Gate Array (FPGA) as the control logic.

Payload data handling unit (PDHU) board, with the on-board computer. It implements
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all the functionality required by the experiment, with an average consumption of 400 mW.
For example, it configures FEE and BEE and receives their digital data, generates the
photon list, processes the data with a burst search algorithm, and produces TM teleme-
try data packets, the data to be sent to the ground, It also handles housekeeping (i.e.,

monitors the status of the payload), and the interface management with the spacecraft.

Power Supply Unit (PSU) board, responsible for the control and generation of the P/L

power supplies.

3.3.1 Detector Architecture

The HERMES-PF detector is based on the “siswich” architecture described in Figure[3.3] where
thin silicon detectors are coupled to scintillator crystals in a monolithic structure [82]. This

architecture allows the wide energy band required to be covered. This architecture enables

Figure 3.3: Siswich architecture: the SDD (yellow) is coupled to the GAGG:Ce scintillator (blue).
Low-energy photons (<30 keV) are absorbed in the SDD, while higher-energy photons interact in
the scintillator, producing light that is collected by the SDD.

the detection of both soft and hard X-rays, as well as «-ray photons. Soft X-rays are directly
absorbed by silicon, while higher-energy X-rays and y-rays pass through the scintillator crystals.
These high-energy photons are absorbed and converted into visible light, which is subsequently
collected using the same silicon detector. The detector configuration is an array of 12 Silicon
Drift Detector (SDD) matrices shown in Figure each with 10 individual 0.45 cm? cells and
a silicon thickness of 450 pm. SDD can detect X-ray radiation with good efficiency up to 20-30
keV, with low noise and a time resolution of less than ps [66]. Due to their high quantum
efficiency (~90%) for optical light, SDDs also play the role of scintillator photodetectors.

The SDDs are based on results achieved within the framework of the Italian ReDSoX collabo-

ration, with the combined design and manufacturing expertise of INFN-Trieste and Fondazione
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Bruno Kessler (FBK, Trento) [100].

10 CELLS 1 “

3.4

(a) (b)

Figure 3.4: HERMES-PF 12 Silicon Drift Detectors array during integration (a). Design of the
structure of the SDD array and cells (b). Each SDD array is composed by 10 cells as [I00].

Crystals are optically connected to the SDDs, and each is read by two SDD cells. In this
way, events detected by a single SDD are associated with soft X-rays, whereas events detected
simultaneously in the two adjacent detectors correspond to hard X-ray/vy-ray photons. The
crystals are grouped in sub-assemblies of five crystals, with one sub-assembly coupled to an
individual SDD array.

To maximize the efficiency of scintillation light collection, each crystal is wrapped in reflective
material (see Figure , with the exception of the surface directly in contact with the SDD,
which is optically coupled via a soft, transparent silicone layer. This layer also acts as a shock
absorber, mitigating risks during launch and in-orbit operations.

The inorganic scintillator is the Cerium-doped Gadolinium-Aluminum-Gallium Garnet (GAGG:Ce),
which was first developed in Japan (2010) and has been commercially available since 2014. In
addition to mechanical robustness, to an extremely low intrinsic background and absence of
hygroscopicity, it displays high light output (~ 50000 ph/MeV) and short decay time of ~
90 ns [82].

The high light output allows lower energy thresholds for high-energy detection (from 20 keV
to several MeV), while fast decay times are crucial for achieving high photon timing accuracy.
The 60 crystals, grouped 5 by 5, are contained in the crystal box, and each crystal has a
6.94x12.1 mm? cross-section and is 15 mm thick.

A common feature of almost all scintillators is the so-called non-linearity in their response, i.e.,
the light output is not constant with respect to energy but depends on several factors. Although

there is no detailed description of this behavior for the GAGG:Ce, some studies [101] [62] have
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shown a decrease in light output of a few percentage points for photon energies below a few
hundred keV and the presence of a discontinuity due to the gadolinium K edge (at 50.23 keV).
In order to correctly calibrate the response of the HERMES-PF detectors in the ~-ray energy
band, the deviation of the light output from the reference value (usually assumed to be the
662 keV line from 37Cs) was evaluated in [102], on the basis of which a correction was then

obtained to be applied to future acquisitions.

(a) (b)

Figure 3.5: Scintillators optical assembly design (a) and real (b). Each crystal is wrapped in
a reflective material and optically connected to the SDD through a layer of soft, transparent

silicone [100].

With this design, the payload detector can detect X-rays and ~-rays in the energy range 3—
2000 keV, providing the following information for each detected photon:

e Timestamp of photon event
e Photon energy

e Address of the pixel where the conversion took place

3.3.2 LYRA Readout Electronics

HERMES-PF readout electronics feature an application-specific integrated circuit (ASIC) called
LYRA, developed by a collaboration between Politecnico di Milano and University of Pavia [L03].
It is an heritage of the VEGA ASIC project developed for the read-out of large-area SDDs
[104, 105]. This ASIC is optimized for low noise and low power consumption, which is essential
for achieving the high-energy resolution potential of Silicon Drift Detectors.

HERMES detector hosts four independent LYRA ASICs chipsets. Each LYRA chipset is di-
vided into 30 Front-End ASICs (LYRA-FE) and 1 Back-End multichannel ASIC (LYRA-BE)
for a total of 120 LYRA-FE and 4 LYRA-BE circuits [82], with the detector segmented into

four independent quadrants, each with its own electric bias. This architecture is schematized in



38 3. The HERMES Pathfinder mission

Figure (However, due to a failure in one quadrant that occurred during the final stages of
ground calibration, the payload on board SpIRIT operates with only three active quadrants).
The LYRA-FE ASICs are installed close to the SDD anodes to minimize the input capacitance,
and they have the functions of preamplifiers, signal shapers, and transmitters. Once processed
by the LYRA-FE, the signals are routed to the LYRA-BE ASICs, which are located on the side
of the Front-End Electronics board. Each LYRA-BE chipset handles 32 channels (including
two spare), with each channel incorporating a current-mode signal receiver, a second signal
shaper, a discriminator, a peak-stretching circuit, and control logic.

The LYRA-BE is responsible for multiplexing the signals from the 32 input channels of LYRA-
FE. Through the multiplexer, analog outputs from each SDD, along with event triggers, are
read. A digital-to-analogue converter (DAC) on the LYRA-BE programs the threshold that
determines the minimum signal level to trigger an event readout. Thresholds are expressed in
8-bit DAC units, i.e., spanning the range from 0 to 255, which correspond to an analog voltage
level from 0 V to 3.3 V. This voltage serves as a reference for the discriminator circuit, which
compares the incoming signals with the threshold level to decide whether an event should be

recorded.

Figure 3.6: Architecture of the LYRA chipset with 120 LYRA-FE connected to 120 anodes of
the SDD and 4 LYRA-BE [82]

The threshold can also be set for individual channels, and is called the fine threshold. The
combined global and individual thresholds are set high enough to effectively suppress noise-

induced triggers in most detector channels. The effective energy threshold is determined by the
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DAC-programmed value in combination with the specific characteristics of each channel (gain,
offset, and light output) and the payload temperature [106].

The number of nominal active channels together with the selected DAC threshold define the
main parameters of the ASIC configuration.

The detector and the readout electronics are hosted in the FEE Electronics board, together

with six temperature sensors.

LYRA ASIC Circuit

A scheme of the complete LYRA circuit is shown in Figure|3.7] where the logic blocks contained

in the FE and BE sections are outlined [107].

Figure 3.7: Block diagram of the LYRA ASIC chipset. The respective chains of the FE and BE

sections are outlined by a red and blue rectangle [T07].

The first element of the Front-End (LYRA-FE) is the Charge Sensitive Preamplifier(CSA),
which transforms the current at the SDD anode into a voltage step. The preamplifier input is
connected both to the SDD anode and to a test input Viest. A capacitor connected to the latter
allows to simulate a signal such as an event related to the arrival of a photon. Next, the pulse
shaper transforms the signal from a step to a quasi-Gaussian shape of which we can select the
rise time, that is, the time required for the signal to reach the peak.

The LYRA-BE receives the shaped signals from up to 32 front-end units. A second shaping
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stage further refines the pulse, which is then processed by the Peak stretcher and sample-and-
hold circuit. A discriminator allows to select signals intense enough to be due to a photon and
not to a noise fluctuation. The discriminator is set by a programmable threshold via the Digital-
to-Analog Converter (DAC). The lower the value of the threshold, the more it will be sensitive
to lower-amplitude events, such as low energy photons. If a signal passes the threshold, it
can be converted to a digital value. The peak stretcher allows the analog-to-digital conversion:
when the input signal reaches its peak, it is held at the maximum level and remains constant.
In other words: if the signal exceeds the threshold, it arms the peak discriminator, which then
enables the stretcher. Valid events generate a trigger signal, managed by the control logic.
The outputs of the individual channel triggers and of the analog stretcher signal are at the end
of each channel circuit. In order to minimize the number of external connections, a multiplexer
allows to select the routing of any given channel to the external output.

After the analog-to-digital conversion the signal chain is reset and is able to acquire triggers
again. The LYRA-BE operates in two modes: configuration and operation. In the first mode,
all parameters can be set, such as the trigger thresholds and the selection of active channels. In
the second case, the ASIC generates an OR trigger signal each time a channel detects an event
above the threshold. At the same time, the analog signal from the Peak Stretcher is routed to
the output through the multiplexer.

3.3.3 Back-End electronics (BEE)

The Back-End Electronics Board is a PC/104 format board developed by INAF specifically for
the HERMES-PF payload, using COTS components [66]. It is responsible for communication
between the FEE board and the Payload Data Handling Unit. It uses a Field Programmable
Gate Array (FPGA) as control logic to manage various operations, including reading analogue
signals from the Front-End Electronics (FEE) and converting them into digital data via external
ADCs, configuring the ASIC, collecting the Housekeepings and controlling the power lines for
the FEE. It manages event data acquisition and transmits this information to the PDHU, while
also receiving and decoding telecommands sent by the PDHU.

The BEE also houses a miniaturized chip-scale atomic clock (CSAC) that provides an extremely
stable 10 MHz clock and a pulse-per-second (PPS) signal [108]. The PPS, synchronized with
the onboard GPS receiver, resets a 28-bit counter, while the 10 MHz clock drives a 24-bit fast
counter used to timestamp events with 100 ns resolution. This architecture allows time-tagging
of events with sub-microsecond accuracy and ensures precise clock synchronization, even when
the GPS signal is temporarily lost [66, [106].

On the BEE board, the analog signals generated by the detectors and processed by the FEE are
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routed to an analog-to-digital converter (ADC). The system includes four independent ADC
chains, each dedicated to a specific quadrant of the detection plane. This architecture allows

for the simultaneous acquisition of events occurring in different quadrants [66].

3.3.4 Power Supply Unit (PSU)

All power supplies required for the P /L are handled by the Power Supply Unit (PSU) board, also
developed and manufactured by INAF using COTS components [109]. In particular, it controls
the power supply to the payload by managing the activation and deactivation of the required
voltages. These voltages are sourced from the satellite’s power bus (SBUS), which filters and

distributes them across the various P /L sections. The distributed power lines are [109] [66]:
e 3V3 supplies power to the BEE, the CSAC and the Payload Data Management Unit;

e 5VO0 supplies power to the FEE ASICs (5VO-FEE), specifically powering the linear voltage
regulators that provide 3V3 V for the analogue and digital circuits, as well as 2V0 for the
analogue of the FEE. It also powers some of the circuits on the BEE board (5V0-BEE);

e 12V power the DC-DC converter providing the High Voltage bias for the SDD detectors.

For each main power supply track, there is an Overcurrent Sensing circuit that monitors the
current flowing on the line and quickly opens the line breaker if an overcurrent condition is
detected, in order to prevent damage of the load [109]. The PSU hosts the electronic switches
that control the voltages, while the PDHU controls them, managing the switching on and
off based on predetermined operating procedures. Additionally, the BEE firmware controls

another set of switches, adding an extra layer of security.

3.3.5 Payload Data Handling Unit (PDHU)

The Payload Data Handling Unit (PDHU) is the main control system at the payload level, re-
sponsible for pre-processing, storing, and preparing scientific data, as well as managing house-
keeping tasks like monitoring payload status [I10]. Acting as the interface between the space-
craft and the payload, the PDHU is built around the Innovative Solutions In Space (ISIS)
On-Board Computer (i0BC), a high-performance, flight-proven unit featuring an ARM9 pro-
cessor and a modular daughterboard architecture that facilitates the integration of mission-
specific electronics. The PDHU configures the FEE and BEE, receives digital data, processes
it using a burst search algorithm, generates photon lists, and creates telemetry data packets for

transmission to the ground. It operates with a low average power consumption of 400 mW [66].
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Operating Modes

The PDHU software is designed on the basis of a finite-state machine model [66, 110]. The
P/L operating modes are described in Figure

Figure 3.8: Payload operative modes. TC means that the transition between one operative mode

to another is performed by executing a remote TeleCommand.

The system starts in Boot mode immediately after power-on, which is the initial start-up state
triggered by the activation of the 3.3V power line. When a significant error or malfunction
is detected, the system shifts to Safe Mode, where functionality is reduced to handle such
exceptional situations. Once the system is powered on, the PDHU enters Standby mode,
where the detector remains off and the system only requires the 3.3V supply line.

Following successful health checks, the PDHU switches to Ready mode, where all power lines
(3 V, 5V, and 12 V) are activated, but the detector’s high voltage remains off. In Idle
mode, which is similar to Ready mode, the high voltage required for the detector is turned on,
generated from the 12 V line.

Observation and Calibration modes are used to collect scientific data, with their specific
configurations set in either Idle or Standby mode. In Calibration mode, full-band photon-by-
photon data are recorded; in Observation mode, Scientific Rate Meters (SRAs) are produced,
which consist of light curves for each quadrant with a 100 ms temporal resolution. During
Observation, a burst detection algorithm is executed in real-time while data are being collected.
The primary role of Data Processing mode is to prepare scientific data for transmission to the
ground. This includes running a second burst detection algorithm, reducing and compressing
the data, and collecting housekeeping reports.

The Fault Detection Isolation and Recovery (FDIR) procedure, a non-autonomous oper-
ating mode, allows automatic switching between operating modes. The on-board sensors allow
monitoring of voltage, current and temperature values and comparison with the nominal values

described in the on-board database. In the event that they fall outside the expected ranges,
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the FDIR task issues a warning and assesses the severity of the fault. If high severity faults
occur, an automatic switch to safe mode or power-cycling is performed.
The Emergency Remote Control (TC-EO) can be activated in the event of communication

issues or other unforeseen problems, ensuring a complete and controlled shutdown sequence of

the P/L. More information on the TC-EO command can be found in Sectio

Memory architecture

The PDHU incorporates its own memory architecture, organizing the file system into various
sub-directories. The ‘CAL’ sub-directory is dedicated to storing Calibration mode photon data,
with each file representing one second of data. The ‘PHR’ and ‘PHF’ directories manage photon
data in the 50-300 keV range and the full-band photon lists triggered during Observation mode.
The ‘SRA’ sub-directory, on the other hand, holds files that contain the Scientific Rate Meters,
with one file generated per observation.

In addition, the system generates several .log files that document operational activities and

events, playing a critical role in event tracking and diagnosing possible problems.

3.4 HERMES-PF payload implementation stages

The integration of each payload follows a well-defined logic and a consolidated sequence of steps.

Figure illustrates the overall strategy that guides the payload integration process [99].

Figure 3.9: The overall strategy of the HERMES Pathfinder payload integration [99].

The first step of the integration process involves the assembly of the detector, carried out at
the laboratories of Fondazione Bruno Kessler (FBK) in Trento, Italy. FBK is also responsible
for the production of the SDD detectors.
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Following this initial phase, including functional and performance testing, the partially assem-
bled payload is transferred to the INAF /TAPS laboratories in Rome, Italy. Here, the integration
of the remaining electronic boards, BEE, PSU, and PDHU, is completed. A schematic view
of the payload is shown in Figure (b). After the installation of each board, additional
functional tests are conducted to ensure system compatibility and performance Once the full
payload integration is completed, the calibration campaigns are carried out at various temper-

atures (in the range +20 °C) using different radioactive sources (e.g. *°Fe, 199Cd, 37Cs).

(a) (b)

Figure 3.10: Picture of the payload Demonstration Model [I00] (a) and a schematic view of the
HERMES-PF payload [106] (b).

Before working with real flight payloads, the Payload Demonstration Model (DM) in Figur
(a) was realized: it represents the first fully integrated, non-flight HERMES payload dedicated
to validate the integration procedure and to carry on functional and preliminary performance
testing.

The HERMES-PF flight models are named PFM (Proto Flight Model), FM1 (the SpIRIT one),
FM2, FM3, FM4, FM5, and FM6, listed in order of integration.

3.5 HERMES-Pathfinder Service Module

The HERMES-PF service module (SM) is a 3U-class CubeSat with a volume of 10 cmx 10
cmx 30 cm, with a total mass ~ 6 kg. It has been designed and developed by Politecnico di
Milano. The internal structure is divided in three main parts [98], shown in Figure

e Top Unit: entirely dedicated to the payload;

e Central Unit: housing the batteries, control boards, and all the main electronics;

e Bottom Unit: primarily allocated to the reaction wheels.
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Figure 3.11: HERMES-PF Service module internal configuration [111].

The assembly, integration, verification and test (AIV/T) activities of the service module were

mainly carried out in the ISO 8 clean room at the Politecnico di Milano.
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Chapter 4

Calibration and Integration

activities for HERMES-PF

This chapter presents the work plan for the Calibration of HERMES-PF flight models [112, [106].
Section introduces the logical and physical principles underlying calibration, defining the
main characteristic quantities to be determined. Section [4.2]is dedicated to the preliminary
functional tests carried out during the integration of the detector, while section presents
the calibration setup for the official calibrations campaign described in Section Section [4.4
describes the software pipeline developed specifically for processing calibration data. Finally,

the results obtained are discussed in Section .6

Figure 4.1: Payloads family picture from FM2 to FM6 [98].

The author’s contribution to this work concerned Flight Models (FMs) 4, 5, and 6, particu-
larly with regard to functional tests and calibration campaigns conducted in the laboratory.

Calibration activities and performance analyzes were performed on all FMs. A family picture

47
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of the payloads from FM2 to FM6 is shown in Figure

4.1 Calibration basic principles

Calibration of the acquired spectra means converting detector amplitudes in terms of absolute
energy in keV to identify high-energy emitters. In HERMES-PF, lower-energy radiation is
detected in the SDD, while higher-energy X-rays and gamma-rays are absorbed in the crystal
and give rise to optical scintillation photons, which are then collected by the SDD. Both signals
are read out by the front-end electronics. Therefore, calibration is divided into two modes, one
for X-ray sources and one for gamma-ray sources. As explained in Chapter 3] the entire detector
is split into four totally independent quadrants, each of which houses a LYRA-BE ASIC that
handles 30 LYRA-FE channels. Each channel reads and processes the signal coming from an
SDD anode [82]. Calibration is performed for all channels of each quadrant using a set of known
radioactive sources: ®Fe, 197Cd, 37Cs. When an X-ray interaction occurs in the SDD silicon
bulk, only one trigger channel is usually present and a X-mode event is identified. Otherwise,
if the incoming photon is absorbed in a scintillator crystal, the two channels reading out the

crystal are triggered and this is classified as a gamma-ray S-mode event.

4.1.1 X-Mode

When an X-ray is absorbed in the SDD silicon bulk, on average one electron is produced every
3.65 eV of deposited energy [113]. Consequently, there is a linear relation between X-ray energy
and the anode signal amplitude in electrons. The slope and intercept of the linear fit between
the measurements in a recorded spectrum of known photon line energies, versus the amplitude
in electrons, define the calibration parameters called gain and offset. The main purpose of X-
mode calibration is to determine the gain and offset for each channel. The linear fit is described

by the following expression:
AJADC] = Ale™] x Gain[ADC'/e™] + Offset[ADC] (4.1)

The calibration of a given amplitude A in [e”] is then performed by:

A[ADC] — Offset

Ale™] = 4.2
7] G (4.2)
For X-mode events, the amplitude is expressed in keV as:
3.65[eV /e~ A[ADC] — Offset
Afkev] = SO1VIET] o1 0 003650kev /e Afe] = 0.00365 AAPCL = Offset ) o)

1000[eV /keV] Gain

The X-mode calibration is performed using **Fe and '%°Cd radioactive sources. Since the

calibration parameters also depend on temperature, it is necessary to perform a data acquisition
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at different temperatures (around the expected operating temperature, which is ~ 0 °C for
HERMES-PF and ~ —15 °C for SpIRIT). In particular, temperature variations are due to two
contributions: the intrinsic contribution of the electronic chain, and that of the digitizing part
of the signal (ADCs).

Based on the activity rateE] (activity 200 uCi for ®Fe, about 50 pCi for 19°Cd), an integration
time of 900 s is chosen for each measurement, to obtain sufficient count statistics (>10 kcts per
channel) in order to minimize errors on the peak fits of the acquired spectra. The steps to be

followed are summarized in Table 1]

Step | Mode | Measurements | Temperature Notes Integration time
1 X 55Fe + 109Cd 20 °C >10 kcts/channel 900 s
2 X 55Fe 4 109Cq 10 °C >10 kets/channel 900 s
3 X %5Fe + 199Cd 0°C >10 kets/channel 900 s
4 X 55Fe + 109Cd —10 °C >10 kets/channel 900 s
5 X %5Fe + 199Cd —20 °C >10 kcts/channel 900 s

Table 4.1: List of steps for X-mode calibration: the adopted sources are **Fe and '%°Cd and

900 s acquisitions are performed to collect a minimum of 104 counts for each temperature.

Each source is placed above the payload, with a suitable holder and all four quadrants are tested
together. Each measurement is performed with three set ASIC thresholds (see Section ,
at values of 105, 95 and 85 (in units of the internal ASIC DAC). The use of different thresholds
makes it possible to verify if there a residual dependence of the gain on this parameter, and to

define the optimal one for acquisitions in orbit.

4.1.2 S-Mode

The main purpose of the S-mode calibration is the verification of the effective light output
LY for each channel. The LY is defined as the number of electrons produced at the SDD
anode for unit of energy absorbed in the scintillator crystal and is measured in [e” /keV]. As
such, it is the product of the intrinsic light output (number of scintillation photons produced
per unit of absorbed gamma-ray energy), the optical contact efficiency (fraction of scintillation
photons able to reach the SDD surface window) and of the SDD quantum efficiency (fraction

of scintillation photons able to produce one electron of charge in the active silicon bulk. On

IThe activity of a radioisotope source is defined as its rate of decay and is given by the fundamental law of
radioactive decay

AN
= AN (4.4)

where N is the number of radioactive nuclei and A is defined as the decay constant. The historical unit of activity

has been the curie (Ci), defined as exactly 3.7x10'° disintegrations/second [1T4].
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average, one optical photon produces one electron). The effective light output is also known to
be a non-proportional quantity, i.e., its value depends also on the energy. This effect is being
measured and parameterized on the same HERMES-PF scintillator crystals with a dedicated
setup [102]. The effective light output depends on the temperature, with an expected ~20%
increase by going from the room temperature value to —20 °C [115].
The signal amplitude for S-mode events is expressed in keV as:

Ale™] 1 A[ADC] — Offset

AleV] = e keV] ~ TVe /keV] Gain (45)

where LY is the light output for the given channel (and the given temperature).

To reconstruct the event read out by two channels (a, b) optically connected to the same

crystal, its amplitude is given by:

Ayle™] + Aple™]

Atot|keV] = = 4.
tor ke V] = T eV T+ LYy e /keV] (46)
B 1 A[ADC)], — Offset, N A[ADC];, — Offsety,
~ LY,le /keV] + LY[e~ /keV] Gain, Gainy,

For each HERMES-PF FM, the effective light output is measured by irradiating the detector
using a 137Cs radioactive source (monochromatic emission line at 661.65 keV). The source is
placed above the center of the detector and all four quadrants are acquired simultaneously.
Similarly to X-mode calibrations, each measurement is repeated with three ASIC thresholds,

whose values are set at 105, 95 and 85. The steps to be followed are summarized in Table

Step | Mode | Measurements | Temperature Notes Integration time
5 S 137Cs 20 °C >10 kcts/channel 900 s
6 S 137Cg 10 °C >10 kets/channel 900 s
7 S 137Cs 0°C >10 kcts/channel 900 s
8 S 137Cg —10 °C >10 kets/channel 900 s
9 S 137Cs —20 °C >10 kcts/channel 900 s

Table 4.2: List of steps for S-mode calibration: source used is 37Cs and 900 s acquisitions are

performed to collect a minimum of 10# counts for each temperature.

4.2 Preliminary functional tests

Calibration is essential in order to identify any problems in the electronics and detector, and

to apply the necessary solutions. During each payload integration phase, a preliminary and
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intermediate calibration was performed, with the aim of verifying the correct functioning of
each component and, consequently, their overall integration.

As shown in Section [3.4] the first integration phase involved the assembly of the detection
system and its connection to the Front-End Electronics board. The operations described in
this section were carried out by the author for FM4, FM5 and FM6. They took place over a
period of time from January to March 2023. The procedure described below is the same for all

payloads.

4.2.1 Detector assembly

The first series of functional tests was carried out in Trento, Italy, at the Fondazione Bruno
Kessler (FBK), to verify the operability of the integrated system.

After the integration of the SDD detectors into the FEE board, shown in Figure and
the bonding of the ASICs, the first test phase was started. The second phase began with the
integration of the crystal box, shown in Figure [4.2h] into the FEE.

The main purpose of these tests was to characterize the correct behavior of the LYRA circuit
together with the SDDs, and in particular to identify for which channels an anomalous behavior

occurs.

(a) (b)

Figure 4.2: SDD detectors integrated into the FEE board. (a) The 60 crystals inside the crystal
box (b). The two components will then be assembled in order to couple each pair of SDDs with

its corresponding crystal.

The test equipment is shown in Figure It consists of a power supply to feed the board (since
the PSU board was not integrated at this stage), which provides low-voltage and high-voltage
lines. In particular, three bias voltages were needed: 2.0 V for the LYRA-FE, and two separate
3.3 V lines for the LYRA-BE—one for the analog section (3.3A) and one for the digital section
(3.3D). The HV at 120 V is required to polarize the SDD.

A digital oscilloscope, to observe the output of all 32 channels on each ASIC. The oscilloscope
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Figure 4.3: Test equipment used for preliminary calibration of the Front-End electronic board,

incorporating the SDD detectors and the LYRA ASIC.

is able to produce real-time histograms and it works also as pulser, to stimulate electrically
the ASIC by simulating photon signals. The pulser is monitored through the oscilloscope and
connected to the test board; a Digilent™ Arty-Z7 board, equipped with an on-board FPGA
(Field Programmable Gate Array) that serves as the control logic for configuring the ASIC;
it is connected to the test with a custom flat cable and to the PC via an USB connection. A
computer with a software interface, developed at INAF-OAS, that communicates with the Arty-
77 board to acquire data and configure the ASIC. Configuration parameters are defined via the
graphical user interface shown in Fig. which are transferred to the internal ASIC memory
registers via a serial interface handled by the FPGA. Through the interface it is possible to
activate the channel to be tested and enable or disable the individual chains in the circuit and
display the signal of interest.

The same test equipment was used after the integration of the GAGG:Ce crystals, with an
additional cover to shield the crystals from ambient light.

The initial phase of the functionality tests consists of testing and characterizing all 120 LYRA-
FE ASICs bonded to the SDDs, which are placed on the FEE board, and the 4 LYRA-BE
ASICs. All acquisitions were made at room temperature between 22 and 24 degrees. Temper-
ature is an important parameter to consider when analyzing results.

After verifying that the absorption values were nominal, 7 mA on the 3V3 line, 3 mA on the
2VO0 line, the electronics of one quadrant at a time were tested. The functionality of the FE-
electronics was evaluated in two operating modes: shaper and stretcher (See selectable via
the interface shown in Fig. using identical configuration parameters for all tests (threshold
100, 120-bit DAC reset, internal single-channel mode). Using the pulser, the nominal behavior
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Figure 4.4: The graphical interface used to configure the ASIC parameters.

of both modes was verified for all channels in each quadrant, providing an immediate overview
of noisy or strange channels. In Figure an example of signals observed in shaper mode, on
a single channel (a), and in stretcher mode, with a cycle on all 32 channels, is shown (b). The
default threshold for all these preliminary acquisitions is set to 100. Fine threshold adjustments

can be made on individual channels in the case of noisy channels (see [3.3.2]).

(a) (b)

Figure 4.5: Examples of signals observed in shaper mode, on a single channel (a), and in stretcher

mode, with a cycle on all 32 channels (b).

To characterize the entire functionality of the channels, including the SDDs, spectra were ac-
quired using radioactive X-ray sources **Fe and '°?Cd, followed by a preliminary calibration.
During data acquisition, the sources were moved across each quadrant to ensure uniform irra-
diation of all channels.

Each spectrum was recorded with an oscilloscope: an example for a single channel is shown in
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Figure , where three expected emission lines are clearly visible: one from ?°Fe at 5.9 keV,
and two from '%9Cd at 22.1 keV and 24.9 keV.

The gain and offset values of each channel were measured using the relations described in
Section the peaks of the emission lines were first identified manually using the oscilloscope
and then compared with the expected energies. Then, a linear regression was applied, from
which the gain and offset parameters were extracted. The gain and offset distributions for
quadrant B of FM4 are shown in Figure [4.6 The intrinsic dispersion of the values of the
individual electronic components in the system leads to an expected variation in gain and

offset between the different channels of approximately 20-30%.

(a) (b)

Figure 4.6: Gain (a) and offset (b) values distribution with error bars, for each working channel
of FM4 Quadrant B. The dispersion of gain and offset from channel to channel is consistent with

the expected variation of £20% from the average (blue rectangle for gain).

This initial estimate is preliminary and is intended to identify potential anomalies, since a this
stage, interventions can still be made to repair or improve malfunctioning channels, or at least

to attempt their recovery.

The second stage of detector assembly, carried out in Trento, involves integrating the crystal
box. After cleaning it to remove any potential contamination, the 60 GAGG:Ce crystals are
placed in the box and positioned in optical contact with the SDDs, with silicon pads interposed
between them. The entire integration process was carried out by a dedicated specialist. Then
the assembled detector module was put into the vacuum chamber for 40 minutes.

Once the module was ready for testing, the pulser was used to recheck all channels in both
shaper and stretcher modes, verifying that no damage had occurred during assembly. To com-
pare the results before and after box integration, a preliminary calibration was also performed
at this stage.

The %Fe and '%9Cd sources were used to repeat the X-ray calibration, obtaining updated

gain and offset values, while a ¥7Cs source, with an emission line at 661.7 keV, was used to
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Figure 4.7: Example of a single-channel spectrum recorded by the oscilloscope in purple. The
three emission lines are clearly visible: one from 5°Fe at 5.9 keV, and two from '°°Cd at 22.1 keV

and 24.9 keV.

determine the light output of the crystals. The relationships used for these calculations are
those described in The average effective light output was 13.5 e~ /keV for FM4, 12.8
e~ /keV for FM5, and 13.1 e~ /keV for FM6. Figure shows the light-output distribution for
FM4. At the operating temperature (~ 0°C for HERMES-PF) these values should reach the
expected value (around 14-15 e~ /keV).

After testing, a definitive first picture of the behavior of each channel in all payloads was
established. This information was used to define a preliminary ASIC configuration, which will
be re-evaluated at each subsequent stage of integration, until the final configuration is reached

once the payload is ready for orbit.

The analysis highlighted several typical issues affecting some channels: noisy channels, charac-
terized by broad peaks, with reduced energy resolution. Channels affected by retrigger, mainly
caused by residual pulses induced by the reset signal, which discharges the feedback capacitance
of the preamplifier after each trigger event [106]. These channels require a higher threshold
to function correctly. Channels showing a low-energy peak, often attributable to reset bounce
effects or electronic noise. When one of these effects is too high, the channel may lose its

functionality and be turned off.

Taking FM4 as a representative example, before crystal integration, 82 of the 120 channels
(69.3%) were fully functional. 22 channels (18.3%) showed the low-energy peak before the °Fe
line, but remained operational. Seven channels (5.8%) functioned marginally due to retrig-
gering problems and required a higher threshold, while eight channels (6.7%) were classified
as noisy, characterized by broad peaks. Only one channel (0.8%) was non-functional due to
excessive retriggering. After crystal box integration, 77 channels (64.1%) remained nominal,

27 channels (22.5%) showed the low-energy peak. Five channels (4.2%) functioned marginally
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Figure 4.8: Effective light output distribution for all the active channels in FM4.

due to retriggering problems and required a higher threshold, while five channels (6.7%) were

classified as noisy. Four channel (3.3%) were non-functional due to excessive retriggering.

There are no significant differences between the results obtained before and after the integration
of the crystal box. The lack of a perfect match between the problematic channels in the two
cases is most likely due to the configuration conditions associated with payload integration,
rather than actual acquisition problems. Such variations may result from factors introduced
during assembly, including the contact pressure of the silicone couplers, optical alignment, or

small mechanical displacements during the integration.

Similar behavior was also observed in other flight models. After functional testing in Trento, the
detector was carefully packed and prepared for transport to Rome, where a second preliminary
calibration of the FEE was performed. Spectra of *Fe, 107Cd and '37Cs were acquired to verify
the performance of the channels. The results were broadly consistent with those obtained in
Trento, although some channels classified as noisy here appeared nominal and vice versa. These
differences are mainly attributed to configuration conditions. A second ASIC configuration with
on channels was defined. Once payload integration is complete, the final ASIC configuration

will be verified and it will be determined whether the disabled channels can be recovered.

4.3 Calibration

The detector assembly was integrated with the BEE board, the PDHU and the PSU at INAF-
IAPS facilities in Rome. With the payload fully integrated, official Calibration started.
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4.3.1 Calibration set up

The HERMES-PF calibrations were performed in a class 10000 clean roomﬂ at the INAF /IAPS

laboratories in Rome, Italy. The calibration experimental set up is shown in Figure [£.9]

Figure 4.9: The calibration experimental setup. The payload is in the climatic chamber, on the

right [106].

The calibration parameters to be determined are the electronic gain, offset and effective light
output for each channel. The calibration is performed by placing the flight unit in a suitable
temperature-controlled climatic chamber, shown in Figure and illuminating the detector
with standard laboratory calibration sources (*°Fe, 1%9Cd, '37Cs). The radioactive sources are
housed in a source holder (3D printed).

Based on the following source dimensions, specific holes were created in the holder: ®°Fe is a
cylinder with a diameter of 8 mm and a height of 5.05 mm; ¥7Cs and 2*'Am are rectangular
plates measuring 11.14 x 23.51 mm and 1.95 mm thick. '°°Cd is a cylinder with a diameter
of 25.37 mm and a thickness of 5.57 mm. Therefore, a large central hole houses the '%9Cd
and 1°9Cs sources, while smaller side holes house the °Fe sources. A cover secures the sources
in place. The source holder is mounted on a movable arm inside the climate chamber. The
sources are usually positioned 18-20 cm from the top of the detector, allowing for almost uniform
coverage of the detector plane.

The Electrical Ground Support Equipment (EGSE) used is shown in Figure m

2A clean room is a defined enclosed space where provisions are made to reduce particulate contamination and
control other environmental parameters such as temperature, humidity and pressure. Clean rooms are classified
according to the number and size of particles allowed per volume of air. In a class 10000 clean room, a maximum

of 70 particles/ft3 larger than 5 ym and less than 10,000 particles/m3 larger than 0.3 um is allowed.
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Figure 4.10: The HERMES-PF FM1 unit inside the climatic chamber, with the source holder

above the detectors.

The fully integrated payload (whose components are described in Section is placed in the
climate chamber and it is powered through a monitored power supply (Keysight E36312A)
and through an Uninterruptible Power Supply (UPS, an electrical apparatus that provides
emergency power when the main input power source fails), which is characterized by three

main voltage lines to the PSU: 12.0 V, 5.0 V, and 3.3 V.

This is completely similar to the power lines supplied to the payload from the satellite bus.
The 12.0 V power line, controlled by the BEE, provides the voltage to the section of the circuit
that generates the High-Voltage which polarizes the SDD detectors; the 5.0 V line gives the
voltage needed to supply various loads in the FEE and the feedback network of the HV section.
It also powers some BEE sections, such as the four ADCs for science event acquisition and the
pulse generator for detector calibration; the 3.3 V line feeds the BEE and the ADC dedicated
to housekeeping data. All payload configuration and data acquisition operations are performed
using a Windows 10 computer, with remote desktop access enabled, and custom-made interface
to communicate with the PDHU (see Section . A temperature sensor and logger is placed
inside the climate chamber to monitor the thermal environment (humidity and temperature)
through its specific software. The humidity of the environment inside the chamber is also
controlled by a nitrogen cylinder. The flow of nitrogen, at around 0.5—1.5 liters per minute, is
feed into the chamber through a pressure reducer set at 1 bar. The use of nitrogen is intended
to minimize the rise of humidity and prevent condensation inside the chamber during thermal

cycles.
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Figure 4.11: Diagram of the HERMES EGSE used for the calibrations [T12].

4.4 Mescal: data reduction pipeline

During the integration and testing of HERMES-PF| a data reduction pipeline was developed to
enable simple and immediate reduction of the data acquired during calibration activities [112]
116].

This pipeline will not be part of the standard HERMESDAS scientific calibration pipeline
(developed by SSDC [117]).

According to the official standard defined for HERMES-PF, raw binary data acquisition files
are converted to a standard FITS Level 0 format. More in detail, the HERMES P/L (the
BEE) generates a RECORD LIST for each quadrant, typically once per second (i.e., a total
of 4 RECORD LISTS per second). This record list includes a 116 bytes HEADER with the
temperatures, housekeepings, and GPS time at the beginning of the observation and the number
of entries in the given list. After the HEADER, the EVENT DATA are reported in packets of
4 bytes (records). The first record contains the time and the multiplicity of the event (i.e., how
many SDD channels were triggered), and is followed by a series of records with the information
on the ADC counts of each triggered SDD (e.g., ASIC ID, GAGG crystal ID, SDD ID, ADC
amplitude). Therefore, the number of records for each event depends on how many pixels are
fired. At the rising edge of the Pulse-Per-Second (PPS) signal generated by the on-board ultra-
stable atomic clock (CSAC), a special record called Absolute Time (ABT) Event is produced
containing the on-board time (OBT) information.

From this Level 0, the HERMESDAS scientific calibration pipeline [117] generates Level 1, i.e.,

the calibrated event files. The following stage of the software pipeline involves Level 2 files,
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that is, the light curves and spectra that will be analyzed and lead to the scientific outputs.

For the calibration activities, a conversion from Level 0 format to an intermediate FITS Level
0.5 was required, necessary to ease further processing and data analysis. This format mainly
translates raw housekeeping values (voltages, currents, temperatures) into physical units; it
calculates the event timestamp, in seconds, by summing the OBT of the previous ABT event;

it expands multi-pixel events up to 6 separate columns (with LYRA-BE channel addresses and

ADC values).

Data calibration and analysis were performed using this custom-made highly automatized
pipeline of Python scripts, named mescalﬁ(herMES CALibration pipeline) [116]. The mescal
pipeline is implemented in Python 3 and requires the Level 0.5 input file and an explicit indica-
tion of the list of radioactive sources, with their emission line energies, used for calibration data
acquisition. The energy units (keV) given for the list of calibration sources will be the units
of the output calibrated spectra. The working logic of the Python-implemented algorithm is

summarized in Figure 4.12

Figure 4.12: Block diagram of the mescal logic structure.

In detail, the algorithm proceeds as follows:

1. Data readout: once initialized, mescal accesses the detector map associated with the
flight model being analyzed, containing the mapping of the raw address to SDD/crystal
ID (specific to each model), as well as the acquired data file. The input data is read

and organized in a Python pandas[ﬂ data frame, creating a table with rows representing

3https://github.com/baronig23/Hermes-Cal-SW
“https://pandas.pydata.org/
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a trigger event and columns storing the relevant information.

It is also necessary to specify the list of the used calibration sources, indicating their
respective emission lines. The corresponding decay energies are stored in one of mescal’s

support libraries.

In this first stage, a filter is also implemented to remove events associated with electronic

noise and spurious events.

2. Event type discrimination and tagging, multiplicity filtering and histogram
building: events are tagged as “X-mode” or “S-mode” to discriminate between events
generated directly in the SDDs and events generated in the scintillators. The logic of
the event discrimination process is as follows: the entire list of channels which are read
out in the same trigger cycle is examined. If two channels reading the same crystal
simultaneously see an event (multiplicity 2), it is tagged as an “S” event, while if the
event is seen by only one channel (multiplicity 1) it is called an “X” event. Tags are
defined and stored for each single event. The histogram of events tagged as “X” and “S”
is then constructed, obtaining two spectra for each channel. These spectra include only
events with multiplicity exactly equal to 1 in the first case, and with multiplicity exactly
equal to 2 in the second. Higher-multiplicity events (e.g., photons which Compton scatter

between two crystals) are simply discarded, at this stage.

3. X-mode calibration: if at least one of the radioactive sources entered by the user is
listed as an X-ray emitting calibration source, the algorithm will attempt to perform

energy calibration on the X-mode spectra.

To search for the emission lines, the software uses SciPy £ indpeaksE] function to identify
local maxima in the histogram based on parameters such as height, width, and prominence
(i.e., the distance between the peak and the baseline), iterating until the desired number

of lines is found.

If there are more candidates (K) than desired lines (N), the system generates all possible
combinations of N peaks on K, shuffles them to avoid ordering bias, and processes each

as a potential set of lines.

To correctly identify emission lines, mescal assigns a score (higher values indicate better
matches) to each combination of candidate peaks based on several metrics. These metrics

include [116]:

Shttps://docs.scipy.org
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e a prior error score, the sum of the distances between the detected peaks and the

predicted positions using an initial assumption about gain and offset.

e linearity, the correlation coefficient of a preliminary linear regression between the

peaks and the energy values is used.

e baseline distance, using the preliminary gain and offset parameters from the linearity
evaluation, mescal assigns each candidate-peak combination a score equal to the
opposite of the distance of the minimum energy value (i.e., the first non-zero bin)

to the expected 2 keV.
e peaks prominence, product of the peak heights in the combination.

o features width FWHM dispersion — the more homogeneous they are, the higher the

score.

Each combination is assigned a rank based on each metric: the best gets rank K (the
highest), the worst gets rank 1. The ranks of the different metrics are added up and the
combination with the highest sum is chosen as the winner. In the event of a tie, the one

with the best rank in a single metric is preferred.

In problematic cases, the user can intervene manually: the ranges in which to search for
each line can be redefined via command line prompts, and the identification process can

be restarted.

These lines positions are used as input to a Gaussian profile fitting algorithm (using the
lmf itﬁ package), which returns the position of the best peak and the full width at half
maximum (FWHM) for each line.

The selected set of pairs composed of the ADC value for the centroid of a data line and
the energy value of its corresponding calibration line are given as input to a least-squares
linear fit algorithm. The fit will return gain, offset and their errors for each channel. The
console standard output will list for which channels, if any, this calibration step failed.
Fach event will then be separately calibrated for each channel in energy units, and a final

calibrated X-mode event list will be created.

. S-mode calibration: if at least one of the user-input radioactive sources is listed as

a gamma-ray emitting calibration source, the algorithm will attempt to perform energy
calibration on the S-mode spectra. The actual light output from the scintillator is refer-

enced to the ¥7Cs line at 661.67 keV; the algorithm automatically uses the peak search

Shttps://lmfit.github.io/lmfit-py/
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procedure to find this line, assuming it is the only line which is present. Then, the al-
gorithm fits the Gaussian profile on the position given by the peak finder, returning the
position of the center of the line and its FWHM.

Then, for each channel, the algorithm takes the gain and offset parameters found during
the X-mode calibration and converts the S-mode spectrum in units of electrons. For
each pair of channels reading the same crystal, the events are summed event by event in
electrons. This yields a list of summed events per crystal in units of energy. The summed
spectrum is used to derive the total light output, emitted by the crystal and read by the
two channels, by fitting it to the 661.67 keV line. The next step involves deriving the light
outputs of the individual channels by weighted averaging of their respective Gaussian fits.
The software returns a crystal-summed event list in energy units. The console standard

output will list the channels, if any, for which this calibration step failed.

5. Visualization plots and output writing: The pipeline produces three main types of

output: results tables (reports), data plots, and event lists [116].

The reports include all parameters derived from spectral fits in both X and S modes,
together with the calibration parameters obtained (gain, offset, and effective light output).
An additional report provides the resolution of emission features in X mode. These
outputs serve as inputs for generating the final calibration files, which are stored in the
standard Calibration Database (CALDB) and subsequently used by the scientific pipeline
HERMESDAS [117].

The event list is a table calibrated according to the energy of the photon events, exported
in FITS format. It includes the amplitudes of the events expressed in both energy units
and electric charge units, classified by type (X or S), together with their pixel addresses
(CH and QUADID) and a time tag. The time is reported in instrumental units (seconds
since the start of the most recent data acquisition), while in flight it will be expressed in
Mission Elapsed Time (MET), defined as the number of seconds elapsed since January
1, 2022, at 00:00 TT.

The plots produced include: raw and calibrated spectra per channel (in X and S mode),
calibration parameters (gain, offset, light output with relative errors and percentiles),
and a color map of counts to verify correct data acquisition. Diagnostic spectra are also
generated for active and functioning channels only to verify the correct identification of
calibration lines, and a linearity graph with least squares fit and residuals. The pipeline
also provides a resolution map (FWHM at the lowest energy calibration line). Finally, it

returns the energy-calibrated spectra for X and S modes, both for single channels and as
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a single spectrum obtained by stacking the calibrated events.
Some of these plots are shown in the Section

Mescal offers the possibility to define which results to write as output tables and which

graphs to save as output. The available saving options are illustrated in Figure

Figure 4.13: Menu of save and display options provided by mescal. There are ten available

options that allow to save plots and tables of results.
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4.5 Calibration Campaigns

The author took part in the calibration campaigns for payloads FM3, FM4, FM5, and FM6.
The acquisitions were carried out from January to May 2023. The overall procedure for the

calibration is the same for all the flight models.

4.5.1 Acquisition Procedure

The calibration plan performed on all the flight units follows the steps summarized below:

1. radioactive sources are placed on the source holder, which is fixed on the mechanical
support inside the climatic chamber. Acquisitions are performed using several sources

simultaneously;

2. open the Ny flux, set the flow at 0.5-1.5 1/min, set the climatic chamber to the required
temperature and wait until the complete thermalisation (about 1-2 hours, depending on

the temperature);

3. the payload is turned on and put into the Idle (see Section [3.3.5) operating mode (all

quadrant are configured and the detector high voltage is turned on);

4. once the payload is in a stable thermal environment (monitored by the external and
internal temperature sensors), data acquisition is performed, taking care to accumulate

at least 10* counts for each radioactive source and for each channel, as described in

tables

5. the data are downloaded and analyzed;

6. the climate chamber is set to another temperature and the sequence starts again.

Each payload has its own ASIC configuration in which the operating and enabled channels and
the acquisition threshold are defined. Calibrations were carried out at three threshold values
(105, 95, and 85 in units of the internal ASIC DAC), and for each threshold setting, tests were

performed over a temperature range from —20 °C to 20 °C.

4.5.2 Flight Model 6

By way of example, the main results obtained for the FM6 payload are presented in this section.
A location counts map of SDDs and scintillator crystals produced using mescal is shown in
Figure LYRA-BE coupled channel addresses are indicated: the grid shows the physical

position of each channel in the detector plane, with the color scale indicating the total number
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of events detected per channel. The four main blocks represent the four quadrants: A, B, C,

D. Dashed channels are those that are switched off.

Figure 4.14: Map of FMG6 payload counts produced with mescal. Each cell in the grid corresponds
to the physical position of a channel in the detector plane,where the division into four main blocks
represents the four quadrants. The color scale represents the total number of counts recorded per

channel.

A total of 8 non-working channels out of 120 were identified, mainly due to excessive noise,
retriggering, or other issues(see [4.2.1). This is consistent with process variations in the ASIC

and SDD production and integration. The non-working channels are distributed as follows:

e Quadrant A: CH27, CH28, CH29, CH30, CH31
e Quadrant B: all working

e Quadrant C: CH17

e Quadrant D: CH30, CH31

Importantly, each crystal is read out by at least one functioning channel. Channels that are

operational but paired with a channel that is turned off are called widows (See Section |4.6.5)).

4.5.3 Preliminary tests

Before proceeding to the calibration campaign, several preliminary tests were carried out to

verify the functionality of the experimental set up: the goal was to verify that it is possible
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to turn on the system and acquire safely. First, the step-by-step on/off procedure was tested
by verifying a smooth completion of the procedures and making acquisitions as expected. It
was verified that the three low-tension supplies (3.3 V, 5 V, 12 V) coincide with the nominal
ones and that the current absorptions are as expected at each different power-on step: when
turned on, the absorptions are 297 mA, 60 mA, 68 mA, respectively. In Idle mode they are
294 mA, 73 mA, 24 mA. In Observation mode they are 298 mA, 85 mA, 26 mA, as shown in
Figure[4.150 High voltage was also controlled by opening the 12 V line switches and ramping-up

automatically the high voltage. This operation took a few tens of seconds.

Figure 4.15: The three low-tension supplies (3.3 V, 5 V, 12 V) with the associated current
absorptions (298 mA, 85 mA, 26 mA) shown on the low voltage generator screen during preliminary

tests.

Likewise, the housekeeping values were also verified. The housekeeping signals (monitoring the
various voltages and currents in the payload) were acquired using several ADCs implemented in
the BEE board. The next step was to install the sources, verify the count rates, and check the
climate chamber temperature. To limit the overall count rates, ®*Fe was screened with a thin
kapton filter and rates were about 700-1000 counts/s/quadrant; °Cd with an aluminum filter
and rates were about 2500-3500 counts/s/quadrant. The 37Cs had a rate of about 3300-5000
counts/s/quadrant. After that, the chamber was thermalized at one required temperature at a

time, and preliminary test acquisitions were performed for each for all sources simultaneously.

4.5.4 Acquisitions and main outputs

To start the acquisitions, the procedure is followed step by step (Section . The three
sources are placed and the climate chamber is set at one temperature at a time. All four
quadrants are tested together. Next, the main outputs of the calibrations (gain, offset, light
output and spectra) for different configurations are illustrated.

As explained in the Section [4.4] in the X-mode, the calibration software finds the position of
the maximum of each peak for each channel and compares the position of the measured peak

with the energy of the known calibration lines. Therefore, through a linear fit of these data,
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the calibration line for each channel is obtained along with the calibration parameters, gain

and offset (slope and intercept of these fits).

Figure 4.16: Linear fit for the ‘X’ mode calibration, for Channel 0 on Quadrant B, for a given

acquisition. Relative residuals and their errors are plotted below.

Since this procedure is identical for all quadrants, in Figure a representative linear plot
example for Channel 0 on FM6 Quadrant B at threshold 105 is shown. After this step, the
calibration parameters gain and offset for each quadrant in the different configurations are
obtained.

As example, the gain and offset distributions for quadrant B at -10 °C are shown in Figure
The inherent dispersion of the values of the individual electronic components in the system leads
to an expected variation in gain and offset between different channels of around 20-30%. Thus,
percentiles 25-75 are overplotted in red.

Through the calibration parameters, for all configurations, the calibrated X-spectra are ob-
tained. Figure [£.18|shows a representative calibrated X-mode spectrum for quadrant B channel
26, showing the X-ray lines of ®Fe at 5.89 keV and of 19°Cd at 22.1 keV and 24.9 keV.

The second part of the acquisitions is the S-mode calibration that aims at verifying the LY
for each channel. Again, acquisitions were made in the different temperature and threshold
configurations. As example, the light output distribution for quadrant B at -20 °C is shown
in Figure For the LY, there is not a defined expected channel-to-channel variation,

since other factors, such as mechanical or optical couplings, also come into play. However, to
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(a) (b)

Figure 4.17: (a) Gain (top) and offset (bottom) values distribution with error bars, for each
working channel of Quadrant B at -10 °C at threshold 105. (b) Light outputs values distribution,
with error bars, for each working channel of Quadrant B at -20 °C, threshold 105. 25-75 percentiles

are overplotted.

guide the representation of the results, again the 25-75 percentiles are overplotted in red. A
few outliers are visible, likely associated with a non-optimal optical contact between SDD and
crystal.

In Figure the S-mode calibrated spectrum of the entire FM6 HERMES detector (all
quadrants) at the temperature of -20 °C, showing the gamma-ray lines of '37Cs at 662 keV, is

shown.

Figure 4.18: X-mode calibrated spectrum of °Fe and '°°Cd radioactive sources for quadrant B
channel 10, at temperature of —10 °C. The X-ray lines of **Fe and '°°Cd around 6 keV and 25

keV, respectively, are indicated.

Similar distributions, plots and spectra are obtained for the other quadrants at the other
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Figure 4.19: Summed S-mode calibrated spectrum of the whole FM6 HERMES detector, illu-
minated using the !37Cs radioactive source, at a temperature of -20 °C. The Cs 662 keV line is

indicated.

temperatures and thresholds. The same outputs were obtained for the remaining payloads.
From the complete series of acquisitions in X and S modes, across the entire temperature range
and thresholds, the calibration parameters (gain, offset and light output) for each operating
channel of all flight models were derived. These results were consolidated in the Calibration
Database (CALDB), which will serve as a reference for in-orbit configuration and subsequent

performance monitoring.

4.6 Payload Technical Performances

For all the payloads, a statistical analysis of the calibration parameters was performed to
have an overall picture of the payloads behavior under all the different conditions [106]. The
operational temperature range of the HERMES-PF payloads extends from —20 °C to 420 °C,
with the detectors expected to spend most of the time near ~ 0°C.

The first aspect analyzed is the overall fraction of calibrated channels for each payload in X-
and S-mode, that are summarized in Table [106]. In X-mode, all payloads except FM1 show
calibrated fractions between 82.2% and 93.3%, corresponding to effective areas of 45.0-50.4 cm?
out of the total 54.015 cm?. S-mode fractions are lower, ranging from 70.0% to 83.3%. FM1,
affected by a hardware issue, had only three active quadrants, yielding a geometric area of
40 cm?, with 82.2% and 68.9% calibrated in X- and S-mode, respectively. S-mode calibration
requires prior X-mode calibration of both channels reading the same crystal, therefore S-mode
fractions cannot exceed X-mode. Uncalibrated channels were mainly disabled due to excessive

noise, retriggering, or other issues(see Section {4.2.1)).
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Energy Resolution [eV] (%]

Ix (%) fs %] Tx [keV] Ts [keV] 5.9keV 22.1 keV 24.9 keV 662 keV

PFM 91.7 83.3 1.7 349 314 +3 475 £3 50245 4.79 £ 0.02
FM1 82.2 68.9 2.1 450 390 £4 483 +4 H08 £ 7 4.86 £ 0.02
FM2 83.3 70.0 2.1 432 317 £5 426+3 434 £6 4.73 £ 0.02
FM3 90.0 80.0 2.2 425 300£3 4194+ 3 438+£5 4.74 +£0.03
FM4 90.0 80.0 2.6 46.2 295 +£3 414 +3 435+£6 5.11 &£ 0.04
FM5 90.0 80.0 2.2 435 295 £3 413+3 432+6 4.82+£0.03
FM6 93.3 83.3 2.0 391 293+£3 413+£2 423+£5 4.74 +0.02

Table 4.3: A summary table of the payloads performances measured at 0 °C, reporting the
calibrated channel fraction in X- (fx) and S-mode (fg), the X-mode energy thresholds (Tx ), the
S-mode energy thresholds (Ts), and FWHM energy resolution as estimated from the emission lines

5Fe 5.9 keV, 199Cd 22.1 keV and 24.9 keV, and '37Cs 662 keV.

Although the CALDB acquisitions were made under controlled temperature conditions (cli-
matic chamber), the real temperatures used for the analysis are those measured by the tem-
perature sensors positioned on the detector, as shown in Figure Fach quadrant has its
own reference sensor, plus two central sensors. An example of temperatures measured by FM3

sensors for an acquisition at 0°C is shown in Figure

(a) (b)

Figure 4.20: (a) Schematic diagram of the detector seen from above showing the quadrants and
the location of the temperature sensors. (b) Example of temperatures measured from FM3 sensors

for one acquisition at 0°C.
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4.6.1 Gain and Offset

The gain and offset parameters depend on the characteristics of the components within the
spectroscopic chain, therefore some degree of dispersion is expected. Figure shows the

values measured for all 720 channels calibrated on all payloads at 0 °C.

Figure 4.21: All channel gains and offsets (points) and their marginal distributions (histograms),

for all payloads, at a temperature of 0 °C. Each color represents a specific PL.

When considered individually, the average values of the gain and offset distribution are 169.5
ADU/keV and 15,824 ADU, respectively, with corresponding standard deviations of 13.6
ADU /keV and 356 ADU [106].

The gain and offset calibration parameters also depend on temperature. In particular, tem-
perature variations are due to two contributions: the intrinsic contribution of the electron
chain, and that of the digitizing part of the signal (ADC). These can differently depend on
temperature and have a certain range of variability. Depending on their relation, these two
contributions can overlap, leading to different global variations of gain and offset with respect
to the temperature. Hence, for each channel in each quadrant, and for each threshold, changes
in gain and offset were analyzed and modeled as a function of different acquisition effective

temperatures.

The trend as a function of temperature was modeled by the equation [4.7) a polynomial of
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degree 2 for both gain and offset:

y = c22® + 1z + g (4.7)

(a) (b)

Figure 4.22: Polynomial fit of degree two for gain (a) and offset (b) as a function of temperature

for FM4 channel 0 on quadrant D. Fit equation is shown in the legend.

In Figure an example of polynomial fits of degree two for gain and offset as a function of
temperature for channel 0 on quadrant D of FM4 at threshold 105.

This parameterization made it possible to define a general model, describing the variation of
parameters with temperature, applicable for almost all channels (except for the anomalous
ones). It also confirmed, as expected, that the behavior of the parameters is consistent with
temperature, excluding any issues in calibration.

For each individual channel in each payload, the change in gain and offset parameters between
+20 °C and —20 °C remains below 1%. This confirms the stability of the X parameters and
the calibration of the spectroscopic chain, as will also be confirmed by the calibration carried

out after the payload integration into the service module (See Section4.6.6|).

4.6.2 Light output

Light output for the 312 scintillators successfully calibrated in S-mode has a median value of
29.1 photons/keV, with a standard deviation of 2.3 photons/keV.

The effective light output also depends on temperature, with an expected intrinsic increase of
~20% going from the value of room temperature to —20 °C [115]. Therefore, the LY variation
for each channel in each quadrant was also analyzed for the different temperatures acquired.
As for gain and offset, the trend as a function of temperature was modeled by the equation [4.7]

a polynomial of degree 2. As an example, in Figure the global average of light outputs
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at fixed temperature as a function of the five effective temperatures for FM3 quadrant C is
shown. The coefficients of the fit are shown on the graph. The goodness of fit is indicated by

the residuals, which are of the order of ~1%.

Figure 4.23: The global average of light outputs at fixed temperature as a function of the five
effective temperatures for FM3 quadrant C. The polynomial fit of degree two is shown in the

legend.

Similar plots are obtained for other quadrants and for the other PLs.

Analysis shows that the median difference in light output of 2.5 photons/keV between tem-
peratures +20 °C and —20 °C, corresponding to a 9.4% percentage improvement. The slight
difference from the expected variation, is due to the fact that, in addition to the intrinsic in-
crease in light output with temperature, other factors come into play in the variation, including
changes in the optical coupling between the GAGG crystal-SDD, that are due to the mechanical
contractions of the system with temperature [106].

A secondary effect may contribute to the increase in light output at low temperatures. As the
bulk silicon of the SDD cools, electron mobility improves, reducing the ballistic deficit of the
detector. This allows a greater percentage of the photoelectrons generated by scintillation to
be captured by the electronics, creating an apparent increase of the scintillator light output.
The opposite trend is observed in 26 scintillators, where light output decreases at lower tem-
peratures. This behavior is most likely mechanical in origin and can be attributed to irregular
optical coupling. In fact, scintillators exhibiting this effect also show the greatest discrepan-
cies between the actual light collected by the two SDD channels, with one channel capturing
significantly more scintillation light than the other. At low temperatures, thermo elastic de-
formations of the detector assembly can further degrade the optical coupling, leading to an

apparent reduction in the crystal’s light output.
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4.6.3 Energy thresholds

One of the key features of HERMES-PF is its ability to operate at low energy thresholds. The
detector energy threshold is the minimum energy required to a photon to be detected, either
in X- or S-mode.

The activation threshold is set via two configuration levels: a global setting via the LYRA-BE
DAC, which affects all LYRA-BE channels, and an individual ‘fine threshold’ setting, which
allows you to equalize the threshold between individual channels, adjusting any differences
(See[3.3.2).

The effective energy threshold is determined by the DAC-programmed value in combination
with the specific characteristics of each channel (gain, offset, and light output) and the payload
temperature [106].

The median values of the channel threshold distributions represent the minimum energy at

which half of the detector is operational, as summarized in Table [4.3]

Figure 4.24: Low-energy threshold for X-mode at temperature —20 °C and 20 °C. The box-plot

width is proportional to the number of correctly calibrated channels from each payload.

Changes in temperature can affect the DAC threshold reference current level, leading to vari-
ations in the energy thresholds. Specifically, we observe an increase in energy thresholds at
constant DAC threshold setting for lower temperatures [106], as shown in Figure[4.24] which dis-
plays the distributions of the X-mode energy thresholds at —20°C and +20°C for all HERMES-
PF payloads.

To mitigate the impact of temperature on energy thresholds, the back-end DAC threshold
parameter can be lowered during operations at low temperatures. Lowering the DAC setting
corresponds to a reduction of the effective energy threshold, compensating for the threshold

increase induced by low-temperature conditions.
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A specific calibration campaign, aimed at estimating the temperature-dependent variation of
the DAC threshold, was carried out and described in [106].

Another aspect that was verified is the independence of the calibration parameters from the
selected threshold. Figure shows an example of the gain for each channel in all quadrants
of FM3 at the three acquisition thresholds (105, 95, and 85) at 0 °C. Apart from a few channels,
probably affected by noise or defects, the measurements overlap, confirming that the calibration

parameters do not depend on the threshold.

Figure 4.25: Gains of each channel in all quadrant of FM3 at the three acquisition thresholds
(105, 95, and 85) at 0°C. The parameters are independent of the threshold.

4.6.4 Energy spectroscopic resolution

The energy spectroscopic resolution differs between X and S modes. A summary of the resolu-
tions obtained from the integrated calibration spectra for each payload is reported in Table
In X-mode, the FWHM at the ®Fe 5.9 keV calibration line ranges from 293 eV to 390 eV. In
S-mode, the resolution is below 5%, calculated at the '37Cs 662 keV calibration line, for all
payloads, with the only exception of FM4, which shows 5.11%4:0.04 under the same conditions.
As an example, Fig. shows the channel-by-channel FWHM energy resolution at the *®Fe
5.9 keV line in X-mode, mapped onto the detector planes for all payloads. No systematic trends
are visible when comparing channels located in identical positions on different payloads, with
the exception of PFM and FM1, which have lower spectroscopic resolution than the other flight
models [106].
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Figure 4.26: FWHM energy resolution at 5.9 keV and 0°C, mapped to channel positions on the
all HERMES-PF payloads detector planes.

4.6.5 Widows channels calibration

The HERMES-PF detector operates according to the siswich principle (see Section . When
two Silicon Drift Detectors (SDDs) coupled to the same scintillator register independent signals
at the same time, these are combined into a single S-mode event, corresponding to one incoming
high-energy photon. On the other hand, if the signals are recorded either by non-coupled SDDs
or at different times, they are classified as two distinct X-mode events. In this way, the detectors
can cover the full energy range from 3 keV up to 2 MeV.

If a single SDD becomes non-functional or is disabled (a dead channel), the paired SDD coupled
to the same scintillator loses the ability to discriminate between X-mode and S-mode events. In
this case, the operational SDD is referred to as a widow channel, and the signals it records are

classified as widow events. In Figure an example of a working channel able to recognize X
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e S events (a), and a widow channel (b) of FM6. Although the gain and offset parameters for
all channels, including widow channels, are determined during standard calibration and thus
allow a reliable X-mode calibration, the S-mode calibration cannot be directly applied, since

widow channels cannot intrinsically distinguish between the two event types.
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Figure 4.27: Uncalibrated raw spectra of **Fe, 199Cd and '37Cs acquired with FM6. Channel
D16 with a functioning coupled channel (D15), where event-type tagging correctly separates X
(grey) and S-mode (red) events (a). Widow channel A22 with non-functioning coupled channel

(A31), where all events are classified as X-mode (b).

To avoid losing effective detector area, a dedicated algorithm was developed to statistically
assign an event type to widow events. This makes it possible to convert them into energy units
and, within an acceptable uncertainty, preserve their scientific value.

Starting from the mescal algorithm, a new approach was developed to extend the light-output
calibration to widow channels as well. The algorithm is based on statistical comparison with
neighboring channels (up to a maximum of three), which have a known distribution of X
and S events. It is assumed that, under the same conditions, the distribution of events in a
widow channel is statistically similar to that of its neighbors, within counting errors. In fact,
flux variations between a widow channel and its neighbors are minimal because each channel
operates independently and the spatial resolution of a single HERMES detector unit is limited.
The procedure is as follows: The spectrum is divided into bins of 200 electrons, a value chosen
as a compromise between using narrower bins to preserve the equivalent energy resolution and
wider bins to reduce statistical counting errors. For each interval, the probabilities P of an
event being X-type or S-type are calculated from the distribution of the neighboring channels
Nj. X( Ng) is the number of events of type X in the neighboring channel Ny.

P(X) = % P(S) =1- P(X) (4.8)

where TE be the total number of events detected by a given channel.
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The total number of events detected by the widow channel TE(W) in each interval is then
distributed between X and S proportionally to these probabilities:

Fw(X)=TE(W)-P(X),  Fwy(S)=TEW)-P(S) (4.9)

For energies above 15000 electrons (~55 keV), all events are directly assigned as S-mode, since
the probability of having X-mode events at such energies is negligible( the efficiency of the SDD
at energies is less than 4%). The assignment of events is performed randomly but weighted by
the calculated probabilities, in order to avoid introducing systematic biases. Once separated
into X and S, the events of widow channels are calibrated using the same procedure adopted for
normal channels. The final outcome is that each widow event is associated with two possible
calibrated energy values (one for X-mode and one for S-mode), together with a probability
coefficient indicating which type is more likely. This makes it possible to retain widow channel
data for scientific use, albeit with a higher uncertainty compared to standard channels.

It should be noted that, under normal conditions, the spectral characteristics detected by a
scintillator in the HERMES model should be symmetrical and approximately Gaussian. In
widow channels, however, events are recorded only on one side of the scintillator, resulting in
asymmetric spectral characteristics, as shown in Figure This effect inevitably introduces
a slight increase in the uncertainty of the derived light output value. Note also the residuals
from X mode, which appear as delta-shaped features (}°?Cd lines), but the detection of the
661.7 keV peak remains clear.

(a) (b)

Figure 4.28: Spectrum of the cesium widow channel 22 in quadrant D of FM2. (a) Fit of the
137Cs line performed by the algorithm; (b) calibrated spectrum. The asymmetry of the line is

clearly visible.

The critical step in the proper S-mode calibration of a widow channel is, thus, the event type
tagging process, which, if done properly, will contribute minimal uncertainty to the calibra-

tion process. With this method, the light outputs of the widow channels have therefore been
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recovered.

4.6.6 Calibration and test of the PL integrated in the spacecraft

Once characterized and calibrated, the HERMES-PF payloads were integrated into the service
module (see Sect. [3.5).

The HERMES-PF satellites were subjected to a complete environmental test campaign to
demonstrate that the integrated system is capable of surviving the mechanical and thermal
stresses of launch and the space environment, ensuring nominal functionality for the entire
mission. These tests also help identify possible defects or problems in the integration activities.
The tests included vibration tests (resonance research, random and sinusoidal vibrations) per-
formed at the shaker facility of the Politecnico di Milano and thermal vacuum tests (TVAC)
performed in Thales Alenia Space Italia [98].

Figure 4.29: HERMES FM2 flight model during AIV/T activities in Politecnico di Milano clean-

room [98].

Verification and functional tests were performed at each integration step for each payload, as
well as on the fully assembled 3U module, to ensure nominal payload operation and proper
communication with the spacecraft. In particular, functional tests were performed after Vibra-
tions and TVAC tests to verify possible changes to the functionality of the integrated system.
These tests involved checking the functionality of PL operating modes (See Sect. [3.3.5). Af-
ter verifying the two initial modes, Standby and Ready, in which the detectors are off and
housekeeping parameters are collected, the Idle mode was activated to power on the detectors.
Finally, the system was set to Calibration mode.

Data acquisition was carried out in the clean room at Politecnico di Milano using a Mini-X-ray
tube (Amptek Mini-X2) for X-ray calibration and a '"Lu source for gamma-ray calibration.

They were used to verify consistency with the ground calibration database (CALDB) and to
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confirm the proper operation of the integrated system. The Mini-X tube and the '"Lu source
were adopted to replace the radioactive sources used for ground calibrations, as the latter
cannot be transported due to safety restrictions and regulations relating to the transport of

radioactive materials. In fact, the '"5Lu source was already available in the calibration facilities.

(a) (b)

Figure 4.30: The Mini-X tube (a) and the "Lu source (b) used during the data acquisition

campaign with the spacecraft for X-ray and gamma-ray calibrations.

The Mini-X2 X-ray tube has a silver cathode and an aluminum filter a few millimeters thick,
producing two characteristic Ag fluorescence lines at 22 keV and 25 keV, together with a
continuous bremsstrahlung spectrum. The Cu fluorescence lines at 8.05 keV and 8.9 keV are
also visible, resulting from the presence of a small copper disk that acts as an attenuator.
The "SLu source emits two main gamma-ray lines at 201.8 keV and 306.8 keV. The acquired
spectra are shown in Figure Acquisitions were performed at temperatures between 24 °C
and 27 °C.

X-mode calibration

Post-TVAC Mini-X2 acquisitions were used to verify the X-mode calibration. In particular,
the ground calibration parameters (CALDB, THR 105) were extrapolated for each channel at
the temperature of the mini-tube acquisitions, using the parameters of the models described
in Sect. Once the gain and offset for each channel were obtained at the acquisition
temperature, calibration was applied using Mescal software. A comparison between the new
and reference CALDB parameters showed an average variation of less than 1%, confirming the
stability of the X-mode calibration for all payloads. The gain variations were found to be within
one standard deviation, while the offset exhibited an average variation of 0.2-0.3%, indicating
that the calibration parameters remain consistent and stable after the environmental tests.

An example of spectra calibrated with the two different parameter sets is shown in Figure
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Figure 4.31: Example of calibrated spectra acquired after FM6 integration into the service
module. The upper panel (grey) shows the X-ray spectrum measured with the Mini-X Tube with
the two Ag fluorescence peaks at 22 keV and 25 keV. Cu fluorescence lines at 8.05 keV and 8.90 keV
are also visible. The lower panel (red) shows the gamma-ray spectrum acquired with the "“Lu

source with lines at 201.8 keV and 306.8 keV.

for FM6. The red curve was calibrated using the reference CALDB parameters, while the black
curve was calibrated using the parameters extrapolated at the acquisition temperature. The
dashed purple lines indicate the nominal positions of the two Ag fluorescence peaks at 22 keV
and 25 keV. The Cu fluorescence lines at 8.05 keV and 8.9 keV are also visible. In addition,
a noise peak caused by retriggering can be observed in some channels close to the baseline.

The consistency of the X calibration performed with the tube and the standard confirms the

stability of the X parameters and therefore the calibration of the spectroscopic chain.

S-mode calibration

Post-TVAC 7%Lu acquisitions were used to verify the S-mode calibration. The ground light-
output (LO) calibration parameters (CALDB, THR 105) were extrapolated for each channel
at the temperature of the new acquisitions, following the modeling functions described in
Sect. The calibration was then applied using mescal.

The difference between the measured position of the peak at 306.8 keV in the integrated spec-
trum and its nominal energy was used to derive the non-linearity correction factor (See .

Therefore, using these acquisitions a new calibration was performed, obtaining updated LO
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Figure 4.32: Comparison of FM5 X-ray spectra calibrated with reference CALDB parameters
(red) and temperature-extrapolated parameters (black). Dashed purple lines indicate the 22 keV
and 25 keV Ag peaks. Cu fluorescence lines at 8.05 keV and 8.90 keV and a noise peak from

channel retriggering near the baseline are also visible.

values for each channel, which were corrected using the derived non-linearity factor.

The comparison between the light output (LO) obtained during ground calibrations and after
the environmental tests showed a variation in the light output following the thermal vacuum
campaign. The number of channels in which the light output varies differs for each payload.
An example of this variation is shown in Figure for FM6.

In particular, the light output decreases for some channels. This behavior is likely of mechan-
ical origin: during TVAC cycles (from —20°C to +60°C), the optical coupling couplers may
soften and expand at high temperatures and shrink during cooling, resulting in reduced light

transmission.

Following the environmental tests, a scale correction was derived to update the CALDB light
output values. For each channel, the reference LO at the new acquisition temperature was first
extrapolated from the two closest CALDB measurements (at 10°C and 20°C) using a linear
function. Then a correction factor was calculated from the difference between this extrapolated
value and the new LO value obtained from the post-TVAC calibration '"®Lu. This channel-by-
channel factor was subsequently applied to the channel-by-channel light output values at all

temperature points in the CALDB.

As hypothesized, analysis of these factors confirmed the trend shown in Figure 4.33} most

scale correction factors are <1. This result quantitatively confirms that TVAC tests induced
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Figure 4.33: The comparison between the channels light output for FM6 before the enviromental
tests (CALDB) and after the TVAC. A decrease in the light output is clearly visible in some

channels.

a moderate but measurable reduction in light output, likely due to mechanical stress on the
optical coupling. Although some anomalous channels showed factors >1, the dominant trend
validated this recalibration phase, resulting in the update and correction of the CALDB for

in-orbit operations.



Chapter 5

The HERMES-PF payload onboard
SpIRIT: early operations and first
data

The Space Industry Responsive Intelligent Thermal (SpIRIT) mission is a 6U CubeSat de-
veloped through a collaboration between Australia and Italy in the field of high-energy as-
trophysics. The satellite carries an HERMES Pathfinder payload and operates in a Sun-
synchronous orbit. Launched on December 1, 2023, aboard a SpaceX Falcon 9, SpIRIT has
now completed its payload commissioning.

This Chapter is organized as follows: the mission is described in Section.1} Section[5.2] presents
the first in-orbit operations, including commissioning activities, while Section reports the
analysis of in-flight calibrations. Scientific observations are discussed in Section and Sec-

tion describes the observation strategy applied and summarizes the main lesson learned.

5.1 SpIRIT

The Space Industry Responsive Intelligent Thermal nano-satellite mission[] is a 6U CubeSat
developed by a consortium led by the University of Melbourne (UoM, PI Michele Trenti)
and with Italian participation, supported by the Australian and Italian Space Agencies. The
mission was successfully launched into a Polar Sun-synchronous orbit at an altitude of 513 km on
December 1st, 2023, from Vandenberg Space Force Base aboard a SpaceX Falcon 9. 24 months
of nominal mission duration, including commissioning, are foreseen. SpIRIT is Australia’s first

in-flight mission funded by the Australian Space Agency, since it was established in 2018. The

"https://spirit.research.unimelb.edu.au
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space platform had no flight heritage and it consists of deployable solar panels, provided by
Inovor Technologies company (Adelaide, Australia), a COTS S-band transceiver, provided by
the Italian Space Agency and a novel high-efficiency ion thruster developed by Neumann Space
company (Adelaide, Australia) [I18].

In addition, the spacecraft main subsystems, developed by UoM, include: the Payload Manage-
ment System (PMS), the Instrument Control Unit whose purpose is to manage communications
with all SpIRIT payloads and their operations and whose main components are an On-Board
Computing Unit (OBC) and a electrical power system(EPS); Thermal Management Integrated
System (TheMIS), a subsystem designed for precision thermal management and to provide all
payloads with active cooling; in addition, two deployable thermal radiators support passive
thermal control. Mercury, a communication subsystem designed to optimize low-latency, short
burst data transmission by exploiting the Iridium satellite network; LORIS, a set of visible and

IR inspection cameras and an on-board Artificial Intelligence image-processing module.

Mission Lead Mercury Payload Payload Management

INOVOR

aTJvw

TEEHNULDEIES\t

Apogee Bus

SITAEL

AUSTRALIA
Systems Engineering

#N Nova
WP Systems

Ground Segement NEUMANN SPACE

Ion Thruster

Figure 5.1: Overview of the SpIRIT CubeSat and its main collaborators. The spacecraft main
subsystems are highlighted: the HERMES X-ray detector, the TheMIS thermal management sys-
tem, the LORIS imaging module, the Mercury communication subsystem, and the Payload Man-

agement System (PMS). The spacecraft is also equipped with an ion thruster provided by Neumann

Space [119].

The primary goal of SpIRIT is to serve as a platform for testing new technologies in space,
while its scientific mission focuses on the detection and localization of high-energy astrophysical
transients, such as Gamma-ray Bursts. To identify these types of sources, the main scientific

instrument on board is a CubeSat 1U, equipped with a X-ray and gamma-ray compact and
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advanced detector. This unit is identical to the ones on board HERMES-PF described in
Chapter 3] An overview of the SpIRIT CubeSat is shown in Figure [5.1

HERMES-PF was launched on March 15, 2025 and together with SpIRIT, the Pathfinder con-
stellation will consist of seven units, designed to validate the performance of novel technologies
in space and assess the scientific capabilities and operational procedures. SpIRIT represents a
pivotal first step in evaluating the HERMES-PF payload under the harsh space environment

and varying thermal conditions.

Starting from January 2024, SpIRIT entered its commissioning phase, during which the ini-
tial operations confirmed that all hardware provided by the University of Melbourne and the
HERMES-PF consortium is functioning nominally and responding as expected to remote com-
mands.

HERMES-PF detectors were switched on, reaching ‘first light’, on January 16, 2024, with the
instrument operating in simple Geiger counter mode. On March 27, 2024, the payload switched

to nominal observation mode, successfully recording scientific data.

5.2 [Early operations in orbit

The commissioning phase started in January 2024, during which the operational capabilities
of the HERMES-PF payload were systematically verified and evaluated [120]. The author
directly participated in commissioning activities at the University of Melbourne between late
January and March 2024. Through a series of tests, this phase aims to define a set of first
systematic in-orbit operations to verify the functionality and performance of the payload and
to establish its readiness for scientific data acquisition. In particular, this approach ensures that
each P/L sub-system, as described in Section and the communication interfaces between
them, operate as expected. It also serve to ensure reliable communication between the payload
and the spacecraft and identifying any potential problems that need to be addressed prior to
full operational deployment.

Communication between the payload and the spacecraft is managed by the Payload Man-
agement System (PMS), which acts as an interface between the HERMES-PF Payload Data
Handling Unit (PDHU) and the S/C On-Board Computer (OBC), referred to as the Main
Mission Module (MMM). Payload operations are controlled via Lua scripts [I21]. The scripts
are first prepared and uploaded from the mission operations center to the ground station, from
where they are then transmitted to the PMS via the spacecraft’s UHF link. The scripts or-
chestrate the sequence of commands necessary for configuring operating modes and acquiring

data. In particular, communication commands between the PDHU and the PMS have been
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studied and implemented in these codes.

The commands are transmitted to the PMS, which forwards them to the PDHU for execution,
while data collected from the HERMES-PF payload are transferred to PMS and then from
PMS flash storage to the MMM. To ensure the safety of the payload, all operational scripts
and command sequences were thoroughly tested on the Engineering Model at the University
of Melbourne facilities before execution in orbit.

At this stage of commissioning, the primary subsystem responsible for telemetry and remote
control of the HERMES-PF payload is the UHF antenna system, which communicates with
Nova Systems Ground Station in Peterborough (Australia). The satellite establishes contact
with the Ground Station approximately twice every 12 hours. This is currently the only ground
station capable of interacting with SpIRIT, and the available bandwidth for HERMES-PF is
limited to approximately 50 kBytes per day. This limited telemetry budget, together with the
dependency on a single GS for communications, severely restricted the commissioning activities
of the payload.

The data transmission capability will be improve via the S-Band, which will be available at the
end of its current commissioning period: on 24 May 24, 2024, a test transmission of a Fibonacci
sequence was successfully received by the SpIRIT GS in the S-band and decoded, verifying its
functionality [11§].

5.2.1 Operational mode test procedure

The test procedure is designed to verify the correct functionality of the payload by systemati-
cally checking all its operating modes (see Section [3.3.5). For each mode, the acquisition and
verification of housekeeping (currents, voltages and temperatures) is performed to check the
health of the payload in orbit. The sequence of activation of the payload’s operating modes is
summarized in Figure [5.2

These tests make it possible to systematically check the operation of each subsystem of the
P/L in each mode, ensuring nominal operation and perfect interaction between hardware com-
ponents.

Housekeeping parameters include a series of status indicators that monitor the correct operation
of each power supply line of each quadrant, as well as the BEE and FEE circuits. These
parameters also control the activation of the Overcurrent Sensing circuits in the PSU. In the
event of a line malfunction, a series of alarms are activated to signal the problem. This allows
comprehensive and detailed monitoring of payload behavior, allowing targeted action to be
taken on the specific fault line. This approach helps prevent serious damage or operational

interruptions, minimizing the risk of permanent failure or performance degradation.
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Figure 5.2: Circular graph of the sequence of activation of the payload’s operating modes[120].

In the first phase, the focus is on testing the initial two modes individually: Standby and
Ready, in which the detectors are switched off. The test ensures that the three switched-on
low-voltage supplies (3.3 V, 5 V, 12 V) and the current consumption are consistent with the

expected nominal values in each power-on phase and the P/L temperatures are monitored.

Once the nominal state of the payload in orbit during these modes is verified, the Idle mode
is tested. The 12 V power supply activates the high voltage for polarization of the SDDs: the

detectors are switched on and event triggers are recorded on-board.

The system is then set to Calibration mode. In this mode, photon-by-photon data are col-
lected from the detectors, allowing continuous monitoring of the behavior of each detection
channel. This step allows the ASIC configuration to be adjusted when necessary and allows
the generation of calibrated spectra and light curves. Once calibration confirms nominal pay-
load functionality, scientific operations begin in Observation mode. During each observation,
the Payload Data Handling Unit (PDHU) generates files containing Scientific Rate Meters
(SRAs), which consist of light curves with a 100 ms temporal resolution for each quadrant.
These SRA involves three predefined energy bands: 3 < Ejo, < 10 keV, 10 < Eq < 100 keV,
and Eyjgn > 100 keV.

In each operation, the activation of the payload is programmed at the desired time, e.g. during

the eclipse. All the selected ground tracks and the low-energy band count rates for each
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Observation performed between February and June 2024 are shown in Figure [5.3] The colored
lines represent the satellite trajectories, with the intensity of the color encoding the variation
in the recorded count rate along each path. The black contours delineate the approximate
positions of the polar electron belts and the South Atlantic Anomaly. All Observations are

described in detail in Section [5.4]

Figure 5.3: Ground tracks and low-energy band count rates for each observation performed
between February and June. The black contours indicate the approximate positions of the polar

electron belts and the South Atlantic Anomaly.

5.2.2 Detector switch-on: Idle mode

The first mode transition in Standby was performed on January 5, 2024, while in Ready on
January 10, 2024. Housekeeping data were perfectly within the expected range by verifying
the nominal status of the BEE and PSU lines.

Along with this, the error.1log file (Section revealed no errors during transitions, so the
Idle mode was activated as the detectors were switched on, reaching ‘first light’ on 16 January
2024.

Housekeeping checks allow in particular the monitoring of voltages and absorption currents of
the payload supply lines for the BEE and FEE circuits. An example of the nominal values

acquired during an Idle transition are shown in Figure 5.4

At this stage of commissioning, it is also critical to monitor the payload temperature, especially

since the cooling system (TheMIS) was not yet operational. Temperature monitoring during
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data acquisition is handled by six TMP235A2DCK analog temperature sensors located on the
FEE Electronics board. Each quadrant has a dedicated reference sensor, supplemented by two
central sensors. In addition, two sensors on the BEE PCB are used to monitor the respective

BEE and CSAC temperatures (Section [4.6)).

(a) (b)

Figure 5.4: Currents (a) and voltages (b) of payload power supply lines for BEE and FEE circuits

in Ready (leftmost points) and Idle mode (rightmost points, recorded after a few seconds gap).

During this acquisition in /dle mode, the onboard P /L sensors reported an average temperature
of approximately ~ 9 °C, as shown in Figure [5.5

Temperatures at this level are significantly higher than those expected under optimal operating
conditions. Consequently, it is essential to adjust the ASIC configuration, particularly to
optimize the low-energy threshold when operating at elevated temperatures. This adjustment
is critical to minimize the occurrence of occasional spikes recorded in the time-binned data,
caused by the electronics’ increased sensitivity to noise also due to the radiation damage already
accumulated by SDD at this stage. Once the radiators have been deployed, and the cooling
system activated if necessary, the temperature will return to nominal levels, allowing the ASIC
original configuration to be restored and a full verification of correct operation to be carried
out.

Further Standby-Ready-Idle transition tests were carried out between January and February
2024, where voltages and currents always turned out to be nominal and recorded temperatures

varied in the range between 2-10 °C.

5.2.3 Emergency procedures

To avoid potential damage to the payload, an emergency shutdown sequence is implemented in

the PDHU as a safety measure. This sequence is triggered in case of communication problems
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Figure 5.5: Temperature monitoring during first Idle acquisition. In particular, the temperature

trends recorded by the six FEE sensors, along with those from the BEE and CSAC sensors.

or any other unforeseen problem, as well as if certain nominal conditions required on the status
of the payload are not met. This procedure specifically helps limit damage to the SDDs that
could be caused by an unexpected drop in the payload power supply. For this reason, if the
HYV is switched on, the system allows 30 seconds to reduce it safely.

The correct functioning of the in-orbit emergency procedure was demonstrated during five
PMS reboot events that occurred while the P/L was transitioning from one operating mode
to another. The root cause of the restart is still being analyzed. For each of these events,
the PMS issued an emergency procedure activation command to the PDHU and provides
uninterrupted backup power to the HERMES instrument through a supercapacitor-based UPS
to ensure the safe shutdown of the instrument in the event of a power failure on the platform
[118]. The P/L PDHU shutdown sequence was successfully executed, with all power systems
safely deactivated, ensuring no damage to the detector, as confirmed by the housekeeping check

following the events.

5.3 In-flight calibrations

Subsequent to verifying the complete functionality of the payload through initial operational
mode tests and determining the optimal ASIC configuration for the given operating conditions,
the Calibration and Observation mode tests were started for scientific data collection.

The Calibration and Observation sessions are essential for ensuring that the payload performs

as anticipated and can reliably acquire the scientific data. The results of the acquisitions are
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outlined below.

5.3.1 Calibration acquisitions

SpIRIT has performed, to date, ten acquisitions in Calibration mode, listed in Table

Acquisition P/L Temperature

Date Threshold Description
Duration ~

2024-02-17 8s 2°C 115 Pointing Unknown.

2024-05-18 8s -17°C 150 Partial overlap with souther polar electron belt. Pointing Unknown.
2024-07-04 10 s -8 °C 150 Pointing Unknown.

2024-12-11 10 s -17°C 135 Pointing: Crab Nebula, ~40° w.r.t. local zenith
2024-12-28 40 s 17 °C 135 Pointing: Crab Nebula, ~25° w.r.t. local zenith
2024-12-29 40 s -16 °C 135 Pointing: Crab Nebula, ~25° w.r.t. local zenith
2025-02-20 490 s -18 °C 135 Pointing: Crab Nebula, ~25° w.r.t. local zenith
2025-03-13 400 s -17°C 135 Pointing: Crab Nebula, ~20° w.r.t. local zenith
2025-04-01 731s -18 °C 135 Pointing: Crab Nebula, ~20° w.r.t. local zenith

Table 5.1: Summary of Calibration acquisitions performed by SpIRIT. The threshold column

reports the values, expressed in DAC units, that define the minimum signal level required to

trigger event acquisition (see text in Sections and for details).

Each of the first four CALs was scheduled to run for 10-seconds due to the telemetry budget
constraints imposed by the UHF transmission ( |5.2). For the next two CALSs, 40-seconds were

acquired, while the last three exceeded 400 seconds of acquisition.

February 17, 2024

The first calibration was performed on February 17, 2024, of which only the first 20 kB of the
output file could be downloaded, thus truncating the data to the first ~8 seconds for issues
with the execution of the S/C script. The pointing information was unknown with the satellite
likely in tumbling mode.

Calibration was performed using data collected from ground calibration measurements [116]
(Chapter [4). Figure shows the acquired spectra: at the top the summed spectrum cali-
brated in X-mode, at the bottom in S-mode. Both show the background at X-ray and gamma-
ray energies. The detector map in Figure shows the four quadrants and the counts detected
by each channel. The counts are filtered for ASIC re-trigger due to electronic noise and for
spurious events (see Section . This noise is mainly associated with afterpulse noise, oc-
casionally induced by the signal responsible for resetting a channel after a trigger [L06]. This
channel behavior was also characterized on ground, as described in the Chapter For each

channel, the filter removes events at a time distance of less than < 20 ps from the previous
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one, where < 20 ps corresponds to the delay between the trigger and the reset signal. In the
detector map, a more restrictive filter (< 50 ps) is applied to ensure a robust removal of all
spurious events and residual noise, even considering that the operating temperature is higher

than expected.

(a) (b)

Figure 5.6: First Calibration outputs (February 17, 2024): the map of detector channels counts
(a), with the top left quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

All calibration acquisitions were corrected for scintillator non-linearity (see Sect. using the
values obtained in [102]. Due to the failure in one quadrant that occurred during the final stages
of ground calibration (a sudden short circuit on the HV voltage line), the payload operates with
only three functional quadrants, resulting in no data being recorded from the affected quadrant
(the one marked in gray on the map). In set ASIC configuration, some channels in the working
quadrants are switched off (dashed), because during ground calibrations they were too noisy to

be used [106]. During this acquisition, the payload temperature was between 2 °C and 3 °C.

Data were analyzed using HERMES software (HERMESDAS) developed by the HERMES
Science Operations Center (SOC), to generate calibrated and clean scientific data from raw
telemetry data [I17]. The software mescal [116] described in Section [4.4] developed for ground-
based calibrations, allowed to analyze the behavior of each channel by evaluating the detected
background counts. This capability enables the assessment of noisy channels and validation
of the optimal configuration for light curve acquisition during observations, in terms of which

channels to keep active and the appropriate threshold settings (Sect. [3.3.2]). Following the
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analysis of the previous operative modes, during this acquisition, a threshold value of 115 was
initially set (Sect. 3.3.2]). However, analysis of channel behavior indicated the necessity of
increasing the threshold to minimize noise peaks due to sub-optimal operating temperature

(Sect. [5.2.2)). The threshold was raised (to a value of 150) for the next two CALs.

The second 10-s calibration was performed on May 18, 2024. As before, only the first ~8-
seconds of data were downlinked. During the acquisition, the satellite’s trajectory was on
the boundary of the southern electron belt, resulting in contamination of the data. However,
channels map was consistent with the latest loaded ASIC configuration, and the PL HKs were

all nominal.

July 04, 2024

The third 10-seconds acquisition was performed on July 04, 2024, with unknown pointing

information. The channel map and calibrated spectra are shown in Figure

(a) (b)

Figure 5.7: Third Calibration outputs (July 04, 2024): the map of detector channels counts
(a), with the top right quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

In this acquisition, we also observe the background contribution at X-ray and gamma-ray
energies. At this stage, the solar panels were deployed and the radiators were exposed (albeit
not fully deployed), therefore the payload temperature was lower, between —8 °C and —10 °C.
Given the decrease in operating temperatures, close to nominal levels, the ASIC configuration

was updated by lowering the threshold for the next acquisitions (135).
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December 11, 2024

On December 11, 2024, another 10-s calibration was performed. The channel map and cali-
brated spectra are shown in Figure This acquisition was performed with the Crab Nebula
positioned approximately 40° off-axis. At this phase the radiators were fully deployed and the

payload temperature was around —17 °C.

(a) (b)

Figure 5.8: Fourth Calibration outputs (December 11, 2024): the map of detector channels counts
(a), with the top right quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

December 28, 2024

On December 28, 2024 the first 40-s calibration was performed. The channel map and calibrated
spectra are shown in Figure This acquisition was performed with pointing towards the
Crab Nebula, at an average angle of ~25° from the local zenith. The payload temperature was

around —17 °C.

December 29, 2024

On December 29, 2024 the last 40 s calibration was performed. The channel map and calibrated
spectra are shown in Figure [5.10] This acquisition was performed with pointing towards the
Crab Nebula, at an average angle of ~25° from the local zenith. The payload temperature was

around —16 °C.
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(a) (b)

Figure 5.9: Fifth Calibration outputs (December 28, 2024): the map of detector channels counts
(a), with the top right quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

(a) (b)

Figure 5.10: Sixth Calibration outputs (December 29, 2024): the map of detector channels counts
(a), with the top right quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).
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February 20, 2025

On February 20, 2025 a 490 s calibration was performed. The channel map and calibrated
spectra are shown in Figure [5.11}] This acquisition was performed with pointing towards the
Crab Nebula, at an average angle of ~25° from the local zenith. The payload temperature was

around —18 °C.

(2) (b)

Figure 5.11: Seventh Calibration outputs (February 20, 2025): the map of detector channels
counts (a), with the top right quadrant switched off due to a fault occurred during ground cali-

bration. Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

A characteristic line is clearly visible in the S-mode spectrum in Figure [5.11} a peak around
511 keV. The slight shift from the nominal position reflects the degradation of the detector
response over time in orbit and therefore the need to update the calibration.

After identifying the prominent line near 511 keV, another peak was also visible around
1200 keV. This second feature is probably the 1275 keV line associated with the decay of
22Na. Both of these lines likely originate from crystal activation: when the detector is ex-
posed to energetic particles such as orbiting protons, nuclear reactions can occur within the
crystalline material, producing radioactive isotopes. The subsequent decay of these isotopes
generates gamma-ray lines, as discussed in [I122]. However, the second peak is significantly
narrower than expected, given the energy resolution of the system. Therefore, its identification
as 22Na, consistent with the expected activation components, is still uncertain, and further
studies are needed to confirm its origin (simulations in progress). Although other activation

lines may also be present in the spectrum, the available statistics were insufficient to identify



5.3 In-flight calibrations 99

them reliably.

Since the response of the GAGG:Ce crystal is not linear [102], the use of multiple lines for
calibration could introduce errors. Therefore, only the 511 keV was used as reference for
updating the energy calibration.

For the total spectrum, the re-calibration procedure involved fitting the line using a Gaussian
function together with on a linear background, which allowed a precise determination of the
line peak. The measured position was then compared with the expected energy, and the correct
factor was derived. For this spectrum a correct factor of 8% was obtained, consistent with the

possible degradation of the instrumental response after 18 months in orbit.

March 13, 2025

On March 13, 2025 a 400 s calibration was performed. The channel map and calibrated spectra
are shown in Figure This acquisition was performed with pointing towards the Crab
Nebula, at an average angle of ~20° from the local zenith. The payload temperature was around

—17 °C. As shown in the channel map, channels C18, C23, and D09 exhibit significant noise and

(a) (b)

Figure 5.12: Eighth Calibration outputs (March 13, 2025): the map of detector channels counts
(a), with the top right quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

were therefore excluded from the calibration analysis. In the calibrated summed spectrum in
Figure[5.12] in the S-mode the 511 keV line is clearly visible. A calibration correction factor of

approximately 9% was determined, similar to the previous data set acquired the month before.
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April 01, 2025

On April 01, 2025 a 731 s calibration was performed. The channel map and calibrated spectra
are shown in Figure This acquisition was performed with pointing towards the Crab
Nebula, at an average angle of ~20° from the local zenith. The payload temperature was

around —18 °C.

() (b)

Figure 5.13: Ninth Calibration outputs (April 01, 2025): the map of detector channels counts
(a), with the top right quadrant switched off due to a fault occurred during ground calibration.

Calibrated summed spectrum in X-mode in black, in S-mode in red (b).

In the calibrated summed spectrum in Figure in the S-mode the 511 keV line is clearly
visible. A calibration correction factor of approximately 9% was determined, similar to the

previous data set acquired the month before.

5.3.2 Ground vs in-orbit calibration

All in-orbit calibration results were compared with ground calibration data [106] (Chapter [4).
In particular, data collected on the ground at temperatures and threshold settings compara-
ble to those of the acquisitions in orbit were compared. For example, the in-orbit calibration
on February 17 at threshold 115 and temperature 2 °C was compared with the ground ac-
quisition at 0 °C at threshold 105. This analysis involved all active channels and revealed a
consistent pattern: channels identified as noisy during ground calibration, mainly due to ASIC
re-trigger [106], showed similar behavior in orbit. This leads to an increased number of triggers,

particularly near the low threshold setting. The nominal channels maintained stable perfor-
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mance. Despite the low statistics of the in-orbit data, the observed consistency in channel
behavior in both environments, demonstrates the stable performance of the readout electronics

in different operating contexts.

As shown in the in-orbit calibration acquisitions, a calibration correction factor was calcu-
lated for the gamma-ray spectrum, which is consistent with the possible degradation of the
instrumental response (Sect. . To define the correction factor more accurately, the total
spectrum obtained by summing the last three CAL acquisitions for a total exposure time of
1131 s was analyzed, in order to increase the spectrum statistics. The original gamma-ray
summed spectrum is shown in Figure [5.14] and it is corrected only for scintillator non-linearity

(see Sect. [3.3.1)) using the values obtained in [102]).

Figure 5.14: Summed gamma-ray spectrum obtained from the last three CAL acquisitions for a
total exposure time of 1131 s. The spectrum is corrected for the non-linearity of the scintillator[102].

A clear line is visible around 511 keV, probably associated with the activation of the crystal.

As for single calibrations, also for the total spectrum, the re-calibration procedure involved
fitting the line near 511 keV using a Gaussian function together with on a linear background,
which allowed a precise determination of the line peak. The measured position was then
compared with the expected energy, and the correct factor was derived. For the summed
spectra a correct factor of 8% was obtained and the corrected spectrum is shown in Figure
In the events file corresponding to the last three CAL, the 511 keV line was also visible in the
spectra of each individual channel. However, given the limited statistics, was not possible to
determine the position of the line by a Gaussian fit, but the barycenter of the counts in the
energy range where the line was expected (before correction) was calculated. Once identified,
the line was compared with the expected value at 511 and a channel-by-channel correction

factor was derived.
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Figure 5.15: Summed gamma-ray spectrum obtained from the last three CAL acquisitions after

applying the calibration correction factor derived from the line at 511 keV.

Gamma calibration was obtained using the relation described in The stability of the
parameters derived from X-mode calibration, gain, and offset, is confirmed by the consistency
of the parameters measured during ground calibrations [LI06] (see discussion in Sect. and
during calibrations performed after integration of the payload into the service module (see
discussion in Sect. . Therefore, the shift observed in the gamma-ray spectrum AlkeV]
was attributed to a variation in the Light Output of the crystals LY. This behavior was also
observed after environmental testing carried out on the spacecraft with integrated payload.
The thermal vacuum leads to a variation in light output (See Sect. .

The correction factors derived from the 511 keV line were then applied to the light output of
the corresponding crystals, providing updated and corrected light output values.

These corrected values were then used to update the CALDB ( 4.5.4)).

The spectrum in X-mode is also being analyzed to verify the detection of the Crab Nebula,
given the pointing during these calibrations. The analysis is still ongoing and the results are

not reported here.

5.3.3 Low energy threshold analysis

The low-energy threshold is a key performance feature of the HERMES-PF payload (see Sec-
tion. The resulting effective energy threshold is determined by the DAC-programmed value
(Sect. in combination with the specific characteristics of each channel (gain, offset and
light output) and the payload temperature. Consequently, a certain level of dispersion between
the different channels is expected (Sect. . Temperature, in particular, plays a dual role:
on one hand, the DAC threshold increases at lower temperatures [106] (see Section ; on
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the other hand, noise levels rise at higher temperatures. Therefore, a complete analysis of all
these factors is essential to accurately characterize threshold behavior.

Given the low statistics, the minimum energy detected by each channel is used as a proxy for
the effective energy threshold to study their low-energy behavior.

Each CAL acquisition was performed under different conditions. In particular, each calibration
data set is characterized by a predefined threshold setting and a variable payload temperature,
both of which influence the observed energy distributions. The varying operating conditions of
the acquisitions make it challenging to assess the impact of leakage current.

In the following Figures, the minimum energy of the calibrated photon list detected in each

channel is compared across different CAL acquisitions.

(a) (b)

Figure 5.16: Comparison of the minimum energy measured for different calibrations. (a) The
February 17, 2024, calibration is plotted against the ground calibration. (b) The July 4, 2024,
calibration is plotted against the February 17, 2024, calibration. The black scatter points represent
individual detector channels, the purple dashed line corresponds to the ideal x=y reference (no

variation), and the red line represents the best linear regression fit.

Figure (a) compares the minimum energy measured between the calibration performed on
February 17, 2024, and the ground calibration. For the former the DAC threshold was set at
115 and the P/L temperature was ~2 °C, while for the latter the threshold was set at 105 with
a temperature of 0 °C. The black scatter points represent the individual detector channels,
while the purple dashed line represents the ideal x = y reference, which indicates no change
between the two calibrations. The dark red regression line shows the best linear fit to the data.
The slope of the regression line is consistent with the fact that the temperature difference is
just around 2 °C and the DAC threshold is higher for the 17 February CAL, resulting in a
higher minimum energy.

Similarly, Figure (b) compares the July 4, 2024, calibration with the February 17, 2024,

one. The slope of the regression is consistent with the trend observed in[I06], confirming that
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lower operating temperatures lead to a threshold shift toward higher energies.

Continuing the comparison across calibrations, another example is shown in Figure [5.17(a),
where the December 11, 2024, CAL is plotted against the July 4, 2024, CAL, and in Fig-
ure [5.17(b), where the December 28, 2024, CAL is plotted against the December 11, 2024,
CAL.

(a) (b)

Figure 5.17: Comparison of the minimum energy measured for different calibrations. (a) The
July 04, 2024, calibration is plotted against the December 11, 2024. (b) The December 11, 2024,
calibration is plotted against the December 28, 2024, calibration. The black scatter points represent
individual detector channels, the purple dashed line corresponds to the ideal x=y reference (no

variation), and the red line represents the best linear regression fit.”

On 4 July, the DAC threshold was set at 150 with a payload temperature of approximately
—8 °C, while on December 11, it was set to 135, with a temperature of approximately —17 °C.
The 9-degree temperature difference compensates for the change in DAC threshold from 150
to 135, as expected, therefore the regression line is almost consistent with the ideal one.

The two December calibrations were performed with the same threshold setting (135) and the
same temperature (—17 °C), again resulting in a regression line almost consistent with the
ideal one. The slight deviation of the regression line from the ideal x=y is mainly due to the
intrinsic variability of each channel’s parameters, as well as the contribution of channels with

higher noise levels, which tend to increase the dispersion around the average response.

The last three calibrations acquired are compared in the Figure The February 20, 2025,
calibration is plotted against the March 13, 2025 CAL in Figure In Figure the
March 13, 2025, calibration is plotted against the April 01, 2025, CAL.

These acquisitions were all made under the same threshold conditions (135), with a difference
of 1°C in temperature for the acquisition on March 13 (—17 °C), compared to the other two

CALs (—18 °Q).
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(a) (b)

Figure 5.18: Comparison of the minimum energy measured for different calibrations. (a) The
February 20, 2025, calibration is plotted against the March 13, 2025. (b) The March 13, 2025,
calibration is plotted against the April 01, 2025, calibration. The black scatter points represent
individual detector channels, the purple dashed line corresponds to the ideal x=y reference (no

variation), and the red line represents the best linear regression fit.”

In conclusion, based on the dependence of the low-energy threshold on the DAC-programmed
value, temperature, and individual channel parameters (gain, offset, and light output) [106],
it can be observed that the resulting effective energy threshold of each channel has remained
substantially stable over time and that the channels therefore behave nominally in orbit under

different operating conditions.

The April 1, 2025 CAL was also used to update the auxiliary response file (ARF) for the
HERMES-PF payload. The minimum energy detected by each channel was used to individ-
ually scale the effective threshold, and the contributions of all active channels were combined
to produce an updated ARF. Rather than assuming a single threshold for all channels, this
ARF reflects the behavior of each individual channel and therefore provides a more accurate

representation of the detector’s response under nominal operating conditions.
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5.4 Ratemeters in Observation mode

SpIRIT has performed 10 Observations of 600 seconds each (for a total accumulated 100 min
of observation time) summarized in Table

Acquisition P /L Temperature

Date Description
Duration ~

2024-03-27 600 s 1°C “First light”. Satellite in spinning. Pointing Unknown.
2024-04-04 600 s 1°C Satellite in spinning. Pointing Unknown.
2024-04-08 600 s 2°C Satellite in spinning. Pointing Unknown.
2024-06-01 600 s -3°C Partial overlap with northern polar electron belt. Pointing Unknown.
2024-06-06 600 s —6 °C Pointing mostly zenith.
2024-06-13 600 s -8 °C Pointing and Satellite attitude unknown.
2024-06-18 600 s -3°C Pointing and Satellite attitude unknown.
2024-06-23 600 s —4°C Pointing and Satellite attitude unknown.
2024-06-24 600 s -7.5°C Pointing and Satellite attitude unknown.
2024-06-28 600 s —-9.5°C Pointing and Satellite attitude unknown.

Table 5.2: Summary of Observation acquisitions performed by SpIRIT.

The first nominal Observation was on March 27, 2024. Each SRA file contains the light curves

acquired in the three energy bands 3 < Ejoy < 10 keV, 10 < Epiq < 100 keV, and Epgn > 100

keV with 100ms of resolution. The Figure [5.19] compares the light curves for each observation.

Figure 5.19: Light curves of the 10 acquisitions in observation mode of 10 minutes each in the

three energy bands: 3-10 keV, 10-100 keV, 100 keV-2 MeV. The light blue curve is the observation

of June 1, 2024: the rising count rate indicates the satellite entering the northern polar electron

belt.

The housekeeping data recorded in Idle and Ready preceding each 10-minute observation pe-



5.4 Ratemeters in Observation mode 107

riod confirmed the overall health of the system. During the first observations, the spacecraft’s
attitude changed with each data acquisition. At low and medium energies, the observed modu-
lation was primarily due to the Earth’s gradual entry into the field of view, partially obscuring
the cosmic X-ray background. The background levels detected across the three energy bands
aligned with pre-flight estimates.

For all other observations, a comparative analysis was performed using background simulations
based on the model described in [123]. These simulations account for all the main populations
of particles and photons which contribute to the on-board scientific background, fully convolved
with the HERMES-PF mass model. The dominant contribution comes from the Cosmic X-ray
Background (CXB). By calculating the expected modulation of the background contributions
and incorporating the spacecraft’s attitude, simulated light curves were generated to repre-
sent the expected background under realistic operational conditions. Since information on the
spacecraft attitude was not available, multiple hypotheses were tested for each observation to
identify the attitude configuration that best matched the acquired data. These configurations
were very simplified, considering only a single possible S/C axis of rotation. The simulated
light curves were subsequently compared with the acquired observation data for each energy

band. No pointing information was available for any observation.

5.4.1 Observation mode, March 27, 2024

In the March 27, 2024 Observation, the spacecraft attitude was characterized by a time-
dependent pointing direction (S/C in spinning configuration). No pointing information was
available. To simulate this attitude dynamics, a linear rotation model was adopted, in which
the pointing angle evolves over time according to a constant rotation speed and an initial phase.

This model is defined by:
0(t) = wt + ¢ mod 360° (5.1)

where 0(t) is the pointing angle at time t, w is the rotation speed (in deg/s), and ¢ is the initial
phase. The 6(t) value is always reported in the range [0°,360°]. The best configuration values,
derived from the comparison between simulations and observational data, are a rotation speed of
0.6°/s and an initial phase of 60°. Figure shows the comparison between the observational
data (blue line) and the background modulation (black line) expected from the simulations in
the three energy bands: 3-10 keV, 10-100 keV, 100 keV-2 MeV.

The observed background is consistent with the trend in the three bands expected, with varia-
tions consistent with the orientation of the spacecraft, and the Earth’s gradual entry into the
field of view, except for the low-energy band, where the observed count rate is significantly

higher than predicted by the simulations. This discrepancy is probably due to the contribution
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Figure 5.20: March 27, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

of additional astrophysics sources, predominant in the soft X-ray band and not considered in

the background model.

5.4.2 Observation mode, April 4, 2024

In the April 04, 2024 Observation, the S/C was still in spinning configuration. The the best
configuration for describing the data includes a rotation speed of 1°/s and the initial phase is

20°.

Figure 5.21: April 04, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

Figurd.21] shows the overlap between data (blue) and simulation (black). As with the previous
acquisition, the data show a higher count rate than the simulations, particularly during the
transition between the two rotation speeds. This discrepancy is probably due to the contribu-
tion of additional X-ray sources, not included in the background model. Their impact seems

to be more pronounced in the low-energy band, consistent with the presence of soft X-ray
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emitters.

5.4.3 Observation mode, April 8, 2024

In the April 08, 2024 Observation, the S/C is still in spinning configuration. The data are best

described by a rotation speed of 0.1°/s and no initial phase.

Figure 5.22: April 08, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

This acquisition, shown in Figure still shows a slight underestimation of counts in sim-
ulation. Furthermore, without detailed information on the satellite pointing, it is difficult to

determine with certainty the origin of the increased count rate mostly at high energies.

5.4.4 Observation mode, June 1, 2024

In the June 1, 2024 Observation the satellite’s orientation shows a certain degree of stability and
the Earth remains roughly stable at the edge of the field of view, contaminating its outer regions
at lower energies. Figure[5.23|shows a zoom of the first minutes of all the first observations, with
the June 1 in light blue. In particular, a significant surge in counts is observed in the mid and
high-energy bands due to the satellite entry into the polar electron band. Background signal
levels remain stable before entering this specific zone, aligning with previous measurements and

pre-launch projections, as indicated by the dotted black line.

5.4.5 Observation mode, June 6, 2024

In the June 6, 2024 Observation in Figure the available pointing information indicates
that the S/C was mainly pointing towards the zenith. Therefore, the best configuration to

describe the data assumes no rotation and no initial phase.
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Figure 5.23: Zoomed view of the first 300 s for the first observations light curves in three energy
band. The lightblue curve is the observation of June 1, 2024: the rising count rate indicates the
satellite entering the northern polar electron belt. The black dotted line represents pre-launch

background estimates.

Figure 5.24: June 06, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

An abnormal behavior is observed at low-energy band, together with a significantly higher
count rate at high energies. The anomalous peak in the low energy band corresponds to a brief
deviation from the satellite nominal zenith pointing attitude, during which Sco X-1 entered the

instrument field of view.

5.4.6 Observation mode, June 13, 2024

In the June 13, 2024 Observation in Figure and in the following ones, the S/C attitude
is unknown, therefore the linear rotation model discussed in Sect. is used. The the best
configuration for describing the data includes a rotation speed of 0.4°/s and the initial phase

is 50°.
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Figure 5.25: June 13, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

Again, a possible contribution of X sources is observed in the low-energy band, together with

a significantly higher count rate at high energies.

5.4.7 Observation mode, June 18, 2024

In the June 18, 2024 Observation in Figure the best configuration for describing the data

includes a rotation speed of 0.35°/s and the initial phase is 45°.

Figure 5.26: June 18, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

5.4.8 Observation mode, June 23, 2024

In the June 23, 2024 Observation in Figure the best configuration for describing the data

includes a rotation speed of 0.2°/s and the initial phase is 85°.
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Figure 5.27: June 23, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

5.4.9 Observation mode, June 24, 2024

In the June 24, 2024 Observation in Figure the best configuration for describing the data
is represented by the pre-launch background simulations that do not involve any rotation of

the satellite.

Figure 5.28: June 24, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

5.4.10 Observation mode, June 28, 2024

In the June 28, 2024 Observation in Figure the best configuration for describing the data
includes a rotation speed of 0.35°/s and the initial phase is 55°.

In most observations, the low-energy band shows an excess of counts compared to simulations,
suggesting the presence of additional X-ray sources in the background. In contrast, the high-

energy band shows variability between different observations, probably influenced by changes
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Figure 5.29: June 28, 2024 Observation. Comparison between acquired light curves (colored)

and background simulated counts (black) in different energy bands.

in the spacecraft environment or background contributions such as cosmic rays or potential
solar activity.

In addition, the model assumes uniform rotation so that if pointing undergoes deviations or
instabilities, the time at which a source enters the field of view could differ from predictions.
Although the model is extremely simplified, it allows for indications of the satellite behav-
ior during observations. Given the lack of precise pointing information, this analysis allows

reasonable approximations to interpret and justify the observed data.

5.4.11 Scatter Plots

For all observations, potential correlations between the counts in the three working quadrants
across the three different energy bands (low, medium, high) were analyzed. In particular,
simultaneous counts between all pairs of quadrants were compared, including counts with a
100 ws offset. This allowed us to verify that there were no correlated high-intensity events and
that the detected spikes were therefore independent and related, for example, to instrumental

noise (such as noisy channels).

In Figure[5.30| an example of scatter plots for the 6 June, 2024 Observation between quadrants
C and D for the three energy band 3-10 keV (a), 10-100 keV (b), 100 keV-2 MeV (c). The
data show no correlation between quadrants.

The observation of June 1, 2024 is the only one in which a strong correlation is visible, as shown
in Figure As described in [5.4.4] a significant surge in counts in the mid and high-energy
bands is observed due to the satellite entry into the polar electron band.

In fact, the related counts are caused by ionization streaks produced by charged particles

passing through the detectors simultaneously. The entry into the electron polar band occurs
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(a) (b)

(©)

Figure 5.30: Scatter plots for the 6 June, 2024 Observation between quadrants C and D for the
three energy band 3-10 keV (a), 10-100 keV (b), 100 keV-2 MeV (c). No correlation is visible in
the data.

after the first 200 seconds of observation. Figure shows the scatter plot in the high energy
band between quadrants B and D during the first 200 seconds, where no correlation is visible,
while Figure [5.31b] shows the same plot after 200 seconds, where a clear correlation can be

seen. The correlation is visible across all quadrants.

5.5 Observation strategy and lessons learned

The commissioning of SpIRIT took more than a year to complete, with the main limitation
being the low data transmission rate (50 kBytes per day). Starting from June 2025, the
instrument entered the standard observation phase, organized to maximize scientific efficiency
despite bandwidth constraints. The strategy adopted is to keep the payload on a few tens of
minutes per day, without immediately downloading the data, which remains on board. During
observations, the presence of transients is monitored by consulting reports from the Gamma-
ray Coordinates Network (GCN). If a transient is identified, the ratemeters relating to the

period of the event are downloaded. If the ratemeters show a significant signal, the photons
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(a) (b)

Figure 5.31: Scatter plots of high-energy band between quadrants B and D on June 1, 2024

observation.

recorded in the same time interval are then downloaded. This procedure optimizes the use of
the limited data transmission capacity, ensuring maximum scientific return and focusing the

download only on events of real interest.

In addition to the scientific results, SpIRIT provided an important opportunity to evaluate
the performance of key technologies and the efficiency of operational procedures. The several
lessons learned, from both an organizational and technical point of view, can help optimize
the in-orbit operations of HERMES-PF, as well as the operation of the TASTE mission spec-
trometer (Chapter @, and to design and plan more ambitious projects, such as a complete
constellation that can serve as a monitor of the entire sky for high-energy transients [124].

Some of the main lessons learned are summarized below [124].

e The key technologies for the development of the P /L include the design and production
of SDDs, ASICs for signal acquisition and processing, and thin optical filters to block
optical and UV light. These critical components were developed through scientific agree-
ments within the HERMES-PF consortium. The SDDs were designed by the University
of Udine, INFN, and FBK, and manufactured and tested by FBK and INFN. The ASICs
were developed by PoliMI and the University of Pavia, and fabricated through EURO-
PRACTICE. Between 2018 and 2022, four iterations of ASIC prototypes were produced
and tested to enhance reliability and performance. Optical filters, designed and manu-
factured by IHEP China, demonstrated excellent X-ray transparency and UV absorption
in tests conducted at IHEP and INAF. These collaborations ensured full integration
between technology development and scientific objectives, optimizing the design while

keeping costs aligned with CubeSat constraints.

e The HERMES P/L does not use expensive radiation-resistant electrical, electronic and



116

5.The HERMES-PF payload onboard SpIRIT

electromechanical (EEE) components. In particular, it uses a flight-proven OBC (PDHU)
supplied by ISIS-Space, while the P /L’s other electronic boards do not use space-qualified
components, and have been designed using measures to make them robust in the space
environment, such as redundancy and circuits to protect against latch-ups. The most
critical elements (including DC-DC and ADC converters, current-sensitive amplifiers,
LDO regulators, inverters and other elements) were validated through proton beam ir-
radiation tests at the INFN TIFPA laboratories in Trento. The P/L electronic boards
on board SpIRIT operated without any problems for over eight months in the harsh
space environment, demonstrating the reliability of the design and manufacturing pro-
cesses. In addition, proton beam tests were conducted at TIFPA to assess the behavior
of GAGG:Ce scintillator crystals and SDDs when exposed to proton doses representative
of those encountered in orbit over a two-year operational period. The results confirmed

the suitability of GAGG:Ce and SDDs for space applications.

Software development and testing is one of the most complex and time-consuming ac-
tivities. This process should start as soon as hardware components such as breadboards
or engineering models (EM) are available. However, it is crucial to emphasize that the
proper functioning of the system is guaranteed by testing the flight models. Therefore,
it is essential to perform extensive and repeated tests on the FM to ensure that all func-

tionalities are verified and validated under real operating conditions.

The management of communications with third parties. In particular, some operational
problems with spacecraft were compounded by challenges related to privacy requirements
and bureaucratic constraints, which affected the timeliness and effectiveness of commu-
nications with the S/C team. These issues highlighted the importance of establishing
smoother and more transparent synergies between the various stakeholders in order to
reduce the latency of critical communications while improving the quality of science op-

erations.



Chapter 6

TASTE

The experience provided by the HERMES-PF development is allowing the studies on the adap-
tation of its payload to more challenging radiative environments. In this contest, the X-ray
and gamma-ray spectrometer derived from the one onboard HERMES Pathfinder has been
selected for the TASTE ( Terrain Analyzer and Sample Tester Explorer) mission, with the goal
of obtaining XRF (X-ray Fluorescence) and gamma-ray spectroscopy of the surface of Deimos,
one of the moons of Mars [125]. These measurements will provide information on the chemical
composition of the surface and thus helping to discriminate between the two possible origins
of Deimos: a captured asteroid or a fragment of Mars.

The mission is currently in phase B and is the result of collaboration between INAF-OAA,
INAF-OATS, and Politecnico di Milano. The project is funded by the Italian Space Agency
(ASI). This Chapter introduces the mission and its general architecture in Section Sec-
tion describes the scientific objectives of the spectrometer and Section presents the
derived scientific and technical requirements. Section details the modifications required to

the HERMES-PF payload to meet the new requirements.

6.1 The mission

TASTE is CubeSat mission composed by a 12U orbiter + 4U lander, aiming to explore the
Martian moon Deimos [I25]. Understanding the origin and evolutionary history of Phobos
and Deimos, considered key targets for studying the evolution of Mars and, more generally,
terrestrial planets, requires the acquisition of accurate data on their physical and compositional
properties. Currently, there is still no consensus regarding their formation process: the two
main hypotheses discussed in the scientific community are their origin from a large impact with
subsequent aggregation of debris, or the gravitational capture of asteroids.

To date, no space mission has had the primary objective of exploring Phobos or Deimos;
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however, several probes dedicated to the study of Mars have made remote and opportunistic
observations of both satellites. It is in this context that the Martian Moons Exploration (MMX)
mission was conceived, led by the Japanese space agency JAXA and scheduled for launch in
2026. MMX will be a five-year robotic mission with the goal of bringing samples from the
surface of Phobos back to Earth. The TASTE mission therefore aims to focus its study on
Deimos, complementing MMX.

TASTE will use a set of instruments distributed across two complementary platforms: TASTE-
Orbiter and TASTE-Lander. Both will be able to operate independently or in close synergy.
The Orbiter will be equipped with a multispectral camera and the HERMES-PF X-ray and
gamma-ray spectrometer, while the Lander will integrate a camera and a Surface Sample Ana-
lyzer (SSA), consisting of a Sample Acquisition Mechanism (SAM) and an analytical laboratory
dedicated to examining the collected samples. A schematic view of TASTE 16U Cubesat before
separation between lander and orbiter is shown in Figurd6.1] Different payloads are indicated
by the orange boxes: the spectrometer is under the responsibility of the INAF-OATS team, of

which the author is a member.

Figure 6.1: Schematic representation of the TASTE 16U CubeSat before separation between

lander and orbiter. The payloads are indicated by the orange boxes.

Taking advantage of the complementarity between orbital observations and direct in situ analy-
sis, the TASTE mission aims to achieve several scientific goals. These include: the study of the
global morphology and geological context of Deimos, the determination of elemental abundance
on a planetary scale, the morphological and textural characterization of the landing site, the
identification of surface organic compounds, the analysis of soil composition, the comparison
between local and global surface properties, as well as the measurement of the gravitational

field and the investigation of the satellite’s internal structure.
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6.2 Spectrometer scientific goals

The X-ray and gamma-ray spectrometer is derived from the HERMES-PF instrument, de-
scribed in Section The use of X-ray and gamma-ray spectroscopy allows the elemental
composition of its surface to be estimated with good accuracy, providing important informa-
tion for the study of Deimos formation.

In particular, the primary objective is to investigate Deimos formation scenarios by determining
its global surface elemental abundances. This will be accomplished through the comparison
of mass abundance ratios derived from the detection of fluorescent lines in the X-ray band (S,
Ca, Mn, Cr, Fe, Ni) and nuclear lines in the gamma-ray band (K, Si, Al, Th, C) with reference
values obtained from meteorites and mineral analogs analyzed in laboratory. The energy of

these emission lines are listed in Table for the X- and gamma-ray bands.

Element (X) Emission line energy (keV) ‘ Element (v) Emission line energy (MeV)

S 2.308 K 1.460
Ca 3.692 Si 1.779
Mn 5.899 Al 1.809
Cr 5.415 Th 2.614
Fe 6.404 C 4.945
Ni 7.478 - -

Table 6.1: Energies of the main emission lines of elements of interest in the X-ray and gamma-ray

bands for the study of the composition of Deimos.

The X-rays emitted from the surface of Deimos are detected by the spectrometer, with the
strongest signals expected during periods of intense solar activity. X-ray fluorescence depends
in part on solar emission: even during periods of low activity, flares can trigger detectable
signals, but the efficiency of the process increases significantly near solar maxima. The anal-
ysis will concentrate on the Fe/Ca, Fe/Mn, and Fe/S abundance ratios to characterize the
surface composition of Deimos. These ratios will be compared with reference values obtained
from meteorites and mineral analogs studied in the laboratory. The Fe/Ca ratio serves as the
primary diagnostic, as the close proximity of the lines in energy minimizes uncertainties asso-
ciated with the temperature of the illuminating solar flare. The Fe/Mn and Fe/S ratios act as
supplementary checks to reinforce the findings, while comparisons involving lines separated by

larger energy gaps, such as S and Fe, are more sensitive to variations in the solar spectrum.

So far, only a few successful experiments have been conducted with X-ray fluorescence (XRF).

Missions targeting the Moon include Apollo 15 and 16 XRF'S [126,127], SMART-1 D-C1XS [12§],
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and Chandrayaan-1 C1XS [129]. For Mercury, XRF observations were carried out by Messenger-
XRS [130] and will be further investigated by BepiColombo-MIXS [I31]. For asteroids, XRF
studies were conducted by NEAR-XGRS on Eros [132], Hayabusa-XRS on Itokawa [I33], and
OSIRIS-REx/REXIS on Bennu [134].

An example of comparison between remote sensing data and laboratory analogs for the asteroid

Eros was observed by NEAR-XRS in Figure [135].

Figure 6.2: Fe/Siand Fe/Ca weight ratios inferred for asteroid Eros by NEAR-XRS and compared

with ratios measured in laboratory for different meteorites [135].

The gamma-ray spectrometry is independent of solar activity. It will detect emissions from
the decay of natural radionuclides, reactions induced by cosmic rays, neutron capture, and
radioactivity caused by solar protons. Ratios such as K/Th and K/U provide reliable indicators

of overall composition and provide clues about the formation environment of Deimos.

In terms of gamma-ray spectroscopy, one of the most recent missions is Kaguya-GRS [136],
which produced a global map of the Moon. Other lunar investigations include the Lunar
Prospector GRS and Chang’e [137]. Beyond the Moon, gamma-ray spectroscopy has been
applied to other planetary bodies: Mars Odyssey-GRS at Mars [138], Messenger-GRNS at
Mercury [139], NEAR-XGRS at asteroid Eros [I32]. One example of a comparison between
the average spectrum of lunar gamma-rays acquired during the Lunar Prospector (black) and

Kaguya (red) is shown in Figurd6.3| [140].

Only limited observations of X-rays and gamma-rays have been obtained in the Martian sys-
tem. These include remote sensing with Chandra and XMM-Newton [143], [144], as well as in
situ measurements by rover instruments [I45]. The upcoming MMX mission will carry the

MEGANE (Mars-moon Exploration with GAmma rays and NEutrons) instrument [146]. Since
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Figure 6.3: Example of a comparison between the average spectrum of lunar gamma-rays, ac-
quired during the Lunar Prospector (black) and Kaguya (red) missions [I4()]. Gamma-ray peaks
reveal elements such as aluminum (Al), calcium (Ca), and titanium (Ti). The insets show global
maps of iron oxide (right) and calcium oxide (left) derived from Lunar Prospector and Kaguya

data, respectively [141] 142].

the mission only plans flybys of Deimos, it will not be possible to collect gamma-ray data,
which require long accumulation times at low altitudes. Instead, MEGANE will perform neu-
tron measurements at Deimos, to be compared with detailed gamma- and neutron-spectroscopy
data from Phobos. In this context, the TASTE spectrometers will provide the first-ever X-ray
and gamma-ray observations of Deimos, enabling new insights into its surface composition and

a stronger comparison with the MMX dataset from Phobos.

6.3 Spectrometer Scientific Requirements

The main objective of the Phase A study was to define the scientific requirements of the
spectrometer in direct relation to the overall scientific objectives of TASTE, to which the
author contributed by participating in the definition process. Specifically, the requirements are

as follows:

e Fe/Ca, Fe/S, and Mn/S ratios: these must be limited with an uncertainty of 0.3-0.5
dex, where 1 dex corresponds to one order of magnitude (i.e., a difference of x dex is a
variation of a factor equal to 10.). These measurements are essential for distinguishing

ordinary chondrites from carbonaceous chondrites and other classes of meteorites.

e K/Th and K/U ratios: these must also be determined with an uncertainty margin of

between 0.3 and 0.5 dex. Potassium (K) is a moderately volatile element, while thorium
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(Th) and uranium (U) are highly refractory. Therefore, higher formation temperatures

result in lower volatile content. Carbonaceous chondrites are characterized by high K/U

and K/Th ratios, while the Moon has low values, 5 to 10 times lower than those of the

Earth’s continental crust.

those of the Moon and the Earth.

Mars, on the other hand, has values intermediate between

Based on the primary requirements,these were then divided into high-level requirements listed

in Table and low-level requirements described in Table

The high-level requirements summarize the key performance parameters directly related to

TASTE’s scientific goals, such as the required energy range, resolution, field of view, and

sensitivity. The low-level requirements specify the instrumental and environmental parameters

necessary to meet these high-level objectives, including effective area, background levels, and

radiation environment constraints.

Requirement Value Justification
X-ray energy band 2-15 keV To cover Ca, Mn, Cr, Fe, Ni lines.
Gamma-ray band 50 keV—6 MeV To cover K, Si, Al, Th, U, C lines.
X-ray energy resolution at Be- 5 % @ 5.9 keV To separate Mn, Fe Ko, Fe K3, Ni lines.

ginning of Life (BOL)
Gamma-ray energy resolution
(BOL)

X-ray energy resolution at
End of Life (EOL)
Gamma-ray energy resolution
(EOL)

Field of view

X-ray sensitivity

Gamma-ray sensitivity

6 % Q@ 660 keV

20 % @ 5.9 keV

12 % @ 660 keV

10° @ 10 keV

0.01 ph/cm?/s @ 3.7 keV (Ca Ka)
and 5 o; 0.04 ph/cm?/s @ 6.4 keV
(Fe Ka) and 7 o

0.002 ph/cm?/s @ 1.4 MeV (K) and
5 o; 0.002 ph/cm?/s @ 2.6 MeV
(Th) and 5 ¢

To distinguish K, Si, Al, Th, U, C lines.
To separate Ca, (Mn+Fe), Ni Ko lines.
To distinguish K, Si, Al, Th, U, C lines.
To cover Deimos and avoid cosmic sky.
Constrain Fe/Ca, Fe/S, Mn/S photon ra-

tios with a SNR=5.

Constrain K/Th, K/U photon ratios with
a SNR=5.

Table 6.2: List of TASTE spectrometer high-level scientific requirements.
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Requirement

Value

Justification

X-ray total effective area

Gamma-ray total effective area
Cosmic X-ray background (CXB)
X-ray solar background (XSB)
X-ray particle induced background
(PIB)

Gamma-ray particle induced back-

ground (PIB)

Gamma-ray total background

>30 cm? (£ 10 %) @ 3-6 keV

>20 cm? (£ 10 %) @ 600 keV; >10 cm?
@ 2.6 MeV

<107 (£ 5 %) counts/cm?/s/keV @ 3-15
keV

<0.2 counts/cm?/s/keV @ 3.7 keV (Ca
Ka); <0.1 counts/cm?/s/keV @ 6.4 keV
(Fe Ka)

<1072 (£ 5 %) counts/cm?/s/keV @ 3-15
keV

<1072 (£ 5 %) counts/cm?/s/keV @ 60—
600 keV; <1 counts/cm?/s/MeV @ 0.5-5
MeV

<2.2 (£ 5 %) counts/cm?/s/MeV @ 1.4
MeV (K); <1.8 counts/cm?/s/MeV @ 2.6
MeV (Th)

Assuming flares > 14 MK x 1000 s.

FOV is assumed to be limited to Deimos,

while the cosmic sky is excluded.

Table 6.3: List of the TASTE spectrometer low-level scientific requirements.

6.4 HERMES-PF P /L modifications

To satisfy the scientific requirements, the X-ray and gamma-ray spectrometer need some mod-

ifications respect to the original HERMES-PF PL design (see . The goal of the Phase B

study was precisely to identify and evaluate these modifications, ensuring that the instrument

could meet the updated mission objectives.

The main modifications foreseen are:

e use of longer scintillator crystals;

e development of new front-end ASICs (LYRA-2/TASTE;

e addition of a collimator.

In particular, these modifications are necessary to satisfy the following points:

e to achieve a broad band from at least 2 keV to at least 3 MeV (with a design goal of

6 MeV); the size of the scintillator crystal directly influences the dynamic range. To

achieve the required performance, the optimal crystal dimension has been determined to

be 2.5 cm.

e to achieve an energy resolution consistent with the scientific requirements. The design

of a new ASIC ensures both the required dynamic range coverage and the resolution

necessary to detect spectral lines.
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e to limit the field of view to just the photons coming from the Deimos surface, while

avoiding detection of photons from the sky background. Considering the altitude of the
orbit of TASTE-Orbiter (worst case ~46 km), the field of view must be limited to a

maximum of 10°.

For this studies, the activities focused on the LYRA-2/TASTE ASIC development. Work began

with defining the breadboard design for testing the functionality of the new ASICs (described
in Section [6.4.1)) and the detector system (HERMES-like with a longer scintillator), val-
idating these modifications. In Section the breadboard designed for testing is described.

6.4.1 The new ASIC

With reference to the LYRA ASICs inherited from the HERMES-PF mission, a new set of
LYRA-2/TASTE ASICs has been developed for the TASTE Spectrometer. The new ASICs are

designed to handle a wider dynamic range and higher spectral resolution required for scientific

objectives. The LYRA-2/TASTE ASIC Front-End requirements are defined in Tabld6.4] where

these requirements are compared with those of previous generations of ASICs.

FE Parameter

LYRA

LYRA-2

# of channels
Operating Temp. range
Dynamic range
Shaping time

Noise

Event rate
Linearity

Power

1

=30 °C to +30 °C
32,700 ¢~

1.6 and 2.3 us

20 e~ rms w/o detector

<90 e~ rms with 500 pA /50 fF

+1.5%
270 pW /channel (FE only)

1

=30 °C to +40 °C

45,000 e~ to 90,000 ¢~

~2.3 and ~3.2 us (TBC)

<27 e~ rms with <200 pA/50 fF
<55 e~ rms with up to 500 pA (1000
pA goal)

10..100 evt/s

+1.5%

< 1mW /channel (FE only)

Table 6.4: Comparison of LYRA and LYRA-2/TASTE Front-End parameters. The LYRA-2

dynamic range of 45,000 e~ corresponds to 3 MeV (light output 15 e~ /keV), which is the minimum
required to detect the 2.6 MeV Th line, while 90,000 e~ corresponds to 6 MeV, representing the

design goal.

The main differences are:

e Dynamic range: the LYRA-2 dynamic range of 45,000 e~ corresponds to 3 MeV (light

output 15 e~ /keV), which is the minimum required to detect the 2.6 MeV Th line, while

90,000 e~ corresponds to 6 MeV, representing the design goal.
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e Noise: a key scientific goal is to observe Si/Al lines between 1-2 keV. To achieve a 5-sigma
low X-ray detection threshold of 0.5 keV, the equivalent noise charge (ENC) must be 27
e~ rms (corresponding to ~250 eV FWHM at 6 keV).

Regarding the Back-End — Analog circuit the modifications involved the discriminator cir-
cuit. The new version is designed to correct some issues encountered with the LYRA (such
as threshold-dependent gain). The discriminator design utilizes a new threshold configuration,
minimizing the temperature dependence of the threshold equivalent energy.

The final design for the digital part of the be includes 32 channels. The design is based on
the LYRA architecture, which will incorporate the digital layout changes developed for NOVA
ASIC (an evolution of the VEGA and LYRA ASICs, developed for the LEM-X project [147]),

such as signal shielding.

6.4.2 Breadboard

The main role of the breadboard is testing and verifying the functionality of the new detector
system (SDD + scintillator crystal) and the new ASICs. Therefore, the breadboard design is
functionally divided into multiple sectors that involves the main circuit chains for support the

operation of the ASICs and the detector:

e ASIC and Detector Hosting Area

High-Voltage lines for SDDs polarization

Low-Voltage lines for ASIC power supply

Signal processing (analog and digital) chains

e Interfaces

A preliminary testing breadboard has been designed and produced in late 2024 /early 2025 at
INAF-OAS based on the NOVA ASIC and a small-scale SDD (2x2 cm matrix). The design is
shown in Figure Unlike the LYRA, the architecture of the NOVA ASIC is not divided into
Front-End and Back-End blocks, but is unified.

The main breadboard blocks are highlighted in Figure 6.5

1. ASIC and Detector Hosting Area. The board central area is dedicated to host the
ASIC and the SDD, ensuring minimal signal path lengths and optimal layout for noise
and interference minimization. The scintillator will be coupled with a support structure

external to the breadboard, therefore the crystal size does not affect the BB.

2. High Voltage (HV) Section. A dedicated input connector allows interfacing with an
external high-voltage generator. The circuit includes an internal voltage divider, which

conditions the voltage and provides the appropriate bias for the SDD detector.
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Figure 6.4: Preliminary testing breadboard design, with the main circuit chains for support the

operation of the ASICs and the detector.

3. Low Voltage (LV) Section. A dedicated input connector allows interfacing with an
external low-voltage generator. Two low-voltage inputs, provided by an external LV
power source, are internally regulated to generate the required supply levels for: the

ASIC, the analog signal processing chain, the digital processing chain.

4. Signal Processing and Buffering. The board integrates: an analog buffer with dual
outputs, allowing for signal monitoring or acquisition through external equipment (e.g.
oscilloscope); a digital buffer for managing the logic-level signals exchanged with external

systems.

5. Control and Data Acquisition Interface. ASIC logic control signals are managed via
an FPGA, which interfaces with the system through the IF Board connector (positioned
on the right side of the board). The FPGA further connects to a laptop, which is used

for real-time data acquisition and analysis.

6.4.3 Objective and development strategy

The next steps involve the development of two LYRA-2/TASTE ASICs prototypes. The first
ASIC prototype was developed thanks to collaboration between the Politecnico di Milano and
the University of Pavia. Sent to the foundry in July 2025, it is scheduled to be delivered
in November 2025. Starting from the LYRA ASIC, the main target consists of improving
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Figure 6.5: Preliminary real breadboard for testing. The main circuit chains for support the

operation of the ASIC and the detector are highlighted with yellow boxes.

the dynamic range to 45,000 electrons (3 MeV in GAGG). Addressing the dynamic range of
90,000 electrons in a first iteration is considered feasible (desired, not mandatory). For this
first prototype noise performance is not expected to be met (foreseen ENC >50 el.). The first
prototype includes modifications on the analog front-end and analog back-end only, but with
a very similar design for the digital back-end (UniPV), which will be just a pick-and-replace of
the 32-channel LYRA-BE.

A new breadboard has been designed for testing the first prototype of the LYRA-2/TASTE
ASIC, which is currently in production and is scheduled for delivery in October 2025. Its
rendering is shown in Figure The main modifications to the one described in Section [6.4.2]
are in terms of the size of the detector and therefore the dimension of the ASIC and Detector
Hosting Area (The SDD is HERMES-like, one SDD matrix of 10 cells each). The first new
ASIC prototype will be connected to the breadboard and its functionality will be tested at the
end of 2025.

A second ASIC prototype, to be produced in November 2025, will be based on design improve-
ments introduced in the NOVA ASIC (developed for the LEM-X project [147], and tested with
the first prototype board), including, but not limited to, current mode polarization and digi-
tal reprocessing for improved signal shielding. At this stage, the actual feasibility of the final
performance in terms of noise for the dynamic range and power budget will be determined.

Overall, the ASIC for TASTE will still be based on the LYRA architecture to accelerate the
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Figure 6.6: Second prototype ASIC breadboard. The ASIC and Detector Hosting Area is devel-
oped based on the HERMES-like SDD, one matrix of 10 cells each.

design and integration of a working prototype. This second TASTE ASIC prototype aims to

optimize the functionality of the readout electronics.

6.4.4 Laboratory set up

Starting at the end of 2025, the breadboard and the first generation of ASICs will be ready for
testing. For this reason, during Phase B, the laboratory setup necessary to carry out the tests
was also studied and analyzed. A scheme of the experimental setup is shown in Figurd6.7}

It consists of:

e an aluminum box that serves as a Faraday cage to provide shielding from electromagnetic
interference and ambient light. The breadboard with ASIC and detector will be inserted

into the box;

e a power supply for the test board, that consists of low-voltage and high-voltage lines. In
particular, during the tests on the ASIC, the high-voltage line which produces the SDD
drift field is not needed;

e an oscilloscope, used to monitor the output of all 32 channels on each ASIC and to check

its signal output for each selected discriminator threshold and amplitude;

e a pulser to stimulate electrically the ASIC by simulating SDDs signals. The pulser is

monitored through the oscilloscope and connected to the test board;
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Figure 6.7: Schematic diagram of the laboratory setup for testing the breadboard. The board
is powered by dedicated low- and high-voltage power supplies and is stimulated by an input test
pulse generated by a pulse generator. An FPGA board, controlled by a PC, manages the ASIC
configuration, while a connected multichannel analyzer (MCA) and oscilloscope acquire data for

subsequent processing.

e a Digilent" Arty-Z7 board hosting an FPGA (Field Programmable Gate Array), used as
control logic to configure the ASIC and to manage the signal lines during operation. It

is connected to the test with a custom flat cable and to the PC via an USB connection;

e a computer with a software interface to control the Arty-Z7 board and acquire the data

from the MCA using a specific software;

e a Multi Channel Analyser connected to the board output to digitize the ASIC output.

6.4.5 Planned tests

Based on the changes that will be implemented in the new LYRA-2/TASTE ASIC, a series
of tests have been defined with the aim of characterizing the new readout electronics features.

The following is a list of the tests planned:

1. Dynamic range verification For each BE channel, for each increase in the input pulse,
the amplitude of the output signal corresponding to the output of the shaper or stretcher

(see Section [3.3.2)) is measured. By plotting the input response against the output re-
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sponse, it is possible to verify the linearity region of each channel, identify the saturation

point, and therefore quantify the effective dynamic range.
2. Analog Front-end characterization (SHAPER mode)

e Measurement the rise time and amplitude of each channel for the two shaping times.

e Measurement the rise time and amplitude of a representative channel with at least

three test pulse amplitudes across all shaping times.

e Identification of channels with abnormally high noise.
3. Full chain characterization (STRETCHER mode)

e Acquisition of full waveforms from all 32 channels using the Digilent Analog Discov-

ery, for several test pulse amplitudes across all shaping times.

4. Noise calculation Noise is evaluated from the spreading of the impulse response: ideally,
the pulser generates a delta-like input; deviations (broadening) are quantified through the

standard deviation, which is adopted as the noise measure.

5. Spectral measurements with radioactive sources Once the detector is implemented

on the board together with the ASIC:

e Acquisition of spectra for each channel at different shaping times in SHAPER mode,

using radioactive sources with a multichannel analyzer (MCA).

e Acquisition of spectra from both channels simultaneously in STRETCHER mode,

using a digitizer and the same sources.

In summary, the laboratory setup and test plan were defined in order to characterize the changes
introduced in the LYRA-2/TASTE ASIC. Performing these tests will provide a complete char-

acterization of the new chip and validate its compliance with design requirements.
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Since the earliest observations, the observed sky at high-energies has proven to be a remarkable
source of discoveries in astrophysics, especially for explosive and transient phenomena. The
coalescence of compact objects, neutron stars (NSs) and black holes (BHs) is key to investigating
both the physics of matter under extreme conditions and the ultimate structure of space-time.
There are several discoveries that have advanced these studies in the past 30 years [45]. One
of the most important is the localization of Gamma-Ray Bursts, sudden and unpredictable
X-ray/soft Gamma-ray bursts with huge fluxes, up to 1073 ergs/cm?/s, which has allowed
us to discover their X-ray and optical afterglows and led to the identification of their host
galaxies. This definitively confirmed the extragalactic nature of GRBs and evaluated their
energy balance, thus establishing them as some of the most powerful particle accelerators in
the Universe.

At the same time, extraordinary advances have also involved the so-called “multi-messenger”
astrophysics, beginning in August 2017 with the GW170817 event, in which new Gravitational
Wave (GW) observations were added to traditional electromagnetic observations from the same
astrophysical source. The nearly simultaneous detection of a GW signal by LIGO/Virgo from
merging NSs — or from the merger of a NS with a BH — and a short Gamma-Ray Burst
detected by Fermi and INTEGRAL, have shown that short GRBs can be associated with
merging NSs, as hypothesized for about thirty years [43].

The operation of an efficient all-sky X-ray monitor with good localization capabilities will play
a key role in bringing multi-messenger astrophysics to maturity [45]. The newborn multi-
messenger astrophysics is acting also as a driving force for scientific innovation, aiming to
propose more efficient, faster, and low-noise instruments. New mission projects are born,
with the ambitious goal of combining instruments to cover a large electromagnetic band, to
reveal transient phenomena and their physical origin. They also have the capacity to allow
for multidisciplinary applications of new technologies and materials, through the technical and
scientific effort involved in their development.

In this context, the High Energy Rapid Modular Ensemble of Satellites Pathfinder mission
(HERMES-PF) was conceived, dedicated to the study and rapid localization of high-energy
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transients with sub-microsecond time resolution and a broad energy band, ranging from a few
keV to 2 MeV[66]. The HERMES-PF program offers a rapid and cost-effective complement to
more complex and ambitious missions for relatively bright events; it is based on 10x10x 10 cm?
satellite units following the CubeSat standard, involving costs 1-2 orders of magnitude lower
than “traditional” space missions, and a much faster development timescale (~2 years, versus
~10-15 years), with the downside of an usually higher risk of instrument failure (due to the use
of commercial, off-the-shelf components) and a lower sensitivity of the individual instrument

with respect to full-scale, “traditional” space instruments [53].

For the detection of X-ray and ~-rays, HERMES-PF involves the use of Silicon Drift Detectors
coupled with scintillator crystals, which are treated as a single-detector element. This detector
architecture is called “siswich”: the silicon detector plays dual roles as a readout device for
the scintillator signal and as an independent X-ray detector [82]. The readout electronics, a
low-noise, low-power application-specific integrated circuit (ASIC), called LYRA, was designed

and developed.

The HERMES-PF also operates together with the Australian-Italian SpIRIT (Space Industry
Responsive Intelligent Thermal) mission, which hosts an HERMES-like detector. SpIRIT is a
6U CubeSat developed by a consortium led by the University of Melbourne (PI Michele Trenti)
and with Italian participation, supported by the Australian and Italian Space Agencies [11§].
SpIRIT was launched on December 1, 2023, while HERMES-PF was launched on March 15,

2025, forming a seven-satellite mini-constellation in Sun-synchronous orbit.

The experience provided by the development and in-flight use of HERMES-PF will also enable
future studies on the adaptation of its payload to more challenging radiative environments.
This may allow future CubeSat-based experiments to be designed for monitoring high-energy
transients even, for example, in deep space or lunar environments, while also giving the oppor-
tunity to perform multiple distributed in-situ measurements of planetary surface composition
and space weather conditions. In this contest, an X-ray and ~-ray spectrometer, derived from
that of HERMES-PF, has been included in the TASTE (Terrain Analyzer and Sample Tester
Explorer) mission study, with the goal of obtaining X-ray fluorescence spectroscopy and ~-ray
spectroscopy of the surface of Deimos, one of the moons of Mars [125]. The goal is to obtain
information on the chemical composition of the surface, and thus help to distinguish between

the two possible origins of Deimos: a captured asteroid or a fragment of Mars.

The thesis project presents the study, calibration, and performance analysis of the HERMES-
PF and SpIRIT flight units, with a particular focus on ground calibration activities, SpIRIT’s
in-orbit operations, and the contribution to the TASTE mission studies for adapting the

HERMES-PF payload to the Martian environment.
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Ground Activities: Calibration of HERMES-PF

The first part of the thesis reports on the calibration work for the HERMES-PF payloads
(Chapter . In particular, it describes the functional tests carried out during the integration
of the detector and readout electronics for Flight Models 4, FM5, and FM6 in Trento at the
Bruno Kessler Foundation (FBK). These tests provided an initial complete characterization of
the payload’s functionality during the various integration steps. Once integration was com-
plete, the calibration campaigns were described: from the design of the experimental setup
for the calibration of the flight detectors and the related functional tests for data acquisition,
to the development of the calibration software pipeline, written in Python [I16]. During the
acquisitions carried out in the clean room of the INAF /TAPS in Rome, each payload was placed
in a climatic chamber, and the sources were placed on a specially designed mechanical support
to allow almost uniform radiation coverage across all quadrants of the detector. Calibration
acquisitions were performed with radioisotopes of *°Fe, 199Cd, and '37Cs at different operating
temperatures from -20 °C and +20 °C.

The calibration was divided into two phases: one with X-ray sources (X-mode) and one with -
ray sources (S-mode). The main purpose of the X calibration was to determine the characteristic
calibration parameters of each acquisition chain, such as gain and offset, while for the ~-
ray calibration was the measurement of the effective light output of the scintillators for each
channel, which is defined as the number of electrons produced at the SDD anode for unit of

energy absorbed in the scintillator crystal, and is measured in units of e~ /keV.

Afterwards, calibrated spectra were obtained, and a statistical analysis of the calibration pa-
rameters at different thresholds and temperatures was performed for each payload, to have an
overall characterization under the different conditions. The dispersion of calibration parameters
in the channels of the four quadrants falls within the 30% expected values from the electronic
design, as well as the variation of light output, which does not exceed the expected 20% [115].
Furthermore, the gain, offset, and light output were modeled according to the different actual
operating temperatures using a quadratic equation. The low energy threshold of the instrument
was also quantified, both in X and S modes, and the spectroscopic resolution of the instrument
was estimated at energies of 5.9 keV and 662 keV. The technical performance of all payloads
was summarized [106].

The results of all seven payloads (HERMES-PF + SpIRIT) were consolidated into a Calibra-
tion Database (CALDB) for future in-orbit configuration and monitoring. In conclusion, all
HERMES-PF flight models have been successfully integrated and calibrated.

Subsequently, all payloads were integrated with the HERMES-PF service module at the Po-

litecnico di Milano. At each stage of the complete integration of the satellite, appropriate
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measurements were taken to check and verify the validity of the ground calibrations. Based on
the results obtained, the CALDB parameters were updated for future configurations in orbit.
HERMES-PF was launched on March 15, 2025, into a sun-synchronous orbit and is still un-
dergoing commissioning due to some communication issues between the spacecraft and ground

antennas.

In-Orbit Commissioning and Early Performance of SpIRIT

This part of the work reports the results obtained during the commissioning activities of the
HERMES-PF payload on-board SpIRIT (Chapter . These activities provided important
information on the functionality and performance of the PL in orbit [120]. The commissioning
involved testing of each PL operational mode, to ensure system reliability in orbit. This required
a sequential, iterative approach in which housekeeping data, such as voltages, currents, and
temperatures, were monitored. Each step was carefully executed to confirm the payload’s
readiness for scientific data acquisition.

Following the completion of initial checks, the detectors were activated on January 16, 2024,
achieving " first light” with the instrument operating in a basic mode similar to a Geiger counter.
On February 17, 2024, the payload transitioned to Calibration mode, enabling the recording
of full spectral and temporal photon data. By March 27, 2024, HERMES-PF had successfully
entered nominal Observation mode, collecting scientific data in the form of light curves.
SpIRIT has performed, to date, 10 acquisitions in Calibration mode: the calibration acquisi-
tions performed provided valuable insights into the operational performance of the HERMES
payload. Despite the truncated data from the first two calibration sessions, which limited
the analysis to around 8 seconds due to a telemetry budget restriction, the information gath-
ered was crucial in refining the system’s parameters. A key outcome of these calibrations is the
identification of the optimal configuration to minimize the noise associated with the electronics.
Data were analyzed using HERMES software (HERMESDAS) developed by the HERMES
Science Operations Center (SOC) to generate calibrated and clean scientific data [117]. In
addition, the use of calibration software developed during calibrations, such as the mescal
software, proved to be key to analyzing and identifying problematic channels and optimizing
threshold settings for future scientific observations. Although the failure of one of the quad-
rants limits the overall sensitivity of the instrument, the remaining three quadrants performed
nominally and the detector response in these regions remains robust. This demonstrates the
resilience of the system under partial failure conditions, but underscores the importance of
redundancy in these missions.

The calibration data also highlighted the importance of operating temperature in detector
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performance. The payload temperature during the first acquisition phase ranged from 2°C to
3°C, which, while within operational limits, necessitated adjustments to the threshold settings
to compensate for noise introduced by sub-optimal thermal conditions.

After installing the solar panels and exposing the radiators, the calibrations reached the optimal
operating temperature between -16 °C and -18 °C. The calibrations in orbit were compared with
those on the ground, confirming the consistency of channel behavior and the stability of the
readout electronics in different operating contexts. The comparison made it possible to identify
noisy channels already known from the ground and to optimize the thresholds. Analysis of the
total v-ray spectrum revealed characteristic lines at 511 keV and 1275 keV, probably due to
the activation of crystals by energetic particles. The 511 keV line was used as a reference to
update the energy calibration, obtaining a correction factor of 8%. The Light Output values
of the crystals were updated accordingly and entered into the calibration database (CALDB),
ensuring the accuracy of future scientific acquisitions.

SpIRIT has performed, to date, 10 acquisitions in Observation mode: the analysis of the
light curves obtained during the observations revealed a significant modulation in the low
and medium energies, primarily attributable to the partial occultation of the cosmic X-ray
background by the Earth. Additionally, a peak in the count rate was observed in the June
1 observation as a result of the satellite’s entry into the polar electron belt. The remaining
observations did not exhibit notable anomalies. The low-energy band generally shows an excess
of counts compared to the simplified simulations introduced to interpret the data, suggesting
the presence of additional X-ray sources in the background; the high-energy band, on the
other hand, shows variability between observations, probably due to changes in the satellite
environment or the contribution of cosmic radiation and solar activity. Despite the simplicity
of the model used to analyze the acquired data and the lack of precise pointing information, the
simulations provide useful insight into the behavior of the satellite and allow for a reasonable
interpretation of the collected data.

The SpIRIT mission presented a significant opportunity to evaluate and validate the functional-
ity and efficacy of the HERMES-PF payload in a harsh space environment and under different
thermal conditions. Commissioning and in orbit operational activities led to the following

conclusions:

e all University of Melbourne and HERMES-PF consortium hardware responded nominally

to telecommands;

e in-orbit calibration and observation data confirmed that the HERMES-PF payload is

functioning nominally;
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e the next commissioning activities will prioritize extended payload operation, enabling
continuous collection of scientific data. Starting in June 2025, SpIRIT entered the stan-
dard observation phase: the payload is activated for a few minutes each day, the data
remains on board, and only data relating to transients identified through the Gamma-ray

Coordinates Network (GCN) is downloaded.

TASTE: future developments and perspectives

Finally, the last part of the work presents the studies for the TASTE mission (Chapter @
TASTE is a Cubesat mission consisting of a 12U orbiter and a 4U lander: the orbiter houses
a multispectral camera and the new X- and ~-ray spectrometer, while the lander integrates a
camera and an analytical laboratory for surface samples. The combination of orbital obser-
vations and in situ measurements will make it possible to characterize the global morphology,
elemental composition, and local properties of the soil, and more generally, to investigate the
internal structure of Deimos.

The scientific objectives of the spectrometer include determining the abundance ratios of key
elements (Fe/Ca, Fe/S, Mn/S, K/Th, K/U) with sufficient accuracy to distinguish between
different meteorite classes and formation scenarios.

The scientific requirements and necessary compromises have been defined in order to establish
the modifications to be made to the basic design of the HERMES-PF payload to meet these
requirements and withstand the Martian space environment. The main modifications to the
HERMES-PF payload involve the use of longer scintillators, a new readout electronics called
LYRA-2/TASTE ASICs, and a collimator to limit the field of view. In particular, phase
B included the design of dedicated breadboards and laboratory configurations to test the new
ASICs and the SDD + scintillator detection chain through dynamic range measurements, analog
and digital characterization, noise calculation, and spectral acquisition with radioactive sources.
The development plan includes two LYRA-2 prototypes. Laboratory work and characteriza-
tion of the prototypes will ensure validation of the new design and compliance with scientific
requirements, preparing the spectrometer for operational use on TASTE.

The HERMES-PF and SpIRIT missions demonstrated the technical and scientific feasibility of
CubeSat-based X-ray/~-ray monitoring, providing valuable experience for upcoming CubeSat

missions, including TASTE.
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