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ABSTRACT

As the most powerful events since the Big Bang, Gamma-Ray Bursts (GRBs)
typically emit in a few seconds the amount of energy that the Sun would deliver
in its entire life. These transient events are of extragalactic origin and consist of
a prompt y-ray emission followed by an afterglow emission spanning the entire
electromagnetic spectrum. GRBs can be classified into two distinct populations
based on the duration of their prompt emission. Bursts lasting for less than 2
seconds, called short GRBs, are originated by the merger of binary neutron stars.
Long GRBs, whose prompt emission can last up to tens of minutes, are associ-
ated with very powerful supernovae. Although these extreme events have been
discovered half a century ago, with several decades of extensive spectral, tempo-
ral, and localization studies, a lot remains to be understood about GRBs. The
composition and dynamics of the outflow and whether it is highly magnetized
or dominated by kinetic energy, is one of the mystery that needs to be answered.
The place where the energy dissipation takes place in the source, as well as the
configuration of the magnetic fields and the structure of the ultrarelativistic
jets are also not known at the moment. Furthermore, the emission mechanism
responsible for the tremendous observed amount of energy is currently still an
open question. Measuring the polarization of the prompt emission is thought to
be able to answer all the remaining major points to be addressed on the physics
of GRBs.

Photons consist of orthogonal magnetic and electric fields propagating in
space and time. A source is highly polarized when a large fraction of the pho-
tons emitted have their electric field aligned in a given direction. Photons interact
via three processes with matter. At low energy, the photoelectric effect is domi-
nant. In this effect, a photon is absorbed by an electron, transferring its original
energy into kinetic energy of the recoil electron. At intermediate energies, a
photon will undergo Compton scattering, transferring part of its energy to an
electron without being entirely absorbed. At high energy, a photon can produce
a pair of electron-positron. In all three cases, the angular distribution of the
daughter particles is related to the polarization of the original photon source.
The secondary products of the interaction are preferentially produced in a plane
orthogonal to the polarization vector of the incoming photon. The polarization
of a source can therefore be determined by measuring the angular distribution
of these secondary products. This principle is at the basis of all detection tech-
niques of high-energy polarimetry. Many high-energy polarimeters based on
different concepts have been proposed or operated in space over the last decades.
The increasing sensitivity of such instruments opens up new possibilities in
astrophysical high-energy polarimetry.

One of the first missions dedicated to measuring the polarization of the

prompt emission of GRBs was POLAR. Launched in September 2016 for about 6
months of operation on the Tiangong-2 space lab, it consisted of a segmented
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array of elongated plastic scintillators read out by multi-anode photo-multiplier
tubes. Thanks to a wide field of view, POLAR was able to detect 55 GRBs as well
as several pulsars and solar flares. Out of the 55 GRBs, 14 had enough statistics
for proper polarization analysis. A low polarization degree was reported for all
of these GRBs. However, time-resolved analysis of the three brightest observed
GRBs showed, for the two single pulse bursts, a hint of time-evolving polariza-
tion angle with moderate polarization degree. The evolution of the polarization
angle washes out the polarization degree on time-integrated analysis. The main
conclusion of the POLAR mission is that more statistics are needed in order
to provide precise time and energy-resolved polarization results of GRBs and
disentangle between the existing emission models.

An interesting input to theoretical models that was not exploited until now
with the POLAR data is the energy dependence of polarization. The existing
analysis software used for the integrated analysis was therefore modified in
order to perform energy resolved polarization analysis. The polarization degree
was first fitted versus energy for 13 GRBs using a Heaviside and a linear function.
The polarization angle was also fitted with a linear expression. No significant
energy dependence of any of these two parameters was found, although no
stringent limits could be established due to the limited statistics, not discarding
any existing energy dependent polarization model.

The POLAR mission delivered very exciting science outcome, but the limited
statistics did not allow for time and energy resolved polarization analysis of
many GRBs. A successor mission to POLAR, POLAR-2, was therefore proposed.
Accepted for a launch to the China Space Station, POLAR-2 will contain 4
times more channels than POLAR with technological upgrades improving its
sensitivity. This improved sensitivity, especially at low energies, is partly due
to the use of silicon photomultipliers instead of multi-anode photomultiplier
tubes. As a space based instrument, POLAR-2 needs to undergo many space
qualification tests, such as irradiation, vibration and shock tests, and thermal
vacuum cycling.

The use of silicon photomultipliers as many advantages over the previously
employed photomultiplier tubes like mechanical robustness, compactness, lower
bias voltages, or higher detection efficiency. The main drawback of theses devices
in the presence of dark noise, increasing not only with temperature but also
after being exposed to radiation. A cooling system was developed to operate the
sensors as cold as possible, but their performances still degrade after some time
in the space radiation environment. A thermal annealing strategy consisting
of heating up the sensors for a few days after a year of operation would allow
to recover part of the original performances of the sensors. Multiple sensors
with difference microcell sizes were therefore irradiated to a dose equivalent
to 1.7 years in space for the POLAR-2 orbit. These sensors were then placed at
different temperatures for several months, monitoring their dark current as a
function of time. The annealing of the dark current was then characterized as
a function of temperature. Annealing strategies applicable to any space-based
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instrument employing silicon photomultipliers were proposed.

Finally, the polarimeter modules of POLAR-2 are a crucial piece of the in-
strument as they are responsible for converting the deposited vy-ray energy into
optical photons and later into an electronic signal. The modules are therefore
optical systems, were all components have to be optimized to maximize the
light collection and therefore the sensitivity of the polarimeter. Many optical
components, such as the reflective foils, optical coupling pads, scintillators, or
mechanical alignment grids, were therefore characterized. An optical simulation
of the polarimeter module was implemented in Geanty in order to fully under-
stand and model its optical behavior. The module simulated performances were
then compared to the actual performances using calibration setups based on
radioactive sources or polarized X-ray beam.

This thesis starts with an introduction on the current knowledge on gamma-
ray bursts as well as what can be learned from polarization measurements of
their prompt emission. An overview of the current state of the art of high energy
polarimetry is then given. The work performed in the frame of this thesis is then
divided into two parts. The first part presents the POLAR instrument and its
past achievements, followed by an energy resolved polarization analysis of the
POLAR GRB catalog. The second part describes the design and development
work for the successor mission of POLAR, called POLAR-2. Starting with a
detailed description of the POLAR-2 design and qualification, this part then
discusses the annealing study performed to characterize the recovery from
radiation damage of silicon photomultipliers. Lastly, the optical characterization
and simulation of the POLAR-2 polarimeter module are described.
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RESUME

En tant qu’événements les plus puissants depuis le Big-Bang, les sursauts gamma
(GRBs) émettent typiquement en quelques secondes la quantité d’énergie que le
Soleil délivrerait pendant toute sa vie. Ces événements transitoires sont d’origine
extragalactique et consistent en une émission rapide de rayons gamma suivie
d’une émission rémanente couvrant I’ensemble du spectre électromagnétique.
Les GRBs peuvent étre classés en deux populations distinctes en fonction de la
durée de leur émission rapide. Les sursauts d'une durée inférieure a 2 secondes,
appelés sursauts courts, proviennent de la fusion d’un systeme binaire d’étoiles
a neutrons. Les GRBs longs, dont I'émission rapide peut durer jusqu’a quelques
dizaines de minutes, sont associés a des supernovae trés puissantes. Bien que ces
événements extrémes aient été découverts il y a un demi-siecle, avec plusieurs
décennies d’études spectrales, temporelles et de localisation approfondies, il
reste encore beaucoup a comprendre sur les GRBs. La composition et la dy-
namique du flux sortant et la question de savoir s’il est fortement magnétisé
ou s'il est dominé par 'énergie cinétique est 'un des mysteres auxquels il faut
répondre. L'endroit ot la dissipation de 1’énergie a lieu dans la source, ainsi que
la configuration des champs magnétiques et la structure des jets ultrarelativistes
ne sont pas non plus connus a I’heure actuelle. De plus, le mécanisme d’émission
responsable de 'énorme quantité d’énergie observée reste une question ouverte.
La mesure de la polarisation de 1’émission rapide devrait permettre de répondre
a tous les points importants qui restent a traiter concernant la physique des
GRBs.

Les photons sont constitués de champs magnétiques et électriques orthogo-
naux se propageant dans I’espace et le temps. Une source est fortement polarisée
lorsqu’une grande partie des photons émis ont leur champ électrique aligné
dans une direction donnée. Les photons interagissent avec la matiere par le biais
de trois processus.A basse énergie, I'effet photoélectrique est dominant. Dans cet
effet, un photon est absorbé par un électron, transférant son énergie d’origine
en énergie cinétique de 1'électron de recul. A des énergies intermédiaires, un
photon subit une diffusion Compton, transférant une partie de son énergie a
un électron sans étre entierement absorbé. A haute énergie, un photon peut
produire une paire électron-positron. Dans les trois cas, la distribution angulaire
des particules filles est liée a la polarisation de la source originale de photons.
Les produits secondaires de l'interaction sont préférentiellement produits dans
un plan orthogonal au vecteur de polarisation du photon entrant. La polarisation
d’une source peut donc étre déterminée en mesurant la distribution angulaire
de ces produits secondaires. Ce principe est a la base de toutes les techniques de
détection de la polarimétrie de haute énergie. De nombreux polarimetres a haute
énergie basés sur différents concepts ont été proposés ou exploités dans 1’espace
au cours des derniéres décennies. La sensibilité croissante de ces instruments
ouvre de nouvelles possibilités dans le domaine de la polarimétrie astrophysique
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a haute énergie.

L'une des premiéres missions dédiées a la mesure de la polarisation de I’émis-
sion rapide des GRBs a été POLAR. Lancée en septembre 2016 pour une durée
d’opération d’environ six mois sur le laboratoire spatial Tiangong-2, elle consis-
tait en un réseau segmenté de scintillateurs plastiques allongés lus par des tubes
photomultiplicateurs a anodes multiples. Grace a son large champ de vision,
POLAR a pu détecter 55 GRBs ainsi que plusieurs pulsars et éruptions solaires.
Sur les 55 GRBs, 14 avaient suffisamment de statistiques pour permettre une
analyse correcte de la polarisation. Un faible degré de polarisation a été rapporté
pour tous ces GRBs. Cependant, 1’analyse résolue en temps des trois GRB les
plus brillants observés a montré, pour les deux sursauts a impulsion unique,
une potentielle évolution temporelle de 1’angle de polarisation avec un degré de
polarisation modéré. L'évolution de I’angle de polarisation efface le degré de
polarisation sur 1’analyse intégrée dans le temps. La principale conclusion de la
mission POLAR est que davantage de statistiques sont nécessaires pour fournir
des résultats précis sur la polarisation des GRBs, résolus en temps et en énergie,
et pour démeéler les modeles d’émission existants.

La dépendance en énergie de la polarisation est une donnée intéressante
pour les modéles théoriques qui n’a pas été exploitée jusqu’a présent avec les
données de POLAR. Le logiciel d’analyse existant utilisé pour 1’analyse intégrée
a donc été modifié afin d’effectuer une analyse de la polarisation résolue en
énergie. Une régression du degré de polarisation a d’abord été effectuée en
fonction de I’énergie pour 13 GRBs en utilisant une fonction Heaviside et une
fonction linéaire. Une régression linéaire de ’angle de polarisation en fonction
de I’énergie a aussi été faite. Aucune dépendance significative a I'énergie de
I'un de ces deux parametres n’a été trouvée, bien qu’aucune limite stricte n’ait
pu étre établie en raison des statistiques limitées, ce qui n’exclut aucun modele
existant de polarisation dépendant de 1'énergie.

La mission POLAR a donné des résultats scientifiques tres intéressants, mais
les statistiques limitées n’ont pas permis d’analyser la polarisation résolue en
temps et en énergie de nombreux GRBs. Une mission succédant a POLAR,
POLAR-2, a donc été proposée. Accepté pour un lancement vers la station
spatiale chinoise, POLAR-2 contiendra quatre fois plus de canaux que POLAR
et bénéficiera de mises a jour technologiques améliorant sa sensibilité. Cette
amélioration de la sensibilité, en particulier aux basses énergies, est en partie
due a l'utilisation de photomultiplicateurs en silicium au lieu de tubes photo-
multiplicateurs multi-anodes. En tant qu’instrument spatial, POLAR-2 doit subir
de nombreux tests de qualification dans 1’espace, tels que des tests d’irradiation,
de vibration et de choc, ainsi que des cycles thermiques sous vide.

L'utilisation de photomultiplicateurs en silicium présente de nombreux avan-
tages par rapport aux tubes photomultiplicateurs précédemment utilisés, tels
que la robustesse mécanique, la compacité, des tensions d’alimentation plus
faibles ou une efficacité de détection plus élevée. Le principal inconvénient de
ces dispositifs est la présence d’un bruit d’obscurité, qui augmente non seule-
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ment avec la température, mais aussi apres avoir été exposé a des radiations. Un
systeme de refroidissement a été mis au point pour que les capteurs soient aussi
froids que possible, mais leurs performances continuent de se dégrader apres
un certain temps dans 'environnement des radiations spatiales. Une stratégie
de recuit thermique consistant a chauffer les capteurs pendant quelques jours
apres une année de fonctionnement permettrait de récupérer une partie des
performances initiales des capteurs. Plusieurs capteurs avec des tailles de micro-
cellules différentes ont donc été irradiés a une dose équivalente a 1,7 année
dans l'espace pour 'orbite de POLAR-2. Ces capteurs ont ensuite été placés a
différentes températures pendant plusieurs mois, en surveillant leur courant
d’obscurité en fonction du temps. Le recuit du courant d’obscurité a ensuite été
caractérisé en fonction de la température. Des stratégies de recuit applicables a
tout instrument spatial employant des photomultiplicateurs en silicium ont été
proposées.

Enfin, les modules polarimétriques de POLAR-2 sont un élément crucial de
I'instrument car ils sont responsables de la conversion de 1’énergie déposée
par les rayons gamma en photons optiques et, plus tard, en un signal électro-
nique. Les modules sont donc des systémes optiques dont tous les composants
doivent étre optimisés pour maximiser la collecte de lumieére et donc la sensi-
bilité du polarimetre. De nombreux composants optiques, tels que les feuilles
réfléchissantes, les joints de couplage optique, les scintillateurs ou les grilles
d’alignement mécanique, ont donc été caractérisés. Une simulation optique d'un
module de polarimetre a été mise en ceuvre dans Geant4 afin de comprendre et
de modéliser pleinement son comportement optique. Les performances simulées
du module ont ensuite été comparées aux performances réelles a I'aide de cali-
brations basées sur des sources radioactives ou un faisceau de rayons X polarisés.

Cette these commence par une introduction sur les connaissances actuelles
sur les sursauts gamma ainsi que sur ce que I’on peut apprendre des mesures
de polarisation de leur émission rapide. Une vue d’ensemble de I'état actuel de
I’art de la polarimétrie a haute énergie est ensuite donnée. Le travail effectué
dans le cadre de cette these est ensuite divisé en deux parties. La premiére
partie présente 1'instrument POLAR et ses réalisations passées, suivie d'une
analyse de polarisation résolue en énergie du catalogue de GRB de POLAR.
La seconde partie décrit les travaux de conception et de développement de la
mission qui succédera a POLAR, appelée POLAR-2. En commengant par une
description détaillée de la conception et de la qualification de POLAR-2, cette
partie aborde ensuite 1’étude de recuit réalisée pour caractériser la récupération
des photomultiplicateurs en silicium endommaggés par les radiations. Enfin, la
caractérisation optique et la simulation d'un module du polarimetre de POLAR-2
sont décrites.
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Part 1

INTRODUCTION

Gamma-Ray Bursts (GRBs) are among the major mysteries of modern
astrophysics. As the most powerful events in the universe since the
Big-Bang, GRBs are a probe to fundamental physics phenomena
like Lorentz invariance violation or Einstein’s equivalence principle.
These powerful transient events could further be used to probe
the intergalactic medium or bring important pieces of information
about the history of the Universe. But despite more than half a
century of temporal, spectral, and localization studies, these events
remain poorly understood. Polarization measurements have been
theorized as a key to solve the biggest questions on GRBs, including
the emission mechanisms at play in the sources and their jet and
magnetic field structure. The first instruments dedicated to GRB
prompt emission polarization measurements have been launched in
the previous decade, bringing interesting information for modelling
the sources and unveiling the need for more sensitive instruments to
fully resolve GRB features. This introductory part aims to summarize
the current state of the art of GRB polarimetry, by first covering our
knowledge on the sources and later discussing the physics of high
energy polarimeters as well as the current instrumental technologies
available to probe GRB polarization.






THE GAMMA-RAY BURST PARADIGM

Discovered over half a century ago [125], Gamma-Ray Bursts (GRBs) are among
the most energetic events in the Universe. They consist of transient bursts in the
7 band lasting from fractions of seconds to tens of minutes, followed by an emis-
sion in all wavelengths from radio to TeV energies that can last several weeks or
months. Two populations of GRB can be distinguished based on the duration of
their prompt y-ray emission. Short GRBs, whose prompt emission is typically
less than 2 seconds, were proved to be related to Binary Neutron-star Merger
(BNS) [4], while long GRBs are associated with explosions of very massive stars
[100].

Even though a general picture of GRBs is well established and despite several
decades of spectral, localization, and temporal studies, a lot of questions remain
unanswered about these sources. The physical mechanisms at the origin of the
emission and the structure of the magnetic field and jets are part of the poorly
understood features of GRBs. Spectral and temporal measurements alone are
not sufficient to disentangle between the proposed models to explain the physics
of GRBs [84]. Measuring the polarization of the prompt emission would bring
a more complete picture and is thought to be a powerful way of addressing
fundamental questions on GRBs [83]. Because of the extreme nature of GRBs,
understanding them goes far beyond GRB physics and is a way of probing many
other aspects of astrophysics and fundamental physics.

Different levels of polarization are expected depending on whether the emis-
sion has a synchrotron or photospheric origin. Measuring the polarization of the
prompt emission of GRBs could therefore help to explain the radiation mech-
anism causing the observed spectra. Polarization can as well vary depending
on the magnetic field, a higher polarization degree being expected in the case
of an ordered magnetic field compared to a random one. The composition and
structure of the outflowing jets can also be better understood thanks to the
polarization information.

Starting with an historical introduction on the discovery of gamma-ray burst,
we will then move to a review of their main observational features. The way
polarization can be used to answer important questions on GRB physics as well
as the main theoretical predictions of the expected polarization from different
models will then be detailed.



THE GAMMA-RAY BURST PARADIGM

1.1 DISCOVERY OF GAMMA-RAY BURSTS AND HISTORICAL MILESTONES

In November 1st 1952, the United States of America exploded their first Hy-
drogen device in the Pacific ocean, entirely vaporizing an island. The Soviet
Union followed 10 months later by detonating a 400 kilotons of TNT equivalent
hydrogen engine at the Semipalatinsk test site in Kazakhstan. A lot of other
thermonuclear tests followed during that decade, rising the concern about the
danger of radioactive fallout. Discussions for an international agreement ending
the nuclear tests started at the UN Disarmament Commission in May 1955
between the US, the UK, Canada, France, and USSR. An agreement was finally
reached several years later with the Test Ban Treaty, that entered into force in
October 10, 1963. The treaty, originally signed by the US, the UK, and Soviet
Union, bans nuclear weapon tests in the atmosphere, in outer space, and under
water. It is in this context that the US Air Force started the Project Vela to monitor
compliance to the treaty by the Soviet Union. Multiple satellites were launched
by pairs to detect possible detonation of nuclear bombs.

Vela 4a Event — July 2, 1967
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Figure 1.1: Light curve of the first ever detected Gamma-Ray Burst, GRB670702, mea-
sured by the Vela IVa satellite (Credit: R. Klebesadel, I. Strong & R. Olson
(LANL), Vela Project).

In July 2, 1967, an unexpected burst of y-ray was measured by the Vela IVa
satellite [125]. With a duration of about 10 seconds and a light curve with two
separate pulses, the measured burst was very different from what could be
expected from a nuclear explosion in space. We would indeed expect a hard
X-ray flash of the order of milliseconds with a single peak light curve®. This
burst of y-ray was indeed not originated from a nuclear explosion, but from
what we nowadays call a gamma-ray burst. The light curve of this first ever
measured GRB is shown in Figure 1.1. In the following years, similar bursts
were measured by the IMP-6 [37] and Cosmos 461 [160] missions. This marked

The X-ray light curve of a nuclear explosion in the atmosphere indeed has a double peak structure.
However, the second peak is caused by the shock wave of the explosion that compresses the
surrounding air and heats it up until it releases emission. We would therefore only expect a single
peak for a nuclear test in space, i.e. in vacuum
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the birth of GRB astrophysics, although the poor timing and spectral resolution
of the detectors at the time did not allow for very advanced studies.
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Internal shocks are
occurring when a
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takes over another
slower shell.
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1.2 OBSERVATIONAL PROPERTIES OF GRBS

Fifty years after the publication of the first detected GRB, many scientific break-
through allowed to improve our understanding on GRBs. In this section we
focus on the current knowledge on GRBs based on observations while the next
section will discuss the existing GRB models and how polarization can help
having a deeper understanding of these sources.

High-energy
gamma rays

AN

X-rays

Low-energy %
B gamma rays J Visible light

Black hole
engine

Prompt
emission

Afterglow

Figure 1.2: Schematic view showing the current understanding of GRB emission (Credit:
NASA’s Goddard Space Flight Center). The central engine emits jets of y-ray
accelerated through internal shocks, causing the prompt y-ray emission. This
is later followed by an external shock of the jet in the surrounding medium,
causing the afterglow emission in the entire electromagnetic spectrum.

Gamma-Ray Bursts are transient events consisting of an initial burst of y-rays,
called prompt emission, followed by an afterglow emission spanning the entire
electromagnetic spectrum. The prompt emission phase can last for fraction of
seconds to minutes. Two populations of GRBs have been identified based on
the duration of the prompt emission [135]: short ones (sGRB), with a duration
of typically less than 2 seconds and originated from Binary Neutron Star (BNS)
mergers; and long ones (IGRB), caused by the death of very massive stars. A
simplified view of the current understanding of the GRB emission timeline is
depicted in Figure 1.2. The central engine is emitting relativistic jets, in which
y-rays are emitted through internal shocks in the outflow, causing the prompt -
ray emission. The leading process through which the y-rays are emitted from the
internal energy dissipation are namely the optically-thin synchrotron emission
and the dissipative photospheric emission. These models and the polarization
we expect in different configurations are discussed in the next section. The jet is
later colliding with the ambient medium (external shock), causing the afterglow
emission. These long-lived shocks are also called forward shock, in opposition
to the short-lived reverse shock [77] propagating into the jet that can emit short
optical or infrared flashes as well as radio flares. These very bright and energetic
events are uniformly distributed in the sky and of extragalactic origin. They are
so extreme that their typical luminosity is of the order of 10°! — 10 erg s,
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and they release an energy equivalent to that released by the Sun in its entire
lifetime in less than a second. The main observational features of GRBs are
detailed below.

1.2.1  Prompt Emission Temporal Properties

An important parameter to describe the duration of the prompt phase of a GRB
is the duration parameter Top. It is defined as the time interval during which the
burst is emitting from 5 to 95% of its total fluence. Many instruments use the
total measured counts to compute the Ty instead of fluence, in which case the
definition is energy and sensitivity dependent, implying that slightly different
duration can be reported by different instruments for a given GRB depending
on their sensitivity and energy band. One should note that by definition, the Tog
can over-estimate the actual duration of the emission in the case of multi-pulse
prompt emission. By measuring the duration parameter of many GRBs, the
Konus/Venera experiment reported an evidence for two separated populations
of GRBs [159]. This was strongly confirmed with the GRB catalog of the Burst
And Transient Source Experiment (BATSE) experiment on-board the Compton
Gamma-Ray Observatory (CGRO), as plotted in Figure 1.3. Two clear categories
both following a log-normal distribution can be distinguished from the duration
histogram: short GRBs peaking at 0.3 s, and long GRBs peaking at 40 s; with a
conventional separation between them of 2 s. Short GRBs have typically harder
spectra than long ones, as will be discussed in Section 1.2.2. The conventional 2 s
limit for classifying a GRB as short or long does not always work, as there seems

to be an overlap between short and long GRBs in the duration distribution.

Some apparently short GRBs detected by Swift-BAT have been found to be more
consistent with the properties of long GRBs [87, 141], and inversely [79, 235].

BATSE 4B Catalog
10N LRI B L L) B B R L) B I 1AL B

60—

40—

NUMBER OF BURSTS

20—

0 L
0.001 0.01 0.1 1. 10. 100. 1000.
Tgo (seconds)

Figure 1.3: Histogram of the burst duration Ty of all the GRBs measured by BATSE
(Credit: BATSE 4B Catalog, Robert S. Mallozzi). Two populations can be
distinguished.

A wide variety of light curves can be measured from GRBs. The irregular
nature of GRB prompt pulses can be observed in the sample of light curves

Swift-BAT is the
Burst Alert Telescope
of the Neil Gehrels
Swift Observatory.
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plotted in Figure 1.4. GRB light curves can be smooth or very variable with
fluctuations as short as a few milliseconds [218]. The prompt emission can
consist of a single pulse or several pulses sometimes separated by long gaps. The
temporal separation between pulses follows a log-normal distribution [147, 161,
182], while the duration of individual pulses is energy dependent (following a
power-law [186]) with a tendency for shorter pulses at high energy. Individual
bright pulses can usually be described by a Fast-Rising Exponential Decay (FRED)
function, which consists of a fast rising exponential part followed by a slower
exponential decay described by equation (1.1) [187].
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Figure 1.4: Samples of GRB measured light curves showing the rich variety of pulses
(Credit: J.T. Bonnell (NASA /GSFQ)).
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time of the pulse’s maximum intensity

rise time constant

decay time constant

pulse sharpness (low value corresponds to a more peaked pulse).

Finally, it should be mentioned that a precursor emission occurring tens to
hundreds of seconds before the main prompt phase was reported for a small
fraction of GRBs. The precursor signal is typically weaker and softer than the
prompt emission. The fraction of GRBs showing this feature is dependent on
the criteria used for determining the presence of a precursor and can vary from
3 to 20% [28, 41, 134].

1.2.2  Prompt Emission Spectral Properties

Most of the GRBs are described by a non-thermal spectrum which can be
parameterized using for example a Band function [13]:

Aoty e F/Fo if (x —B)Eo = E
NE(E) = (DL*‘B)EO lX*’B ‘B—lx E ﬁ . (12)
A( 100 keV) P (o0 7ev) if (« —B)Eo < E.
where:
A amplitude in photons s~ cm =2 keV !

Epeak = (2 +a)Eg  peak energy in keV

o spectral index at low energy
B spectral index at high energy
100 keV pivot energy

/3=1— 2
107 A ]
Epeak= (2 +a)Ey
a
= B=-3
=]
> 106 .
o
5
o
y
kS
W 105 5
104 i a=-15
10° 10! 102 103

Energy [keV]

Figure 1.5: Band function plotted for different values of « and B, with Ey = 300 keV.
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A widely used parameter is the energy Ep.; at which the Spectral Energy
Distribution (SED) E2N(E) is maximal. The SED of the Band function is plotted
in Figure 1.5 for various values of « and B. The spectral indices reported by
BASTE, Fermi, and Integral are in the interval x = —1+1and B = —25 [25,
183, 198, 232]. Depending on the GRB and on the width of the energy band of
the instrument, the B parameter is not always well constrained and some bursts
can be better described by a cutoff power-law (CPL) spectrum, as described in
equation (4.1).
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Figure 1.6: Spectral hardness versus burst duration from the BATSE catalog (taken from
[102], with permission). Two clusters are clearly distinguishable: short hard
GRBs and long soft GRBs.

As observed in the BATSE catalog (see Figure 1.6), short GRBs tend to have a
harder spectrum than long bursts. The GRB spectrum is also time-dependent,
with either a softening of the spectra during the entire prompt emission [188] or
a hardening in the rising phase of the pulses and a softening in the decaying
phases [85].

1.2.3 GRB Distribution and Afterglow

GRBs are uniformly distributed in the sky, as shown by the BATSE catalog
skymap in Figure 1.7. The isotropic distribution of the GRBs from the BATSE
catalog brought a hint that these sources are of extragalactic origin. But no
precise measurement of the GRB distance was available at the time and the
extragalactic nature of GRBs was not widely accepted at the time of the BATSE
experiment.
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Figure 1.7: Skymap of the 2704 GRBs measured by BATSE (Credit: BATSE 4B Catalog,
Michael S. Briggs). An isotropic distribution is clearly observed.
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Figure 1.8: Light curve measured for GRB19o114C by many instruments (taken from [5],
with permission). The vertical dashed line indicates the separation between
the prompt y-ray emission and the afterglow observed in many bands.

Low-energy counterparts were difficult to find since even the strongest bursts
measured by BATSE had an angular error of about 0.2°, which contains a lot of
astronomical objects. It is only in 1997, thanks to the BeppoSAX instrument and
its more precise localization capabilities, that an X-ray counterpart, the afterglow,
was discovered for two GRBs [46]. This discovery also allowed us to find the
optical and radio afterglow [71, 193]. The better localization accuracy of optical
and radio instruments helped to identify the host galaxies of GRBs, definitely
proving their extragalactic origin with the first GRB redshift measurement of
z = 0.835 for GRBg70508 [170]. The discovery of the afterglow of GRBs also
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opened the field of GRB astrophysics to multi-wavelength observations, as shown
for instance in the GRB190114C light curve plotted in Figure 1.8. The prompt
emission of this long GRB is measured from 10 keV up to 1 GeV by several
instruments among which Fermi-GBM/LAT and Swift-BAT. This is followed
by the afterglow measured in very high energy v-rays up to 1 TeV, as well as
in X-ray, optical, and radio bands. These light curves show a good example
of how different energy bands can be exploited to study different phases of
the GRB emission. The creation of the Gamma-ray Coordinates Network (GCN),
nowadays known as the General Coordinates Network, allows for rapid search
of low-energy counterpart as soon as a GRB is detected by a 7y-ray instrument
and an alert is distributed.

1.2.4 Progenitors

Short and long GRBs are originated from different astrophysical sources. Long
GRBs are associated with the death of very massive stars (supernovae, SN), while
short GRBs are produced by neutron star-neutron star mergers and possibly
neutron star-black hole mergers.

\\W%ei P et

25001 Lightcurve from Fermi/GBM (10 — 50 keV)

2250 M
2000-

1750- ! I ‘J‘ Aty il |h“uﬂ ‘ Vw mﬂ . m Mm‘. T ML IIM g
1500 ” MM H b Th lH‘ ImE R

1250 4

Event rate (counts/s)

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)

1500 1

1250 4
1000 4

Event rate (counts/s)

750

Lightcurve from INTEGRAL/SPI-ACS
120000 4 (> 100 keV)

117500 A

115000 A

112500

Event rate (counts/s)

PR Gravitational-wave time-frequency map
300
200

100

Frequency (Hz)

50
-10 -8 -6 —4 -2 0 2 4 6
Time from merger (s)

Figure 1.9: Multi-messenger detection of GW170817 by LIGO and GRB170817A by
Fermi-GBM and INTEGRAL-SPI (taken from [4], with permission).

The association of long GRBs with supernovae was first hinted by the de-
tection of GRB980425 by BeppoSAX within the angular error of a Typelc su-
pernova, SN1998bw [75, 138]. This was later confirmed by HETE-2 with the
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GRB030329/SN2003dh association [101, 208]. A study has later shown that long
GRBs are associated with the explosion of the most extremely massive stars by
studying the location of over 40 IGRBs in their host galaxies [73].

Locating short GRBs within their host galaxy by measuring their afterglow
was made possible by the Swift telescope and its y-ray (BAT), X-ray (XRT), and
optical/UV (UVOT) instruments. They were found to be located in different
regions of their host galaxy compared to IGRBs, giving a clue that sGRBs are
originated from different objects [14, 22, 80]. The origin of short GRBs was
confirmed by the detection of GRB170817A as the electromagnetic counterpart
of a gravitational wave (GW) event GW170817 [3, 4], showing the association of
sGRBs with BNS. The joint detection of this GRB with a GW event, shown in
Figure 1.9, opened the window on a new messenger to study GRBs.

1.2.5 GRBs as a Probe to Fundamental Physics

Gamma-ray bursts share interconnections with many fields of modern astro-
physics. For instance, understanding the physics of the jets is not only important
in the GRB field but also for other extreme phenomena such as blazars and
Active Galactic Nuclei (AGNs). GRBs have links to stellar physics, compact ob-
jects, galactic astrophysics, or cosmology. GRBs are an ideal candidate to probe
fundamental physics in so extreme conditions that they cannot be reproduced in
the lab. Very high energy photons detected from GRBs, such as the up to 18 TeV
y-rays detected by the Large High Altitude Air Shower Observatory (LHAASO)
from GRB221009A [105] (nicknamed the BOAT, for Brightest Of All Time), bring
not only constraints on GRB physics but can also be a way to probe funda-
mental physics such as Lorentz Invariance Violation (LIV) [146], or to study
Extragalactic Background Light (EBL). A discussion on the connections between
GRB astrophysics and the other fields of astrophysics as well as the connection
with physics in general is provided in [233]. A review of the links between GRBs
and fundamental physics is given in [196].

1.2.6  Polarization of the Prompt Emission

Half a century after the publication of the first measured GRB, Gamma-Ray
Burst astrophysics has become one of the hot topics of modern astrophysics.
Even though the field of GRBs has seen a lot of important discoveries, many
questions remain unanswered about these very powerful bursts. In particular,
the emission mechanisms at play in these extreme sources are still poorly
understood. Measuring the polarization of the prompt emission is thought to be
a way to resolve the physics at the origin of GRB emissions. Although several
missions measured the prompt polarization in the 7-ray band in the last two
decades, as described in Section 3.1, these measurements are not enough to give
a clear picture on the polarization of GRBs. The next section aims to summarize
the key questions that measuring the polarization could solve, as well as the
expected polarization in the main theoretical emission models.

13
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1.3 THE ROLE OF PROMPT EMISSION POLARIZATION IN UNDERSTANDING
GAMMA-RAY BURSTS

We discuss here how measuring the polarization of the GRB prompt emission
can help answering key questions about their nature and composition. The
composition and dynamics of the outflow are first addressed, followed by a
discussion on the different energy dissipation scenarios and their related polar-
ization levels. The expected polarization from the different existing emission
models are then covered. Finally, the current scenarios for the angular structure
of the relativistic outflow are explained. A review of the existing emission mech-
anisms and their corresponding linear polarization is given in [83], while [84]
discusses both the polarization in the different models and how polarization
can help solving the biggest open questions on GRBs. Figure 1.10 summarizes
the expected ranges of polarization degree from different emission mechanisms,
magnetic field configurations, and jet structure. Each of the configurations shown
in this figure is discussed below.
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Figure 1.10: Expected polarization degree from different jet structures and emission
models (taken from [84], with permission).

1.3.1  Outflow Composition and Dynamics

The composition of the relativistic* outflow is decisive as to the radiation and
energy dissipation mechanisms. The leading theoretical configurations are that
the outflow is either Kinetic Energy Dominated (KED) or Poynting Flux Dom-
inated (PFD). In a KED scenario, the thermal energy is transferred to the cold
baryons in the medium in the form of kinetic energy. In a PFD scenario, the
acceleration and expansion of the outflow are dominated by the possibly ordered

The outflow needs to be relativistic in order to solve the compactness problem and explain how
7-rays can escape from the optically thick medium and reach us. [197]
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magnetic field. The structure of the magnetic field has an impact on the polariza-
tion levels for both scenarios in the case of a synchrotron emission mechanism.
Polarization measurements can therefore bring valuable information on the
outflow composition. In order to quantify the contribution of the kinetic and
magnetic field energies to the outflow composition, one can use the ratio of
the magnetic field and matter enthalpy densities in the comoving frame, called
magnetization and expressed as [83]:

B/2
- ) ¥ pr (13)
47'c<p ¢t +z5P )

Q
Il
o=

28

where:
B’ magnetic field strength

P’ matter rest density
c  speed of light in vacuum

4  adiabatic index: 4/3 for a relativistic fluid, 5/3 in the cold baryons limit

P’ pressure, negligible in front of the particle inertia in the cold baryon limit

All primed quantities are expressed in the comoving frame. For a KED outflow,
we have ¢ < 1 and the magnetic fields are weak (with short coherence scale and
random orientation) if not non-existing and do not play an important role in the
dynamics of the outflow. For a PFD outflow, ¢ > 1 and the acceleration of the
outflow is driven by the more ordered magnetic field.

A widespread example of KED outflow is the fireball model [86, 192], where
the energy is contained near the central engine in a limited space. The outflow
is optical thick with very high temperatures (> MeV) producing many elec-
trons and positrons (77 — e~ e™) thereby intensifying the optical thickness. The
radiation-dominated outflow is expanding because of tremendous radiation
pressure, converting the thermal energy into kinetic energy. The outflow is
cooling down as the adiabatic acceleration goes, with a temperature inversely
proportional to the radius and a bulk Lorentz factor I' increasing with the radial
coordinate.

In PFD outflows, the magnetic field is propagating from the central engine
with an angular coherence of 6 > 1/I’, which also corresponds to the angle in
which the radiation is beamed. No standard model exists for PFD outflows and
many idealized Magneto-Hydro-Dynamic (MHD) models have been proposed
[151, 156, 220].

1.3.2 Energy Dissipation

The energy dissipation mode is highly impacted by the composition of the
outflow. The radial location at which the energy is dissipated rules the shape of
the spectrum, together with the emission mechanism. The spectrum can have
two components: a quasi-thermal and a non-thermal part. The non-thermal
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component is generated by energy dissipation which happens in the optically
thin parts of the outflow, while the quasi-thermal component comes from energy
dissipation in the photosphere. The quasi-thermal component does not perfectly
follow a black body spectrum because different parts of the jet are observed
with different Doppler boosts.

In the case of a uniform outflow, with no significant variations within angular
region < 1/T (in the plane perpendicular to the outflow), the quasi-thermal
component will have no significant polarization. On the other hand, outflow
with angular structure can give moderate polarization levels (IT < 20%) for the
quasi-thermal part. The non-thermal component polarization is dependent on
the radiation mechanism, the subject of the next section.

In the case of a KED outflow, the bulk Lorentz factor I' is saturating af-
ter the rapid expansion of the fireball to values ~ 10? — 10® at a radius of
Rs ~ 10° — 10'° cm. Outside this radius (R > R;), the kinetic energy is dis-
sipated via internal shocks between shells catching up each other. The shells
collision generates a forward shock going in the flow direction and accelerating
the slower shells, while a reverse shock is also produced towards the faster
shells, decelerating them. Part of the electrons are heated up by the shocks, keep-
ing a fraction of the energy behind the shock. Another fraction of the internal
energy density behind the shock is transferred to magnetic fields (of typical
strength B’ ~ 10? — 10° G) generated by the shock. The coherence length of these
magnetic fields is much smaller than the angular size in which the radiation is
beamed (6p < 1/T), giving rise to limited polarization IT < 30%. Furthermore,
turbulence can be caused by interaction of the shocks with inhomogeneities in
the density, amplifying an upstream magnetic field divided in multiple incoher-
ent patches of highly ordered field. The polarization is averaging out over the
patches to levels as low as IT < 2%.

Alternatively, in PFD outflows, the energy dissipation occurs either via MHD
instabilities or magnetic reconnection. Electrons are accelerated by magnetic field
energy dissipation that occurs when field lines of opposite polarities reconnect.
The electrons are then cooling down either by emitting synchrotron radiation
or via inverse Compton scattering. The polarization can be energy dependent
depending on the way particles are accelerated when the magnetic field energy
is dissipated as the outflow becomes optically thin. Polarization as high as
IT < 60% can be reached if the synchrotron process is dominating with a
magnetic field coherence length 6z 2 1/I' (neaer the line of sight). Lastly, a
common example of PFD model is the Internal Collision induced MAgnetic
Reconnection and Turbulence (ICMART) model [234], where the central engine
is ejecting highly magnetized shells which dissipate their magnetic energy via
magnetic reconnection and turbulence induced by collisions between different
magnetic shells. Three-dimensional MHD simulations of this model have shown
a 9o° rotation of the polarization angle between the first part and second part of
the prompt light curve, with a trend for increasing polarization degree [59].
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1.3.3 Outflow Angular Structure

The polarization of the prompt GRB emission is highly dependent on the angular
structure of the outflow. The outflow in GRBs is beamed into bipolar jets. The
rudimentary top-hat model, which consists of a uniform conical jet, can be
parameterized as a function of the half jet opening angle 6; [84]:

L,(6) T(6) {1 if 6 < 6;; @)

Lo To 0 if6 >

The comoving spectral luminosity L/, is described by a Heaviside function,
mimicking the sharp edges of the jets with a uniform luminosity inside the out-
flow and a null luminosity outside. A useful parameter to characterize the line of
sight of the observer with respect to the edge of the beam is g = 6,5 /0;, which is
null when the beam is aligned with the Line Of Sight (LOS) of the observer (on-
axis) and equal to 1 when the observer is looking toward the edge of the jet. The
quantities indexed with a o are therefore on-axis quantities (§ = 0), namely the
on-axis comoving spectral luminosity L, , and the on-axis bulk Lorentz factor Iy

Top-hat jets (THJs) are of course very idealized and a more complex jet
parametrization with smoother edges seems more realistic. As a first correction,
the core of the jet is kept to have a uniform brightness, but with smoothly
decaying wings [83]. Two types of decays are commonly considered: exponential
wings described in equation (1.5), and power-law rings described in equation
(1.6).

Ly _ { 1 ife < ¢ )
Lo | exp[(V&G—VE)/A]  ifE>¢:
L, |1 if ¢ < g;

In these two cases, the emission either drops exponentially or as a power law
outside the uniform core of the jet, and even though the spectral luminosity is
allowed to vary with 0 ({; = (rej)z) the dynamics of the jet does not (I'(6) = TI').

The cases considered above were not truly structured jets, but uniform jets
with smoother edges. The dynamics of the jet and therefore the bulk Lorentz
factor must also be angle-dependent in structured jets. The radial dependence of
both the comoving spectral luminosity and the bulk Lorentz factor can typically
be described by either a Gaussian or a Power-Law [83]. Such jets are respectively
called Gaussian Jets (GJs) and Power-Law Jets (PLJs), expressed in equations (1.7)
and (1.8).

% To—1 (17)
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L, (6)
L/

v',0

™ F(Q)—l_ —b _ 0 2

=0, ﬁ—G) , O= 1—1—(9C> (1.8)
Quantities indexed with a "c" correspond to the compact core of the jet: 6. is

the core angle and I'; is the bulk Lorentz factor in the core of the jet. In the case

of a truly structured jet, we conveniently define q as ¢ = 6,,5/0.. Depending on

the emission mechanisms, uniform or structured jets can imply different levels

of polarization, as will be discussed in the next section.

1.3.4 Radiation Mechanism

We discuss here the two main radiation mechanisms proposed for explaining
the GRB emissions, namely the synchrotron and photospheric models. Other
models, such as the Compton drag model [140], self-synchrotron Compton (S5C),
or jitter radiation are also proposed in the literature. A review can be found in

[84].
1.3.4.1 Synchrotron Emission Models

One of the leading radiation mechanism scenario for GRBs is synchrotron
emission, happening when relativistic electrons are gyrating in a magnetic field
and emit synchrotron photons to cool down. As GRBs are point sources, the
polarization measured on Earth is integrated over the entire source image and
cannot be spatially resolved. The observed polarization can therefore be affected
by the LOS of the observer with respect to the axis of the jet, but also by the
geometry of the jet and the configuration of the magnetic field. Four magnetic
field configurations are typically considered in the literature [83]:

Ordered magnetic field B,yq with an angular coherence length bigger than
the beaming cone but very small in front of the jet aperture (1/T < 0p <

6)).

Random (6 < 1/T') magnetic field B oriented in a plane orthogonal to
the local velocity of the flow.

Ordered magnetic field B aligned with the local velocity of the flow,
opposite scenario to B} .

Globally ordered toroidal®> magnetic field B¢, with a symmetry around
the jet symmetry axis. This configuration implies a high magnetization.

GRBs are distant point sources and their image cannot be resolved in the
band with current technologies. Furthermore, the emission being relativistic,
the observed polarization is seen integrated over the beamed 1/T part of the jet.
By integrating over the observed GRB image, a non-axisymmetric jet, i.e. not

There is also a poloidal component to the magnetic field, Bpgl, whose flux decreases with the
radial distance squared. The contribution of the poloidal field is negligible at large distances as
the toroidal flux only decreases linearly with the distance.
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symmetric around the viewing axis, would naturally lead to a finite polariza-
tion level. Non-axisymmetric jets composed of many mini-jets or patches have
recently been proposed [81] to explain observations of continuously evolving
polarization angle (PA), while axisymmetric jets can only generate a switch of
90° in the PA. In the case of symmetry around the axis, a possible break of sym-
metry that would result in a net polarization is when the LOS is near the edge
of the jet. We now discuss the expected polarization from synchrotron emission
with the different magnetic field configurations described earlier. Assuming a
power-law distribution of the electrons generating the synchrotron photons, the
maximum local polarization for a locally ordered magnetic field depends on the
local spectral index a(v) = —dlogF,/dlogv:

a+1

Hmux == 70(—1—5/3

(1.9)

The effective power-law index of the electron distribution can be expressed as
Peff = 20+ 1. For optically-thin synchrotron emission, & > —1/3, which implies
that the maximum local polarization cannot be lower than 50%. The maximum
local polarization is constrained to I,y < 75% from shock-acceleration theory.
In the case of a tangled magnetic field on small angular scales (< I), the
local degree of polarization (on a given point of the ultrarelativistic thin shell)
obtained when averaging over the random directions of the magnetic field with
the assumption & = 1 is given by:

.25 —sin? @’ i h — .
Mg (b—1)sin?@ { feomg  HO=0B—=B

My 2+ (b—1)sin? @/ 1 if b — inf (B — By).

where ' is the polar angle in the comoving frame measured from the LOS,
and b = 2<BZ|>/ (B?) is a parameterization of the level of anisotropy of the
magnetic fielc{ expressed as the ratio of magnetic field average energy density in
the || and L directions.

Polarization maps showing the polarized intensity (black double arrows) and
polarization levels (color map) over the jet surface in the case of a uniform
(top-hat) jet are plotted in Figure 1.11 for the four magnetic field configurations
discussed earlier. The measured polarization information is contained in the
red circled area, which corresponds to the beaming cone towards the LOS of
the observer. The maps are centered around the axis of symmetry of the jet.
For axisymmetric jets, the polarization maps show a symmetry around the
axis linking the LOS and the symmetry axis of the jet. Either this direction or
the direction orthogonal to it (the plotted maps use the latter convention) can
therefore naturally be chosen to define an origin for the local polarization angle
ép. The base for polarization is therefore vertical /horizontal, which implies that
the Stokes parameter U o sin(26,) is null and that the polarization intensity
is fully given by the Stokes parameter Q & cos(26,). Depending on the B-field
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configuration, the local polarization angle in the ultrarelativistic limit I' < 1 can
be expressed as [83]:

@p + arctan K;g) cot (pg} for B,,;;
[ for B ;
0y = 0 if IT > 0 tor B (1.11)
m/2  ifI1<0 I’
5 1-¢\__sing
¢ — arctan [(1+§) g/eob#ms(p} for Biyy.

\

where ¢ and 0 are respectively the azimuthal and polar angles measured
with respect to the LOS, and ¢p is the azimuthal angle of the globally ordered
magnetic field in the case of B,,;.

The different magnetic structures lead to very different polarization maps with
regions contributing either along the line that links the jet’s axis of symmetry
to the LOS (with local polarization IT < 0, orange on the color maps), or in
the transverse direction (with IT > 0, white color on the maps). As mentioned
before, one can notice that when averaging over the GRB image for axisymmetric
jets, two directions of polarization are possible, only allowing for discrete 9o°
changes in polarization ang]le.
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Figure 1.11: Polarization maps for different magnetic field configurations (taken from
[84], with permission). The black + symbol shows the axis of symmetry of
the jet, while the red one (+) is the LOS. The red circle is the beaming cone,
and the polarized intensity is shown with the black double arrows. The
red segments show the polarized intensity without the relativistic beaming
effects. The green lines are the direction of the magnetic field lines for the
locally ordered B,,; and By, fields.

The symmetry around the LOS in the polarization maps of Figure 1.11 is
dictating the level of polarization obtained when averaging on the image of the
GRB in the sky. In the case of B| and B |, the beamed image is symmetric around
the LOS, leading to a null averaged net polarization IT = 0. This symmetry is
broken when the magnetic field is locally ordered and the polarization vectors
align transverse to it, implying a finite net polarization |II| > 0. If part of the
beaming cone is outside the jet surface, that is the LOS is near the edge of the

jet, the symmetry can also be broken yielding a net finite polarization as well.

The sign of the polarization I1 is dictated by whether the polarized intensity
is horizontally or vertically aligned. A vertical alignment implies a negative I1
(-Q), corresponding to the orange part of the polarization maps. On the other
hand, a horizontal alignment implies IT > 0 (+Q), corresponding to the white
part of the maps.
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Figure 1.12: Polarization obtained for synchrotron emission as a function of q for differ-
ent cone aperture §; of a top-hat jet. The curves are plotted for a spectral
index of &« = 3/4 (polarization increases with «) and for different magnetic
field configurations, namely B, (left), B I (center), and By, (right) (taken
from [84], with permission).

Figure 1.12 gives the polarization as a function of q for the B, B, and Bi,
configurations and for a top-hat jet. The curves are plotted for different cone
aperture to beaming aperture ratios (¢;) and for a spectral index &« = 3/4 (the net
polarization is increasing with the spectral index, as shown in [83]). When the
LOS is aligned with the jet axis (q=0), the net polarization is null in all cases. It
then grows slowly for B, and B I and rapidly for By,,. The polarization reaches
a local maximum when the LOS is near the edge of the jet, and then declines
sharply only for B, and By,. The polarization keeps increasing when going
off-axis from the jet for B, which is less likely to observe since the luminosity
sharply drops after the edge for the top-hat case. At the edge of the jet (for g = 1),
the net polarization is null and a 9o° flip in the PA occurs. As for a uniform
jet GRBs can only be observed for g < 1, the field configuration for which the
highest polarization degree can be expected is By, with 50% < IT < 65%, while
most of the GRBs would show low levels of polarization for the B, and B,
configurations.
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Figure 1.13: Polarization obtained for synchrotron emission as a function of q for a
top-hat jet with exponential (solid lines) or power-law (dashed lines) wings.
The curves are plotted for a spectral index of « = 3/4, a relative cone
aperture ¢; = 102, and for different magnetic field configurations, namely
B, (left), B I (center), and By, (right) (taken from [84], with permission).
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Figure 1.13 shows the polarization as a function of q for the B, By, and By,
configurations and for a smoothed top-hat jets with exponential and power-law
wings (see equations (1.5), (1.6)). A similar behavior is observed for all B-field
configurations when the LOS lies inside the jet (7 < 1). Nevertheless, the fluence
does not drop as sharply anymore when going out of the jet, which makes the
polarization at ¢ > 1 detectable as GRBs seen off-axis can now be detected. For
B, and Bj, which showed a symmetric beam image for g < 1, the polarization
outside the jet decreases as the jets are made smoother. For By, the opposite
behavior is observed, with a polarization level outside the jet increasing with the
smoothness of the edge of the jet. This implies similar observable polarization
than for the standard top-hat jet, that is a low level of polarization for B, and
B and a higher level for By, the only difference being now that off-axis GRBs
can be observed with smoother jet edges.
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Figure 1.14: Polarization obtained for synchrotron emission as a function of q for a
structured jet, namely gaussian jet (black lines) and power-law jet (colored
lines). The curves are plotted for a spectral index of « = 3/4, a relative
cone aperture §; = 102, and for the B, (left), B (center), and By, (right)
magnetic field configurations (taken from [84], with permission). A dot e
shows the angular position at which the Thomson optical depth is 77 = 10.

Finally, the polarization level for a structured jet are shown in Figure 1.14
as a function of q and for the same three field configurations as before. The
overall shape of the polarization curves are similar to the top-hat and smooth
top-hat curves, except that the curves are now expanding toward much higher
viewing angles. Polarization can thus be reasonably measured also for far off-
axis LOS as the drop in fluence is not as dramatic as for the previous cases.
The polarization curves of Figure 1.14 change from solid line to dashed lines
when the fluence measured off-axis drops below 1% of that measured on-
axis, making the polarization barely measurable. Other limitations exist on the
detectability of off-axis jets because of compactness [83], depicted by the dot
e on the polarization curves which shows the q at which the Thomson optical
depth of electron positron pairs produced by 7y interactions becomes greater
than 10. For 77 > 10, the opacity starts to be a problem and the y-ray emission
is not longer possible. This limits observations to jets for which the LOS is not
too dramatically outside the bright core, i.e. g4 < 2. Polarization is consequently
limited to [T < 20% for B, and B, while it is expected to be much higher for
Bior.
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1.3.4.2 Photospheric Emission Model

If we consider an optically thick flow (because of high e* pairs production) adia-
batically expanding under its own pressure. The radiation comoving energy den-
sity is dominant over the magnetic field energy density, that is 3L, /167tR*T?c >
B’? /87, such that relativistic electrons and positrons mainly cool down through
inverse-Compton scattering. The soft seed photons gain energy by getting up-
scattered by the electrons. The resulting energy of the upgoing photons can be
expressed as E’ = (4/3)y2E., where E/ is the initial energy of the seed photons
and 1, is the Lorentz factor of the incoming electrons/positrons. The seed pho-
tons undergo multiple scatterings until the Thomson optical depth becomes
7r < 1 and radiation decouples with matter at the photosphere. The bulk factor
increases linearly as the fireball expands I'(r) « r until all the initial energy
is transferred to baryon kinetic energy. The bulk LF is then constant and the
medium becomes optically thin at the photospheric radius rp;. This process
is known as Comptonization and is at the origin of a class of proposed models
called photospheric emission models.

If a fireball passively expands without any energy dissipation, it would lead
to a quasi-thermal spectrum which disagrees with observations. Instead, sub-
photospheric dissipation is thought to play a crucial role to explain the low
energy part of the observed spectra. But dissipation above the photosphere
through inverse-Compton scattering is also needed in order to explain the non-
thermal nature of the high energy part of the spectra. A Comptonized spectrum
for a uniform outflow would lead to negligible polarization levels because of
the random orientations of the polarization vectors, while an angular structure
in the jet would lead to moderate polarization levels of IT < 20% [83, 154].

Compared to synchrotron models, Comptonization has the potential of ex-
plaining a wider range of low energy spectral slope and can yield narrower
spectral peaks than synchrotron more consistent with observations [84]. This is
however still debated as proper synchrotron spectra fitting accounting for elec-
tron cooling seems to be able to reproduce the observed time resolved spectra
of most of the GRBs [27].

When energy is dissipated below the photosphere, the spectral peak is domi-
nated by photospheric emission. At the photosphere the radiation is decoupled
from matter and travels to the observer. If the outflow is matter dominated, that
is if the baryon rest mast energy density dominates (o'c?> > 3L, /167R*T?c),
the radiation at the photosphere is highly anisotropic, yielding finite local
polarization that vanishes when averaging over the source image. A net polar-
ization can be obtained if the flow shows non-homogeneous structures with
gradients in the bulk LF, as discuss later. If the outflow is radiation dominated
(0'c®> < 3L, /167tR?T?¢), the isotropic radiation field in the optically thick part
of the outflow stays isotropic after the decoupling as scattering as no effect on
the isotropy of the field. The local polarization therefore stays negligible before
and after radiation decouples from matter.
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Having a structured jet can yield to higher polarization levels. This has been
shown in [83] by radially integrating the radiation transfer equations for a jet
with angular structure in the bulk LF and comoving emissivity. The resulting
polarization levels as a function of q are given in Figure 1.15 where polarization
levels of IT < 15% are achieved for steep gradients in I'. Monte Carlo simulations
of the photospheric emissions were also performed for axisymmetric relativistic
outflows [115, 154]. These works have shown that for steep gradients of T,
polarization levels of IT < 10% can be expected outside the core of the flow
with T'6, ~ 10. Higher levels of polarization IT < 40% can be obtained for
(less realistic) narrower jets with I'f, ~ 1. More complex two dimensional
hydrodynamic simulations have also been carried out [194], showing low levels
of polarization IT < 2.5 — 5% with either steady or time evolving PA depending
on the cases.
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Figure 1.15: Left: Polarization obtained for photospheric emission as a function of q for a
structured power-law jet compared for narrow (/¢; = 3) and wide (v/¢; =
10) jets (taken from [83], with permission). Right: Polarization obtained for
photospheric emission as a function of q for a narrow structured jet for
different power-law jet parameters (taken from [83], with permission).

1.3.5 Time and Energy Dependence of Polarization

As discussed in the previous sections, measuring the polarization of the prompt
emission of GRBs can bring information about the emission mechanisms as well
as the jet and magnetic field structure of the bursts. The polarization measured
from a GRB is integrated over the entire image of the source in the sky, but can
vary with time and with energy. While the time and energy integrated polar-
ization was discussed until now, we detail here how polarization can change
in time and with energy and what additional understanding temporally and
spectrally resolved polarization measurements can provide.

Because of the statistically demanding nature of polarimetric measurements,
past experiments were already limited by the acquired statistics for energy and
time integrated measurements. But with the upcoming polarimetric missions
in the 7y-ray band with great improvements in sensitivity, time and energy re-
solved polarization measurements start to become realistically possible. Time
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and energy dependent polarization models have therefore recently started to be
developed. Such energy and time resolved theoretical models do not yet exist
for all the emission mechanism models.

Time resolved synchrotron models of the prompt emission polarization for
different jet structures, magnetic field configurations, and outflow dynamics,
are presented in [82]. A wide variety of polarization temporal evolution profiles
can be expected from different jets and B-fields, also depending on the light
curve structure (single or multiple pulses). The radiation is considered to be
emitted in the radial range Ry < R < Ry = Ro + AR. In a top-hat jet for
q = 0,ps/06; < 1, as for the time integrated case the ordered By, field is expected
to provide the highest polarization degree (as high as I'T S 75%), all along the
pulse duration. For the B, and B fields, the polarization is initially null until the
observer reaches the nearest edge of the jet, time at which the polarization starts
increasing to IT < 15%. The polarization levels continue to grow in the tail of the
pulses, where the statistics is likely too poor for measuring the polarization of the
source. Only 9o° flips in the PA are observed during the pulses for axisymmetric
jets, for some B-field configurations (By,,) even several times during the emission.
This change in the PA only occurs in the tail of the pulse, making the detection of
such a change highly challenging. Non-axisymmetric jets are needed to explain
gradual changes in the PA [81]. Going off-axis (g > 1), high polarization levels
can be measured from the start of the emission, but the low fluence at these
viewing angles makes the detection difficult. Very different polarization levels
can be obtained with time resolved (single or multiple pulse) models than the
levels obtained with the time integrated models.
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Figure 1.16: Left: Temporal evolution of the Band-like spectrum (solid lines) and
its corresponding polarization (dashed lines) for a top-hat jet with By,
synchrotron emission (taken from [83], with permission). Right: Multi-
component spectrum and its corresponding polarization degree as a func-
tion of energy simulated for GRBggo123 (taken from [155], with permission).
The shaded area corresponds to the energy ranges of the Fermi-GBM and
GAP instruments.
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If optically thin synchrotron is the main emission mechanism responsible
for the GRB prompt emission, the local polarization degree is obviously en-
ergy dependent from equation (1.9). The energy-dependent spectro-polarimetric
evolution for synchrotron emission is shown on the left of Figure 1.16. The
polarization increases at the peak energy, where the spectral index changes
when expressed as a typical Band spectrum. As the spectrum (and the polariza-
tion as discussed earlier) evolves with time, the temporal evolution and energy
dependence of the prompt emission polarization are linked to the temporal
evolution of the spectrum.

If the local polarization degree does not directly depend on energy, for in-
stance in the case of the Compton drag model [84, 140], the energy-independent
polarization would still depend on the spectral index. Different spectral indices
would weight differently the regions of the GRB image. These regions would be
Doppler boosted such that they have different comoving energies although their
observed energy is the same.

Finally, a hybrid spectrum with contributions from different radiation mecha-
nisms would lead to different polarization levels in different energy bands. This
is the case for the photospheric model presented in [155], where the spectral
peak region is dominated by a quasi-thermal photospheric component while the
low and high energy parts are non-thermal and can be generated by synchrotron
emission. In this such a case, as shown on the right plot of Figure 1.16, the
polarization would vanish near the spectral peak.
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1.4 SUMMARY AND OUTLOOK

As one of the most, if not the most, energetic electromagnetic phenomenon in
the Universe since the Big Bang, gamma-ray bursts are a very interesting case for
studying physics in extreme environments. Discovered half a century ago, GRBs
are still a hot topic of modern astrophysics as many mysteries remain on the
mechanisms responsible for these powerful emissions. Despite many ground-
breaking discoveries about their timing, spectral, and localization properties, a
lot of questions still remain to be answered as for the jet composition, magnetic
field structure, and emission mechanisms at play in GRBs.

GRBs are extragalactic transient sources emitting a prompt -ray emission
followed by a multi-wavelength afterglow, from radio up to TeV energies. The
bursts can be classified into two categories based on whether their prompt emis-
sion lasts longer or shorter than 2 seconds. Short GRBs, originated by binary
neutron star mergers, tend to have a harder spectrum than long ones, associated
with the death of very massive stars.

Half a century after the first publications about GRBs, a lot has been learned
about these events thanks to many studies in temporal, localization, and spectral
studies, as well as multi-wavelength detections. Nevertheless, a lot of questions
remain unanswered about the structure and physical origin of these very power-
ful emissions. Polarization of the prompt 7y-ray emission has been theorized as a
very powerful tool to solve many of the remaining points on GRBs.

Polarization measurements can not only bring information on the dynamics,
composition, and angular structure of the outflow, but they can also help to
disentangle between the existing emission models and bring information about
the sites and mode of energy dissipation in the bursts. The two main processes
proposed to explain the observed spectral and polarization properties of the
GRB prompt emissions are the synchrotron process and inverse-Compton scat-
tering. In the former, electrons gyrating in magnetic fields will emit high-energy
photons, the polarization levels of the emission being highly dependent on
the configuration of the magnetic field. In the latter, relativistic e* are trans-
ferring part of their kinetic energy to seed photons from the medium through
inverse Compton scattering, which in turn undergo multiple Compton scatter-
ings until the expanding outflow becomes optically thin, at the photosphere.
The decoupled photons can then freely travel towards the observer. Typically,
higher polarization levels are expected from synchrotron emission than from
photospheric emission. Time and energy evolution of the polarization are also
very powerful tools for understanding GRBs, but theoretical work on this has
only been recently started.

Polarization measurements are very challenging due to the high statistics
required to determine such a quantity, the low statistics usually available at high
energies, and the low efficiency of polarimeters. Advanced detection techniques
have therefore been developed in the past decades in order to assess the polar-
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ization of high-energy photons. The formalism of polarization as well as the
state of the art of high energy polarimetry are introduced in the next Chapter.






HIGH ENERGY POLARIMETRY

The study of the universe naturally started with the observation of optical
light, directly observable by the human eye. It is only over the last century
that observations were extended to other wavelengths (Infra Red, Ultra Violet,
Radio Waves, X/~-rays) and messengers (Cosmic Rays, Neutrinos, Gravitational
Waves), opening new fields of research in astrophysics. High energy astrophysics,
focusing on X and -y-rays, is one of them and saw a rapid expansion in the last
decades thanks to the development of new types of instrumentation and the
possibility of sending scientific payloads into space in order to directly measure
X and 7y-rays of cosmic origin. Observing the sky through several bands brings a
more complete picture and allows to better understand the physical behavior of
cosmic sources and of the Universe as a whole. The observation of the Universe
at high energies is particularly interesting in order to resolve the processes at
play in extreme sources, of which GRBs are an example.

In usual spectral and timing measurements, the amount of photons per unit
of energy and per sky bin as well are their arrival time are studied. But there
is an additional information, other than the arrival direction and time of the
photon, that is not exploited in typical spectral, timing, imaging, and localization
analyses. Indeed, the orientation of the electric field of each high energy photon,
or polarization, is propagated from the source to the observer. Polarization is a
powerful parameter to probe the physical mechanism and structure of cosmic
sources beyond the knowledge brought by spectral and timing studies, and
opens a new window of possibilities in high energy astrophysics. Indeed, as
discussed in the previous chapter, polarization is a direct probe to the magnetic
fields configuration, the jet structure, the energy dissipation, and the emission
mechanism. Many instruments making use of the polarization dependence of
the photon interaction with matter were therefore developed in the last decades
in order to measure the polarization of X and <-rays in space.

The concept of polarization is first introduced, followed by the major inter-
actions of high energy photons with matter and their link to polarization. A
summary of the state of the art of polarization instrumentation in high energy
astrophysics is then given.
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2.1 PHOTON POLARIZATION

Electromagnetic radiation behave both as individual particles and as a wave
[58]. Gamma-rays, and photons in general, can be described by a transverse
wave composed of two fields orthogonal to each other. These two fields are the
electric (E) and magnetic (B) fields and are sketched in Figure 2.1 in the case
of a linearly polarized wave. As the E and B fields are always orthogonal to
each other, the convention is to use the electric field vector as the polarization
direction.
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Figure 2.1: Illustration of an electromagnetic wave with the evolution of the electric and
magnetic fields along the wave propagation direction.

The polarization vector, or electric field, can precess in the (E, B) plane during
the photon propagation as shown in Figure 2.2. Such variation is called circular
polarization, as opposed to the linear polarization depicted in Figure 2.1. Only
linear polarization is studied in the case of gamma-ray bursts since no model
predicts emission of circularly polarized waves, and no instrumentation is
currently capable of measuring circular polarization of y-rays.

Figure 2.2: Evolution of the electric field along the wave vector for a circularly polarized
wave.



2.1 PHOTON POLARIZATION

Polarization can be parameterized using a polarization ellipse, mathematically
expressed in the form of four Stokes parameters [39, 174, 209, 216]:

(S0 = 1= (E) + (ED) = (E}s.) + (E? ) = (ER) + (E})
S1=Q=(E%) — <E§> = I cos2) cos2y

S
S

vl
I

(2.1)

U = (E%.) — (E*,s.) = I cos2xsin 2y
|4

2
3 = (E%) — (E?) = Isin2x

where ¢ and ) are respectively the orientation and eccentricity angles of
the ellipse. I is the total intensity of the electromagnetic wave, Q gives the
fraction of horizontal and vertical polarization, U is the diagonal polarization,
and V the circular polarization (left and right handed base). In the case of
a fully polarized wave, made of several photons whose electric field are all
aligned in the same direction, the four Stokes parameters are linked through
the relation I> = Q% + U? 4 V2. In the more physical case of partial polarization,
this relation broadens to I? > Qz + U?+ V2. Figure 2.3 illustrates the cases of
pure polarization in the Q, U, and V bases.
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Figure 2.3: Illustration of the polarization for specific values of Stokes parameters,
namely in the case of a vertically/horizontally (left), diagonally (center),
and circularly (right) polarized wave.

The 0 < ¢ < mand —F < x < T angles can be expressed as a function of the
Stokes parameters, and the polarization degree p can be defined:

\/ﬁ
X:%arcsin¥; tp:;arctang; p= Q+IU +V (2.2)

V and x express the circular component of polarization, and are therefore
null in the case of linearly polarized waves.
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2.2 PHOTON INTERACTION WITH MATTER AND POLARIZATION

The three interactions used to detect photons are the photo-electric effect, the
Compton scattering, and the pair production. Depicted in Figure 2.4, these
three processes have in common the partial or entire transfer of the incoming
photon energy to an electron. Each individual process has an angular behavior
correlated with the photon polarization. The photo-electric effect is dominant at
low energies, while pair production is the more probable process at high energies.
Compton scattering is dominant at intermediate energies. The dominance of a
process over another at a given energy is also dependent on the atomic number
Z of the material in which the interaction is happening, as shown in Figure
2.5. We will now discuss how these mechanisms can be used for polarization
measurements.
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Figure 2.4: Representations of the main gamma-ray interaction processes. Left: Photo-
electric effect. Middle: Compton scattering. Right: Pair production.
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Figure 2.5: Plot showing the dominant effect based on the cross section as a function of
energy and absorber density (taken from [127], with permission).



2.2 PHOTON INTERACTION WITH MATTER AND POLARIZATION

2.2.1  Photoelectric Effect

First proposed by Albert Einstein in 1905 [62], the photoelectric is the dominant
mode of interaction for low energy photons. It consists of an absorption process,
where the incoming photon interacts with an atom of an absorber. The energy
of the photon is fully transferred to an electron in one of the bound shells of an
atom, typically the K-shell. The electron is ejected from the atom with an energy
corresponding to the incoming photon energy minus the binding energy of the
shell:

E, =hv—E, (23)

We call the electron expelled from the atomic shell a photoelectron. This effect
is not only dominant for low energy X-rays, but also down to optical photons.
The photoelectric effect is at the center of optical light detection and is the
process at play in optical sensors, such as a smartphone camera or the human
eye. After the electron is ejected from an atomic shell, the vacant location is
either filled via capture of a free electron in the media or de-excitation of an
electron in an outer shell. The difference in energy is compensated by either
the emission of fluorescence X-ray photons or in some cases by the emission of
an Auger electron [9, 168]. These secondary X-rays or electrons are typically re-
absorbed near their emission point, but can sometimes escape from the absorber,
influencing the response in the case of a detector. As shown in Figure 2.5, the
photoelectric absorption is dominant up to even higher energies for a high-Z
material, explaining the high density of typical 7-ray shields. This is also the
reason why low-Z materials are typically preferred for Compton polarimeters
in order to enhance the sensitivity to polarization down to lower energies. The
photoelectric effect can be used for polarimetery as the angular distribution of
the photoelectrons is dependent on the polar () and azimuthal (¢) scattering

angles [40, 174]:

do  sin?(6) cos?(¢)
dO ™ (1 — Bcos(8))? (24)

where B is the reduced velocity of the photoelectron. As can be observed from
the cos? dependency of the cross section, the photon will preferentially scatter
90° from its original polarization vector. In the case of a polarized source, a
cos? modulation will therefore be observed in the azimuthal scattering angle
distribution, also known as modulation curve. On one hand, the amplitude of the
modulation ca be used to determine the PD, i.e. the fraction of incoming photons
that have their polarization vector oriented in the same direction. On the other
hand, the phase of the modulation corresponds to the polarization angle PA, or
the direction in which a fraction of the incoming photons have their polarization
vector aligned. In the case of an unpolarized source, the polarization vector of
each incoming photon will be isotropically distributed and the modulation will
vanish, giving a flat scattering angle distribution. This is depicted in Figure 2.6.
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2.2.2  Compton Scattering

Going to higher energies, that is in the 10 keV to 10 MeV band, the incoming
photon is energetic enough to not be fully absorbed by the material. It will
instead only transfer a portion of its energy to the recoil electron through
Compton scattering. The outgoing photon will be deviated by a polar angle
0 (see Figure 2.4) from its original direction, and its remaining energy can be
expressed as:

E' E

1t (%)(1 —cos ) @5

where m,c> = 511 keV is the electron mass. It can be noted that a larger
deflection will lead to a bigger energy loss.

The Compton scattering cross-section is described by the Klein-Nishina equa-
tion [126], expressed in Formula (2.6) for a linearly polarized photon. Once
again, the cos?> dependency of the cross section implies that the photon will pref-
erentially scatter go° from its original polarization vector. The scattering angle
distribution obtained for a polarized source would therefore have a sinusoidal
shape, where the relative amplitude corresponds to the PD and the phase to the
PA, as plotted in Figure 2.6.

dr 2 (E\’[E E .
1= Ee (E) [E to - 2sin?(0) cos?(¢) (2.6)
where:

7o ~2.8-1071" m classical radius of the electron

E energy of the incoming photon

E’ energy of the scattered photon

0 polar scattering angle

¢ angle between the initial polarization vector

and the scattering direction.

#1 POLARIZED #+ UNPOLARIZED
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—
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Figure 2.6: Theoretical structure of the azimuthal scattering angle distribution in the
case of a polarized (left) and an unpolarized (right) source. In the case of a
polarized source, a cos*> modulation, whose amplitude and phase are related
to the polarization degree and angle, is observed.
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2.2.3  Pair Production

For photons more energetic than 1.022 MeV, that is twice the mass of an electron,
the pair production process starts to be possible. The photon is converted into
an electron-positron pair, and the extra energy of the incoming photon (above
the 1.022 MeV) is transferred to the electron and positron in the form of kinetic
energy. The positron is usually annihilating with another electron in the media,
creating a secondary pair of 7s, affecting the response in the case of a detector.
The probability of such interaction goes with the square of the atomic number
of the material, and the effect typically becomes dominant above ~10 MeV. The
azimuthal direction of the plane in which the pair is created is once again linked
to the polarization of the incoming photon. An asymmetry of the azimuthal
distribution can be observed in the case of a polarized source.

2.2.4 Quantifying the sensitivity to polarization

The azimuthal angular dependency of the three main photon interactions
(namely the photoelectric effect, Compton scattering, and pair production)
allows to extract the polarization parameters from the measured scattering
azimuthal angle distribution. For a polarized source, this distribution follows
a sinusoidal modulation as depicted in Figure 2.6, also known as a modulation
curve. As explained previously, the phase and relative amplitude of the modu-
lation are respectively linked to the PA and the PD of the source. A figure of
merit to represent the resolution to polarization of an instrument is the relative
amplitude of the modulation for a fully polarized source, called the modulation
factor and defined as [12]:

o Amax — Ammin

Hioo = Apax + Amin

where A,,;; and A are the minimum and maximum of the modulation.

The polarization degree of a source can be expressed as the ratio between the

measured modulation amplitude and the modulation factor: PD = ﬁ For
typical y-ray polarimeters, the g is in the range 10-50%.

(2.7)

Measuring the polarization of -ray sources is statistically highly challenging
because of the limited number of photons available and the statistically hungry
nature of such measurement. Indeed, only the polarized fraction of the photons
contribute to the signal. Resolving the polarization of a source with a PD of
1% with a 99% confidence level typically requires about 10° counts [222]. On
the basis of this consideration, another figure of merit for the efficiency of -
ray polarimeters is the Minimum Detectable Polarization (MDP), defined as a
function of the confidence level as [222]:

_2y/-In(1-CL) \/Rs + Rg
MDPgg9, = 1100Rs T (2.8)

where Rg and Rp are the signal and background count rates and T is the
duration of the signal. The MDP is usually given for a 99% confidence level,
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where 24/—In(1 — CL) = 4.29 in equation (2.8). Similarly, the MDP can be
expressed for 3 and 5 ¢ confidence levels, for which this factor is 4.86 and 7.58,
respectively.
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2.3 STATE OF THE ART OF HIGH ENERGY POLARIMETRY INSTRUMENTA-
TION

Ideally all three processes described in the previous section can be employed
to measured the polarization of a X/v-ray source. However, most of the astro-
nomical polarimeters are based on either the photoelectric effect or Compton
scattering, and no polarimeter based on pair production has been launched to
space yet. The former is convenient for measuring the polarization of X-rays
and soft y-rays, while the latter is relevant for -ray polarimetry above 10 keV.
Pair production being predominant at high energies, it can be exploited for
polarization measurements above tens of MeV. We describe here the main tech-
nologies and instruments currently used in order to assess the polarization of
astrophysical sources at high energy using these three interactions.

2.3.1 Photoelectric Polarimeters

The main technology based on the photoelectric effect in high energy polarime-
tery are Gas Pixel Detectors (GPDs) [47]. It consists of a gas detector in which
the incoming photon is absorbed through the photoelectric effect, extracting an
electron which will ionize the gas along its path. The electron-hole pairs produce
by this ionization will drift the track towards the Gas Electron Multiplier (GEM)
thanks to an electric field. The GEM consists of a very thin polyimide foil perfo-
rated with tiny holes, in which a high electric field is amplifying the charge. The
charge is finally collected by a pixelated detector able to precisely reconstruct
the track of the photoelectron. A schematic view of such detector is shown
in Figure 2.7. By analyzing many photoelectron tracks from an astrophysical
source, one can extract a distribution of the initial direction of the photoelectrons.
This allows to extract information on the polarization of the incoming X-rays.
Choosing the gas material in which the photoelectric absorption happens is
highly challenging. On one hand, the medium should not be too dense for the
electron to travel enough to be able reconstruct its track. On the other hand, the
gas should still be dense enough to stop the incoming X-ray photon.
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Figure 2.7: Working principle of a Gas Pixel Detector (taken from [47], with permission).
The initial direction of the photoelectron is linked to the incoming X-ray
polarization. The first part of the photoelectron track has a more precise
direction, while the end of the track has more charge deposition. The full
track is therefore used to determine the polarization of the incoming photons.
The Auger electron does not provide any information on polarization.

Such technology was first demonstrated in space by the PolarLight 1U Cube-
Sat [67] launched in October 2018. It was then followed by the very successful
Imaging X-ray Polarimetry Explorer (IXPE) [223], launched in December 2021.
GPDs will also be used in the future Low-energy Polarization Detector (LPD)
[68] in order to enhance the POLAR-2 polarimetry capabilities at low energies.
A CubeSat demonstrator of the LPD was launched in June 2023". They will
also constitute one of the four payloads of the enhanced X-ray Timing and
Polarimetry mission (exTP) mission ([239], appendix C), scheduled for a launch
in 2028.

Another technology used for photoelectric polarimetry, also based on gas
detectors, are Time Projection Chambers (TPCs) [21, 124]. The detection principle
is the same, except that the GEM is usually read out using strips. This is the
case of the Gravity and Extreme Magnetism Small Explorer (GEMS) project [65].

2.3.2  Compton Polarimeters

A widespread design for Compton polarimeters is to have an array of elongated
scintillator bars individually read out by photomultipliers. The deposited y-ray
energy is converted into optical photon through the scintillation process. De-
pending on the mission, either Avalanche PhotoDiodes (APDs), Multi-Anode
PhotoMultiplier Tubes (MA-PMTs), or Silicon PhotoMultipliers (SiPMs) are em-
ployed to optically read out the scintillators. Using a segmented detector allows
to resolve the Compton scattering direction. We distinguish two types of instru-
ments: single and dual phase Compton polarimeters.

1 https://english.gxu.edu.cn/info/1085/1281.htm
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On one hand, single phase polarimeters simply consist of an array of scintilla-
tors all made of the same material, usually plastic to optimize the Compton cross
section with a low-Z material. In this case the incoming photon will Compton
scatter in a scintillator bar and deposit part or all of its remaining energy to
another bar. The relative location of the two triggered bar can be used to deduce
the azimuthal scattering angle, useful to determine the polarization of the source.
This is the case of POLAR ([199], Chapter 3), POLAR-2 ([56, 200], Chapter 5), or
PoGOLite/PoGO+ [35].

On the other hand, dual phase polarimeters employ two types of scintillator
bars, as illustrated in Figure 2.8. As for single phase polarimeters, plastic bars are
used for the y-ray to Compton scatter. However, denser inorganic scintillators
(e.g. Cesium Iodide - CsI) are used in order to fully absorb the photon afterwards
and better measure the incoming energy. This is the case of TSUBAME [139],
GRAPE [23], LEAP ([162, 164, 169], Appendix D), and CUSP [66].

Scintillators can also be arranged in other modes for Compton polarimetery.
The Gamma-ray Burst Polarimeter (GAP) [230] was made of a dodecagon plastic
scintillator with the 12 faces surrounded by Csl plates. All the scintillators of
this dual phase polarimeters were read out using PMTs. Denser scintillators
such as CsI(Na) can also be used in single phase polarimeters Compton po-
larimetry, as it is the case in the APT instruments and its demonstrator ADAPT
[104]. Tiled CsI(Na) scintillators are used for measuring the Compton scattering
interaction of the incoming <y-ray. The tiles are read out on both sides by perpen-
dicular arrays of optical fibers coupled to SiPMs. Although primarily designed
for GRB localization, the detected Compton scattering events can be used for
polarimetery.
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Figure 2.8: Left: Illustration of the Compton scattering in a dual phase Compton po-
larimeter. The photon is Compton scattering in a first segment of the detector
made of plastic (blue) and later fully absorbed in a segment made of a denser
scintillator (red). Right: Illustration of a Compton event in the COSI detector
(taken from [153], with permission).
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High energy polarimetery can also be made with segmented semiconductor
detectors, in which the deposited y-ray energy is directly converted into an
electrical signal.

Cadmium Zinc Telluride (CdZnTe) segmented detectors, such as the CZT
Imager (CZTI) on the AstroSat satellite [17, 217] or the future Daksha mission
[11, 18] can be used for polarimetry. The high density of the material composing
the single phase segmented detector and the geometry of the instrument implies
an energy threshold of about 100 keV for Compton polarimetry. Polarimetry
is also performed using CZT detectors in the focal plane of X-ray optics, for
instance with X-Calibur [2] and XL-Calibur [116].

Germanium strip detectors can be employed in Compton telescopes such as
COSI (super pressure balloon [123] and satellite/SMEX mission [30, 153, 213,
214]). Even though the primary goal of COSI is spectroscopy and imaging in
the MeV band, poorly covered until now, the detection technique allows for
polarization measurement in the 0.2-5 MeV range. As illustrated in Figure 2.8,
the instrument is measuring for each incoming y-ray a sequence of Compton
scatterings happening in the sensitive volume of the detector. Determining the
temporal order of each scattering as well as the scattering angle of the first
interaction allows to constrain the photon arrival location into an annulus. Mea-
suring several photons, the localization of the source can be obtained with the
intersection of the annuli. The polarization information comes as a by-product
of the measurement from the angle of the first Compton scattering.

Double sided strip detectors based on Silicon are also considered for fu-
ture Compton telescopes such as AMEGO/AMEGO-X [32, 70, 165] and e-
ASTROGAM [49, 50]. As for COSI, polarization measurements are not part of
the primary science goal but comes as an additional possibility thanks to the
measurement technique. These next generation instruments will be sensitive
from hundreds of keV up to energies as high as a few GeV.

2.3.3 Pair Production Polarimeters

Compared to photoelectric or Compton polarimetry, not many detectors have
been proposed for measuring the polarization using the pair production asym-
metry. In order to assess the polarization of a source through pair production,
a detector should be able to precisely measure the track of the electron and
positron produce by the incoming <-ray. Two main technologies have been
thought to achieve such a measurement: Time Projection Chambers (TPCs) and
emulsion films. On one end, gas TPCs could be used to collect the track of the
electron-positron pairs and produce a distribution of the azimuthal orientation
of the plane in which the pair is produced. This technology was demonstrated
for polarization measurement with the HARPO TPC [15] using a y-ray beam
in the lab. The AdEPT mission [111] plans to operate TPCs in space for pair
production polarimetry in the 5-200 MeV range. On the other end, the use
of stacked emulsion film for polarization measurements with pair production
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have been demonstrated with the GRAINE balloon experiment [181, 190, 210].
The emulsion films are optically scanned after the measurement campaign and
the tracks are reconstructed via software. For instruments with silicon track-
ers in space like Fermi-LAT, AMS-02 and DAMPE, these measurements are in
principle possible, however, low efficiencies and multiple scattering make such
measurements highly challenging or impossible [16].
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2.4 SUMMARY

Electromagnetic waves consist of an electric and a magnetic fields orthogonal
to each other and propagating along a third direction orthogonal to the two
fields. The electromagnetic wave is unpolarized if the electric field vectors of
all the photons, or polarization vector, are uniformly distributed. If a source of
photons is polarized a given fraction of these photons, called the polarization
degree, will have their polarization vector in a certain direction given by the
polarization angle. In the context of astrophysics, polarization is an important
property of light that can bring additional information about the properties of a
cosmic source.

High energy photons are detected using three main interactions: the photo-
electric effect, the Compton scattering, and the pair creation. In the photoelectric
effect, the incoming photon is fully absorbed, transferring its energy to an
electron that gets ejected from the material composing the detector. For Comp-
ton scattering, only part of the energy of the incoming photon is transferred
to a recoil electron, while the photon is deflected from its original direction.
Finally, pair production is the annihilation of the photon and creation of an
electron-positron pair. Each of these three processes are dominant in different
energy ranges, with the photoelectric effect at sub-keV energies, the Compton
scattering up to tens of MeV, and the pair production at higher energies. All
three interactions have in common the angular dependency of the secondary
products with the polarization of the incoming photon. Measuring the angular
distribution of secondary particles produced by y-rays from a given source is
therefore a way to measure polarization.

The azimuthal distribution of the secondaries, commonly called modulation
curve, shows a sinusoidal shape in the case of a polarized source. The amplitude
of the measured modulation is linked to the polarization degree of the source,
while its phase is related to the polarization angle. Two important figures of
merit to assess the sensitivity to polarization of an instrument are the modulation
factor p100 and the minimum detectable polarization for a given confidence level
MDPcL. The modulation factor is defined as the amplitude of the modulation
measured for a fully polarized source and gives an idea of the resolution on
the polarization degree. It can be obtained for different incoming energies and
directions through simulations. The minimum detectable polarization corre-
sponds to the minimum polarization degree a source would need to have to be
disentangled from a non-polarized source with a given confidence level. This last
parameter is meaningful since as polarization is measured using the amplitude
of a sinusoidal modulation, it is a positive definite measurement. It is therefore
easier to artificially measure a high than a low polarization level.

With the advent of more and more sensitive X/«-ray detectors, polarization
measurements of astrophysical sources at high energies have been made possible.
Polarimetry in the keV band is mainly accomplished with Gas Pixel Detectors,
in which the track direction of the photoelectron produced through the photo-
electric effect is measured. The distribution of the azimuthal direction of the
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scattering is then used to determine the polarization of the source. Above 10 keV,
segmented detectors can be used for Compton-based polarimetry. Measurement
of the Compton scattering direction can either be made with single phase or
dual phase instruments. Dual phase polarimeters employs two types of material:
a low-Z material for the Compton interaction which gives the information on
polarization, and a denser material to fully absorb the scattered photon. Single
phase polarimeters use the same material for all the segments of the instrument.
Many polarimeters are based on plastic scintillators for the Compton scattering
detection, optimized for such interaction down to lower energies thanks to their
low density. The absorber material is a denser scintillator, such as Csl. The
scintillators are optically read out using either PhotoMultiplier Tubes, Avalanche
PhotoDiodes, or Silicon PhotoMultipliers. Segmented semiconductor detectors
for instance base on Cadmium Zinc Telluride, Germanium, or Silicon, can also
be employed to for polarimetry at slightly higher energies, i.e. in the MeV region
and even up to GeV energies. Finally, the possibility of measuring polarization
with the pair production interaction was also shown to be possible with both
Time Projection Chambers and segmented detectors based on emulsion films.
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Part I1

ENERGY RESOLVED POLARIZATION WITH THE
POLAR INSTRUMENT

As one of the first instruments dedicated to the measurement of
GRB prompt emission, POLAR brought very important results to
the scientific community to take another step toward understanding
these very powerful transient emissions. Launched in September
2016 together with the Tiangong-2 Chinese space laboratory, POLAR
acquired science data for about 6 months, detected 55 GRBs as well
as several pulsars and solar flares. Analyzing the GRB data of the
POLAR mission brought a new picture to the field, showing lowly
polarized prompt emissions for 14 bursts. An interesting hint of
temporal evolution of the polarization angle was also observed for
two of the brightest GRBs, washing out the moderate polarization
degree down to lower levels in time-integrated analysis. After study-
ing integrated and time-resolved polarization of the GRB prompt
emission with POLAR data, a last interesting question to answer is
whether the burst polarization is energy dependent. An energy re-
solved polarization analysis was therefore carried out on the POLAR
GRB catalog, preparing as well the analysis pipeline for such study
with future generation instruments.






THE POLAR INSTRUMENT AND PAST RESULTS

As already discussed in Chapter 1, measuring the polarization of Gamma-Ray
Bursts is crucial in order to better understand the origin of these transient events.
Since their discovery more than half a century ago [37, 125], many X/y-ray
instruments have been used to measure the temporal and spectral properties
of GRBs as well as their distribution in the sky. But even though attempts to
measure polarization with standard telescopes had already been carried out,
no dedicated y-ray polarization instrument had been operated before the last
decade. The first dedicated instrument for such measurements was launched
in 2010 by a Japanese collaboration [230]. Called GAP, for GAmma-ray burst
Polarimeter, this satellite detected a few GRBs as it small size only allowed it to
detect very bright GRBs.

As the second experiment designed for GRB polarization measurements, PO-
LAR brought a considerable sample of polarization measurements. Making
use of the fact that a -ray would preferentially Compton scatter 9o° to its
polarization vector, the polarimeter consisted of an array of 40x40 elongated
plastic scintillators read out by Multi-Anode PhotoMultiplier Tubes (MA-PMTs).
Operated for 6 months starting September 2016 on the Tiangong-2 Chinese space
laboratory, POLAR detected 55 GRBs [228]. Only 14 GRBs among the 55 detected
were bright enough to collect the statistics required to analyse their polarization.
Time resolved polarization has also been studied on the few brighter GRBs
of the POLAR catalog, showing interesting behavior [26, 128]. Finally, POLAR
was able to detect several Solar Flares (SFLs) [149, 238] as well as to provide
spectral and polarization properties of the Crab [142-145] matching with most
of the existing measurements, showing a good understanding of the detector
calibration and performance.

After discussing the pre-POLAR GRB polarization results, the POLAR instru-
mental design and calibration method will be shown, followed by a summary of
the POLAR results prior to the work performed in this thesis. Conclusions will
then be presented on the overall outcome of the POLAR mission.

3.1 GRB POLARIZATION MEASUREMENTS BEFORE THE POLAR ERA

Before the operation of the POLAR instrument, several polarization measure-
ments of the prompt emission of GRBs were carried out. These are summarized
in Table 3.1 and described in [163]. As can be observed in this table, most of the
results are not very constraining on the polarization degree. Some of them are
even inconsistent with other results. This is the case of GRBo41219A, which was
measured by two instruments on-board the INTEGRAL telescope, SPI and IBIS,
and gave two very different results [92, 119, 166]. This might show a limited
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understanding of the detectors or a problem in the analysis procedure, limiting
the confidence that one can have in these results. Some polarization results
have been shown to be wrong, such as the first RHESSI results for GRBo21206
reporting a very high degree of polarization [38]. The later studies on the same
GRBs have shown that the PD is fully unconstrained [204, 225].

GRB INSTRUMENT ENERGY (KEV) PD (%) REF.
021206 RHESSI 150-2000 80£20%  [38]

021206 RHESSI 150-2000 <100%  [204]
021206 RHESSI 150-2000 41 fZZ% [225]
930131 CGRO/BATSE 20-1000 35-100%*  [226]
960924 CGRO/BATSE 20-1000 50-100%*  [226]
041219A  INTEGRAL/SPI 100-350 98+33% [119]
041219A INTEGRAL/SPI 100-350 96+40%  [166]
041219A INTEGRAL/IBIS 200-800 43£25%"  [92]

061122 INTEGRAL/SPI 100-1000 < 60%  [167]
100826 A  IKAROS/GAP 70-300 27+11%%  [229]
110301A  IKAROS/GAP 70-300 70+£22%  [231]
110721A  IKAROS/GAP 70-300 80£22% [231]
061122 INTEGRAL/IBIS 250-800 > 60% [90]

140206A INTEGRAL/IBIS 200-800 > 48% [91]

151006A  Astrosat/CZTI 100-300 - [202]
160530A COSI 200-5000 <46%  [152]

Table 3.1: Summary of the published GRB polarization measurements in the pre-POLAR
era. Special notes: *Albedo polarimetry. TVariable PD. ¥Variable position angle.
(adapted from [163])

In the case of the GAP detector, three GRB polarization measurements were
published [229, 231]. One with a low polarization degree, and two with very high
PDs. But four GRBs were also not published by the GAP collaboration for which
90% upper limits were obtained. These are GRB1oo715, GRB1o1014, GRB110625,
and GRB110825, for which respective upper limits of 83%, 71%, 56%, and 47% for
the PD were reported [76]. The latest polarization measurement before POLAR'’s
launch was provided by the COSI balloon flight mission. The measured value
for the PD was below the Minimum Detectable Polarization (MDP) and a 90%
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confidence upper limit of 46% could be extracted.

Overall the GRB polarization measurements until 2016 did not provide a
constraining picture on the polarization fraction of GRBs’ prompt emission. A
lot of inconsistencies and poorly constraining results were reported, partly due
to the fact that most of the instruments were not designed for polarimetry. It is
in this ambiguous landscape that the POLAR detector was launched.

3.2 THE POLAR GRB POLARIMETER
3.2.1  POLAR instrument design and calibration

The sensitive part of the POLAR instrument [199] was divided into 25 polarime-
ter modules. A polarimeter module consisted of a target, in which the y-rays
undergo Compton scattering, made of 64 plastic scintillators arranged in an 8 x8
array layout. The scintillators are separated by Enhanced Specular Reflector (ESR)
films in order to prevent the optical light to escape from a bar to its neighbours.
A low-Z material, the EJ-248M plastic from Eljen [64], was used for the scintil-
lating material in order to optimize the Compton cross-section at low energy
and therefore lower the energy threshold for polarization measurements. The
5.8%5.8x 176 mm? bars are truncated at both extremities in order to reduce the
optical crosstalk, and to fit a mechanical grid that holds the target in place and
ensures good alignment between the different scintillators. A PolyEther Ether
Ketone (PEEK) plate with Sorbothane damping pads is placed on top of the target
in order to dampen the vibrations and shocks during the rocket launch. This
is especially relevant since the target is read out by a 64 channel Multi-Anode
PhotoMultiplier Tube (MA-PMT) (HAMAMATSU R10551-00-M64) which contains
a fragile Borosilicate entrance glass window. A good optical coupling between
the scintillators and the MA-PMT is ensured thanks to a Room Temperature
Vulcanizing (RTV) silicone optical pad (QS1123 from MAP space coating [89,
157]). The MA-PMT is mounted on the Front-End Electronics (FEE), responsible
for pre-processing the signal and applying the local triggering logic (internal
to the module). The assembly of the optical targets with dampers and photo-
multipliers is housed in a 1-mm thick Carbon Fiber Reinforced Polymer (CFRP)
socket in order to shield the scintillators from low energy electrons.
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This specific
Aluminum alloy is
chosen for its
mechanical rigidity
due to its high Zinc
content, but also for
its low Manganese
content. This last
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because Manganese
can be activated by
radiation, which
would cause an
additional
background once the
instrument is
exposed to the space
radiation
environment.
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Figure 3.1: Sketch and CAD model of the POLAR module design. The target is made of
64 plastic scintillators of dimensions 5.8 x5.8x 176 mm?, truncated on both
sides for mechanical reasons. The truncated extremities are inserted into
a plastic grid, The scintillators are placed in a 8x8 configuration and are
separated by highly reflective foils. The top of the module is also covered
with a highly reflective foil as well as with dampers placed on a support
plate for vibrations dampening. The other side of the target is coupled to the
Multi-Anode PMT using a silicone based optical pad. The PMT is mounted
on the Front-End Electronics and the assembly is encapsulated into a carbon
fiber housing thanks to an end cap. (Credit: Franck Cadoux)

The POLAR instrument was composed of 25 polarimeter modules placed
in an Aluminum 7075T7351 mechanical grid. A 1 mm thick CFRP top cover
is housing the 5x5 modules to provide light tightness and shielding to low
energy electrons. A Multi Layer Insulation (MLI) foil is covering the polarimeter,
providing quasi-perfect thermal insulation with outer space and shielding from
micro-meteorites. The aluminum frame is painted using a special white coating
(GS121FD from MAP [157]) with an emissivity of 0.8 in order to passively
cool down the instrument and protect the aluminum from atomic oxygen. The
Back-End Electronics (BEE), placed at the bottom of the modules, is responsible
for collecting the data and trigger signals from the modules and applying
trigger logic on the overall instrument. A High Voltage Power Supply (HVPS)
is providing a voltage in the 600-1200 V range to the MA-PMTs, and a Low
Voltage Power Supply (LvPS) is providing +3.3, +2, and -2.5 V voltages to
each FEE. Kapton heaters are placed next to the BEE in order to heat up the
instrument in case of extremely cold conditions that could damage the payload.
The polarimeter together with the BEE, LVPS, and HVPS, whose assembly is
called OBOX, are placed on the outside of the space lab. A second part of the
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payload, called IBOX, is placed on the inside of the space lab and is responsible
for converting the provided 100 V to 28 V for the LVPS as well as for data
management and communication with the platform.

Venting Hole CFRP CHB Catas

Venting Hole Al Spacer

HV PS

297 mm

Cooling
Plate

Figure 3.2: Left: Sketch of the POLAR overall instrument design (taken from [199], with
permission). Right: Picture of the assembled POLAR instrument (Credit:
POLAR collaboration).

Calibration of the instrument was performed both on-ground [129] and during
the flight [150]. A calibration campaign at European Synchrotron Radiation
Facility (ESRF) in Grenoble, France was carried out using a polarized beam
with energies ranging from 60 to 140 keV. This allowed to calibrate both the
spectral and polarization responses of the instrument. A Monte-Carlo model
based on Geanty [6] has also been built in order to reproduce the behavior of
the instrument. In order to allow in-orbit calibration, 4 22Na sources have been
placed in the instrument. The sodium source emits two back-to-back 511 keV
photons from a positronium state. A 200 ym Copper housing was shielding the

source in order to prevent positrons to escape and to get a clean photon source.

The 340 keV Compton edge of the 511 keV photon is used for energy calibration
[227].

3.2.2 The POLAR mission

POLAR was launched in space together with the Tiangong-2 (TG-2) Chinese
space lab on a Long March 2F rocket on September 15 2016 at 14:04 UTC, as
shown in Figure 3.3. Placed at an averaged altitude of about 375 km with an orbit
inclination of 42.79°, the space lab re-entered the atmosphere for a controlled
decommissioning on July 19, 2019. But POLAR saw the end of its data taking
early April 2017, due to a malfunctioning of the HVPS board.

53



54

THE POLAR INSTRUMENT AND PAST RESULTS

Only GRBs within
45° of the POLAR
zenith are selected
here to ensure no
contamination from
materials around
POLAR that could
alter the polarization.

Figure 3.3: Left: POLAR mounted on the TG-2 space lab. Right: Picture of the TG-2
launch in Jiuquan, China. (Credit: China Manned Space Agency (CMSA))

The data acquisition was also stopped in October 2016 due to the presence
of two taikonauts on the station. During about 6 months of operation, POLAR
detected 55 GRBs [228] as well as several Solar Flare (SFL) and pulsars. The
science output of the POLAR mission is described in the next section.

3.3 POLAR GRB ANALYSIS PRIOR TO THIS WORK
3.3.1 Initial analysis of 5 bright GRBs and time

The initial GRB analysis was performed on 5 of the brightest GRBs that were
detected by POLAR, for which good spectral measurement and location were
provided by other instruments. The selected bursts had fluences higher than
5-107% erg-cm~2 in the 10-1000 keV and were not more than 45° off-axis in
POLAR’s FoV, as described in [240].

A set of 61 simulated modulation curves were produced using the POLAR
Monte Carlo code described in [129] for each GRB. The spectral parameters were
fixed based on the spectrum provided by other instruments (e.g. Fermi-GBM).
Sixty distributions were simulated for a 100% polarized source for different PA
with a resolution of 3°, and one distribution was produced for the unpolarized
case, for which the PA has no relevance. A weighted average of the unpolarized
and fully polarized distributions was used to generate modulations with inter-
mediate polarization fractions, resulting into 6060 simulated modulation curves
in the PD-PA space with a 1% resolution on the PD and 3° on the PA. A modula-
tion curve is produced with the background time intervals which is subtracted
from the measured modulation during the source interval in order to get rid of
any background induced modulation. The subtracted modulation curve for a
given GRB is then fitted with the set of the 6060 simulated distributions using a
chi-square method. Finding the modulation curve for which the chi-square is
minimal, the polarization degree and angle of the GRB are extracted.

For the 5 GRBs, the polarization degree chi-square is minimal between 4%
and 11%, implying that the most probable PD values are very low. Upper limits
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between 28% and 45% were also reported for those GRBs with a 99% confidence
level. Time evolution of the polarization parameters was studied for four of
the GRBs by splitting the pulse into 2 or 3 equal time bins. Only GRB170114A
showed a hint for some temporal evolution, for which a dedicated analysis was
carried out later, as described in Section 3.3.3.

3.3.2 POLAR GRB catalog analysis

Some improvement were brought to the analysis to extract the polarization
parameters of the GRBs detected by POLAR. The main changes in the analysis
method are the use of forward folding and the way of dealing with background.

As mentioned in Section 3.3.1, the spectral information of the GRB in the
previous analysis were fixed using information from other instruments. The
polarization fit was therefore performed independently of the spectral fit, not
allowing to propagate the spectral errors to the polarization degree and angle.
The effects of spectral errors were only studied for one GRB by running 10’000
times the analysis, slightly variating the input spectrum every time within the
reported spectral error bars. The estimated systematic errors on the polarization
parameters induced by the spectral component were assumed to be representa-
tive for the 5 analyzed GRBs. This method was considered satisfactory, but the
error propagation is not strictly correct, and running 10’000 times the analysis
per GRB is not a very efficient technique. The main improvement in the catalog
analysis method is therefore the use of a forward folding method. Polarization
responses are produced for 150 energy bins ranging from 5 to 750 keV, allowing
to subsequently produce responses for any possible spectrum by weighting
correctly the bins of the polarization response. The polarization fit is performed
in parallel to the spectral one, not only allowing a correct spectral error propaga-
tion to the polarization parameters, but also enabling the use of the POLAR data
to improve the spectral fit. This last point allows to independently analyze a
GRB that has not been detected by any other instrument, which was a selection
criterion in the previous analysis.

Subtracting the background from the modulation curve, as was done in the
previous analysis, is not the proper way of propagating Poisson errors. For
the catalog analysis [128], the background was therefore modeled by selecting
background time intervals before and after the prompt pulse. No subtraction is
therefore occurring in this process, since the measured spectrum and modulation
curve are compared to their respective simulated curves that contained both
background and source contributions.

Out of the 55 GRBs detected by POLAR, 14 were analyzed for polarization,
the others having too little counts for providing an accurate polarization result.
The analysis was based on the Multi-Mission Maximum Likelihood framework
(threeML) [219] that allows to jointly fit spectral data of several instruments. A
feature was added to the framework in order to be able to perform both spectral
and polarization fit in parallel. The polarpy plugin [26, 245] was built to adapt
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GRB170127C
having too low
statistics, no
constraining results
could be obtained for
the polarization
angle variability in
time.

As mentioned earlier,
fitting both spectral
and polarization
components in
parallel allows to
independently
analyze bursts that
have only been
observed by POLAR,
increasing the
number of analyzed
GRB:s from 5 to 14.
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the POLAR data to the threeML framework, similar plugins can be built for
other instruments for joint analysis. Most of the 14 GRBs reported in the POLAR
catalog paper [128] were also observed by Fermi-GBM or Swift-BAT, for which a
joint fit for the spectral component was performed often using the Band function
[13], or sometimes using a cutoff powerlaw function.

The polarization results for these 14 GRBs were mostly consistent with a lowly
polarized or unpolarized source, disfavouring models based on synchrotron
emission with highly ordered magnetic fields, for which we expect high levels of
polarization. However, the PDs measured by POLAR are not tightly constrained.
It is therefore required to build more sensitive instruments, like POLAR-2 [56]
or LEAP [162, 164], to bring high precision measurements of GRB polarization.

The analysis work performed in this thesis on energy resolved polarization
is using an analysis method based on that used for the catalog analysis. More
details on the forward folding method are therefore provided in Chapter 4.

3.3.3 Time resolved analysis of GRBs’ prompt emission

Using the threeML Bayesian framework [219], a detailed time resolved polariza-
tion analysis was performed on GRB170114A [26]. The GRB pulse was divided
into 9 time bins optimized via Bayesian blocks [205]. The method used for
the time integrated analysis, described in section 3.3.2, was employed for each
time bin, providing a polarization angle and degree for each of the bins. Even
though the polarization parameters were not strongly constrained, a hint for
a higher polarization degree than in the time integrated result was reported.
This higher PD was accompanied by a time evolving PA, washing out the PD in
time integrated analysis and explaining the lower integrated PD observed. Due
to the lack of statistics in other GRBs observed by POLAR, only GRB170101A
and GRB170207A underwent the time resolved analysis. The former, which as
GRB170114A has a FRED like light curve, also shown a hint for a temporal
evolution of polarization, while the latter did not show any interesting time
variation of the PD/PA [128].

3.3.4 Non-GRB POLAR science outcome

PSR Bos31+21, also known as the Crab pulsar, was observed by POLAR. PO-
LAR not being designed for persistent sources and having a wide Fov, a very
complex analysis was used in order to significantly see the pulsations of the
Crab. The arrival time of each photon observed by POLAR was corrected to
the Solar System Barycentric frame and a phase folding was applied on the
data since the Crab period is well known. The phase of the pulsar was divided
into 40 bins and the spectrum was fitted for each of these bins using a power
law function [143, 144]. The phase resolved power law index obtained by PO-
LAR was shown to be consistent with that reported by other instruments in
the past, showing a good understanding of the POLAR instrument and its
spectral response. The polarization of the Crab was also studied for the full
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phase interval as well as for the two individual peaks [142, 145]. The results
were also consistent with most of the Crab polarization measured by other
instruments in the past. Analyzing the Crab pulsar spectrum and polarization
with POLAR-2, the successor of POLAR (see 5), will also be a good way to
check the understanding of the instrument behavior and give more confidence
into the GRB results. Another pulsar, PSR B1509-58 was also seen by POLAR
[145]. Due to its lower brightness, not enough statistics was accumulated to get a
phase profile with enough statistics for proper spectral and polarization analysis.

Furthermore, numerous Solar Flare (SFL) were detected by POLAR [149, 238].
Due to the duration of such events, typically of the order of 10’s of minutes,
the background is very complex to model. But the main limitation for SFLs is
that they are too soft, with most of the emission below 50 keV, where POLAR
is not sensitive enough to polarization. Only spectral analysis of these SFLs is
therefore possible with POLAR. This will be improved for POLAR-2 which will
be sensitive to polarization down to 30 keV.

Finally, a SGR-like event has been found while doing blind search of transient
events in the archive POLAR data, as reported in [136]. The burst happened the
18th of January 2017 at 16:16:25.5 UTC, and has a duration of Tog = 0.32 £ 0.02 s
and a fluence of (5.09 £ 1.33) - 107 erg-cm 2 in the 50-500 keV range.
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3.4 CONCLUSION AND THE NEED FOR A MORE SENSITIVE/BIGGER INSTRU-
MENT

Before the launch of the POLAR mission, the GRB polarization measurements,
mostly carried out by non-dedicated instruments, did not give a clear and con-
sistent picture. Furthermore, some results with low polarization levels were not
published, biasing the overall picture of GRB polarization. Indeed, a low polar-
ization degree is sometimes perceived as a less exciting result. Polarization being
a positive definite measurement, a low measured value is also very physically
interesting since it provides a powerful insight to probe the emission mechanism.

During its 6 months of operation on board the TG-2 space lab, POLAR de-
tected 55 GRBs, 14 of which were bright enough to provide sufficient statistics
for polarization analysis. A low polarization degree was reported for most of
these GRBs, disfavouring synchrotron emission models with ordered magnetic
fields. A time resolved polarization analysis was also carried out on the brightest
GRBs, showing for two of them a hint for a time evolving polarization angle
washing out the time integrated polarization fraction. Nevertheless, the low
polarization fractions were originally not consistent with the picture provided
by the ASTROSAT-CZTI instrument, that reported high polarization levels for
several GRBs [34]. The effective area of this instrument for polarization measure-
ments is very low compared to that of POLAR, and the initially reported high
polarization levels have later been updated by a second publication providing
mostly upper limits for the polarization degree [33]. A joint analysis work with
POLAR and ASTROSAT data is currently ongoing on commonly observed GRBs.

POLAR provided exciting results, but polarization being a very statistically
demanding measurement, a more sensitive instrument is needed to provide very
constraining polarization measurements of GRB’s prompt emission. This is the
reason why based on the legacy of POLAR a 10 times more sensitive instrument
is currently under development. Called POLAR-2, this instrument is the subject
of Part iii of this work.

Meanwhile, the POLAR data can be still used to perform interesting analysis.
The time evolution of the polarization parameters has already been studied for
the brightest GRBs seen by POLAR. The time evolution of the GRB spectrum
was also reported. But another interesting feature of the GRB polarization is
its energy dependence. The tools used for the integrated catalog analysis were
therefore modified in order to perform energy resolved analysis. Although
limited by statistics, the POLAR data contains a good set of GRBs to perform
energy resolved polarization analysis as well as to prepare the pipeline for such
analysis for the future missions. This work is described in the next chapter.
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With about 6 months of operation, POLAR was able to detect 55 GRBs and
provide polarization results for a 14 of them. The polarization results reported
by POLAR brought a consistent picture to the GRB polarization field, with
emissions consistent with a lowly polarized or unpolarized flux [128]. However,
a time resolved analysis performed on the three brightest GRBs detected by
POLAR revealed an interesting feature for two of them [26, 128], which were
both FRED-like. It indeed showed a hint for a time evolving polarization angle
with a moderate polarization degree. The low PD obtained in the time integrated
analysis could therefore be explained by the fast temporal change in the PA,
washing out the integrated polarization level.

Although this hint for polarization temporal evolution is very exciting, no
strong conclusions could be made on this temporal evolution due to limited
statistics. For this reason, a next generation polarimeter (POLAR-2) based on the
legacy of the POLAR mission and with a sensitivity improved by an order of
magnitude is currently under development, and is the subject of Part iii of this
thesis. In the mean time, the polarization can be studied as a function of energy.
Energy resolved polarization analysis on the POLAR data could allow to bring
an additional piece of information in order to disentangle between the different
existing emission models. For instance, it might tell us whether the polarization
degree is higher at low energies, as predicted by [155], or if it increases at the
spectral peak, which would be a sign of a synchrotron emission process [84, 212].
The goal of this work is therefore to look for energy dependence of polarization
in the POLAR data, but also to prepare the pipeline for future energy resolved
analysis with POLAR-2, LEAP [162, 164], and Daksha [18].

We first present here the analysis methodology used for energy resolved
analysis of GRB prompt emission with the POLAR data, based on the method
used for the energy integrated catalog analysis. We then present the energy
integrated analysis of GRB170114A, already published in the past [128], to give
a precise idea of the steps of the analysis. The energy resolved analysis on the
POLAR GRB catalog is then presented for several energy dependent functions.
Finally, a summary of the energy resolved analysis and future prospects with
the POLAR-2 mission are given.
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4.1 ANALYSIS METHOD

The polarization analysis is based on the Multi-Mission Maximum Likelihood
framework (threeML) [1, 219] and the astromodels package [246]. The polarpy
plugin [245] was built for the past analysis [26] in order to format the data and
instrument responses to be compatible with threeML.

As explained in Section 3.3.2, past analysis [34, 229, 240] were based on fitting
the data to responses produced for a specific spectrum. This type of techniques
prevents to perform spectral and polarization fits in parallel. As a result, the
systematic errors from the spectral components are not properly propagated to
the polarization parameters. A novel polarization analysis technique based on
forward folding was therefore developed for the integrated and time-resolved
POLAR analyses [26, 128]. This technique is used for the energy resolved polar-
ization analysis and is therefore detailed below.

As for the past catalog analysis, detected GRBs are selected for polarization
analysis based on two criteria: their brightness - the fluence in the 10-1000 keV
range should be higher than 5 x 10~%erg/cm?; and their location in the sky -
the burst should occur within 9o° of the polarimeter Zenith direction to be in
POLAR'’s FoV. The fluence is measured using the POLAR data, and the best
available GRB localization is used in order to simulate the POLAR instrument
response as the uncertainty on location leads to systematic effects in the polar-
ization results [221].

A schematic representation of the Bayesian analysis steps is shown in Fig-
ure 4.1. A spectrum and scattering angle distribution are first produced from
the POLAR data. Spectral parameters are picked from either a Band or cutoff
powerlaw prior (see next Section for the definition of the functions), and are used
to produce a simulated spectrum using the spectral response. The simulated
and measured spectrum are then used to determine a likelihood. In parallel
of this process, both spectral and polarization parameters are combined with
the polarization response in order to produce a simulated modulation. A likeli-
hood for the polarization part is then computed using the measured histogram.
Repeating this process many times while picking the spectral and polarization
parameters from the respective priors in order to minimize the likelihood, a
posterior distribution is obtained for each of the parameters.

It should be mentioned that not only POLAR data are used for fitting the
spectrum. The spectral part is indeed jointly fitted with other’s instrument data
when available, namely data from the Gamma-ray Burst Monitor on-board the
Fermi Gamma-ray Space Telescope, from hereon referred as Fermi-GBM, and
the Burst Alert Telescope on-board the Neil Gehrels Swift Observatory, from
hereon referred as Swift-BAT. Some of the GRBs observed by POLAR were also
detected by the Konus-Wind instrument, but as there is no 3ML-compatible
data publicly available such data could not be used in the analysis. Additional
normalization parameters are used in the fit when data from several mission are
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jointly analyzed to correct for potential errors in the effective area determination
of one of the instruments.
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Figure 4.1: Forward folding analysis flow chart for POLAR spectral-polarization analysis
(taken from [128], with permission). A set of spectral parameters is used
to produce a spectral response as well as a polarization response with
the addition of the polarization parameters PD and PA. A spectrum and
a scattering angle distribution are produced from the observed data and
compared to their respective responses in order to determine the most likely
set of spectral and polarization parameters.

With the polarization response already being produced for 150 5 keV energy
bins, the energy dependent fit can directly be implemented in the existing
analysis tool with some adaptations. The main changes implemented in the
analysis tools are the following;:

astromodels/core/model_parser.py - Implementation of the additional
polarization parameter(s) for the energy dependence in the function
_parse_polarization.

astromodels/core/polarization.py - Implementation of the additional

polarization parameter(s) for the energy dependence in the class LinearPolarization.

polarpy/polar_like.py - Implementation of the additional polarization
parameter(s) for the energy dependence in the function set_model and in
the eval_points array of the _get_model_rate function.

polarpy/polar_response.py - Computing the interpolated polarization
response matrix for the new set of parameters. Each additional polarization
parameter adds a new dimension to the response matrix, which can make
complex energy-dependent models very computationally heavy.
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analysis_script.py - Defining prior distributions for the new polariza-
tion parameters and initialize them.

The energy response matrix for GRB170114A is shown in Figure 4.2. In most
of the cases, the reconstructed energy is lower than the actual incoming -
ray energy. The spectral response is therefore not diagonal, and suffers from
energy dispersion as for any <-ray instrument. The dispersion is enhanced
by the use of plastic scintillators, which have a poor energy resolution. That
is, there is no bijective function between the true and reconstructed energy.
This dispersion is enhanced by the use of plastic scintillators. Being a low-Z
material, plastic is good for polarization measurements since it maximizes the
Compton cross-section at low energies, but is however not optimal for precise
energy measurement. This energy dispersion is anyway accounted for in the
spectral response and accordingly in the forward folding analysis process. It
will therefore not lead to any mistake in determining the energy in the energy
resolved polarization analysis, but will just lead to bigger systematic errors that
will be propagated to the final result. Past analyses have been directly using
the reconstructed energy for studying the polarization energy dependence. This
is obviously not the correct method as the instrument response would not be

accounted for.
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Figure 4.2: POLAR spectral response for GRB170114A. The energy response matrix
is giving the measured energy as a function of the true incoming energy.
A diagonal red dashed line is given as reference. The energy dispersion,
enhanced by the use of plastic scintillating material, can be observed.

4.2 ENERGY INTEGRATED POLARIZATION ANALYSIS OF GRB170114A

We show here the energy integrated result of one of the brightest GRB observed
by POLAR, GRB1y70114A. This results were already published in the past [128],
but are a good way to show the important steps of the analysis.

The first step, as shown on the left plot of Figure 4.3, is to select source and
background time intervals. As for all the GRBs jointly detected by Fermi-GBM,
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the time interval are not only selected for the POLAR data but also for the
three Nal (Sodium Iodide) and one BGO (Bismuth Germanate) GBM detectors
with the highest significance. The starting time of the burst Tj is, as reported
by Fermi-GBM [191], January 14, 2017 at 22:01:09.50 (UT). The duration of the
burst measured with the POLAR light curve is Tog = (10.48 £0.16) s.
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Figure 4.3: Left: GRB170114A light curve measured by POLAR and several Nal/BGO
detectors of Fermi-GBM. The yellow region shows the background interval
selections, while the cyan region correspond to the source selection. Right:
GRB170114A spectrum (in data space) measured by POLAR and Fermi-GBM,
fitted with a Band function [13].

The spectra are jointly fitted for all the selected detectors using a Band function
[13], whose expression is shown in equation (1.2). The measured spectra and
their respective fits are shown in the right plot of Figure 4.3, where a good
agreement between the data and the Band model can be noticed. In parallel
to the spectral fitting, scattering angle distributions are produced for different
polarization angle and degree as a function of energy. The measured modulation
curve can then be fitted against the polarization response. This can be done
accounting for the spectral component by weighting the energy bins of the
polarization response according to the spectral fit. The measured and fitted
modulations are shown in the left plot of Figure 4.4, while the right plot is
showing the corresponding polarization degree and angle plotted against each
other.
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Figure 4.4: Left: Azimuthal scattering angle distribution measured by POLAR for
GRB170114A and its best PD/PA modelling. Right: Corner plot showing the
obtained polarization angle and polarization degree as a function of each
other, as well as their respective posterior distributions.

It can be noticed that the measured scattering angle distribution does not
follow a perfect squared cosine modulation as predicted by the Klein-Nishina
cross-section described in equation (2.6). The reason for this more complex
structure is explained by instrumental effects. A 9o° spurious modulation is
present due to the square geometry of the POLAR instrument. An additional
360° modulation is also produced by the fact that photons back scattering to the
incoming direction have a greater chance of escaping the sensitive volume of
the instrument. Furthermore, more complex effects exist due to non-uniformity
of the MA-PMT efficiency. It is therefore crucial to have a complete knowledge
of the instrument to be able to produce accurate spectral and polarization re-
sponses.

The same analysis is used for other GRBs observed by POLAR. Some of them
are also jointly observed by Fermi-GBM, or even Swift-BAT and Konus-Wind,
while some GRBs are only observed by POLAR. Most of the GRBs in the POLAR
catalog are fitted using a Band function, except GRB170101A and GRB170127C,
for which a cutoff powerlaw (CPL) function is used to describe the spectrum:

_ E ~ _EJE
Ng(E) = K(l()OkeV) e (4.1)

with K the normalization constant in cnts s tem2keV 1, E the energy in keV, a
the powerlaw index, and E, the cutoff energy in keV.

The posterior distribution of the polarization degree obtained for the energy
integrated analysis are shown in Figure 4.5 for 13 GRBs". The distributions
obtained for the polarization angle are also shown in the same figure, although
not necessarily relevant for very low polarization levels. As discussed earlier in
Chapter 3, the results are compatible with lowly polarized or even unpolarized

For the final GRB in the catalog, GRB161218B, an issue with the analysis software was encountered
which did not allow to perform the analysis on this very weak GRB.
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emissions. The light curves, spectra, and fluences of all these GRBs are provided
in the POLAR catalog [128].
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Figure 4.5: Posterior distributions of the polarization degree and angle obtained for the
energy integrated analysis for the 13 brightest GRBs observed by POLAR.

4.3 ENERGY RESOLVED POLARIZATION ANALYSIS
4.3.1 Heaviside fit of the PD versus energy
We first investigate the energy dependence of the polarization degree. The

simplest function to parameterize the PD as a function of energy is a Heaviside
distribution:

PDlow Zf E< Ebreak
PDyign  if E> Eprear

PD = PA = cst. (4-2)

This parametrization uses three parameters: the PD at low energies PDj,,, the
PD at high energies PDy;qp,, and the energy break which separates the two energy
bins Ejp,.qr. Such parametrization is used for its simplicity, in order to check if the
polarization degree is different at low and high energy. The polarization angle is
kept constant, like in the case of the energy integrated analysis. The resulting
corner plot showing the polarization parameters posterior results against each
other is shown on the left of Figure 4.6.
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Figure 4.6: Corner plot showing the obtained polarization parameters as a function of
each other and their respective posterior distributions when fitting the PD
with a Heaviside function. Left: Heaviside fit on the polarization degree
with a free break. The parameters are the PD at low and high energies,
respectively called "degree" and "deghigh", the energy break "ebreak" and
the polarization angle. Right: Heaviside fit on the polarization degree with
an energy break fixed to 150 keV. The fit parameters are the same than in the
previous case, except for "ebreak" that is now fixed.

The PD at low energy and the PA are obtained with the Heaviside fit are
compatible with the energy integrated result. The posterior distribution of the
PD for high energies is peaking at a slightly higher value, with a slower decaying
tail towards high PD values compared to the PD distribution for low energies.
However, the PD values obtained for the low and high energy bins are within
one sigma of each other. No significant energy dependence is therefore found
for GRB170114A using a Heaviside fit of the PD. Finally, it can be noticed that
the energy break is not constrained at all. We therefore try to fix the energy
break to 150 keV based on [155] to fit the PD as a function of energy:

PDipw  if E <150 keV
PDhigh lf E > 150 keV

PD = PA = cst. (4-3)

The resulting parameters are shown on the right plot of Figure 4.6. The
polarization angle is once again compatible with the energy integrated result. By
looking at the distributions of the polarization degrees in the two energy bins,
a hint can be observed for a slightly higher PD at high energies. But the two
PD values being within 1 ¢ of each other, no significant energy dependence can
be reported. A summary of the polarization parameters values obtained with
the two fits compared to the energy integrated result are given in Table 4.1. The
same exercise has been repeated by fixing the energy break to other values. The
PDs at low and high energies as a function of the break are shown in Figure 4.7.
The PD at high energies shows a tendency for higher values than the one at low
energies, but no significant difference is observed between the two PDs.
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Energy integrated PDpyeaviside With a free break  PDpyeaviside fOr Epreak=150keV

PD [%] 2287153 - -
PDjoy [%] - 5.7113569 19.6777
PDyigh [%] - 79.67 75 195557
PA [°] 17+, 115419 109177
Epreak [keV] - 334110 150

Table 4.1: Mean and standard deviation of the polarization parameters for different fits
(energy integrated, Heaviside polarization degree with a free or fixed energy
break) extracted from the posterior distributions shown in Figures 4.4 and 4.6
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Figure 4.7: Polarization degree at low and high energies for a Heaviside fit with a fixed
break, as a function of the energy break. The error bars and shadow region
correspond to a 1 ¢ confidence level.

The Heaviside fit on the PD has been repeated on 13 GRBs of the POLAR
catalog, for both cases discussed earlier, i.e. with a free energy break and fixing
the break to 150 keV. The posterior distribution of the PA and the two PDs for
each GRBs are compared to the energy integrated results in Figures 4.8 and 4.9.
In the former case, the distribution obtained for the energy break is also shown,

while it is no longer a fit parameter in the latter case since the value is being
fixed.
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Figure 4.8: Resulting posterior distributions for the different parameters when fitting
the polarization degree with a Heaviside function. The results are shown
for the 13 brightest GRBs observed by POLAR. Left: Polarization degree at
low and high energies compared to the energy integrated result. Middle:
Energy break for the Heaviside fit. Right: Polarization angle obtained with
the Heaviside fit compared to that obtained with the energy integrated
analysis.

The PA is compatible with the energy integrated results for all GRBs and for
both fit functions. In the case of a free energy break, no important difference can
be observed between the energy integrated PD and the two PDs fitted with the
Heaviside function, as depicted in Figure 4.8. The distributions for the last two
PDs are just wider due to bigger errors since less statistics is used per energy
bin compared to the energy integrated case. Furthermore, no strong constraint
could be made on the energy break which shows a flat distribution, except at
very low energies (below 100 keV) where the break is highly suppressed.
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Figure 4.9: Resulting posterior distributions for the different parameters when fitting
the polarization degree with a Heaviside function with a fixed energy break
at 150 keV. Left: Polarization degree at low and high energies compared to
the energy integrated result. Right: Polarization angle obtained with the
Heaviside fit compared to that obtained with the energy integrated analysis.

In the case of a fixed 150 keV break, the PD at high energies tends to go towards
higher values than the one at low energies for several GRBs, as observed for
170114A, but the difference between the two PDs is not significant enough to
draw any conclusion.

4.3.2 Linear fit of the PD versus energy

Another simple function that is being used to look for potential energy depen-
dence of the polarization degree is a linear function:

E
PD = PDjutercept + PDstope X £ 7 Emax =750 keV ;  PA=cst.  (4.4)

max

where PDjytercept can be seen as the PD value extrapolated to o keV, PDyp, is
the change in PD from null to maximum energy (750 keV), and E is the energy
in keV. The polarization angle is kept constant versus energy, just like in the
energy integrated standard analysis.

The resulting corner plot of the linear PD fit is shown in Figure 4.10 for
GRB170114A. The polarization angle is compatible with the one obtained for the
energy integrated analysis. The polarization degree intercept is also consistent
with the polarization degree from the energy integrated result. The slope of the
polarization degree is not constrained at all and is linearly correlated with the
intercept, indicating that no significant linear dependence is found.
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Figure 4.10: Corner plots of the polarization parameters for a linear fit of the PD versus
energy. The fit parameters are the polarization angle, the polarization degree
intercept (extrapolation of the PD at null energy), and the polarization
degree slope in units of %/750 keV (due to the energy normalization in the
linear function). These parameters are respectively called "angle", "degree",
and "degslope" in the plot.

Similar behavior is observed for the 13 GRBs shown in Figure 4.11. The PD
intercept and PA are respectively compatible with the energy integrated PD and
PA, while the posterior distribution of the slope of the polarization degree is flat
over the entire probed range. No significant linear energy dependence of the PD
is therefore observed for any of the analyzed bursts.
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Figure 4.11: Resulting posterior distributions for the different parameters when fitting
the polarization degree with a linear function. The results are shown for the
13 brightest GRBs observed by POLAR. Left: Polarization degree intercept
(extrapolation of the PD at null energy) compared to the energy integrated
result. Middle: Polarization degree slope in units of %/750 keV (due to
the energy normalization in the linear function). Right: Polarization angle
obtained with the linear fit on the PD compared to that obtained with the
energy integrated analysis.

4.3.3 Linear fit of the PA versus energy

A linear function has also been used to search for energy dependence of the
polarization angle:

E
PA = PAiutercept + PAstope X =5 Emax =750 keV ; PD =cst.  (4.5)
max
where PAjjercept can be seen as the PA value extrapolated to null energy,
PAgiope is the change in PA from null to maximum energy (750 keV), and E is the
energy in keV. This time the polarization degree is kept constant versus energy.

The posterior results of the linear PA fit are shown in the form of a corner
plot in Figure 4.12 for GRB170114A. The result is similar to what was observed
when linearly fitting the PD as a function of energy, but with th role of PD and
PA inverted. That is, the PD and PA intercept are respectively compatible with
the energy integrated result, while the slope of the PA is not constrained and is
linearly correlated with the PA intercept. Once again, as shown in Figure 4.13,
similar results are found for the 13 analyzed GRBs. No significant linear energy
dependence of the PA is observed.
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Figure 4.12: Corner plots of the polarization parameters for a linear fit of the PA versus
energy. The fit parameters are the polarization degree, the polarization angle
intercept (extrapolation of the PA at null energy), and the polarization angle
slope in units of °/750 keV (due to the energy normalization in the linear

function).
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Figure 4.13: Resulting posterior distributions for the different parameters when fitting
the polarization angle with a linear function. The results are shown for the
13 brightest GRBs observed by POLAR. Left: Polarization angle intercept
(extrapolation of the PA at null energy) compared to the energy integrated
result. Middle: Polarization angle slope in units of °/750 keV (due to the
energy normalization in the linear function). Right: Polarization degree
obtained with the linear fit on the PA compared to that obtained with the
energy integrated analysis.
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4.4 CONCLUSIONS AND FUTURE PROSPECTS

After having studied energy and time integrated and time-resolved polarization
of the brightest GRBs detected by POLAR, the energy dependence of polarization
had to be studied as it can bring important information to disentangle between
the existing emission models. Energy-dependent fitting of the polarization pa-
rameters has therefore been implemented in the existing Bayesian framework,
threeML, as well as in the astromodels package and polarpy plugin also used in
the analysis process. Even though the energy dispersion and restricted statistics
are limiting factors for studying energy dependence of polarization, the analysis
has been performed on the POLAR data, and the analysis pipeline is ready for
future missions such as POLAR-2.

The detected GRB, 170114A, has first been used to perform the energy re-
solved analysis, followed by 12 other GRBs from the POLAR catalog. On one
hand, the polarization degree has been fitted using both a Heaviside and a
linear function. The linear fit did not show any energy dependence, while the
PDs obtained at low and high energies for the Heaviside fit were not strongly
constrained. In order to reduce the number of parameters, the energy break,
which was not constrained at all in the previous Heaviside fit, has been fixed
to 150 keV. For GRB170114A, the PD at low energy is compatible with that
obtained for the energy integrated result, while the PD at high energy appears
to be slightly higher. But no strong conclusion could be made since the PDs at
low and high energies are about 1 ¢ away from each other, even when changing
the fixed value of the energy break. This was also observed for several other
GRBs. The polarization angle has also been fitted versus energy using a linear
function. No significant energy dependence could be observed for any of the
analyzed GRBs. However, the results are not constraining enough to rule out any
theoretical models either from photospheric [155] or synchrotron [84] emission.

Other energy dependent models could be tried, for instance fitting both PD
and PA in parallel with a Heaviside or linear function. This would add new
titting parameters, which would make the analysis script very computationally
demanding. But such fits could be implemented for the POLAR-2 mission as
it will be able to gather more statistics, especially below 50 keV. Using the
POLAR-2 effective area and polarization sensitivity p190 as a function of energy,
predictions on its sensitivity to energy dependence of polarization compared
to POLAR can be made. Such comparison can be produced by artificially gen-
erating several GRBs with different properties and a fake energy dependent
polarization, and see how well this energy dependence can be resolved using
the POLAR and POLAR-2 responses. This work would be interesting in the
frame of a future publication on this energy resolved study [8].

It should finally be noted that due to the positive definite nature of the po-
larization degree, one should limit the number of attempts to fit for energy
dependent polarization. It could indeed be tempting to try many energy depen-
dent fittings until finding the more significant energy dependence. However,
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this is statistically wrong as the significance goes down with the number of
attempts and the results should be corrected for that.



Part II1

DESIGN AND DEVELOPMENT OF POLAR-2, THE NEXT
GENERATION GRB DEDICATED POLARIMETER

Even though it operated for a shorter period than originally planned,
the POLAR mission was very fruitful it terms of science outcome.
It detected 55 GRBs during its 6 months of operation, 14 of which
could be analyzed for polarization. The prompt emissions of these
GRBs have been found to be compatible with a lowly polarized
or unpolarized flux. Time-resolved analysis shown, for two of the
brightest detected GRBs, an interesting time evolution of the po-
larization angle with a higher polarization degree, washed out in
time-integrated analyses. Energy resolved polarization analysis was
also carried out in the frame of this thesis, and no significant energy
dependence of the polarization parameters could be observed. In
addition to the exciting science output of POLAR, the main conclu-
sion on GRB polarization is that more statistics is needed in order
to provide detailed time and energy resolved polarization results. A
more sensitive instrument, based on the POLAR legacy, is therefore
under development. Called POLAR-2, it is composed of 4 times more
polarimeter channels and have seen some technological upgrades to
further improve its sensitivity, especially at low energies. Scheduled
for a launch in 2025 to the China Space Station, it aims to operate
for at least two years in low Earth orbit and bring detailed polar-
ization measurements of about 50 GRBs per year. The design and
development of the instrument is described in this part, as well as
all the characterization, simulation, and qualification work that was
accomplished within the scope of this thesis.






POLAR-2 DESIGN AND DEVELOPMENT

After the premature end of the POLAR mission and thanks to its scientific
success, a more sensitive successor instrument, creatively named POLAR-2, has
been proposed. In June 2019, the POLAR-2 mission has been accepted for a
launch to the China Space Station (CSS), currently scheduled for 2026. It consists
of a Compton polarimeter 4 times bigger than POLAR, with an improved
sensitivity by one order of magnitude thanks to several technological upgrades
and design optimization. With a nominal life-time of 2 years, the aim of the
POLAR-2 mission is to provide measurements of about 50 GRBs every year with
quality equal or better than those provided by POLAR. The overall instrumental
design is first discussed, followed by a detailed description of the polarimeter
module. The installation of the polarimeter on the CSS as a scientific payload
and its preliminary science performance are then presented. Finally, the space
qualification through irradiation, vibration and shock, and thermal vacuum tests
is described.

5.1 POLAR-2 INSTRUMENT DESIGN

An exploded view showing the main parts of the POLAR-2 instrument is
provided in Figure 5.1. The polarimeter modules, individually housed in a
0.75 mm thick Carbon Fiber Reinforced Polymer (CFRP) socket, are mechanically
assembled in a 10X 10 configuration with a 57 mm pitch. Each module, whose
design is described in Section 5.2, consists of a 8 x8 array of scintillators. The
sensitive part of the modules, that is the top part containing the scintillators,
stick out of the polarimeter Aluminum 7075 (or similar) grid. A carbon fiber top
cover is placed on top of the 10x10 array of the polarimeter modules, with a
thickness of 2.25 mm on the top and 3.25 mm on the sides in order to shield
the scintillators from low energy electrons. Under the polarimeter grid are
mounted the Low Voltage Power Supply (LvPS) and Back-End Electronics (BEE)
grids. The BEE grid, located at the bottom of the instrument, is hosting the
primary electronics responsible for sending orders to the individual Front-
End Electronics (FEE), applying the trigger logic on the instrument level, and
collecting the data. The same grid also contains the communication system used
to exchange information with the space station, as well as the first stage of the
LVPS responsible for receiving 100 V from the CSS and converting them into
28 V inputs for the LVPS Hub. Five LVPS Hubs are mounted on the middle
LVPS grid. Each of these Hub is collecting the data from 20 polarimeter modules,
and powering them with 3.8 V converted from the 28 V voltage provided by the
LVPS first stage. The instrument dimensions are within a 500x 600x600 mm?
envelope in order for the payload to fit through the doors inside the CSS during
the installation. The total mass of the instrument is 101.5 kg without accounting
for the different adapters needed for the installation (see Section 5.3).
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gives the same
shielding than that
of POLAR, which
was shown to be
sufficient during
data analysis.
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Figure 5.1: Exploded view of the POLAR-2 instrument.

The trigger logic for polarization events, which have at least 2 bars (or chan-
nels) triggering, is based on the two thresholds of the CITIROC ASIC [29]: the
charge threshold and the time threshold. Figure 5.2 shows a state machine
diagram of the POLAR-2 trigger logic. If at least a single channel goes above
one of these two thresholds, the peak sensing is started for acquisition. The 64
trigger lines of the two ASICs are read out by the FPGA, which applies the local
module triggering logic. If the time multiplicity (i.e. the number of channels that
went over the time threshold) trig; is greater than a fixed number of channels N,
the event is discarded in order to get rid of cosmic-ray induced events. In the
case of a 2-bars event within a single module, that is 1 < trig; < N, the ADC
readout is directly started. The ADC is also started if any channel is triggering
on the charge threshold : trig. > 0. If at least one channel is triggering the time
threshold, trig; > 1, the FEE will ask the BEE if another module has at least one
channel above threshold in a set time interval of 100 ns. For trig; = 1, the BEE
will send back a positive answer and start the acquisition only if another module
has at least a bar triggering. If the BEE sends back a positive answer, the event
will be read out. This is the case if an event is triggering 2 bars in 2 different
polarimeter modules. An additional type of event is the pedestal events, for
which the BEE is forcing an FEE to acquire pedestal levels of all 64 channels.
Physical events have priority over pedestal events, the latter can not be taken if
the peak sensing is activated. Another special kind of event is pre-scaled events,
which are high multiplicity events being stored despite the trig; < N condition
mentioned earlier every M occurrence of such events.
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POLAR-2 DESIGN AND DEVELOPMENT

5.2 POLARIMETER MODULE DESIGN

The polarimeter module is a central part of the POLAR-2 detector. It consists
of 8x8 plastic scintillator bars, wrapped in reflective foils, and read out by
Silicon PhotoMultiplier (siPM) arrays. It also contains the FEE, responsible to
pre-processing the signal of the sensors and to send it to the central electronics.
The FEE is mounted on a mechanical frame, optimized for thermal cooling of
the sensors. An exploded view of the CAD model of the polarimeter module
can be seen in Figure 5.3, while the individual parts of the module are described
here.

End-Cap Thermal Pad FEE Alignment Grid CFRP Socket

Thermo-Mechanical

Support Optical Pad
SiPM Arrays Scintillator Bars Dampers

CFRP Plate

Figure 5.3: Exploded view of a POLAR-2 polarimeter module.

5.2.1 Polarimeter Targets

The target is composed of 64 scintillator bars of dimension 5.9 x5.9x 125 mm?3.
The dimensions of the scintillators have been changed compared to the 5.8 5.8
176 mm? in POLAR. The width of the bar has been increased by 0.1 mm, mini-
mizing the dead space in the polarimeter, since the pitch between channels is
now 6.2 mm instead of 6.08 mm. The length of the bar has been optimized for
improving the Signal-to-Noise Ratio (SNR) based on simulations [131]. It has
been found that since the background scales with the volume of the detector and
the signal scales with its surface, shortening the bars leads to an improvement
of SNR. A compromise between SNR and statistics was found by choosing a
scintillator length of 125 mm.

While in POLAR Vikuiti reflective sheets were placed between rows of 8 bars,
in between which strips or Vikuiti were inserted in the perpendicular direction,
the POLAR-2 scintillator bars are wrapped individually, as shown in Figure
5.4. As better described in Sections 5.2.4 and 7.9, the bars are wrapped with
two types of reflective foils: 4 Vikuiti strips surrounded by a Claryl foil folded
around the bar. The POLAR-2 target is therefore much more dense since 4 layers
of reflector are now separating each bars, instead of a single layer in POLAR.
These distance between two scintillator surfaces is 300 ym, gap in which two
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8 ym Claryl layers and two 65 ym Vikuiti layers are placed, without forgetting
the 0.1 mm thick Kapton tape used on one side to close the wrapping.

Scintillator Bar

Vikuiti Strip

-

7‘\ Claryl Foil

Kapton Tape

Figure 5.4: Top Left: CAD design of the plastic alignment grid and cross. Bottom Left:
Schematic view of the disposition of the different wrapping layers around a
scintillator bar. Right: Assembled module with an aperture on the side of
the carbon socket to observe the stacking of the different elements and the
proper insertion of the PCB into the alignment grid.

The FEE, which will be presented in the next Section, contains 4 SiPM arrays,
each of dimensions 25x25 mm?. An array is composed of 4x4 channels, of
6x6 mm? each, separated by a 200 um of passive Silicon dioxide (SiO,). The
four arrays are soldered next to each other on the Printed Circuit Board (PCB),
with a 0.1 mm gap in between the 2 x 2 arrays. While the dead space between
two channels of the same array is 200 ym, the dead space between two adjacent
channels of different arrays is therefore 2 x 200 ym + 0.1 mm = 500 pm. This
is the case between the 4™ and 5™ lines and between the 4™ and 5™ columns
in the 8 x8 matrix. A middle cross, whose design is shown on the left image of
Figure 5.4, is therefore placed at the top of the target instead of an alignment
grid to act as a spacer between the four quarters of the module.

Thanks to the possibility of printing very thin mechanical pieces at the
European Organization for Nuclear Research (CERN) polymer lab, the plas-
tic alignment grid used to align the 64 bars on the sensor side has also been
redesigned with much thinner elements than in POLAR. The thickness of the
separation between channels of the same array is 0.2 mm, while the thickness
of the central separation is 0.5 mm like for the middle cross. The reason for
the bigger central separation is purely mechanical, as it is due to the use of
4 separated SiPM arrays. Having very thin mechanics for this alignment grid
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allowed to remove the truncation at the extremity of the bar (see Section 3.2.1),
not needed anymore for mechanical robustness, greatly improving the contact
surface between the scintillator and the sensor. While the POLAR bars were
reduced from a 5.8x5.8 mm? surface down to 5.0x 5.0 mm? with the truncation,
the POLAR-2 bars have a 5.9x 5.9 mm? section up to the extremity. This implies
an increase of the contact surface of 39.24%, important for enhancing the optical
sensitivity of the module. The CAD model of the alignment grid is shown on
the left side of Figure 5.4. The outside frame is only composed of three sides,
the fourth one being opened for flex part of the FEE (see next section). Two
notches can be noticed on the sides of the grid’s outside frame. Their purpose
is to properly align the FEE during the assembly process, the PCB having two
protuberances just fitting the notches. A picture of an assembled module with an
opening on the carbon socket showing the insertion of the PCB in the alignment
grid is displayed on the right of Figure 5.4.

The target development and its detailed optical characterization and simula-
tion are described in Chapter 7.

5.2.2  Front-End Electronics Development

The POLAR-2 Front-End Electronics (FEE), shown in Figure 5.5, is composed
of three rigid parts separated by two flexes. The aim of the flex parts is to fold
the FEE around its thermo-mechanical support in order to extract the heat from
the SiPMs, as described in Section 5.2.3. The use of SiPMs is one of the main
technological upgrades of the polarimeter modules compared to POLAR, which
employed MA-PMTs. Advantages of using this more recent technology is the
higher detection efficiency (see Chapters 6 and 7), the compactness, and the
mechanical robustness, important for surviving extreme launch condition (as
discussed in Section 5.7). The main drawback of using SiPMs is the dark noise
which is reduced by operating the sensors as cold as possible (see Section 5.2.3),
and the increase of dark noise with radiation damage, as discussed in Chapter 6.

The first rigid part is hosting the SiPMs, the middle one the main electronics
(ASICs, FPGA, ADCs, etc.), and the third rigid part hosts the connectors (for
power, signal, and FPGA programming) and drivers for cooling and heating
system. The FEE contains 10 layers of electronic tracks and a total of about 8oo
electronic components.

The SiPM rigid part has dimensions of 50.8x50.8 mm?. The four SiPM arrays
are mounted on one side of the PCB. The other side is hosting RC filters for
each SiPM channel as well as 8 power resistors and 3 Negative Temperature
Coefficient (NTC) thermistors. The role of the 8 power resistors is to heat up the
SiPMs for radiation damage annealing, as discussed in Chapter 6. The NTCs are
used to monitor the temperature of the SiPMs and apply a live correction to their
bias voltage, since the breakdown voltage of the SiPMs is temperature dependent.
Based on the readout of the NTCs, the FPGA will tune the bias voltage in order
to keep the over-voltage constant with time in case of temperature variations.
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An 8-bit DAC, called inputDAC, is also used in the CITIROC to tune the bias
voltage of each channel, to wash out variations of breakdown voltage among
the 64 SiPM channels of a module. The square shape of this PCB part has two
small protuberances on the sides for mechanical alignment in the notches of the
plastic grid, as discussed in the previous section.

IGLOO HG/LG CITIROC

FPGA ADCs ASICs RC filters
POLAR-2
simplified logo Heating
resistors
Thermal pipe hole : Al 0L
B ol K SO NTCs
UniGe logo —— ' R
Data connector
PWM drivers
SiPM arrays Peltier/Heater

Power connector

Charge
injection coax connector

HVPS JTAG

PS sequencing

Figure 5.5: Last version of the POLAR-2 front-end electronics and its main components.

The main rigid part of the PCB has dimensions of 50.8 x76 mm?. Components
are mounted on both sides of the PCB. One side is facing the inner part of the
module for thermal cooling as discussed in the next section. It hosts the two
CITIROC ASICs, the IGLOOv2 FPGA, and a lot more components surrounded
by a ground ring for thermal and grounding connection to the mechanical
support. An NTC is placed next to the FPGA to monitor the temperature of the
hottest region of the FEE. The diagram shown in Figure 5.6 gives an idea of
the architecture of the POLAR-2 FEE. The other side of the PCB is hosting an
LT3482 DC/DC converter to bias the SiPMs, micro-coax connectors for artificial
charge injection during testing, and many other electronic components. A Peltier
element is used to cool down the SiPMs in order to operate them with the lowest
possible temperature and reduce its dark count rate. This thermo-electric cooling
unit is directly mechanically placed at the back of the SiPM arrays. The two
cables of the Peltier element are soldered on two pads on the edge of the PCB in
order to provide the necessary power to cool down the sensors.

The final rigid part has dimensions of 43.6x38.9 mm? with a hole in the
center for heat extraction (see Section 5.2.3). It is hosting three connectors and
two Pulse-Width Modulation (PWM) drivers for the heating resistors and Peltier
element. The three connectors are a JTAG conector for flashing the FPGA, a
T2M-105-01-L-D-SM-DS connector from Samtec for powering the module (3.8 V),
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and a firefly connector from Samtec for the signal Low Voltage Differential Sig-
naling (LVDS) pairs. The power and signal connectors are respectively connected
to the LVPS Hub through a Teflon cable and a firefly cable from Samtec.

Early stage development of the polarimeter modules was done using a simple
FEE only containing SiPMs and RC filters with a micro-coax connector per
channel. Each channel was then connected to an adapter board to be used with
Front-End Board (FEB) developed in Geneva for the Baby MIND experiment
[185], also based on the CITIROC ASIC. This allowed for early data acquisition
in parallel to the design of the complex POLAR-2 FEE.

FEE SiPM SPM array Hv=a Vbizs

Figure 5.6: Diagram of the POLAR-2 front-end electronics. [132]

5.2.3 Thermo-Mechanical Frame

As previously mentioned, one of the main drawback of employing SiPMs over
MA-PMTs for the scintillator readout is their dark noise. This dark noise is
caused by microcells that are triggered via thermal excitation, and is therefore
proportional to the operating temperature. The SiPMs should therefore be
operated at temperatures as low as possible. A Peltier element is therefore placed
directly on the back of the SiPMs to cool them down. The heat produced on the
other side of the Peltier is then extracted with a copper bar directly connected to
the back of the module. The end-cap, in which the other extremity of the copper
bar is encapsulated, is thermally connected to the main polarimeter aluminum
frame using a thermal pad. The FEE is folded on 3 faces of its aluminum support,
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by which the copper bar is held using plastic rings. The aluminum support is
mounted on a polyether ether ketone (PEEK) base in order to avoid thermal
conduction between the back of the module and the SiPMs, which would re-
inject heat into the sensors. The hottest part of the FEE, namely the ASICs and
FPGA, are irradiating their heat directly onto the aluminum support. The design
of the module thermo-mechanical support is shown in Figure 5.7. The heat is
propagating to the main payload structure. Two sides of the payload facing deep
space are painted with a special white paint to irradiate the heat out. The other
two sides, which face neighbor payload with unknown thermal behavior, as well
as the top of the instrument, facing deep space, are covered with a Multi-Layer
Insulation (MLI). ANSYS thermal simulations together with thermal vacuum
tests (see Section 5.8) are used to model and optimize the thermal behavior of
the instrument.

Small ring
Copper bar
Big ring

Copper bar
housing

RC filter

Figure 5.7: Thermo-Mechanical design at the the module level. [53]

5.2.4 Module assembly

A detailed procedure for assembling the POLAR-2 polarimeter modules has
been developed and optimized along the years [53], since a great mechanical
precision is needed to properly mount the targets. The 64 scintillator bars first
have to be individually wrapped with 4 strips of Vikuiti surrounded by a foil
of Claryl reflector using a specially developed mechanical jig. The final step of
the highly complex wrapping process, which consists of closing the reflecting
foils around the scintillator bar using 3 strips of Kapton tape, is shown on the
left of Figure 5.8. Details and optical characterization of these reflective foils are
presented in Section 7.1.1.
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Figure 5.8: Left: Wrapping of a POLAR-2 scintillator bar [53]. Right: Fully wrapped
target being assembled in the plastic alignment grid [53].

An L-shaped support hosting the plastic alignment grid is used to insert the
64 wrapped bars individually. The middle plastic cross is placed at the top
extremity of the module when a quarter of the scintillators are inserted, as
can be seen in Figure 7.1. Once the 64 bars are inserted (see right picture of
Figure 5.8), the target is held together with 4 rigid Vetronite thin plates attached
with Kapton tape. A 50x50 mm Vikuiti sheet is placed on the top of the target
together with 4 Sorbothane damping pads placed in between two 0.5 mm thick
carbon fiber plated with the same dimensions than the Vikuiti piece. The role
of these Sorbothane pads is to dampen the vibration at which the module is
exposed during the extreme conditions of the rocket launch. The assembled
target is then inserted into a carbon fibre socket.

In parallel to the target assembly, a 150 ym thick optical pad based on the
MAPSIL QS1123 RTV silicone is directly molded on the four SiPM arrays [113],
as depicted in Figure 7.17. The FEE is then assembled to its thermo-mechanical
frame described in Section 5.2.3. The assembly is subsequently inserted on top of
the target in the carbon socket using a guiding carbon fibre plate until the PCB
fits in the notches of the plastic alignment grid. The module can then be inserted
in the polarimeter grid and closed using the end-cap and its thermal pad. The
role of the thermal pad is not only to ensure a good thermal contact between the
FEE and the main instrument frame, but also to apply pressure on the module
so that a good optical coupling between the FEE and the target is guaranteed.
In order to characterize the mechanical behavior of this thermal pad and to
ensure that the compression effect is persistent, a sample of the thermal pad
was compressed and the compression force due to the elasticity of the material
was monitored with time. A measurement of the force temporal evolution from
a compressed sample of thermal pad due to the material elasticity is shown in
Figure 5.9.



5.2 POLARIMETER MODULE DESIGN

300 - e original behavior
14 —— double exp fit
280
260
F(t) = a*exp(b*t) + c*exp(d *t) + e
= a=76.87+2.39N
D 2401 ¢ b =-6.19e-03+4.24e-04 s7!
4 c=41.36%+1.56 N
hs d =-1.93e-04+3.01le-05 s7*
2201 e=174.67+1.35N
200 A
180 o a
e
0 5000 10000 15000 20000

Time [s]

Figure 5.9: Time evolution of the force exercised by a compressed sample of thermal
pad due to a 20% compression.

5.2.5 Module calibration setup

A calibration setup has been developed at CERN in order to be able to scan
the polarimeter channel by channel with a polarized source. The X-Y scanning
system is based on motorized x-y axes from OPENBUILDS mounted on a
mechanical frame made of aluminum profiled bars [122]. The polarimeter grid
can be directly mounted on the table, on top of which the X-Y axes will scan

the instrument. A 365 MBq 2*! Am source is used for polarization calibration.

In order to get a polarized source of 59.5 keV photons from the Americium
source, a special lead block was designed to scatter the photons go° from the
incoming direction and get a highly polarized source. The design of the lead
block as well as a picture of the X-Y table setup at CERN are shown in Figure
5.10. Other sources such as '¥Cs or *Sr are also available for measurements at
higher energies.
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' Am-241 source Scatter piece

’

Figure 5.10: Left: Design of the lead block used to shield and polarize the Americium
source. Right: Motorized X-Y scanning table developed at CERN to scan
the polarimeter module channels with the polarized source [122]

Figure 5.11: Experimental room used at ESRF used to calibrate POLAR-2 modules with
a polarized X-ray synchrotron beam.

An X-ray polarized beam is also available at the European Synchrotron Radi-
ation Facility (ESRF) in Grenoble, not far from Geneva. Calibration campaigns
of about 1 week can therefore often be organized. Pictures of the setup from
the calibration campaign that took place in April 2023 are shown in Figure
5.11. Three polarimeter targets as well as a monolithic 10 mm thick CeBrs [201]
crystal and a segmented 5 mm thick GaGG [243] crystal were tested during this
campaign. More details on the polarimeter module calibration will be provided
in Chapter 7.
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The POLAR-2 instrument will be launched to the China Space Station (CsS) with
a Long March 5B rocket (or CZ-5B) from the Wenchang Space Launch Site on
the Hainan Chinese island. The current schedule is to launch the instrument
at the end of 2025 or in 2026 for at least 2 years of operation. Once inside the
space station, the payload will be equipped with a adapter plate for an easy
connection to the outside platform. As shown on the left image of Figure 5.12, a
robotic arm adapter will also be mounted on one side of the payload in order for
the robotic arm to transport POLAR-2 to its final location. A tungsten plate will
be interfacing the aluminum robotic arm adapter to the payload. The former
being in the field of view of the latter, the tungsten will act as a shield against
photons scattered in the adapter back to the polarimeter. As such scattering
in the aluminum adapter would change the polarization of the photons, it is
important to prevent this photons from reaching the polarimeter as it would
induce an artificial polarization arduous to model.

Ram direction

Robotic arm
adapter

POLAR-2
payload

\ Platform

adapter plate

emplacement

Figure 5.12: Left: CAD model of POLAR-2 equipped with the robotic arm adapter and
plate adapter used for installing the payload on the space station. Right:
Outreach block model of the CSS showing the installation emplacement of
POLAR-2.

Once equipped with its different adapters, the payload will be placed in the
decompression airlock and grabbed by the robotic arm adapter to be placed
on the experimental platform facing deep space on the Experimental Module
I (EM-I). The platform on which POLAR-2 will be mounted, whose location
is shown on the right picture of Figure 5.12, will host g scientific payload in
a 3x3 configuration. POLAR-2 is placed on the anti-ram direction, meaning
that it will be protected by other payloads from space debris and have a much
lower Atomic Oxygen flux. The orbit of the CSS has an inclination of 42° and an
average altitude of 383 km.
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5.4 POLAR-2 COLLABORATION

The POLAR-2 collaboration is led by the Department of High Energy Physics,
or in French Département de Physique Nucléaire et Corpusculaire (DPNC), of the
University of Geneva in Switzerland. The POLAR-2 collaboration is composed
of four other institutes: the Department of Astronomy (DA) of the University
of Geneva in Versoix, Switzerland; the National Centre for Nuclear Research
(NCB]J) in Otwock, Poland; the Max Planck Institute for Extraterrestrial Physics
(MPE) in Garching, Germany; and the Institute of High Energy Physics (IHEP)
of the Chinese Academy of Sciences (CAS) in Beijing, China. The work packages
for the POLAR-2 missions as well as the institutes involved in each of them are
listed in Table 5.1. The POLAR-2 mission logo, as well as the simplified logo for
the electronics, were both designed in the frame of this thesis and are presented
in Appendix B. The logos of the institutes are shown in Figure 5.13.

WP # WP name Institutes
0 Management (MGT) DPNC
1 Detector Module (DM) DPNC
2 Front-End Electronics (FEE) DPNC
3 Back-End Electronics (BEE) NCB]J
4 Low Voltage Power Supply (LVPS) NCBJ
5 Payload Thermal-Mechanical Structure (PTMS) DPNC
6 Qualification and Verification (QV) MPE
7  Flight Model Acceptance (FMA) IHEP

8 POLAR-2 Onboard Software System (POSS) DA

9 Spectrometer (SPEC) IHEP, MPE

10 GRB Science (SCI) DPNC, MPE, NCB]J

Table 5.1: List of POLAR-2 work packages and institutes involved in each of them.
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Figure 5.13: Logos of the institutes member of the POLAR-2 collaboration.
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The effective area of POLAR-2 for polarization events is compared to that of
POLAR as a function of energy on the left plot of Figure 5.14. The curves are
generated through Geant4 simulations using a 6 = 22° incoming angle with
respect to the instrument zenith, corresponding to one of the GRBs detected by
POLAR. A third curve corresponding to a 100 modules instrument based on the
POLAR module is also plotted for reference, as POLAR-2 contains 4 times more
channels then POLAR. The benefits of the POLAR-2 technological and design
upgrades, such as the use of SiPMs and the new scintillator shape, are clearly
visible when comparing the POLAR-2 and POLAR x4 curves. An impressive
improvement in effective area can be noticed at low energies, i.e. below 200 keV,
thanks to the use of more efficient light sensors and to the increased contact
surface between the scintillator bars and SiPMs. These improvements lead to a
higher light yield, which increases the sensitivity at low energies (where fewer
photons are produced through the scintillation process). While the number of
channels has been multiplied by 4 in POLAR-2, the energy integrated effective
area when combined with a typical GRB spectrum has increased by an order of
magnitude.
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Figure 5.14: Left: Effective area of the POLAR-2 instrument versus energy, compared to
that of POLAR. The POLAR effective area curve is also multiplied by 4 as
a reference, as POLAR-2 contains 4 times more polarimeter modules than
POLAR. This shows the impact of the module technological upgrade on
the effective area, with a major improvement at low energies thanks to a 5
times bigger optical efficiency (see Chapter 7). Right: Minimum detectable
polarization (at 99% C.L., averaged over the polarization angle) for a 1 s
GRB for GAP, POLAR, and POLAR-2 as a function of the fluence in the
10-1000 keV energy range (taken from [84], with permission). The 50 MDP
is also given by the dashed curve for POLAR-2. The fluence of the weakest
ever detected GRB, 1708174, is given as reference.

Figure 5.14 also gives the 99% Minimum Detectable Polarization (MDP), as
defined in Chapter 2, averaged over the PA of POLAR-2 for 1 s GRBs. The MDP
is plotted as a function of the GRB fluence in the 10-1000 keV range and is

10-3
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compared to that of GAP and POLAR. As shown by the mean MDP plot, the
sensitivity to polarization from POLAR to POLAR-2 was clearly improved. A
similar amelioration is observed for long GRBs [84]. For a GRB with a fluence of
10> erg/cm? in the 10-1000 keV range, the MDP went from 39% in POLAR to
8.5% for POLAR-2. This means that for POLAR, a GRB with this fluence and a
polarization degree below 39% could not be disentangled from a non-polarized
source with a confidence level of at least 99%. Instead with POLAR-2, the needed
minimal polarization degree for a GRB of this fluence to be distinguished from
an unpolarized source with a 99% confidence level is 8.5%. This improvement
will allow to probe for models predicting low polarization levels from the
prompt emission of GRBs.
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Figure 5.15: Left: Sensitivity to polarization (u199) as a function of energy for POLAR.
Right: Preliminary modulation curve measured at 100 keV at ESRF in April
2023 with a single prototype module (from Merlin Kole). The corresponding
H100 is about 30%.

Another figure of merit that should be compared with POLAR is the mod-
ulation factor pqq, i.e. the relative modulation amplitude for a fully polarized
source. This quantity is important to assess the sensitivity to polarization of an
instrument. The modulation factor as a function of energy is given for POLAR
in the left plot of Figure 5.15. The same figure also shows a modulation curve
measured for a single POLAR-2 module during a calibration beam test at ESRF
in April 2023 [10]. This distribution is measured for a 100 keV polarized beam
and is corrected for spurious modulation by dividing the unpolarized contri-
bution. A modulation factor of about 30% is observed at 100 keV. The same
measurement was done at 40 and 60 keV, which gives a modulation factor of
15 and 20%, respectively. These result are preliminary and will be presented in
detail in a future work [133]. By comparing these 3 values to the POLAR curve
given in Figure 5.15, we can see an improvement of the modulation factor at
low energy already with a single POLAR-2 module. The POLAR-2 instrument
is expected to give even better sensitivity to polarization thanks to its higher
number of channels, allowing for a better resolution in scattering angle.
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For an instrument to survive the radiation environment present in Low Earth
Orbit (LEO), radiation hard components should be used. Many items should
therefore first be tested on ground under similar radiation exposure than what
is expected in orbit. A wide list of electronics components and detector ele-
ments were therefore irradiated with neutrons or protons to certify that they
can withstand the expected radiation conditions. The space environment was
modeled using existing database like SPENVIS [48] and knowing the CSS orbit,
as described in [171, 172], in order to determine the yearly expected dose for
given components with Geant4 simulations. We here describe the neutron and
proton irradiation campaigns and their main outcome for the POLAR-2 project.
It should be noted that SiPMs are not covered in this Section but an entire
Chapter (6) is dedicated to their behavior during and after irradiation.

5.6.1 Neutron irradiation at NCB]

An irradiation campaign based on neutrons has been carried out at the National
Centre for Nuclear Physics (NCBJ) in Otwock, Poland. A Plutonium Beryllium
(PuBe) neutron source housed in a stainless steel cylinder of 21 mm diameter
and 25 mm height is used for irradiating components of the POLAR-2 modules.
The proportions of the Plutonium (Pu) and Americium (Am) isotopes present in
the Beryllium absorber are given in Table 5.2. The neutron average energy from
the PuBe source is 4.5 MeV, and -y-rays up to 10 MeV are emitted. At the time of
the irradiation, the source flux was 7.5 - 10° neutrons/s on 47 steradians. The
PuBe source also emits a significant amount of ys (more than 10° photons per
neutron) with energies up to 10MeV.

Pu-237 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241

0% 1.03%  74.9%  19.1%  0.7% 1.57% 2.7%

Table 5.2: Plutonium and Americium isotopes content injected into the Beryllium ab-
sorber [96, 110].

5.6.1.1 Peltier element activation study

One of the components that has been irradiated with neutrons is the Peltier
element used to cool down the SiPMs. The goal of this irradiation is not to
assess the radiation hardness of such device, but is primarily of determining
the activation of the Bismuth Telluride (Bi,Te3) used in the pn-junctions of the
Peltier under exposure to radiation. Characterizing the activation of the thermo-
electric cooling unit is all the more important knowing that it is placed just at
the back of the SiPMs, which are subject to radiation damage and constitute a
key component of the polarimeter.
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Figure 5.16: Left: PuBe source placed directly on top of the Peltier element, surrounded
by 10x10x10 cm3 boronated cubes of polyethylene for neutron shielding.
Right: Peltier element placed on a HPGe detector for activation measure-
ment.

The irradiation and measurement setup are shown in Figure 5.16. The Peltier
is first placed on a High Purity Germanium detector (HPGe) for background
measurement and then moved to the irradiation setup. During irradiation
[110], the PuBe source is directly placed on the Peltier device, the whole being
positioned between 10x10x 10 cm? boronated plastic cubes in order to reflect
back neutrons into the setup. Right after the 17 hours of irradiation, the Peltier
element is placed back on the HPGe detector. The emission spectrum of the
Peltier element is therefore measured before and after the irradiation. These
spectrum are presented on the left plot of Figure 5.18.
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Figure 5.17: Left: Spectra measured with the HPGe detector for several calibration
sources. Right: HPGe detector efficiency versus energy computed from the
measured calibration sources spectra, details of the calculation are shown
in Table 5.3
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The measured spectra before and after irradiation are given in units of detected
counts per second. The typical sensitivity of a Germanium detector being highly
energy dependent, a calibration of the HPGe detector is needed. As shown
on the left plot of Figure 5.17, six radioactive sources with typical peaks at
known energies were placed on the detector in order to measure its efficiency at
different energies. The activity of each source at the time of the measurement is
calculated from the original activity and the half life time. The expected count
rate is then computed using the current activity and the branching ratio of the
given peak. The efficiency for each energy is then computed as the ratio of the
measured and expected count rate. The numbers used in this calculation are
given in Table 5.3 and the efficiency of the HPGe detector as a function of energy
fitted with a polynomial function is presented on the right of Figure 5.17.

EEEJ\%]Y Branching Peak counts/s ac]if\ir;l[il?ng] T12 [yl
Mns4 835 1 2400 1072 0.855
Cos7y 122.1 0.856 31.9 488 0.744
136.5 0.107 4.195
Co6o 1173 0.9985 1020 434.2 5.27
1332 0.9993 911.7
Am241  59.5 0.359 10000 389 432.7
Naz2 511 1.81 1716.67 625 2.602
1274 0.9994 350
EFE;\%/]Y Source age [y] To?i:;\il};q] (fi(s)lrlrrllfries Efficiency
Mns4 835 2.43 149.020 149020 1.61052
Cosy 122.1 8.04 0.272916 233.616 13.6549
136.5 20.2020 14.3654
Cobo 1173 11.21 99.3382 99189.2 1.02834
1332 99268.7 0.918416
Am241 59.5 11.21 382.076 137165 7.29047
Naz2 511 11.21 31.5587 57121.2 3.00531
1274 31539.7 1.10971

Table 5.3: Calculation of the Germanium detector efficiency for each source characteristic
peaks
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The measured spectra shown on the left of Figure 5.18 can now be normalized
by the detector efficiency. The spectrum measured before the irradiation is then
subtracted from the one measured after the irradiation. The result is given on
the right plot of Figure 5.18 where activation peaks can be observed. Most of
the activation peaks are below 1072 counts per second, and the most prominent
peaks still have a rate smaller than 107! counts per second. Simulations have
been performed in order to estimate the dose that the decay products from
activation would deposit in the SiPMs [110]. The maximum dose obtained for
the activation products was of the order of tens of nGy per year, negligible
in comparison to the expected 67 mGy/yr in the SiPMs due to the radiation
environment in space [171]. Furthermore, the 17 hours of irradiation applied to
the Peltier element is equivalent to the dose the SiPMs would receive in 450 years
of operation. An exaggerated dose was on purpose used to irradiate the Peltier
in order to be very conservative on its activation products. The activation of the
Peltier element used to cool down the sensors is therefore not worrying for the
operation of POLAR-2.
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Figure 5.18: Left: Uncalibrated spectrum measured with the HPGe detector for the
Peltier element before and after irradiation. Right: Efficiency corrected and
background subtracted activation spectrum of the Peltier element.

5.6.1.2  Electronic components irradiation

Several electronics components were also irradiated using the neutron source
at NCBJ. Among them, the LT3482 DC/DC converter from Linear Technology
used to power the SiPMs was irradiated by steps of 15 minutes up to 5.6 hours
[52]. The current and voltage provided by the chip was monitored at each step
of irradiation and has shown very reliable behavior, with voltage and current
variations not significant enough to be measured. The GW1N-LV4 FPGA from
Gowin Semiconductor was also irradiated with higher doses than expected
in orbit and was shown to be fully functional after irradiation [106, 108]. As
described in Section 5.2.2, an IGLOO FPGA from MicroSemi is used in the
POLAR-2 FEE, but this Gowin chip was a potential candidate FPGA at the
beginning of the project.

2500
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5.6.2  Proton irradiation at IF]-PAN

Irradiation of many POLAR-2 items were performed with a 58 MeV proton
beam used for eye therapy [173] at the Institute of Nuclear Physics of the
Polish Academy of Science (IFJ-PAN) in Krakow, Poland. The irradiation setup
is also used for assessing SiPM performances in space radiation environment,
and is therefore described in Section 6.2.1. We discuss here the irradiation of
scintillators, electronics, and radiation monitoring Field Effective Transistor (FET).
Since many aspects of the SiPMs’ behavior in radiation environments were
studied in this thesis, the irradiation of SiPMs is discussed in a dedicated
Chapter (6).

5.6.2.1 Scintillator irradiation

As the part of the detector responsible for detecting the y-rays, the scintillators
are located at the top of the polarimeter, facing deep space with only little
shielding. The scintillators are therefore the first sensitive element of the in-
strument being exposed to background radiation. Assessing the behavior of
the scintillators when exposed to radiation is therefore crucial to understand
the evolution of the detector’s behavior with time when placed in orbit. The
expected dose rate in the scintillators for each module is shown in Figure 5.19.
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Figure 5.19: Map of the expected dose rate in the scintillators. The module configuration
is not in a 10x 10 configuration but in a more complex layout, which was
the baseline design of the polarimeter at the time (taken from [172], with
permission).

Both EJ-200 and EJ-248M scintillator bars were therefore irradiated with
58 MeV protons. Four bars of each type of plastic were exposed to doses ranging
from 1.89 to 18.7 Gy [172], or 12.8 to 126 years in space for POLAR-2. The
scintillation emission spectrum was measured using both a UV Xenon lamp and
through radioluminescence using an X-ray source. As can be seen in Figure 5.20,
the emission spectrum of the scintillator is not impacted by the irradiation.
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The samples for both
types of plastic are
numbered from 1 to
4 with increasing
dose, whose value are
respectively 1.89,
5.66, 11.2, and

18.7 Gy.
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Figure 5.20: Emission spectrum measured through radioluminescence for both EJ-200
(left) and EJ-248M (right) scintillators before and after irradiation for doses
ranging from 1.8 to 18.7 Gy (taken from [172], with permission).

The light yield of the scintillators has also been measured using a calibrated
PhotoMultiplier Tube (PMT) and a '¥Cs <y-ray source. The position of the 476 keV
Compton edge from this source is used to determine the light yield, which was
measured both before and after the irradiation as a function of the height at
which the source is placed, as plotted in Figure 5.21. No significant light yield
degradation was observed for either of the plastics due to irradiation.
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Figure 5.21: Light yield measured as a function of the scintillator height for EJ-200
(left) and EJ-248M (right) scintillators for different doses compared to the
non-irradiated result (taken from [172], with permission).

Finally, an activation analysis was carried out on the samples irradiated with
the highest dose of 18.7 Gy. The bars were placed on HPGe detectors about
15 minutes after the end of the irradiation (time needed to transport the samples
from the irradiation room to the HPGe laboratory). The measured spectra for
both plastics as well as the background are shown in Figure 5.22. The only
significant activation peak observed during this analysis is at 511 keV for both
plastics, corresponding to the ?C(p,n) 'C decay where the daughter nuclei

Light yield change (%)
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emits fT. The 1022 keV line observed in the spectrum for one of the detectors
corresponds to pile-up from the 511 keV line. The measured decay time of the
511 keV line for EJ-200 and EJ-248M, respectively 1275 £ 18 s and 1207 £ 9 s, are
in good agreement with the 'C B+ decay [211].
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Figure 5.22: Activation spectrum measured for irradiated EJ-248M (top) and EJ-200
(bottom) scintillators (taken from [172], with permission).
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The last version of
the FEE presented in
Section 5.2.2 has not

yet been used for
qualification tests
since its first
production is taking

place in late 2023.
The first FEE version

is very similar, only
minor upgrades were
brought to the new
version.
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5.6.2.2  Electronics irradiation

The first version of the POLAR-2 FEE has been irradiated at IF] using the
58 MeV proton beam. The 40 mm diameter beam has been shaped into a 25 mm
square beam using brass collimators. Since SiPMs are irradiated separately for a
dedicated study (se Chapter 6), the only sensitive parts are located in the central
rigid part of the FEE (the rest just being connectors, resistors, and capacitors).
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Figure 5.23: Left: Uniformity of the square beam used to irradiated the POLAR-2
FEE [107]. Right: Picture of the POLAR-2 FEE mounted on the beam line
showing the 6 irradiation regions.

Because of the big surface of the FEE central part, it was irradiated in 6 steps
as depicted in Figure 5.23. The FEE has been irradiated three times with 0.17 Gy
and a fourth time with o0.25 Gy for a total equivalent dose of about 11 years
in space. Data was acquired at each irradiation step to ensure that the FEE
was fully functional. The FEE has shown to be radiation hard to levels above
the expected dose during the POLAR-2 life time. The critical components of
an LVPS Hub, as illustrated in Figure 5.24, was also irradiated to ensure its
radiation hardness. A Kintex FPGA from Xilinx, planned to be used in the BEE,
was irradiated as well. The irradiation campaign was very successful and did
not show any malfunction or failure due to radiation for any of the components
tested. The detailed results of the electronics irradiation will be given in a later
work [109].
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Figure 5.24: CAD model of the LVPS Hub showing the irradiated spots [107].

5.6.2.3 Radiation sensitive Field Effective Transistor (RadFET)

In order to monitor the radiation environment during the POLAR-2 operation
in-orbit, several Radiation sensitive Field Effective Transistors (RadFET) will be
placed on the instrument. As no space is left on the very compact FEE, several
RadFETs will be placed on the BEE in order to be able to monitor the radiation
dose in orbit and cross check the simulations. This is important to be certain
about the amount of radiation that reaches the SiPMs to have a precise idea
of the evolution of the instrument response due to radiation damage. Having
RadFETs on board can also help to model the radiation background. The 1ym

V-To3 RadFET with a plastic package from Varadis was selected for this purpose.

It was irradiated with protons to characterize its behavior with radiation.
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NOTE:
All terminals connected to ground in Sense Mode
Current is forced and voltage is read in Read-out Mode

Figure 5.25: Left: Schematics of the RadFET testboard used during irradation (from
Stéphane Débieux). A PT100 thermistor is placed next to the RadFET to
monitor the temperature. The pins are all manually connected to ground
during irradiation. Right: Picture of the RadFET test board and RadFET
chip.

The dose can be measured by forcing a current and measuring a voltage. The
voltage increase is directly linked to the dose through the formula:

AV = A x dose® (5.1)
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where the voltage increase is given in Volts and the dose in rad. The A and B
calibrated parameters are provided by the manufacturer for each chip, and are
given in Table 5.4.

Dose range A A B 0B

o-1 krad  3.04-107% 5.34201-107° 8.0979-10"! 2.68-103

o-125rad 1.45-1073 2.73404-10~° 9.5127-10~! 4.13-10°3

Table 5.4: Calibration parameters provided by the RadFET manufacturer to be used
with formula (5.1)

The recommended measurement current is 11 yA for the chip that was
irradiated, which corresponds to the current at which the I-V characteristics
temperature dependence is minimal. Between each irradiation step, the voltage
was measured using the recommended 11 pA current but also two other currents
of 12.5 A and 14 pA. The measured doses are compared to the simulated one
in Table 5.5. The obtained doses for different injected currents are consistent to
each other, while the simulated doses are deviating from the measured ones.
This is likely due to a bad modelling of the chip package in the simulations,
and should be corrected in the future in order to precisely monitor the radiation
levels in orbit.

Irr. Time [s] doserjyalrad] doseinsua [rad] doseiyualrad] Sim. dose [rad]

o i, - - ,
10 19.95 19.95 19.11 16.6
20 39.60 40.47 41.34 33-3
30 64.20 62.42 59.77 50
45 91.98 93.79 93.79 74-6

225 560.15 558.79 547-99 375.7

Table 5.5: Measured and simulated RadFET dose. The temperature is monitored with a
PT100 and was in average 23.53 & 0.46°C during the irradiation and measure-
ment session.
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5.7 SPACE QUALIFICATION: VIBRATION AND SHOCK TESTS

Before being placed on the CSS, POLAR-2 has to survive extremely violent
launch conditions. The payload has therefore to be tested with extreme vibration
and shock conditions to ensure its mechanical robustness. This was a particularly
challenging test for POLAR due to the fragility of the MA-PMTs entrance
windows made of borosilicate glass, and the first vibration campaign was not
very successful since all the PMTs broke. This was later solved by dividing the
dampers at the top of the modules into several pads to give the material space
to expand. Since POLAR-2 is based on more mechanically robust technology,
i.e. SiPMs, a thinner layer of dampers is expected to be enough to sustain
launch conditions. In order to qualify its mechanical design, a single POLAR-2
prototype module was tested using a vibration table at MPE, Garching, Germany
[130]. The experimental setup is first presented, followed by a summary of the
sinusoidal and random vibration tests and shock tests.

5.7.1 Experimental Setup

Figure 5.26: Left: Single module directly mounted on top of the electro-magnet, placed
vertically in order to shake the module along the Z (vertical) axis. Right:
Single module mounted on the sliding table in order to test the vibrations
and shocks along the X and Y axes. The module is first shacked in one
direction, the module is then unmounted from the table to be rotated by
90° and test the other direction. The electromagnet is turned horizontal
compared to the previous picture in order to slide the table.
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The vibration and shock setup is shown in Figure 5.26, for which a grid for
a single prototype module was developed with 4 dampers on the base. The
vibration and shock campaign took place in the test facilities of the Max Planck
Institute for Extraterrestrial Physics in Garching, Germany. The vibration and
shock conditions are specified as a requirement by the Technology and Engineer-
ing Center for Space Utilization (CSU) of the Chinese Academy of Sciences, and
will be detailed in the next sections. These conditions have to be tested along the
three X, Y, and Z axes. As shown on the first picture of Figure 5.26, the vertical Z
axis is tested by mounting the module directly on the electromagnet, vertically
oriented. The second picture shows the electromagnet oriented horizontally and
connected to a sliding table, on which the module is mounted. This configuration
is used for testing the vibrations and shocks along the X and Y directions. The
module is first tested in one direction, and they unmounted from the table and
rotated by 9o° in the horizontal plane to test the other axis.

B g

Figure 5.27: Definition of the X-Y-Z frame with respect to the polarimeter module. The
Z axis is defined as the vertical direction (along the scintillator length),
and the X and Y directions are defined in the horizontal plane along the
scintillators rows and columns. Accelerometers are placed on the flange
of the module (green) and near the dampers (red) in order to monitor the
resonance spectrum during and between the different tests.

Two accelerometers are placed on the module in order to monitor the load at
two different points of the module. The first accelerometer, circled in green in
Figure 5.27, is placed on the flange at the base of the target. The other sensor,
shown in red in Figure 5.27, is placed near the dampers at the base of the
module. Figure 5.27 also shown the X-Y-Z frame convention with respect to the
module.

A load sweep is taken as a reference at the beginning of the test, as shown
along the z-axis in Figure 5.28 for both accelerometers, and is measured between
each vibration or shock run to check that the resonance spectrum is stays the


https://www.mpe.mpg.de/636787/testlab
http://english.csu.cas.cn
http://english.csu.cas.cn
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same. A change in the resonance spectrum could indicate that the mechanical
configuration of the module is no longer the same, which could potentially be
explained by a component breaking. It is therefore a way, in addition to data
acquisition, to check that the module survived each vibration and shock steps.

5 18 108 1008 2000 5 18 108 1008 2008
[Hz] [Hz]

Figure 5.28: Load measured before the tests with the flange (left) and damper (right)
accelerometers along the z-axis (from Kurt Dittrich).

The module is submitted to sinusoidal and random vibrations, as well as
shocks of different strengths. The list of tests is summarized in Table 5.6. The de-
tailed results of the test are provided in [130], while the next sections summarize
the tests requirements and outcome.

Date Time (CET) Test Type Test Axis

14:03 Sinusoidal Vibration

18 Oct 2021 15:37 Random Vibration Z
16:52 Shock
14:14 Sinusoidal Vibration

19 Oct 2021 15:37 Random Vibration Y
16:47 Shock
12:10 Sinusoidal Vibration

20 Oct 2021 13:53 Random Vibration X
14:49 Shock

Table 5.6: Summary of the vibration and shock tests carried out at MPE on a single
module.
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5.7.2  Sinusoidal Vibrations

The first test consists of sinusoidal vibrations with frequency from 4 to 100 Hz.
The specifications of test is given for different sub-ranges of frequency in Table

57

Frequency Qualification

range [Hz] requirement

4-12 15 mm
12-17 88¢g
17-75 1458
75-100 11g

Table 5.7: Requirements used for the sinusoidal vibrations qualification test performed
on the 3 axis (x, y, and z), with an acceleration rate of 2 octave/minute.

The load measured during the test along the Y-axis is given for the two
accelerometers in Figure 5.29. No major damage was observed in the prototype
module during the sinusoidal tests for any of the axes. The only notable damage
is a small mark on the external part of the aluminum mechanics due to the
washer of the damper touching the grid during the Y vibration, as shown on
the left picture of Figure 5.31.

100
PVe———————— M 37,502 519600 e —— ——

10 20 20 48 58 68 7B BE 00 100 5 10 20 30 40 50
[Hz]

Figure 5.29: Load measured by the flange (left) and damper (right) sensors during the
sinusoidal vibration test along the Y-axis (from Kurt Dittrich).

Two frames from the video taken during the sinusoidal vibration test along the
Y-axis are shown in Figure 5.30. An impressive balancing effect of the module
along its vertical axis can be observed. All the tests along the Z and Y axes were
performed using the same dampers previously used in POLAR. The X axis was
tested using another kind of damper, more rigid, developed by Centre National
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d’Etudes Spatiales (CNES). Both types of dampers are shown in Figure 5.31. The
material of the dampers used in POLAR are softer than the one developed at
CNES. The temperature of the dampers during the tests was monitored with
a thermal camera. The CNES damper heated up to 60°C while the Chinese
damper from POLAR did not go above 40°C.
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Figure 5.30: Screenshots of the video of the Y-axis sinusoidal vibration test showing the
balancing effect on the prototype module.

Figure 5.31: Chinese (left) and CNES (right) dampers mounted on the prototype grid.
It can be observed on the left picture that the aluminum grid has been
slightly damaged by the washer touching the surface of the grid during the
vibration.
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5.7.3 Random Vibrations

After testing for sinusoidal vibrations, the module has to be exposed to random
vibrations from 12 to 2000 Hz. The requirements of the random vibrations are
given for three frequency domains in Table 5.8.

Frequency range [Hz]
12-250 250-800 800-2000

Power spectral density 6 dB/octave 0.14 g?/Hz 9 dB/octave

Total RMS acceleration 11.65 grms
Test duration 180's
Acceleration directions 3 axis

Table 5.8: Requirements used for the random vibrations qualification test.

Random vibrations were applied to the prototype module on the three axes.
No problem was encountered either by inspecting the resonance spectre or by
texting the full functionality of the FEE. The measured load spectra on the two
accelerometers are provided in Figure 5.32 for the Y-axis test.

[92/Hz]

12 108 1008

100 1000 2000

Figure 5.32: Load measured by the flange (left) and damper (right) sensors during the
random vibration test along the Y-axis (from Kurt Dittrich). The injected
load, which corresponds to the specifications in Table 5.8, is given as a
reference by the gray curve.
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5.7.4 Shock

The last tests after vibrations is injecting shocks into the system. The specified
amplitude of the shocks are given in Table 5.9 in the 100-500 and 500-3000 Hz
ranges.

Frequency range [Hz]

100-500 500-3000

Shock response spectral acceleration 9 dB/octave  8oo g

Test duration 3 times per axis

Acceleration directions 3 axis

Table 5.9: Requirements used for the shock qualification test.

The acceleration measured as a function of time during the Y shock test is
given in Figure 5.33 for both the accelerometer placed on the flange of the
module and the one placed directly on the sliding table. The very efficient
dampening of the POLAR-2 module is clearly visible by comparing these two
curves. While the amplitude in acceleration measured on the vibration table goes
up to 250 g, the accelerometer on the module does not measure accelerations
higher than f10 g during the shock injection. Figure 5.33 also gives the load
measured after the shock test along the Y-axis. No mechanical or functional
damage was observed after the shock test in any of the three axes.

1475,4Hz 0,1562[g]

6.1 161,4Hz 0,4568[g]

101

@.81 ©.82 .03 ©.94 0.5 6.86 6.87 0.08  0.09  0.18  B.11 8.125 5 10 180
[s1

Figure 5.33: Left: Acceleration as a function of time during the Y-axis shock test mea-
sured on the table (gray curve) and on the flange of the module (black
curve). Right: Load measured after the shock test along the Y-axis (from
Kurt Dittrich).

2000
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5.7.5 Qverall test outcome

A single POLAR-2 polarimeter module prototype was tested under specified
rocket launch conditions. Sinusoidal and random vibrations as well as shocks
were injected in all three axes. The functionality of the module was tested
between each test, and the module was took apart at the end of the campaign for
visual inspection (see Figure 5.34). The overall module design has been shown
to be withstanding the launch conditions. Future vibration and shock tests could
be performed on a higher scale prototype using a 3x 3 polarimeter grid, shown
in Figure 5.34.

Figure 5.34: Left: Pictures of the different parts of the polarimeter modules after right
after the vibration and shock test campaign [130]. After a careful visual
inspection, no damage is observed. Right: Single module mechanics used
for the vibration test next to the 3x3 grid built for testing a small case
version of the final polarimeter with several modules. The grid is compatible
with the dampers used for the single module vibration and shock tests, and
could therefore be used for a future higher scale vibration-shock test.
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In order to validate the thermal design of the polarimeter modules, the 3x3
polarimeter grid was placed in a thermal vacuum chamber at MPE, Garching,
in May 2022. Due to the limited number of available POLAR-2 FEEs, only 4
real modules were placed in the grid. The other 5 slots were taken by dummy
modules designed to mimic the thermal behavior of the FEE. A dummy FEE
as well as a functional one are shown in Figure 5.35. The modules underwent
several thermal cycles from -32 to 40°C.

Figure 5.35: Left: Dummy FEE with power resistors to emulate the heat from the
components that consume the most (FPGA, ASICs, Peltier). These fake
electronics are used to mimic the thermal behavior of the real modules for

5 emplacements in the 3x3 grid, since only 4 actual FEE were available at
the time of the test. Right: Real POLAR-2 FEE used for the four functional
modules during the test.

Before the Thermal Vacuum Test (TVT), the mini polarimeter as well as all the
cables and material to be used in vacuum were placed in a vacuum chamber,
shown in Figure 5.36, for outgassing all the elements and not pollute the main
chamber. After 10 days of outgassing the 3x3 polarimeter is moved to the
thermal vacuum chamber. The 4 real modules are powered and read out using
a General Purpose Input/Output (GPIO) board developed at DPNC used as
a back-end electronics. The two NTCs of each real module can be monitored
with time using this board, which also allows to check for normal operation of
the FEEs. The 5 fake modules are powered through the GPIO adapter board,
on which D-Sub connectors are mounted in order to communicate with the
inside of the chamber through the patch panel. Figure 5.37 shows the acquisition
system directly connected to the mini polarimeter for acquisition testing before
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closing the chamber. The different parts of the readout system are depicted in
the diagram of Figure 5.38.

Figure 5.36: Vacuum chamber used to outgas all the material before placing it in the
actual thermal chamber. The purpose of this outgassing procedure is to
prevent pollution of the thermal chamber.

Figure 5.37: Testing of the data acquisition system outside the thermal chamber, based
on a GPIO back-end developed by the DPNC for general use.
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___________________________________________________________________________________________________________

Figure 5.38: Block diagram of the experimental setup used for the Thermal Vacuum
Test at MPE (from Jérome Stauffer).

In addition to the 8 NTC thermistors of the 4 real modules, 19 PT1000 temper-
ature sensors are placed at different locations on the grid and modules in order
to monitor in detail the thermal behavior of the system and to have a precise
input for the thermal simulations of the POLAR-2 instrument. The 3x3 grid is
shown in Figure 5.39 while being assembled at DPNC before the test as well as
during the installation of the PT1000 before closing the thermal vacuum chamber.

An MLI piece is covering the top part if the polarimeter down to the bottom
of the scintillators. The MLI is covering all the way down to the bottom of
the grid on two faces, while the two other sides of the polarimeter aluminum
grid are painted with the CovaTherm white paint in order to mimic the final
configuration on the CSS.

One of the four modules stopped working at the beginning of the test due
to a wrong manipulation which connected the 3.8 V power connector of the
module to a 28 V bias. The other 3 real modules as well as the 5 fake modules
still worked properly for the test, and no damage or malfunction was observed
due to the thermal cycling. The polarimeter was thermally cycled under vacuum
with different configurations. The first cycles were ran with the Peltier element
turned off, in order to asses the passive thermal behavior of the system. The
Peltier were later powered for the last few cycles. Figure 5.40 shows the readout
of the NTCs of the 3 functional modules during the cycling. A clear difference
of 10°C is observed for each module between the SiPM arrays and the hottest
part of the FEE. The modules were found to operate perfectly at all probed
temperatures and the cycles provided a very useful input to thermal simulations.
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Another thermal test was carried out in the frame of this thesis for the eXTP
project. This work is described in Appendix C.

Figure 5.39: Left: Fully mounted 3x3 polarimeter grid in the DPNC clean room with 4
real modules and 5 dummies. Right: 3 x 3 grid placed in the thermal cham-
ber at MPE. 19 PT1000 thermistors are placed on strategical emplacement
on the polarimeter prototype in order to precisely monitor the thermal
behavior of the system. This is a crucial input to perform reliable thermal

simulations.
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Figure 5.40: Temperature monitoring of the inside of 3 of the real polarimeter modules
using the NTC sensors on the FEE. NTC1 is placed just at the back of the
SiPM arrays, while NTCz is placed near the FPGA and ASICs, which are
the hottest components.
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5.0 CONCLUSIONS AND OUTLOOK

Based on the legacy of the successful POLAR mission, which detected 55 GRBs
and provided polarization results for 14 of them, the POLAR-2 detector is
currently under development by a Swiss, Polish, Chinese, and German collabo-
ration. With 4 times more polarimeter modules than its predecessor and thanks
to technological upgrades, the POLAR-2 instrument will gain an order of magni-
tude in sensitivity. Shortening the scintillator bars to improve the signal-to-noise
ratio and redesigning the module mechanics to optimize the contact surface be-
tween the scintillators and the sensors was part of this upgrade. The scintillators
readout has also been upgraded, from multi-anode photomultiplier tubes to
the twice more sensitive silicon photomultipliers. These improvements lead to a
better collection of optical photons, significantly ameliorating the effective area
of the polarimeter, especially at low energies. All qualification and calibration
tests took place over the past years, and the module design is now ready for
production as soon as the Phase D of the project is approved. The SiPMs and
their behavior in radiation environments as well as the optical optimization and
simulation of the polarimeter module are discussed in the following Chapters.

Figure 5.41: Left: CAD model of the Low energy Polarization Detector (LPD) payload
being developed at GuangXi University (picture from Jianchao Sun). Right:
CAD model of the Broad energy-band Spectrum Detector (BSD) payload
being developed at IHEP (picture from Jianchao Sun).

In parallel to the development and construction of the POLAR-2 instru-
ment, two other payloads that would greatly enhance the science capabilities
of POLAR-2 are being proposed by our Chinese collaborators to be operated
in parallel to POLAR-2 on the China Space Station. In the frame of this project,
POLAR-2 is called the HPD for High-energy Polarization Detector. The other
two payloads are the Broad energy-band Spectrum Detector (BsD), developed
by IHEP in Beijing, and the Low-energy Polarization Detector (LPD) developed
by GuangXi University in Nanning [68]. The BSD consists of a central array of
segmented GaGG detectors read out by the POLAR-2 FEE and covered with a
coded mask, with an outside ring of monolithic GaGG crystals also read out by
SiPMs. The LPD employs Gas Pixel Detectors to measure the polarization in the
keV band. The design of these two instruments are shown in Figure 5.41.
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In order to improve the Light Yield (LY) of the POLAR-2 modules, SiPMs were
chosen over the PhotoMultiplier Tube (PMT) used in POLAR. Thanks to a Photo
Detection Efficiency (PDE) twice larger than the PMTs” Quantum Efficiency (QE),
and to some design optimization of the polarimeter modules, the SiPMs allow to
greatly improve the light yield, as explained in Chapters 5 and 7. Increasing the
light yield from 0.3 p.e./keV in POLAR (see Chapter 3) by more than a factor
5 allows to detect lower energy depositions into the plastic scintillators, and
therefore leads to a better overall sensitivity at low energy, especially around a
few tens of keV. Other than their higher sensitivity, SiPMs have many advantages
compared to PMTs. They are indeed more compact, lighter, insensitive to mag-
netic fields, have a lower power consumption and require lower bias voltages.
This is highly beneficial for space borne instruments due to the limited mass
and volume available. The main significant drawbacks of using these silicon
detectors in space are their high dark noise and their tendency to degrade with
exposure to radiation.

When a SiPM is being operated in radiation fields, e.g. in low Earth orbit
(LEO), its dark current and dark count rate (DCR) increase with the exposed dose
due to radiation-induced damages in the silicon lattice [36, 78, 103, 179]. It is
therefore important to characterize the sensors’” behavior as a function of the
absorbed dose, and especially the increase of dark noise, which will impact the
long term performances of the overall instrument. After describing the char-
acterization method used to pre-calibrate every siPM channel, the behavior of
the selected sensors for the POLAR-2 mission — the so called S13361-6075NE-04
array from Hamamatsu Photonics, and of the newer generation sensor — the
S14161-6050HS-04, for different radiation doses will be presented.

A way to limit the dark noise, even before any radiation damage, is to operate
the sensors as cold as possible. A thermo-electric cooling unit, a.k.a Peltier ele-
ment, will be placed on the back of the SiPM arrays in each polarimeter module
in order to cool them down (see Chapter 5). Operating at low temperature
reduces the dark noise and allows the SiPM threshold to be lower, improving the
sensitivity at low energy. But it does not prevent the radiation induced degra-
dation of the instrument performances. An annealing strategy, which consists
of heating up the sensors to recover part of the damages in the silicon lattice,
has therefore been studied. For this purpose, numerous SiPMs from the S13
series from Hamamatsu with different microcell pitches (namely 25, 50, and
75 pm) were irradiated and stored at various temperatures. The performances
recovery has then been studied as a function of the heating temperature used
for annealing the lattice. As a figure of merit, the increase of dark current after
a given dose with and without annealing have been compared for different
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temperatures, giving a useful input to any experiment wanting to operate SiPMs
in LEO or in the stratosphere.

6.1 SIPM CHARACTERIZATION

The S14161-6050HS-04 array, from hereon referred as Si4, was first chosen due
to its high PDE in order to maximize the LY of the instrument. Tests were also
performed with the 513361-6075PE array, later called S13, which showed a much
better photon counting ability at room temperature. Figure 6.1 shows a dark
spectrum measured at room temperature with an S13 channel using the POLAR-
2 Front-End Electronics (FEE). Due to the higher cell capacitance, S14 SiPMs did
not show single photon counting ability at room temperature, preventing to
convert accurately incoming energy into measured photo-electrons (p.e.).
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Note that the PSpice
simulation in Figure
6.2 also shows the
modeling of the
pre-amplification and
shaping stages of the
CITIROC ASIC [29],
not used for
obtaining the pulse
shapes presented
here.

Figure 6.1: Left: Dark spectrum measured with the S13 SiPM. Right: S13 and Si4.
simulated pulse shapes for a light level of 50 p.e. using the Corsi model
shown in the left part of Figure 6.2. The simulated pulse shape for the S13
SiPM with 50 pm microcell pitch is also shown for reference.

Simulated pulse shapes of the S13360-6075 and S14160-6050 arrays are also
shown in Figure 6.1. The pulse shape simulated for the S13360-6050 is also shown
for reference. Simulations have been performed using the PSpice cadence®
software [31], modeling the SiPM using the Corsi model [44, 45] as shown in
Figure 6.2. The S13360-6075 pulse is much sharper than the S14160-6050 one,
because the latter SiPM type has a higher capacitance compared to the former.
The higher amplitude for S13360-6075 is due to its higher gain, as specified in
Table 6.1 which compares the specifications of S13 and S14 SiPMs. As shown in
the right plot of Figure 6.3 for the S14 SiPM, there is a good match between the
simulated and measured pulse shapes.
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Figure 6.2: PSpice simulation in the Orcad Cadence software [31] used to simulate the
S14 SiPM using the Corsi model [44, 45] and the first stages of the CITIROC

ASIC ([29]).

Although the S13 series have a lower QE than the S14 generation, using the
75 um microcell pitch S13 SiPMs allows to get a PDE approximately equal to that
of the S14 (only available with 50 ym microcells) in the 400-500 nm range, thanks
to a lower number of cells and therefore a smaller dead-space fraction. The
S13360-6075, having a lower capacitance but a comparable PDE, was therefore
selected for the final POLAR-2 FEEs for its photon counting ability leading to a
better energy determination.
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Figure 6.3: Left: Photo-detection efficiency of the S13360-60(50/75) and S14160-6050
SiPMs. Using the S13 generation with bigger microcells gives an efficiency
comparable to that of the S14 in the 400-500 nm thanks to less dead space.
The relevant wavelength interval for POLAR-2 is 400-500 nm, which corre-
sponds the plastic scintillator emission range. Right: Shape comparison of

the simulated normalized pulse shape to a measured pulse.
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Figure 6.4: Microscope views of the S13 SiPM array taken with a Keyence VHX optical

microscope. The left two images show the 6x6 mm? channels while the last
two are zoomed in two show the microcells.

Figure 6.4 shows microcells pictures at different scales taken with a Keyence
VHX digital optical microscope. In the first two pictures can be seen the 6 x 6 mm?
channels, while the last two pictures show the microcells and their individual
quenching resistors.

$13361-6075PE $14161-6050HS
Geometrical fill factor 82% 74%
Operating temperature -40 to +60°C -40 to +85°C
Spectral response range 320-900 NmM 270-900 NM
PDE @450 nm (max) 50%
Breakdown voltage 53+5V 38V
Recommended Vpp Vsp + 3.0 Vep + 2.7

Vop variation across array typ. 0.1, max. 0.3 V typ. +0.1, max. 0.2V

Cross talk probability 7%

Dark count (thr. 0.5 p.e.) typ. 2, max. 6 MHz -

Dark current - typ. 2.5, max. 7.5 pA
Terminal capacitance 1280 pF 2000 pF

Gain 4.0-10° 2.5-10°
Temperature coefficient 54 mV/°C 34 mV/°C

Table 6.1: Important parameters of the S13361-6075PE-04 and S14161-6050HS-04 SiPMs
from Hamamatsu (at recommended overvoltage and T=25°C) [93—95]

Table 6.1 shows the specifications of both S13360-6075 and S14160-6050 SiPMs.
The only drawbacks of S13 over Si4 are the higher temperature coefficients and
the bigger breakdown voltage value and variations between batches. But these
points are not really problematic when detailed pre-calibration is performed on
every SiPM channel. Indeed, the current versus voltage, so called I-V characteris-
tics, is measured around the breakdown region as a function of temperature for
each SiPM channel. This allows not only to precisely characterize the voltages
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non-uniformity among the SiPM arrays, but also to measure the temperature
dependence of the breakdown, important to correct for temperature variations
in the instrument and have an operating over-voltage as stable as possible.

HV power supplies Temperature Microscope
& measurements control control

Chuck and
microscope control

Probes and positioners

SiPM chip

Probes

Figure 6.5: Cascade CM300 professional probe station setup used for measuring I-V
curves at various temperatures [55]. The system is equipped with 8 probes,
which allow to measure 4 channels in parallel, and macros can be written to
automatically scan all the channels of a SiPM array.

In order to efficiently characterize the current versus voltage for an entire

SiPM array at various temperatures, a semi-automatic probe station was used.

I-V curves can be measured from -55°C up to 60°C using the Cascade CM300

with 8 probes in order to measure 4 channels in parallel, as shown in Figure 6.5.

A macro is used to automatically scan the 16 channels of the SiPM array.

Measured I-V curves for an S14 channel are shown in the left of Figure 6.6
for temperatures ranging from -40 to +40°C. The linear dependency of the
breakdown voltage on temperature can be observed, as well as the increase
of dark current with temperature. The spread of the I-V characteristics among
different channels can be observed in the right plot of Figure 6.6, showing
the average and standard deviation of current versus voltage for 160 channels
measured at room temperature.
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Figure 6.6: Left: I-V curves measured for an S14161-6050HS-04 channel for temperatures
ranging from -40 to +40°C. A linear dependence of the breakdown voltage
with temperature can clearly be observed. Right: I-V curve averaged over
160 SiPM channels measured at room temperature. As can be seen from the
blue shaded area, which shows the standard deviation, the I-V characteristics
is very reproducible from channel to channel. [55]

The breakdown voltage is extracted from the I-V measurement using two
methods, shown in Figure 6.7. The first method consists of taking the maximum
of the first voltage derivative of the current’s logarithm. The other way used to
compute the breakdown is to use the second voltage derivative of the current’s
logarithm, as depicted in the second plot of Figure 6.7. The breakdown values
obtained with these two methods are very similar and the average is taken. The
breakdown voltage measured over 160 S14 channels is Vgp = 38.206+0.023 V,
corresponding to a relative deviation of (1.102 4-0.696) - 10~ from the inspection
data provided by the manufacturer.
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Figure 6.7: Left: Extraction of the breakdown voltage from a measured I-V curve by
using the peak position of the first voltage derivative of the natural logarithm
of the current. Right: Extraction of the breakdown voltage from a measured
I-V curve by finding where the second voltage derivative of the natural

logarithm of the current is null. [55]

The I-V curves and breakdown values shown here were obtained for the S14
generation, but similar results are obtained with the S13 type. Measuring the
I-V curves for various temperatures for every single channels of the instrument
allows to extract the linear relation between breakdown position and temper-
ature. Negative Temperature Coefficient (NTC) thermistors placed on the back
of the SiPM arrays are used to precisely monitor the temperature of the sensors.
This is then used to correct the operating voltage for thermal variations in order
to keep the operation point as stable as possible with time. The breakdown
non-uniformities are also corrected within each individual module (64 channels,
4 S13 arrays) using an 8-bit DAC internal to the CITIROC ASIC [29] (see Chapter

5).
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6.2 SIPM PERFORMANCE DEGRADATION IN SPACE-LIKE RADIATION CON-
DITIONS

The sensitive part of Silicon Photo-Multipliers consists of the depletion layer
between a p-doped and an n-doped silicon lattice. When exposed to radiation,
the silicon lattice can suffer from bulk damage [36, 78, 103, 179]. The absorbed
radiation will cause point defects in the lattice, leading to a higher intrinsic
current in the sensor caused by the higher resistivity due to impurities. The
higher dark current and Dark Count Rate (DCR) will lead to a higher noise,
degrading the Signal-to-Noise Ratio (SNR). This will oblige the instrument to
be operated with a higher trigger threshold, causing a lower sensitivity to low
energy photons in the case of POLAR-2.

SIMULATION SETUP SiPM dose (Gy/yr)
at340km  at383km  at450km

Bare SiPM 1.29 2.79 8.86

Full Instrument 410 x 1072 824 x1072 1.82x 10!

Full Instrument + CSS  3.89 x 1072 7.89 x 1072 1.74 x 107!

Table 6.2: Annual expected dose in the SiPMs for different simulation scenarios and
orbit altitudes. The ‘Bare SiPM’ case corresponds to the most pessimistic
simulation setup, where bare sensors without any shielding are orbiting
the Earth. The 'Full Instrument’ scenario corresponds to the full POLAR-2
payload orbiting by itself, while the last case 'Full Instrument + CSS’ is the
most realistic case and contains a rough design of the neighbor payloads
as well as the experimental module of the space station. The numbers are
provided for different altitudes since the orbit of the space station might
change during the lifetime of the mission, 383 km being the averaged altitude
reported during the first year of the CSS’s life. [171]

Since SiPMs are subject to radiation damage, it is crucial to simulate the space
radiation environment and its impact on the sensors based on the instrument
design. Simulating the polarimeter in Geants [6] and extracting the expected
radiation environment from SPENVIS [48], the expected dose in each sensor
can be computed [171]. Table 6.2 gives the expected yearly dose in Gray for
the SiPMs (averaged over the 6400 POLAR-2 channels) for different simulation
scenarios. The first and most pessimistic scenario is having bare SiPMs without
any shielding. The other two scenarios are giving the expected dose accounting
for the entire instrument design, which will shield the sensors, with and without
the presence of the space station. The case including the space station is of course
the most realistic one, but doses are also computed for the other two cases to
cross check that the simulation results make sense. The doses are computed for
an orbit with an inclination of 42°, and for 3 different altitudes since it impacts
the amount of radiation, 383 km being the averaged altitude of the China Space
Station (CSS) over its first year of operation. POLAR-2 is above all a victim of
strong radiation fields when crossing the South Atlantic Anomaly (SAA). Named
because of its location on the planisphere, the SAA is the intersection region of
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the Earth’s surface/lower orbit with the inner van Allen belt [60, 148], where
charged particles are trapped because of the Earth’s magnetosphere. This region
corresponds to the fraction of the orbit at which most of the radiation will be
absorbed into the instrument. Figure 6.8 shows the dose distribution in the
100 modules of POLAR-2. The outermost modules have higher doses since less
material is shielding them from radiation. A small asymmetry in this map can
be observed, with a smaller expected dose in the top right corner due to the
presence of neighboring payloads.
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Figure 6.8: Normalized dose distribution per detector module in the POLAR-2 instru-
ment (seen from the top) due to background radiation. The asymmetry is
due to shielding from neighbor instruments on the payload platform and
from the robotic arm adapter piece. The bottom right corner is not facing any
neighbor payload, and the adapter is installed on the bottom side. It should
be noted that the module configuration is not in a 10x 10 configuration but
in a more complex layout, which was the baseline design of the polarimeter
at the time. (taken from [171], with permission)

SiPM arrays from both the S13 and the S14 generations were irradiated to
several doses, ranging from a few years to a few tens of years equivalent in the
POLAR-2 orbit. The irradiation setup is first presented, followed by the main
results on irradiated SiPMs performance.
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6.2.1  SiPM irradiation setup

The SiPMs were irradiated at the Institute of Nuclear Physics of the Polish
Academy of Sciences, IFJ-PAN, in Krakow. The irradiation setup, described in
[173], is shown in Figure 6.9.

Figure 6.9: Left: Irradiation setup ate IFJ-PAN, Krakow, Poland. Right: Four single chan-
nel SiPMs placed on the proton beam axis (taken from [51], with permission).

A 58 MeV proton beam, whose profile is shown in Figure 6.10, is used to
irradiate the sensors up to the required dose. The needed irradiation time is also
obtained through simulations.
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Figure 6.10: Left: Normalized intensity of the proton beam along the X and Y directions
(taken from [51], with permission) Right: Two-dimensional image of the
normalized beam profile (taken from [51], with permission)

The sensors are exposed to doses ranging from a quarter of a Gray to 2.31 and
4.96 Gy for the S14 and S13 types, respectively [171].

Amplitude
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6.2.2 Irradiated SiPM performances

The channels of an S13 and S14 arrays were exposed to different doses using a
lead shield to mask some of the channels, as described in [171]. Fluences from
1.90-10° to 3.73-10° protons/cm? have been used to expose the sensors to the
needed dose. Figure 6.11 summarizes the important results obtained for the S13
SiPMs. The I-V has been characterized before irradiation for every channel as
well as at different times after the irradiation took place. As observed in Figure
6.11 for a dose of 0.267 Gy, a dramatic increase of current is to be expected after
several years of operation. The dark current then decreases with time when the
sensors are stored at room temperature due to annealing effects.
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Figure 6.11: Left: I-V curves measured before and after irradiation for an S13 SiPM
exposed to 0.267 Gy, equivalent to 3.38 years in space for POLAR-2. The
SiPMs were stored at a non-stabilized room temperature of about 25°C. An
annealing affect can be observed, as the post-irradiation current decreases
with time. Right: Number of measured dark counts per interval of 10 ms
with a 0.5 p.e. threshold. The measured rate clearly goes with the amount
of radiation absorbed by the sensors. An annealing effect is observed as
well in the form of a decrease of the rate with time after irradiation. (taken
from [171], with permission)

The dark count rate has also been measured as a function of the overvoltage
and for different doses and measurement temperatures. The results obtained at
25°C for the S13 type are shown in Figure 6.11. For a given temperature, the rate
increases with the amount of radiation to which the silicon has been exposed to.
An annealing effect is also seen here, where the rate decreases with time after
irradiation with the sensors being stored at room temperature. Similar effects
are observed for the S14 SiPMs [171].

An increase of dark count rate of about an order of magnitude is expected
for POLAR-2 after two years of operation on the CSS. Considering an intrinsic
SiPM crosstalk of about 10 %, this would correspond to an increase in threshold
of 0.5 p.e. per year. Given a light yield of about 1.5 p.e./keV (see Chapter 7), the
sensors’ radiation damage implies a yearly energy threshold increase of 0.75 keV.
This may not seem alarming compared to the wide energy range covered by
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POLAR-2, but as for a typical GRB spectra most of the photons are emitted
on the low energy end of the instrument sensitivity range, a small increase in
energy threshold would have a large impact on the polarimeter’s sensitivity.

The activation of the irradiated SiPMs mounted on FR4 PCBs has also been
studied by placing the irradiated samples on High Purity Germanium detec-
tor (HPGe) directly after irradiation. The main contribution detected is a 511 keV
coming from B* decay of copper, tin, carbon, and potassium [171]. The contri-
bution of this activation to the total dose at which the sensors will be exposed
in space has been judged to be negligible.

Except for precisely characterizing the deterioration of the SiPMs” perfor-
mances with radiation, the other main outcome of this irradiation work is the
need for studying in detail the behavior of the annealing effect for different tem-
peratures for the expected doses that POLAR-2 will face in space. The annealing
effect could be used to mitigate the effect of radiation on the sensors during the
operation of the polarimeter. This would not only apply to POLAR-2, but to any
space-based instrument wanting to operate SiPM-based instruments in similar
environments (e.g. LEO). It was therefore decided to irradiate several sensors, to
store them at various temperatures and monitor their performances with time.
This work is described in the next section.
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21 S13 single channel SiPMs with 3 different microcell sizes have been irradiated
with the same proton beam previously described in Subsection 6.2.1. The sensors
have been exposed to a dose of 0.134 Gy, equivalent to 1.7 years in space for
POLAR-2. These SiPMs have then been stored at different temperatures and
their I-V characteristics have been monitored over time. The dark spectra of
these sensors after different levels of annealing have also been measured. We
first describe here the setup used to measure and store the sensors, followed by
the results obtained in this study, already published in [51]. We then conclude on
how the annealing effect can be used to improve the performance of SiPM-based
space missions.

6.3.1 Storage and measurement setups [51]

With the aim of studying the silicon lattice recovery through annealing effect,
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This section (6.3.1)
is taken from [51],
with a few small

daptations.
SiPMs have been stored in different thermal and electrical bias conditions. '
SiPMs of each of the 3 types were stored within 24 hours * after irradiation at
6 different temperatures ranging from -22.8+1.8 to 48.7£3.3°C. Several 50 ym
SiPMs were also stored at room temperature® with different bias voltages (2
with 3 V overvoltage, 1 with 8 V and 1 with 12 V). The number of SiPMs stored
at each condition is summarized in Table 6.3, while the setups for biasing the
SiPMs and storing them at the highest temperatures are shown in Figure 6.12.
Chamber ID 1 2 3 4 5 6
Chamber type Freezer = Fridge Room temperature Polystyrene + Power resistor
Storage 228418 63+0.9 20.540.6 29.740.6 38.7+1.6 48.7+3.3
Temperature [°C]
# of 25 um SiPMs 1 1 1 1 1 1
# of 50 um SiPMs 1 1 1+4 biased 1 0 1
# of 75 um SiPMs 1 1 1 1 1 1

Table 6.3: List of storage conditions for the SiPMs used in this study. One SiPM of each
cell size (25, 50, and 75 um) is passively stored at each of the 6 temperatures.
For the 50 um, the effect of different over-voltages (3, 8, and 12V) is studied at
room temperature. The SiPMs in chamber #6 were later placed in a climatic
chamber in order to characterize the annealing at higher temperatures (75
and 100°C)

=

The irradiation took place in Krakow, Poland, while the storage and characterization of the SiPMs
post-irradiation were performed in Geneva, Switzerland. The samples therefore spent about 24 h
at ambient temperature before being stored in controlled conditions. This does not affect the
results since we study the temperature dependence of the annealing effect relative to the first
measurement point (after transportation) and all samples were stored under the same condition
in this 24 h period.

2 All the setups where placed in a clean room, where the temperature is controlled at 20°C.
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As illustrated in Table 6.3, the coldest storage temperatures were reached using
a freezer and a fridge, while the hottest ones were reached using power resistors
placed in purpose build polystyrene chambers (see Figure 6.12) and tuned to
reach specific temperatures. The temperatures were monitored every few days
to ensure their stability and calculate their uncertainties. At the end of the
measurement campaign, the annealing effect on even higher temperatures have
been studied by storing several SiPMs in a climatic chamber with temperatures
of 75 and 100°C. The biased SiPMs were stored in a dark box and biased using an
in house developed power supply board based on the LT3482 DC/DC converter
from Linear Technology. For these biased SiPMs great care was taken in the
design of the dark box in order for the SiPMs to remain in good thermal contact
with the box. Thereby, the temperature of the SiPMs, despite the significant heat
dissipation inside of the SiPM, was at 20.5 + 0.6°C throughout the test.

Figure 6.12: Left: SiPM storage setup for high temperatures. A block of polystyrene
(yellow) is used in which cavities of 50 x 50 x 50 mm? are cut. The SiPMs,
along with a power resistor are stored in the various cavities. The power
resistors are powered using the power supply which provides a current
calibrated to reach the required stable temperature in the cavities. The cavi-
ties are closed off with a lid of foam while the temperature is occasionally
monitored using a PT100. Right: The SiPMs stored at different bias voltages.
The SiPMs are stored in a dark box, seen opened in the figure, which allows
to run the SiPMs in dark conditions with good thermal conduction towards
the aluminum box. As a result the SiPMs remain thermalized with the clean
room, which has a controlled temperature. The bias voltages are provided
through several in house developed power supply boards based on the
LT3482 DC/DC converter from Linear Technology. (taken from [51], with
permission)

The two main features measured to study the annealing effect are the dark
current and the dark count rate (DCR) of the SiPMs with respect to the time
after irradiation. The former is actually measured versus voltage through an I-V
characterization at room temperature all along the 2 months of storage, while
the latter is measured for a 5 V overvoltage at both o and 20°C at the end of the
2 months storage. Great care was taken to minimize the time for each SiPM to
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be taken out of their thermal storage unit, while at the same time it was ensured
that the SiPMs reached measurement temperature before measuring. It was
found that removing the SiPMs from their storage for 10 minutes would allow
for complete thermalization with the room. This way the total time outside of the
thermal storage unit was negligible (15 minutes per measurement: 10 minutes
for thermalizing and 5 for measuring the I-V characteristics) while ensuring that
all I-V measurements are performed with the SiPM thermalized to 20°C.

Vacuum control
for positioners
and chuck

Positioners Microscope

and probes
to HV power supply

SiPM chip
Chuck

X, y and z motors

Figure 6.13: Left: Probe station setup used for I-V characterization. Right: Microscope
view of the 25/50/75 ym SiPMs. (taken from [51], with permission)

The I-V characterization is made using an in-house designed probe station
shown in Figure 6.13, based on Keithley electrometers and controlled through a
LabView™ program. The Cascade CM300 semi-automatic probe station men-
tioned in section 6.1 is not used here since the sensors are single channel, so one
would have to switch sensor for each measurement in any case. The DCR is mea-
sured in a climatic chamber, shown in Figure 6.14, where the SiPM waveforms
are readout with a Teledyne Lecroy Wavesurfer 510 oscilloscope through a trans-
impedance amplifier (TIA) board based on ADA4817 and AD8ooo operational
amplifiers. The use of a climatic chamber ensures a stable temperature all along
the measurements, and allows to acquire dark spectra at different temperatures,
namely o and 20°C.
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HV SiPM bias

LV TIA bias

HG/LG outputs

Figure 6.14: Climatic chamber setup and transimpedance amplifier board used to char-
acterize the SiPMs dark spectra (taken from [51], with permission)

For each dark spectrum, 20 waveforms of 10 ms are acquired with a threshold
of 0.5 photoelectron (p.e.). An analysis similar to that described in [171] is
applied to the waveforms. A Savitzky-Golay algorithm [206] is applied twice
to clean the data. The waveform is then subtracted to a time-delayed copy of
itself in order to ease the peak finding process. Finally, an amplitude threshold
of 20 mV for the 50 ym SiPM, 25 mV for the 75 ym SiPM, and a deadtime
threshold? of 120 ns are applied (see Figure 6.23). Note that the SiPMs are
operated at 5 V overvoltage to have a higher prompt crosstalk (compared to that
at 3 V overvoltage, that is the Hamamatsu recommended operation point) and
therefore more peaks to fit in the dark spectrum. This makes the analysis easier
and does not affect its quality since we are interested in the relative comparison
of the photoelectron resolution for different annealing conditions. Each dark
spectra is fitted using a sum of Gaussians.

6.3.2  Temperature dependence of the annealing effect on the SiPM current [51]

The measured I-V characteristics for 75 ym SiPMs are shown in Figure 6.15
for both the SiPMs stored at the lowest and room temperatures. The curves for
other microcell sizes and annealing temperatures are provided in appendix A.
A zoomed-in version is also displayed as a corner plot in log-scale in order to
highlight the evolution of the I-V shape around the breakdown region. From
those plots it is clearly seen that there is almost no effect on the post-irradiation
dark current on the SiPMs stored at -22.84+1.8°C, while for those stored at room
temperature almost half of the dark current is recovered after about 2 months.

3 This inter-pulse time threshold is used to get rid of delayed crosstalk and afterpulsing.
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Figure 6.15: Post-irradiation time evolution of the I-V characteristics of 75 um SiPMs
at —22.8 + 1.8°C (left) and at 20.5 £ 0.6°C (right). We only show a few
I-V curves here even though a lot more curves were measured for the
convenience of the reader. All the curves are provided in appendix A.

(taken from [51], with permission)

For a better representation of the temperature dependent improvement in
dark current, it was decided to work with the current measured at 3 V overvolt-
age* (standard operating point recommended by the manufacturer). The time
evolution of the 3 V overvoltage current for different storage temperatures are
shown in Figure 6.16 for the three types of SiPMs. In this figure the y-axis shows
the normalized current, meaning the dark current relative to that measured

during the first measurement after irradiation.

4 The breakdown voltage is determined from the square root of the current versus the voltage. Two
linear fits are performed, one for the region below the breakdown, and one for the region above.
The breakdown is taken as the point of intersection of these two linear fits. This method has been
compared to other methods (first and second derivative of the current’s logarithm) that gave
similar breakdown values.

55

56
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Figure 6.16: Normalized current (to the first data point in time) measured at 3V over-
voltage vs. time after irradiation for SiPMs stored at different temperatures
(as explained in the legend). The curves are fitted with an exponential
function, for the 25 um (top), 50 um (middle), and 75 um (bottom) SiPMs.
(taken from [51], with permission)
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It can be noticed that the current at this fixed operation point is following
an exponential decay with time, whose amplitude, time constant, and offset
vary with the storage temperature. The data points in Figure 6.16 are therefore
titted with an exponential function, whose fit parameters are plotted versus
the storage temperature in Figure 6.17. The exponential offset is correlated to
the fraction of the post-irradiation dark current that can be recovered after an
infinite amount of time, while the exponential slope can be seen as a dark current
recovery rate. It can clearly be seen that the annealing process is both faster and
more efficient (meaning that the current is reduced by a significant fraction) at
higher temperatures. Furthermore, almost no annealing effect is observed at
—22.84+1.8°C.

Time [day]
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0 10 20
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Annealing temperature [°C] 0 1 2 3 4
Time [s]

Figure 6.17: Normalized exponential fit parameters for current vs. time after irradiation
(left) and the temperature dependency of the exponential annealing effect
for the 75 ym SiPM as predicted based on the fit results (right) (taken from
[51], with permission)

The exponential offset has a linear dependency in storage temperature, while
the amplitude and exponential slope appear to have an exponential behavior.
These exponential fit parameters are consequently fitted, and the fit results are
shown in Table 6.4. Using these fit parameters one can get the exponential decay
shape of the current versus time for a wide range of temperatures. The right
plot of Figure 6.17 shows the evolution of this extrapolated exponential decay
with temperature for the 75 ym SiPM.

ure [°C]

Annealing Temperat
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Parameter  Pitch [pum] Amplitude Slope [°C1] Offset
25 (4.1242.06) - 107! (2.7640.81) - 1072 (-1.8642.17) - 107!
Amplitude 50 (2.33+0.82) - 107! (3.79%£0.62) - 1072 (-5.73%97.05) - 1073
75 (2.66+0.98) - 107! (3.26+0.64) - 1072 (-1.60%10.99) - 1072
25 (-9.59£8.83) - 107 571 (4.75%1.74) - 1072 (2.32+12.77)-1077 57!
Slope 50 (-1.84%1.17) - 107 s~ (8.22+1.26) - 102  (-5.36+3.44) - 107 s~
75 (-4.41£3.26) - 1077 s71  (6.36%1.45)-1072  (9.79469.20) - 1078 571
25 -* (-8.30+0.66) - 1073 (7.44%*0.21) - 107!
Offset 50 * (-7.84+0.93) - 1073 (7.37%0.27) - 107!
75 * (-6.8340.88) - 103 (7.03%0.27) - 1071

Table 6.4: Fit parameters of the normalized temperature-dependant exponential parame-
ters shown in Figure 6.17. The amplitude and slope are fitted with exponential
functions of the form aexp(bx) + ¢, while a linear fit* of the form ax + b is
performed on the temperature dependency of the offset. [51]

Another way of analysing the impact of annealing on the dark current is to
use the current related damage rate «, as defined in [179]:

Al
D0V

x = (6.1)

where V is the sensitive volume in cm?, ®,; the equivalent fluence in cm ™2,

and Al the current increase due to irradiations.

The fluence with which the SiPMs have been irradiated is 108 p/cm?, and
the effective surface for each type of sensor is derived using the numbers
summarized in table 6.5.

Neps  cell pitch [pm]  Fill factor [%] Effective channel surface [mm?]

57600 25 47 16.92
14400 50 74 26.64
6400 75 82 29.52

Table 6.5: SiPM channel effective surface for S13360-6025/50/75 SiPMs [51]

5 As discussed in the following talk: "SiPMs in high radiation environment" by Erika Garutti, one
should use an extended version of (6.1) for devices with gain like SiPMs: o = m
where G is the gain, ECF the excess charge factor, and PDE the photo detection efficiency. Since a
relatively low fluence was used in this study, the effect of radiation on the Gain can be neglected.
Moreover, as the a parameter is extracted for a quite low overvoltage (3 V), the ECF can be
expected to be quite low, so as its dependence on radiation damage for a small fluence. We
therefore use the definition in (6.1) for the current related damage rate.


https://indico.cern.ch/event/1093102/contributions/4813355/attachments/2430110/4160996/EG-SiPM-RadHard-CERNWorkshop.pdf
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In order to get the sensitive volume of each type of sensor, the effective surfaces
in table 6.5 need to be multiplied by the thickness of the Silicon depletion layer,
which is about 2 ym for Hamamatsu SiPMs [78]. The depletion width can be
estimated using its relation to the micro-cell capacitance: Cycen1 = €0 - €s; - %,
with g9 = 9.95 - 10714F /cm the vacuum permittivity, es; the relative permittivity
of Silicon, A the effective surface of the micro-cell, and d the depletion width.
Having the sensitive volume and the fluence, the dark current data from Figure
6.16 can be converted into current related damage rate (see Figure 6.18).

The current related damage rate obeys the following relation with time [179]:

t

at) = oqexp(—i) + g — ﬁln<t0> (6.2)

where a1, 9, and B are the amplitudes of each terms in A/cm, ty defines the
time unit, and 7 follows the Arrhenius relation [36]:

= K(T) = koexp <— kEB” ) (63)

Al

where kg = 8.617 - 107° eV /K is the Boltzmann constant, E, is the activation
energy of the defects, and T the annealing temperature.

The relation (6.2) is used to fit the current related damage rate for the three
types of SiPMs at different annealing temperatures. The fits are shown in Figure
6.18, while the time dependent fit parameters are given in Table 6.6 for the
different amplitudes and the Arrhenius plots for the exponential decay time
are provided in Figure 6.19. Note that there is almost no recovery for the
coldest annealing temperature (—22.8 & 1.8°C), resulting into big errors on the
fit parameters due to the flat nature of the curve.
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Figure 6.18: Current related damage rate vs. time after irradiation, fitted with the
function (6.2), for the 25 um (top), 50 um (middle), and 75 um (bottom)
SiPMs. Systematic effects coming both from the measurement procedure
and from variations among samples contributes to the error on «, whereas
the error bars used in Figure 6.16 only contained a contribution from the
former source systematic uncertainties, the latter being washed out by the
current normalization. We do observe outlying curves due to a spread
between samples, e.g. for the 75um SiPM at 6.3°C, but the trend of these
curves behave as expected. [51]
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Pitch  Temperature [°C] ar [1071°A /cm] ao [1071°A /cm] B [1071°A /cm]

—228+1.8 (2.93+2204.00)-107! (3.574220.80) (5.46+4.26)-1072

6.3+0.9 (8.8043.28)-107! (2.69%1.57) (2.43%10.48)-1072
25 pm 20.5+0.6 (8.37£3.01)-107! (5.5641.06) (2.33%0.70)-10~!
29.7£0.6 (2.50+0.21) (3.06%+0.35) (1.0540.24)-107!
387+ 1.6 (1.3044018.00)-10? (3.73%0.28) (1.5240.19)-107!
48.7 +3.3 (6.65+1.66) (1.99£0.13) (5.5540.85)-10~2
—228+1.38 (1.57£1566.00) (1.69£156.80)-10'  (1.57+1.59)-107!
6.3 +0.9 (3.3241.19) (1.81£0.50)-10"  (5.5243.26)-107!
2o 20.5+£0.6 (6.79£1.05) (1.19%0.43)-10 (2.95+2.80)-107"
29.7+0.6 (8.53%0.71) (1.5340.18)-10" (5.56%1.17)-107!
48.7 £3.3 (3.4842.12)-10" (8.63+0.92) (1.8340.62)-107!
—228+1.38 (3.67£169.20) (4.614+16.27)-101  (7.4747.61)-107!
6.3+ 0.9 (2.16+4.03)-10" (1.97£3.51)-101  (5.6946.88)-10~!
75 Hm 20.5+0.6 (1.3240.40)-10" (5.72%1.71)-10 (2.40t1.10)
29.7+0.6 (3.1140.22)-10" (3.8240.45)-10" (1.19%0.30)
387+1.6 (5.384-0.94)-10" (5.0440.41)-10" (2.0640.28)
48.7+3.3 (1.94+7203.00)-103 (3.91£0.35)-10 (1.22£0.24)

Table 6.6: Fit parameters vs. annealing temperature obtained using the expression (6.2)
for the 3 microcell pitches. The fit for —22.8 4+ 1.8°C gives very big error due
to the fact that a versus time is flat since there is almost not annealing at this
temperature. [51]
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Figure 6.19: Arrhenius plot for the decay time 7 for the 25 um (top), 50 ym (middle),
and 75 um (bottom) SiPMs (taken from [51], with permission)

The Arrhenius plots in Figure 6.19, which show the fit values for T as a function
of temperature, are fitted using the relation (6.3). The fit parameters and their
corresponding physical quantities are provided in Table 6.7. ko corresponds
to the frequency at which the defects try to escape [103]. A rate of the order
10" — 1018 Hz is expected from a dissociative process [42, 175, 179]. This is
compatible with the values obtained from the offset of the fit. It is therefore
likely that the exponential decay part in (6.2) is caused by a dissociation of the
defects.

Pitch In(ko [s~1]) ko [s71] Slope [K] E, [eV]

25 um  (3.3640.37)-101  4.05- 10 fijé?ﬁ%gii (-1.36+0.11)-10* 1.17+0.09

50 pm  (3.224+1.08)-10* 9.82-10133:22}812 (-1.35+0.32)-10* 1.16+0.28

75 um  (3.3740.75)-101  4.51-10™ :1;;2&812 (-1.4040.23)-10* 1.214+0.20

Table 6.7: Linear fit parameters obtained for the Arrhenius plots in Figure 6.19. The
activation energy E, for defect migration or dissociation is computed from
the slope (E = kgT), while ky obtained from the offset of the fit corresponds
to the frequency at which defects will try to escape [103]. [51]

The annealing effect has also been studied at higher temperatures, by storing at
the end of the measurement campaign the SiPMs previously stored at 48.74-3.3°C
for a few days in a climatic chamber. The SiPMs were first annealed at a
temperature of 75°C, and then at 100°C. Figure 6.20 shows the I-V curve taken
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for a 25 um SiPM after stabilization® for each measured annealing temperature
as well as the current at 3 V overvoltage extracted from each of these I-V curves
for all three types of SiPMs.
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Figure 6.20: I-V curve measured after stabilization for annealing temperatures up to
100°C for the 25 ym SiPM (left) and current at 3 V overvoltage for 25, 50,
and 75 um SiPMs after stabilization including high annealing temperatures
(right). (taken from [51], with permission)

Figure 6.21 shows the current at 3 V overvoltage of Figure 6.20 normalized by
the current measured right after the irradiation. The curves therefore provides
the recovery fraction for the 25, 50, and 75 ym SiPMs as a function of the
annealing temperature. The solid lines given for all three kinds of SiPM are the
normalized current values after an infinite time, calculated using the exponential
fit parameters in Table 6.4. Even though there is a quite good match up to 50°C
between the current measured after about 2 months and the value at infinity
computed from the fit, the measured current at 75 and 100°C are higher than the
values from the extrapolation of the fit. As previously explained, the SiPMs were
only stored for a couple of days in a climatic chambers at both 75 and 100°C, but
this is sufficient for the annealing to stabilize since the effect is significantly faster
at high temperatures. The non-linearity observed in Figure 6.21 is therefore due
to a saturation effect of the annealing process at high temperatures, which is
not accounted for in the solid lines derived from the fits since those fits were
performed in the range -22.84+1.8 to 48.7£3.3°C.

The I-V curve shown in the figure were taken after a few days for the 75 and 100°C anneal-
ing temperatures, where the annealing goes very fast. The I-V curves for the other annealing
temperatures correspond to the last ones shown in Figure A.1, taken after about 2 months of
annealing.
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Figure 6.21: Normalized current at 3 V overvoltage for 25, 50, and 75 ym SiPMs after
stabilization including high annealing temperatures. A linear fit is per-
formed on the data points below 50°C. A saturation of the annealing effect
is observed at higher temperatures. (taken from [51], with permission)

Although the above annealing studies were performed with breakdown cor-
rection to ensure the same overvoltage was used when comparing the current
between different SiPMs, the breakdown stability has also been checked, as
shown for the 50 ym SiPM in Figure 6.22. It can be seen from this plot that the
breakdown voltage” variations for the different annealing temperature are all
within 0.1 V. A correlation between the breakdown variations of the different
SiPMs can clearly be observed from these curves, implying the variation is a
result of local temperature variations in the laboratory®. A similar behavior is
observed for the 25 and 75 ym SiPMs.

7 One should note that the breakdown voltages in this analysis are computed by performing
linear fits on the regions below and above breakdown of the v/T vs. V curve, and by taking the
intersection point between the two lines. Other methods using first and second voltage derivative
of the current logarithm were found to give similar breakdown values

8 The breakdown voltages are corrected for the temperature measured in the clean room where
the I-V characterizations are made. The observed fluctuations with time are therefore likely due
to local temperature variations in the laboratory, but they do not affect the analysis since the
breakdown is computed for every measurement to ensure that the current is always extracted for
the same overvoltage.
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Figure 6.22: Temperature corrected breakdown voltage vs. time after irradiation for the
75 um SiPMs. A similar behavior is observed for the 25 and 50 ym SiPMs.
The common variations of the breakdowns is due to local temperature
variations in the measurement room. Horizontal dashed lines corresponds
to the breakdowns measured before irradiation. (taken from [51], with
permission)

6.3.3 Temperature dependence of the annealing effect on the SiPM dark spectrum [51] This section (6.3.3)
is taken from [51],

Analysing the effect of radiation damage and the related recovery on the SiPM’s ;Z;Z;;i ?jz:mﬂ”

dark current and breakdown voltage does not give a complete picture of the

evolution of the performances of the sensor. In order to get an idea of the photon

resolution degradation after irradiation and behavior with annealing, the dark

spectra of the detectors should also be studied. An example of fitted spectra for

a non-irradiated 50 ym SiPM measured at 0°C is shown in Figure 6.23, where

the applied thresholds mentioned in section 6.3.1 are indicated with the red

lines on the top plot.
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Figure 6.23: Trigger count map in the amplitude-time space, where an amplitude thresh-
old of 20 mV and an inter-pulse time threshold of 120 ns are applied (top)
and corresponding dark spectra fitted with a sum of Gaussians (bottom)
for a non-irradiated 5oum SiPM as measured at 0°C (taken from [51], with
permission)

As can be seen in Figure 6.24, the performance recovery associated with the
annealing effect does not only apply to dark current, but also to the photon
resolution. Indeed, the peaks in the dark spectra gets narrower and more rec-
ognizable at higher annealing temperatures both at o and 20°C measurement
temperatures. We only show here the spectra for 50 ym SiPMs, since similar be-
haviors are observed for the 75 ym ones. The dark spectrum for a non irradiated
SiPM is also given as a reference.
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Figure 6.24: Dark spectrum for a 50 ym SiPM as measured at o (left) and 20°C (right)
for different annealing temperatures (taken from [51], with permission)

Another interesting feature to analyse is the effect of annealing on the DCR as
a function of the applied threshold. From these curves, provided in Figure 6.25
for the 50 um, we first see the improvement of resolution with annealing, but
also a change in slope, implying that the main contribution to the rate is shifting
towards low amplitudes.
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Figure 6.25: DCR as a function of the threshold for a 50 ym SiPM as measured at o
(left) and 20°C (right) for different annealing temperatures (taken from
[51], with permission)
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Figure 6.26: First photo-electron peak width vs. annealing temperature for the 50 ym
SiPMs as measured at o and 20°C. The horizontal dashed lines correspond
to the values before the irradiation. (taken from [51], with permission)

The width of the first peak in the dark spectra, corresponding to single
photoelectron events, is shown as a function of annealing temperature in Figure
6.26, where we clearly see the improvement at high temperatures. A linear fit of
the peak width versus peak number in each spectrum has been performed, the
offset of the linear function corresponding to the first peak width, and the slope
to the increase in the width from a peak 1 to a peak n + 1. While the former has
shown a degradation with irradiation, and as discussed above an improvement
with annealing, the latter was not affected by the irradiation.
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6.3.4 Bias voltage dependence of the annealing effect [51]

All the above results were obtained for SiPMs passively stored at different
annealing temperatures. When used in an experiment, the sensors will be
biased, which implies the need of a comparison of the annealing effect between
biased and unbiased SiPMs. Figure 6.27 shows the 3 V overvoltage current
and breakdown voltage time evolution for different 50 ym SiPMs stored at
20.5 + 0.6°C with different bias voltage. Two sensors were stored with a 3 V
overvoltage, which corresponds to the recommended operation point by the
manufacturer, and two other chips were stored with higher overvoltages of 8
and 12 V. The data for an unbiased SiPM stored at the same temperature, which
corresponds to the one already presented in section 6.3.2, is also plotted for
comparison.

Time [day]
30 40 50 60 70

Storage overvoltage:

+  unbiased
3V

+ 3V

+ 8V 51.7 4

+ 12v

Breakdown Voltage | V|

Storage overvoltage:
—— unbiased ~—+— 3V —+— 3V —— 8V = —— 12V
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Figure 6.27: Normalized current measured at 3V over-voltage (left) and breakdown
voltage (right) vs. time after irradiation for the 5oum SiPM stored at room
temperature (20.5 & 0.6°C) (taken from [51], with permission)

Both the dark current and the breakdown voltage show a similar behavior
for unbiased and biased detectors. One of the current versus voltage curves is
outlying for one of the chips stored at 3 V (the green one in Figure 6.27). This
might be due to a spread among SiPM chips. The trends for the different biased
SiPMs are compatible with the unbiased one, making the results presented in the
previous sections still valid for experiments operating at a normal overvoltage.
The exponential fit parameters of the normalized current provided in Table 6.8.
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Overvoltage [V] Normalized amplitude Slope [s!] Normalized offset
Unbiased (52240.16)-107'  (=1.1540.07)-107°% (526 £0.05) - 10~
3 (5204+0.28)-107"  (—1.3440.13)-107% (5.02+£0.09) 107!
3 (3.80+£0.19) - 107! (—=1.00+£0.11) - 107® (6.15+0.08) - 101
8 (5214+030)-107"  (=1.734+0.16)-107® (5.18 £0.08) - 10!
12 (4.904+0.29) - 10! (—1.88+0.18)-107® (5.60 +£0.07) - 107!

Table 6.8: Exponential fit parameters for the normalized 3 V overvoltage current versus
time shown on the left plot of Figure 6.27 for soum SiPMs stored at an
annealing temperature of 20°C with different bias voltages. [51]

The dark spectra and DCR versus threshold were also measured for different
annealing bias voltages (see Figure 6.28). The unbiased (blue curve) and first 3 V
biased (orange curve) SiPMs show a similar photoelectron resolution, but the
biased SiPM has a higher dark count rate. Furthermore, no significant difference
in photoelectron resolution is observed for different bias voltages. Therefore, if a
good thermal contact to the sensor is ensured, no electrical annealing effects [43]
due to local self-heating are observed, which makes the passive study performed
in the previous sections still relevant.
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Figure 6.28: Dark spectrum (left) and DCR versus threshold (right) for soum SiPMs
with different annealing bias voltage, measured at 20°C (taken from [51],
with permission)

6.3.5 Implications for the POLAR-2 experiment and other SiPM-based space instru-
ments [51]

We discuss in this section the application of the annealing effect characterized
in the previous sections to the POLAR-2 experiment, and to some extends
to other space-borne experiments. POLAR-2’s 6400 scintillators will be read
out by S13361-6075PE-04 arrays, which consist of 16 channels of the 6 mm
S13360-6075PE SiPM type studied in the previous section. Arrays have also been
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This section (6.3.5)
is taken from [51],
with a few small
adaptations.
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irradiated with different doses to study the radiation damage, as described in
section 6.2. The annealing of the array is compared to the one of the single
channel SiPM, which consist of the same technology, in Figure 6.29. This figure
shows the I-V curve at different time after proton irradiation with a dose of
0.267 Gy, as well as the I-V before irradiation. The arrays were stored at an
approximate temperature of 25°C (not controlled like in the case of the single
channel sensors used to study the annealing).
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Figure 6.29: I-V curve time evolution for the S13361-6075PE SiPM stored at 25°C and
irradiated with 0.267 Gy (left) and time evolution of the normalized current
at 2 V overvoltage for an 513361-6075PE SiPM exposed to 0.267, 0.815, 2.19,
and 4.96 Gy (right). The black curve corresponds to the exponential decay
at an annealing temperature of 25°C interpolated from the study on single
channel SiPMs (see Figure 6.17). (taken from [51], with permission)

The 3 V overvoltage current is also plotted as a function of time in Figure
6.29 for 4 different doses. A black line gives the exponential decay expected
for a 25°C annealing temperature extracted from the fits of Figure 6.17. It can
be noticed that the first data points match well the curve extracted from the
single channel SiPM study, while the last data point for each dose is lower than
expected for the array. This can easily be explained by the fact that the arrays
were not stored in a controlled temperature environment (since the purpose of
those sensor were to study their radiation damage right after the irradiation
campaign, not for annealing studies). The arrays were therefore annealed more
than when being stored continuously at 25°C, probably because of an increase
of temperature in the storage room sometimes during the 2 months due to the
weather. Based on this and the fact that the first 3 points match our expectations,
we will assume that the arrays, as used in POLAR-2, have the same behavior
than the single channel SiPMs regarding annealing. This is to be expected since
the technology is the same and the SiPMs only differ in the mechanics which
couples them to the neighboring channels.

As already mentioned in chapter 5, POLAR-2 will be equipped with an active
cooling system based on Peltier elements directly placed on the back of the
SiPMs to reduce their operating temperature. An option could therefore be to
invert the current polarity of the Peltier elements after some operating time in
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order to heat up the SiPMs and partially recover their original performances.
However, the implementation of such an option in the design of the front-end

electronics is quite complex. The retained solution has thus been to place power  Bake it until you
resistors on the back of the PCB holding the SiPMs. These resistors will be make it.
powered only during the annealing phase, while the Peltier will be turned off.
Operating temperature [°C] -10 0 20
. 25um 15.7+0.8
Scenario 1
"No Annealing" 50Um 154£22
75um 72£09
. 25um  13.15+£0.73 11.93+0.67 9.49 +0.59
Scenario 2
"Continuous annealing" soum 12.74+1.84 11.61+1.67 935+1.36
75pum 5804072 536+£0.65 4.51+0.55
. 25um  8.02+045 7274041 5.79+0.36
Scenario 3a (1 day)
"Continuous + Stimulated annealing" soum 7.40+£1.07 6.754+097 5.43+0.79
75pm  3.59+045 331+040 279+0.34
) 25ym 5871033 532+£030 424+=0.26
Scenario 3b (2 days)
"Continuous + Stimulated annealing" s5oum 548 +0.79 4.99+0.72 4.024+0.58
75um 269 +034 2494030 2.10+0.25
. 25um  4.324+024 392+022 3.12+0.19
Scenario 3c (10 days)
"Continuous + Stimulated annealing" s50pum 4.39+0.63 4.00+£0.57 3.224+0.47
75um  2.09+0.26 1.93+024 1.63+0.20

Table 6.9: Increase of the dark current at 3 V overvoltage after 1 year of operation
for different annealing scenarios. The numbers are also provided for the 25
and soum SiPMs for other experiments using these sensors. The different
annealing scenarios are defined as follow: Scenario 1. Increase of dark current
after 1 year of operation in LEO neglecting the annealing effect during the
operation. No annealing is considered here and the radiation damage is
assumed to be independent of the temperature. Scenario 2. Increase of dark
current after 1 year of operation in LEO considering the continuous annealing
happening all along the operation, given the operating temperature. Scenario
3. Same as Scenario 2 but followed by a 1 (a), 2 (b) or 10 (c) days stimulated
annealing at 50°C after 1 year of operation in order to recover part of the
original performances. The annealing is stimulated via an active heating of
the sensors. [51]

An increase of the dark current at 3 V overvoltage by a factor 7.240.9 is ex-
pected every year for the orbit and shielding conditions of POLAR-2 if operating
at low enough temperatures where the annealing effect is not significant. This
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yearly dark current increase, also provided in Table 6.9 for the three types of
sensors studied in this paper, is an upper value for an instrument exposed to a
dose rate of 0.0789 Gy/yr. The current increase of SiPMs can be considered as
proportional to the dose rate for LEO experiments receiving relatively low levels
of radiation. The factor provided for Scenario 1 can therefore be scaled up or
down for other instruments with different amounts of shielding. Depending on
the operating temperature of the instrument, some continuous annealing effect
could dampen this current increase. We therefore provide the factor corrected
for the annealing effect for the three types of SiPMs and for three different
operating temperatures, namely -10, 0 and 20°C. This is shown in Table 6.9 as
Scenario 2. The effect of continuous annealing at operating temperature on the
linearly increasing current is described by the following expression:

Fi(t) = 1+ (K — 1) - tlyr] - [A(T) exp(B(T) - [s]) + C(T) (6.4)

where K is the yearly increase in current without annealing (Scenario 1) and
A(T), B(T) and C(T) are the exponential amplitude, slope and offset obtained
from the exponential fits of Figure 6.16 and reported as a function of temperature
in Figure 6.17. f is the time corrected for the duration of the SiPMs transporta-
tion from Krakow to Geneva after the irradiation session, and is calculated as
F=t+tg=t+ ﬁ ln(%) where t is the time of the first post-irradiation
measurement. The values for t; are 76616 s, 72935 s and 70432 s, respectively for
the 25, 50, and 75 ym SiPMs. This time correction allows to use the amplitude
and offset obtained from the fits in Figure 6.16 without having to renormalize

them.

Finally, Scenario 3 of Table 6.9 provides the increase in current for the case
of Scenario 2 followed by an active heating of the instrument performed after
1 year of operations at 50°C in order to partially recover the dark current. The
numbers are provided for a stimulated annealing of 1, 2 and 10 days. Assuming
an operating point of 0°C for POLAR-2, an annual increase of dark current by
a factor 5.36 £ 0.65 can be expected. The effect of radiation on the polarimeter
performances can be mitigated by heating up the sensors to a temperature of
50°C for 1 (or 2) days after a year of operation. After this procedure, the 1 year
increase of current would be reduced to 3.31 £ 0.40 (or 2.49 + 0.30). Table 6.9 can
be used to estimate dark current increase of S13360-6025/50/75 SiPMs related
to radiation damage. It can also be used for estimating the required thermal
conditions for any space borne experiment using SiPMs as photosensors, and
planning an annealing strategy to extend the life time of the mission.
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6.4 CONCLUSIONS

Together with the plastic scintillators, Silicon Photo-Multipliers form the cen-
tral organ of the POLAR-2 instrument. While the scintillators are responsible
for converting the incoming gamma radiation into optical photons, the SiPMs
permit to convert this light into a measurable signal that can be processed by
the readout electronics. It is therefore of high importance to characterize these
sensors on a channel-by-channel basis to get a precise idea of the behavior
of each individual channel of the polarimeter. This characterization has to be
performed as a function of temperature as the thermal conditions might vary
within the instrument and with time. A characterization procedure, scalable
at bigger scale for producing the entire instrument with 6400 channels, has
therefore been developed in order to measure the temperature dependence of
the breakdown voltages of every SiPM channels. This not only allows to correct
for non-uniformity of the operating point within the polarimeter modules in
order to get a more uniform instrumental response, but it is also crucial to
keep the operation point stable with time when the instrument is subject to
temperature variations.

Due to its space-based nature, the POLAR-2 instrument is not only subject to
varying thermal conditions, but it is also exposed to a harsh radiation environ-
ment. Orbiting the Earth at an averaged altitude of 383 km and an inclination of
42°, the instrument is exposed to most of the radiation when crossing the SAA.
Simulations based on the instrument design and the knowledge of the radiation
environment were carried out to estimate the yearly expected dose in the sensors,
allowing to reproduce the same conditions at an irradiation facility. POLAR-2
will be able to monitor the absorbed dose during the mission thanks to the use of
Radiation sensitive Field Effective Transistors (RadFET), as described in Chapter
5. The degradation of the SiPMs’ performances in term of dark current and dark
count rate were studied as a function of the exposed dose and measurement
temperature, allowing to precisely characterize the evolution of the instrument
sensitivity with time in orbit. An annealing effect was also observed. That is, an
improvement of the SiPMs’ performance after the degradation due to irradiation.
This effect, explained by silicon lattice point defects being fixed by the ambient
thermal energy, could be taken to our advantage to limit the impact of radiation
on the sensors once in space.

The effect of annealing has been studied as a function of temperature by
irradiating 21 single channel SiPMs and storing them at various temperatures
for a couple of months. The current versus voltage was measured every few days
in order to monitor the evolution of the dark current of the irradiated SiPMs
under different thermal conditions. The storage temperatures ranged from -20°C,
where no annealing effect was observed, to +50°C, where post-irradiation the
dark current was reduced by 60% in less than a week. The dark spectra was
also measured in order to study the recovery of single photon resolution with
annealing. Finally, the yearly increase of dark current for different proposed
annealing strategies were provided. Useful numbers can be extrapolated from
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this for any space-based instruments that wants to operate SiPMs and make use
of annealing to improve their life time.



OPTICAL CHARACTERIZATION, SIMULATION, AND
CALIBRATION OF THE POLAR-2 MODULES

The primary particles of interest for the POLAR-2 science case are photons of
energy ranging from a few keV up to several hundred of keV. However, when a
-ray enters the polarimeter, it deposits energy in the detector that is converted
into optical photons through scintillation. The optical photons produced in the
scintillator bars have then to be transported to the optical sensors to be converted
into an electrical signal with the highest possible efficiency. In consequence, even
though the polarimeter modules are <y-ray detectors, they are an optical system
in which optimizing the photon collection is crucial.

The polarimeter modules were designed based on the POLAR modules, with
several technological improvements and optimization. The upgrade of the sen-
sors from MA-PMTs to SiPMs, greatly improving the light detection efficiency, is
one of them. The scintillators have also been shortened to improve the SNR, and
have been made wider to limit the dead space between scintillator bars. During
the polarimeter module development process, optical elements were therefore
characterized and tested with module prototypes in order to improve the light
collection of the system. An optical simulation of the module was implemented
in Geanty in order to model the optical behavior of the system. Improving the
light collection not only increases the effective area of the detector, but is also
crucial for lowering the energy threshold down to a few keV, where <y-rays only
produce a few optical photons in the scintillators.

In this chapter, we start by discussing the development and characterization
work of the different optical compounds of the POLAR-2 polarimeter modules is
described. The Geants optical simulation of the target is then presented together
with comparisons to measured data.
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7.1 OPTICAL DESIGN AND CHARACTERIZATION OF THE POLARIMETER
MODULE

The focus is here on the optical part of the POLAR-2 polarimeter module, whose
design is described in Section 5.2. The optical part makes the bridge between
the primary -y-ray and the measured electronic signal. It is therefore composed
of an array of 64 plastic scintillator bars, individually wrapped with different
reflective foils as described in Section 5.2.4. The scintillators are held together by
a plastic mechanical grid. A reflective foil is placed on one end of the scintillator
array to reflect back the optical photons into the target, while the SiPM arrays
are coupled to the other side through a Room Temperature Vulcanizing (RTV)
silicone optical pad.

Figure 7.1: Left: A quarter of a target being assembled in the plastic alignment grid.
Middle: A fully assembled target ready to be integrated into a polarimeter
module. Right: Target inserted in a carbon fiber socket seen from the FEE
side.

Figure 7.1 shows several pictures of a polarimeter target during assembly.
When the incoming <y-ray is depositing energy in a scintillator bar, this produces
scintillating light in the 400-500 nm (see Figure 7.13) which will travel in the
bar. As detailed in Chapter 5, the four long sides of the bars and one extremity
are covered with highly reflective foil, while the sixth side of the bar is coupled
to the SiPM channel through a soft silicone based optical pad. The scintillating
photons are therefore propagating along the bar, undergoing multiple internal
reflections and reflections on the foils, whose goal is to bounce back the photons
in the scintillator. The reflectivity of the foils is a key parameter for an optimal
light collection. The photons finally reach the extremity of the bar coupled to
the SiPM and are being converted into an electronic signal. We now describe
the optical characterization of the reflective foils, plastic grid, scintillator bars,
and optical pad. Another crucial optical element of the chain, the SiPMs, were
discussed in the previous Chapter.
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7.1.1  Reflective foils

The role of the reflective foils is to keep as many optical photons as possible
inside the scintillators until they reach the SiPMs where they get absorbed
through the photo-electric effect. Maximizing the reflectivity in the 400-500 nm
wavelength interval, corresponding to emission wavelengths of the plastic scin-
tillators, is therefore decisive on the overall optical efficiency of the module.
As a consequence, the reflectivity and transmissivity of several kinds of reflect-
ing films were measured [54] at the Optical Quality Control Lab of the CERN
Thin Film & Glass service using a Perkin Elmer Lambda6s0 spectrometer [99].
Such a spectrometer is shown in Figure 7.2 equipped with the so-called Univer-
sal Reflectance Accessory (URA) used to measure the specular component of
reflectivity.

Figure 7.2: Perkin Elmer Lambda650 Spectrometer equipped with the Universal Re-
flectance Accessory used to measure the specular reflectance

The URA module can be replaced in order for the spectrometer to be used
with a 150 mm diameter integration sphere, which can be used to measure the
total reflectance of the sample, the diffuse component of its reflectivity, or its
transmittance. A schematic view of the integration sphere in the total reflectivity
measurement mode is shown in Figure 7.3. The sample is placed at the bottom
of the integration sphere, while a small aperture is present for the light source
to illuminate the inside of the sphere. The inside of the sphere is coated with
highly reflective Teflon, and a calibration measurement is taken without sample
as a reference. The light is first reflected on the sample, then on the inside of the
sphere until it reaches the central detector.
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Specular Component

PMT and InGaAs or
Specular light port / PbS Detectors

Closed position

Sample Beam

Transmission Port Reflectance Port with
sample angled at 8 deg

Figure 7.3: Drawing of the 150 mm integration sphere used to measure the total re-
flectance of the sample placed at the bottom of the closed sphere.

Several samples of highly reflective foils are being investigated as candidate

www.3m.con  for the wrapping of scintillators. The first tested foil is the Vikuiti from 3M,

a 65 um thick Enhanced Specular Reflector (ESR) which was previously used

www. toray.eu/eu/  in POLAR. The Claryl film from Toray , an aluminized PET layer available in

several thicknesses from 8 to 36 ym, was also tested as a reflector. Finally, the

www. baader - Astrosolar® foil from Baader Planetarium, used for optical Solar observations,

planetarium.fr  was also considered. The total reflectance of all of these reflective foil was
measured in the 300-600 nm range and is plotted in Figure 7.4.
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Figure 7.4: Total reflectance spectrum of all the Claryl foils compared to that of Vikuiti
and AstroSolar

Both the Astrosolar and Claryl samples, for different thicknesses of PET
substrate for the latter, show a similar total reflectance. The reflectance is between
90 and 94% with a very small decrease with increasing wavelength, typical of
Aluminum reflectors. The PET layer thickness does not have a significant effect
on the reflectance, since it is the Aluminum coating on top of the substrate that


www.3m.com
www.toray.eu/eu/
www.baader-planetarium.fr
www.baader-planetarium.fr

Total reflectance [%]

7.1 OPTICAL DESIGN AND CHARACTERIZATION OF THE POLARIMETER MODULE 157

gives its reflectivity to the sample. The measured Claryl reflectance matches the
expected reflectance from Aluminum [97]. For the Vikuiti sample, the behavior is
completely different: above 380 nm, the total reflectance is compatible with 100%,
and the precision of the spectrometer does not actually allow to disentangle the
sample reflectance with a perfect reflection. This difference is due to the fact
that the Vikuiti foils are not coated with Aluminum as the other samples, but
are instead entirely composed of plastic. This cutoff being below 400 nm it is
not relevant for POLAR-2 as the emission range of the plastic scintillators used
for the polarimeter is 400-500 nm (see Figure 7.13). The Vikuiti reflectance being
clearly higher than all of the other characterized samples, it makes a perfect
candidate as the reflective foil for POLAR-2.
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good side 12pm Claryl, plastic side
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Figure 7.5: Left: Total reflectance of a 3M Vikuiti foil measured on both sides. The
reflectance is slightly higher in the 400-500 nm range of interest on one
side of the reflective foil. This side should therefore be placed facing the
scintillators, to minimize the loss of optical photons. Right: Total reflectance
measured for both sides of a Claryl sample. The reflectivity is higher on the
metalized side, which is meant to be the reflecting side, while the other side
is not as efficient since the photons have to cross the transparent PET layer
before being reflected on the Aluminum layer.

Both sides of the Vikuiti and Claryl samples are also compared through a
total reflectance measurement, as depicted in Figure 7.5. For the Vikuiti, the total
reflectance is slightly lower on one side in the 350-450 nm interval where the
reflectance is up to 5% lower. This implies that one has to take care of which side
of the Vikuiti is facing the scintillator when wrapping a bar. To maximize light
collection, the more reflective side should be placed facing the scintillator. In the
case of the Claryl sample, the reflectivity is almost 10% higher on the metalized
side at the relevant wavelengths, while a cutoff due to the plastic composition of
the substrate is observed on the other side.
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Figure 7.6: Drawing of the integration sphere being used for diffuse reflectance mea-
surement. The configuration is very similar to the one used for the total
reflectance measurement, except that an aperture is made at a precise lo-
cation on the sphere in order to get rid of the specular component of the
reflection.

The diffuse component of the reflectivity of the different foils has been mea-
sured using the same integration sphere, but in a different configuration. As
depicted in Figure 7.6, an aperture is made on the sphere at the location where
the specular component is reflected, in order to get rid of it. Only the diffuse
component of the reflectivity is therefore collected by the integration sphere. The
diffuse reflectance measurements results are shown in the left plot of Figure 7.7,
where it can be observed that the Vikuiti is a specular reflector with a diffuse
component of the sub-percent level in the visible range, while the Claryl has a
bigger diffuse contribution of the order of 3 to 5%. It can also be noticed that
the diffuse component becomes significant for Vikuiti below the 380 nm cutoff,
where the specular reflectance contribution to the total reflectance is going down
to about 50%, as shown in the right plot of Figure 7.7.
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Figure 7.7: Left: Measured diffuse reflectance spectrum for Vikuiti and Claryl samples
with the integration sphere. Right: Measured specular reflectance for Vikuiti
and Claryl samples with the URA for a 45° incident angle.
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In addition to keeping the light inside the scintillators to maximize light
collection, the role of the reflective foils is also to prevent photons from going
to the neighbor channels, causing optical crosstalk. The transmittance of the
considered reflectors is in consequence a key parameter to be characterized
as well. The transmittance of the samples can be measured by using the same
integration sphere but placing the foil at the entrance. The reflectance port
previously used to place the sample at the bottom of the sphere is now covered
with a highly reflective Teflon end-cap, and the light going through the foil is
collected, as depicted in Figure 7.8.

PMT and InGaAs or
PbS Detectors

Sample Beam

Transmission Port with Reflectance Port with white
sample standard plate

Figure 7.8: Drawing of the integration sphere configuration for a transmittance mea-
surement. The sample is placed at the entrance of the integration sphere
while the reflectance port used for the previous measurements is closed with
a Teflon-coated cap.

The measured spectral transmittance for different foils are plotted in Figure
7.9. The averaged transmittance in the 400-500 nm range is around 1-2% for
both Claryl and Vikuiti, while the Astrosolar foil has a transmittance smaller
than the resolution of the spectrometer and seems therefore consistent with no
transmission. The result for the Astrosolar foil was to be expected since it has
been design as a filter with optical density of 5 to observe the Sun, meaning that
only 10~° of the photons will be transmitted though the foil.
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Figure 7.9: Transmittance spectrum measured for Vikuiti, Claryl, and Astrosolar sam-
ples.

Even though the transmittances for the Claryl and Vikuiti are in the same
order of magnitude, we can observe a more complex structure in the Vikuiti
curve. This is due to the higher complexity of the Vikuiti foil, which is made
of numerous layers of plastics playing with interferences to reflect back almost
all the photons. No complex structure is observed for the Claryl since it just
consists of a PET transparent layer coated on one side with Aluminum.

2.0
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Figure 7.10: Left: Measured transmittance for one and two layers of 12 ym thick Claryl.
Right: Claryl sample transmittance measured for both sides. The transmit-
tance being obviously not direction dependent, the spectra are the same.

The transmittance of two layers of Claryl is compared to that of a single
layer in Figure 7.10. Adding a second layer reduces the transmittance by almost
two orders of magnitude. The transmittance measured on both the plastic and
metalized sides of the Claryl are shown in the right plot of the same figure. As
one could expect, the transmittance is the same in both directions, while the
reflectance is better on the metalized side (see Figure 7.5). Since the Vikuiti has
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the best reflectivity performances of all the tested reflective foils, it has been
selected as the primary reflector for wrapping the POLAR-2 scintillator bars.
Nevertheless, because of its mechanical rigidity, it cannot be folded around the
bar to cover the 4 sides. Four 5.9 122 mm strips of the 65 ym thick Vikuiti are
therefore used to cover the long sides of the bar. A single 25x 122 mm foil of
8 um thick Claryl is then used to wrap the scintillator and the 4 Vikuiti strips
and hold them together. Each bar can thus be wrapped individually, with the
Claryl preventing photons to escape from small gaps between Vikuiti strips in
the corners of the bar. Since two layers of Vikuiti and two layers of Claryl are
separating each bars, almost no crosstalk' is expected from the 122 mm (out of
the total 125 mm of the bar length) covered by reflective foils. The remaining
3 mm are covered by the plastic alignment grid used to assemble all the bars
together. The optical properties of the grid material were therefore studied.

7.1.2  Plastic alignment grids

As it covers 2.4% of the height of the scintillators, characterizing the trans-
mittance of the plastic composing the alignment plastic grids is important
for understanding all the contributions to the inter-channels optical crosstalk.
20x20 mm? plastic plates of different thicknesses made with the same material
as the alignment grid were therefore printed at the CERN Polymer Lab in or-
der to measure the transmittance of the material. The accuracy on the sample
thickness achieved with the 3D printer is better than 50 ym. The same setup as
used in the previous section to characterize the reflectors is used to measure the
transmittance of the plastic samples.

70
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60 1 Plastic 0.3mm, Sample 2
— 504 —— Plastic 0.3mm, Sample 3
2 —— Plastic 0.4mm, Sample 1
é 401 —— Plastic 0.4mm, Sample 2
g —— Plastic 0.4mm, Sample 3
= 301 Plastic 0.5mm, Sample 1
é 201 —— Plastic 0.5mm, Sample 2
Plastic 0.5mm, Sample 3
10 A —— Plastic 0.6mm, Sample 1
0 —— Plastic 0.6mm, Sample 2
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Figure 7.11: Spectral transmittance measurement of the plastic grid material for different
thicknesses.

The measured transmittance spectra for different samples and thicknesses are
plotted in Figure 7.11. As could be expected, the transmittance is getting lower
with the increasing thickness of the sample. An average transmittance between 40
and 60% is measured in the 400-500 nm range. The transmittance in this interval
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T Assuming a
transmittance of 1%
for both foils, the
expected crosstalk
over the wrapped
fraction of the bar
with 4 layers
separating neighbor
bars is

0.01* =1078.

The grid is 3 mm
thick, and the
scintillator bars are
125 mm long. The
details of the
alignment grid
design are provided
in Section 5.2
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is fitted as a function of the sample thickness to extrapolate the transmittance

As mentioned in at the desired thickness. The grid having very thin segments, the transmittance

~ Chapter 5, the over the 3 mm of grid height between two scintillators can be as high as 60%.

;Z;’:ZZSZC% :Z?ﬁ;;i Furthermore, the grid is placed at the extremity of the scintillators on the SiPM

is 0.2 mm for most of  Side. The grid transparency will therefore have a significant contribution to the
the channels, and optical crosstalk and has to be accounted for in the optical simulations.
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Figure 7.12: Transmittance of the epoxy resin used to print the plastic alignment grid as
a function of the sample thickness, fitted with an exponential function. An
attenuation length of 1.166 mm is found.

Because of the complex shape and mechanical fragility of the plastic grids, no
reflective or absorbing coating can be uniformly applied to the pieces to reduce
the crosstalk from the grid. A last point that should be mentioned is the effect
of "yellowing" of the resin that has been observed on the printed plastic grids
after some times. This yellowing effect, caused by thermo-oxidation, appears to
be quite common for epoxy based resins [137], and has not shown any impact
on the mechanical properties of the alignment grid. It is therefore not leading to
any issue for the polarimeter module since it does not have a significant effect
on the transmittance properties of the material either.

7.1.3  Scintillator bars

The dimensions and mechanical integration of the scintillator bars in the po-
larimeter module has already been described in the Section 5.2. Hence, we
describe here the features of the scintillators important for the optical simula-
tion of the module. Two types of scintillators were considered as candidate for
POLAR-2: the EJ-248M plastic scintillator from Eljen Technology [64], already
used in POLAR, and the EJ-200 scintillator [63] from the same company, which
is reported to have higher scintillation efficiency.

First, the emission spectrum of the scintillator has to properly be implemented

The optical ~ in the Geant4 optical simulations of the polarimeter. The theoretical optical
simulations of a
POLAR-2 module
will be describe in
details in Section 7.2
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emission spectrum provided in the data sheet is used as an input since it is
consistent with the one measured in the lab [172]. It should be noted that while
the emission of the scintillator is given as a function of the photon wavelength in
the scintillator data sheets [63, 64], it has to be implemented versus energy in the
optical simulations. As the energy is inversely proportional to the wavelength
of a photon (E = hc/A), a Jacobian transformation [180] has to be applied for
correctly implementing the emission spectrum. The x-axis of the spectrum has
therefore to be transformed as follows:

dA — dE = —iléd)\, (7.1)

while the y-axis of the spectrum becomes:

2
F(A)dr = F(E)IE = f(E) = f(0) Tz = ~f(\) . 72)

where f(A) is the spectrum as a function of the wavelength, provided in the
data sheet, and f(E) the spectrum versus energy as implemented in the optical
simulations. The negative sign just represents the opposite direction of integra-
tion between A and E. This transformation also applies to other optical spectra
implemented in the simulations, like the PDE of the SiPM. The importance of
correctly dealing with input spectra is depicted in Figure 7.13.
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Figure 7.13: Left: Incorrect way of converting the emission spectrum simply using the
formula E = hc/A. The red curve shows the reference spectrum from the
data sheet while the blue line its implementation in the simulations. A
clear difference can be observed Right: When applying the proper Jacobian
transformation to convert the wavelength spectrum into an energy spectrum,
a very good match is observed between the simulated scintillator emission
spectrum and the original one.

The EJ-200 scintillator type has been studied as a potential replacement for
the previously used EJ-248M in POLAR since it is reported to have a higher
scintillation efficiency: 10’000 photons/MeV versus 9’200 photons/MeV for EJ-
248M. EJ-200 has therefore been used for the first prototype modules of POLAR-
2, but showed a lower efficiency than EJ-248M when testing both modules with
radioactive sources. This observation is contrary to what we could expect from
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the EJ-200 higher scintillation efficiency. Discussions with the manufacturer lead
to the idea that the EJ-200 material being softer, its surface quality might be lower
when diamond milling the scintillators, degrading the final optical efficiency. In
order to confirm the theory that a rougher surface for EJ-200 could imply more
photons lost at the scintillator interface, the surface quality of both types of
scintillators had to be characterized. For this purpose, we used an Interference
Optical Microscope (I10M) developed at the Geneva High School of Landscape,
Engineering and Architecture (HEPIA) [117, 118].

The IOM setup, shown in Figure 7.14, is composed of an optical objective
read out by a CCD camera, and a support for placing the sample controlled via
piezo-electric elements for very fine moving step. The sample surface plane is
slightly tilted compared to the microscope focal plane in order to vertically scan
the slope of the sample [118].

Figure 7.14: Interference Optical Microscope setup at HEPIA in Geneva used to charac-
terize the roughness of the scintillator surface [117].

Examples of a 266x 355 ym area measured with the IOM for both EJ-248M
and EJ-200 diamond-polished scintillators are displayed in Figure 7.15. Clear
lines due to the diamond polishing process can be observed on the samples.
The arithmetic average height R, and the root mean square roughness R, [74]
are computed for both scintillators and given at the top of each map. Values
of R, = 46 nm and R; = 63 nm are computed for the EJ-248M scan presented
in Figure 7.15, while the EJ-200 scan gives R; = 129 nm and R; = 168 nm.
The EJ-200 scanned surface, whose 3D version is shown in Figure 7.16, is
clearly rougher than the EJ-248M one. Several samples of both types have been
measured similarly in order to gather statistics on the surface quality of both
plastics.
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Figure 7.15: Surface scan measured on a EJ-248M (left) and EJ-200 (right) scintillator
bar with the IOM.
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Figure 7.16: 3D version of the EJ-200 surface scan presented in Figure 7.15.

The implication of roughness on the optical efficiency of the system will be
discussed in section 7.2.2, where the implementation of the measured rough-
nesses for different scintillator types in the optical simulations will be discussed.
Other types of plastic scintillators, not considered for POLAR-2, have also
been measured with the IOM setup as it can serve as a useful input for other
experiments.

7.1.4  Optical coupling pad

To optically couple the SiPM arrays to the scintillator bars, a silicone based pad
has been developed at DPNC. Made of MAPSIL QS1123 RTV silicone [89, 157],
the pad was first developed with thicknesses of 500 and 350 ym. The technique
has later been refined to mold the optical pad directly on the SiPM arrays, as
displayed in Figure 7.17, and to reduce the pad thickness down to 150%), um.

Z [um]
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Figure 7.17: MAPSIL QS1123 optical pad molded on the POLAR-2 FEE [53]

The importance of having an optical coupling pad to get a smoother contact
between the sensors and scintillators compared to directly pressing these two
against each other has been shown via optical simulations. A module has
been simulated with a 0.3 mm thick optical pad and with an air gap of the
same thickness. Injecting 10’000 50 keV electrons in one of the central channels
(#36) of the module, the case with an air gap (872"736+£934 events) gives only
80.061+0.11% of the photons detected in the case where an optical pad was used
(17090"087+1'044 events). This 0.3 mm thick air gap might seem dramatic, but
it is actually representative of the fact that not all the bars” extremities are in
the same plane. The main role of the optical pad is therefore also to correct for
misalignment of the scintillator bars in the Z direction (axis along the length of
the scintillator). The pad is also protecting the SiPM surface against vibration
induced mechanical damages during the launch. The silicon material for the
optical pad was chosen to have a refractive index comprised between that of
the plastic scintillator and the epoxy resin of the SiPM (1scint = 1.58 > nopipas =
1.5324 > ngipptresin = 1.51) in order to optimize the light transmission. An abrupt
drop in refractive index from the plastic directly to air/vacuum would increase
internal reflections, which we want on the vikuiti sides but not at the interface
with the SiPMs where the light should go out of the scintillator bar.
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Figure 7.18: Optical pad spectral transmittance measured with several 350 ym thick
samples. The right y-axis shows the actual transmittance of the material
itself once correcting for Fresnel losses.

As all the optical photons being collected by the SiPMs will first go through the
optical pad, it is imperative to characterize its transmittance. Such measurement
was performed with the same setup used for the reflective foils and alignment
grid, and is shown in Figure 7.18 for several samples of the same thickness. The
transmittance measured in the 400-500 nm interval is consistent between samples
and its averaged value 93.95 £ 0.14%. A cutoff is observed below 300 nm, which
is a typical feature of Phenyl based silicone [114]. The actual optical pad in the
final design being 150 um thick, the photon loss could be even smaller that what
was measured for the 350 um thick sample, leading to a higher transmittance.
However, most of the photon loss in this transmittance measurement is caused
by Fresnel losses at the interface of the sample due to difference in refractive
index between the sample and the surrounding air. The measured transmittance
can be corrected for Fresnel losses by applying a normalization defined as:

2
T—1— (nair - noptpad) (73)
Mgy + Noptpad

where 7,,1pqq = 1.5324 and n,;, = 1.000293 are the refractive index of the
optical pad and of the surrounding air, respectively. We here use the fact that
the optical beam used to measure the transmittance is orthogonal to the sample
plane. The corrected transmittance in the 400-500 nm interval is 98.29 £ 0.14%,
which matches the value reported by CNES [89] for this material. One can note
that the Fresnel losses in the actual polarimeter module are not so large since
the refractive index of the optical pad and that of the surrounding materials
(scintillator bars and SiPM’s resin) are relatively comparable.
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7.2 MODULE’S OPTICAL SIMULATIONS WITH GEANT4 AND CALIBRATION

The optical simulation of the polarimeter module, whose Geant4 visualization
rendering is displayed in Figure 7.19, contains all the key optical components to
fully simulate the optical behavior of the system. It is composed of 64 scintillator
bars, individually wrapped with 4 strips of Vikuiti surrounded by a foil of Claryl.
A 50x50 mm? Vikuiti foil is placed at the top of the target. The alignment plastic
grid is built at the other extremity of the module, where the optical pad and
SiPM arrays are also placed. Environmental volumes, whose material can either
be assigned to Vacuum to reproduce the behavior in space or Air to reproduce
the behavior of tests performed on ground, are built between each elements
which are not physically in contact. This is for instance the case of the Vikuiti
strips and scintillator bars, which are separated by such volumes to properly
implement the properties of the optical interfaces of each compounds. An
air/vacuum gap is needed between the scintillators and the vikuiti foils in order
to have a big difference in refractive index between the bar and its surrounding
material to maximize internal reflections. Gluing the reflective foils directly
on the scintillators would deteriorate the light yield as it would decrease the
amount of internal reflections in the bar. More details on the module design
were discussed in Section 5.2. General peculiarities of implementing optical
simulations in Geant4 are discussed in [61].

Top vikuiti foil

Alignment cross

64 scintillators
+ Vikuiti/Claryl foils ’

Alignment grid

Optical pad
+ SiPM arrays

Figure 7.19: Implementation of the polarimeter module in the optical simulations.

7.2.1 Energy dependent scintillation: the Birks effect

The scintillation efficiency, that is the amount of light produced per unit of
deposited energy, is a crucial parameter to fully understand the optical response
of the module. The scintillation efficiency of both EJ-248M and EJ-200 scintillators
is given in the data sheet for 10 MeV electrons [63, 64], but its value is energy and



7.2 MODULE’S OPTICAL SIMULATIONS WITH GEANT4 AND CALIBRATION

particle dependent. Indeed, the efficiency drops at lower energy, as described by
the Birks” law [19]:

dh__Sw (7-4)
= = — .
dx  1+kBS$E

where L is the light yield of the scintillator, S is its scintillation efficiency, ‘j—i
the energy loss per track length, and kB is the Birks’ constant in units of distance
over energy. For our scintillator candidates this constant is kB = 0.143 mm/MeV
[241] (with a density of 1.023 g/cm?®) and is given as an input to the optical
simulations. This is typical of polyvinyl toluene (PVT) materials, for which the
Birks’ constant is around 1.5- 1072 g MeV~tcm 2 [20, 127, 215]. Interesting limits
of this law can be noticed:

. dL dE . dL S
gigr_r:o i Sa ; %13100 B cst. (7.5)

The luminescence yield can also be expressed per unit of energy as follows:

dL S

dE ~ 1+ kB (7.6)

The scintillation efficiency in optical photons per keV is plotted in red in Figure
7.20 as a function of energy for incoming electrons both from the theoretical Birks
formula (7.4) and from the optical simulation results. The simulations slightly
over-estimates the scintillation efficiency in the 10-300 keV range compared
to the theoretical value. The simulated curve not accounting for Birks” effect
is also shown in black and matches with the constant 9.2 optical photons per
keV provided in the data sheet. Figure 7.20 also shows the comparison of
two methods used to compute the theoretical behavior of Birks” effect on the
scintillation efficiency.
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The Birks constant
was measured for
EJ-248M in [241] for
POLAR, the same
value is assumed for
EJ-200 as the
material composition
is very similar.
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Scintillation efficiency vs. energy
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Figure 7.20: Left: Simulated scintillation efficiency as a function of energy compared to
the theoretical behavior based on Birks” law, with and without Birks effect.
In the case with no Birks effect (kB is set to zero), no energy dependence
of the nominal 9.2 photons/keV scintillation efficiency is observed. Right:
Comparison of the theoretical Birks effect scintillation efficiency as a func-
tion of energy when accounting only the primary energy of the electron
versus properly calculating the electron’s energy as it looses energy in the
scintillator.

The simplest but incorrect way of making the computation is to only account
for the primary energy of the electron, read the stopping power % in PVT in
Figure 7.21 for the given energy, and use the expression (7.4) to simply compute
the scintillation efficiency for each energy. The correct way of computing the
scintillation efficiency for each energy is to start from the primary energy, read
the electron energy loss in Figure 7.21, apply this energy loss on an infinitesimal
track length to compute a new energy, and repeat the process until the electron
has deposited all its energy. Looping down over the energy of the electron
as it deposits part of it in the scintillator is the proper way of calculating
the scintillation efficiency, and is compared to the over-estimated scintillation
efficiency got from using the primary energy only in the right plot of Figure
7.20.
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Electron stopping power in PVT based plastic scintillators
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Figure 7.21: Electron stopping power in polyvinyl toluene. The sub-keV part is taken
from [72], and the high energy part from [158].

7.2.2 Influence of the scintillator surface quality on the light output

After having measured the surface quality of both EJ-200 and EJ-248M scin-
tillators (see Section 7.1.3), it has to be implemented in the Geants optical
simulations. The way Geant4 deals with the roughness of a given transparent
surface is by deviating each incoming photon when it crosses the surface by
an angle x added on top of the refracting angle. This angle is picked from a
Gaussian distribution. The input given to the simulations is the width of this
Gaussian distribution, 0. The wider the distribution, the rougher the surface. A
rougher surface will therefore cause a bigger spread of the photons’ deviation.
The surfaces can also be seen as composed of many micro-facets [184], whose
orientations are tilted by an angle « compared to the average surface.
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The maps measured were analyzed on order to extract a o, value for each
type of plastic (see Section 7.1.3). A distribution of the angle between two points
of the measured map and the average surface plane is filled for every point on
the map. Examples of obtained Gaussian distributions for both types of plastics
are shown in Figure 7.22. Several maps were measured for each plastic giving
the averaged values of (75172481\4 = 1.82 £ 0.09° and 05]7200 = 3.45£0.14°, the
latter being bigger since EJ-200 is rougher than EJ-248M.

We now define the light output fraction as being the fraction of the injected
optical photons reaching the SiPMs. This fraction does not include the PDE of
the SiPM and is used as a figure of merit of the optical efficiency of the target.
Two attenuation lengths can be defined in order to disentangle the intrinsic
scintillator material attenuation from the photons lost because of the surface
roughness of the scintillator. We therefore define the Bulk Attenuation Length
(BAL) and Technical Attenuation Length (TAL) [120, 121] as follows:

BAL: I(x) = Aje "1;  TAL: I(x) = Aje M + Ase 2 (7.7)

The BAL represent the intrinsic material property that is given in the manu-
facturer data sheets [63, 64] as being 380 cm for EJ-200 and 250 cm for EJ-248M.
The light output fraction was simulated for the BAL injecting optical photons
along the bar direction at different height in the scintillator and for different
roughnesses. The corresponding Gun Particle Source (GPS) file used in Geant4
to inject optical photons is:

/gps/particle opticalphoton /gps/ene/type Arb
/gps/pos/type Plane /gps/ene/diffspec 0
/gps/pos/shape Rectangle /gps/hist/type arb

/gps/pos/centre 0.0 0.0 1.0 cm /gps/hist/point 2.5e-06 0.06295
/gps/pos/halfx 0.1 cm ce

/gps/pos/halfy 0.1 cm /gps/hist/point 3.09e-06 0.00883
/gps/direction 0 0 -1 /gps/hist/inter Lin
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Figure 7.23: Simulated light output fraction for the EJ-248M (left) and EJ-200 (right)
scintillators injecting light parallel to the scintillator length direction. The
simulations are performed with perfect reflectors and 100% sensitive SiPMs
so that the light output only reflects the optical light loss at the scintillator
surface due to the roughness. It is shown as a function of the roughness of
the scintillator surface and the height at which the light is injected along
the scintillator bar, o mm being the extremity of the bar on the SiPM side,
and 125 mm the extremity of the bar facing the deep space. As the optical
light is injected along the scintillator length, the photons are not crossing
the 4 long faces of the scintillator bar and are directly going to the sensor.
No roughness dependence is therefore observed while the light output
decreases when the light is injected further away from the SiPM channel,
due to the bulk attenuation length of the scintillating material.

The resulting light output map from these simulations is shown in Figure 7.23,
where we clearly see a decreasing light output with the height for both plastics.
This is explained by the bulk attenuation length of the material: when the pho-
tons are injected near the SiPMs (small height), more will reach the sensor than
when they are injected on the other side of the bar. No significant dependence of
the light output on o, is observed, since the photon are propagating along the
bar direction and are therefore not crossing the scintillators surfaces except once
when they reach the optical pad and sensor. The same simulations can be ran
injecting photons from a given height but in isotropic directions from a sphere.
This is done by using the following GPS:

/gps/particle opticalphoton
/gps/energy 3 eV

/gps/pos/type Surface
/gps/pos/shape Sphere
/gps/pos/radius 1 mm
/gps/pos/centre 0.325 0.325 0.0 cm
/gps/ang/type cos

The resulting light output fraction maps for EJ-248M and EJ-200 are shown
in Figure 7.24. As in the previous case, the light output is decreasing with

height. However, this decrease is much more dramatic and is also ¢, dependent.

As one could expect, the rougher the surface, the lower the light output since
more photons are lost when crossing the scintillator surface and being reflected
back by the ESR. This reflects the technical attenuation length, described in
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equation (7.7), which accounts not only for the intrinsic light attenuation from
the material but also for the scintillator shape and surface quality, as well as for
the performances of the reflectors. This case is therefore more representative of
the actual module.

Light output fraction
o [°]
Light output fraction

40 60 80
Height [mm] Height [mm]

40 60 80

Figure 7.24: Simulated light output fraction for the EJ-248M (left) and EJ-200 (right)
scintillators injecting light with an isotropic symmetry. The simulations are
performed with perfect reflectors and 100% sensitive SiPMs so that the light
output only reflects the optical light loss at the scintillator surface due to
the roughness. It is shown as a function of the roughness of the scintillator
surface and the height at which the light is injected along the scintillator
bar, o mm being the extremity of the bar on the SiPM side, and 125 mm the
extremity of the bar facing the deep space. As the optical light is injected
with a radial symmetry, photons are crossing the scintillator surface and
reflected back many times before reaching the sensors. The light output is
in consequence highly dependent on the surface roughness, as the loss of
photons decreases with a higher surface quality. The light output fraction
is also dependent on the injection position, this time not only because of
the optical attenuation intrinsic to the material, but also because photons
injected further away from the sensors will have crossed the surfaces many
more times before reaching it. This reflects the technical attenuation length
describe by the second expression in equation (7.7).

The light yield of the polarimeter module is measured using the '3Cs Comp-
ton Edge (CE) at 476 keV (see later in this section). The light output maps in
Figure 7.24 can be therefore convolved along the height dimension with the
simulated penetration profile of 476 keV photons in the scintillators plotted in
Figure 7.25.
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Figure 7.25: Penetration profile of 476 keV photons in the plastic scintillator fitted with
an exponential. The 476 keV energy corresponds to the 137Cs Compton
edge used to determine the module light yield (see section 7.2.3).

Through this convolution, we obtain the light output fraction profile as a
function of the surface roughness for both scintillator types. The light output
fractions can then simply be read from these curves by using the roughness
parameters computed from the measurements, of M — 182 4 0.09° and
o2 = 3454 0.14°. The corresponding light output fractions for the EJ-248M
and EJ-200 scintillators are respectively 0.32310.004 and 0.273+0.004. The impact
of the rougher EJ-200 surface is therefore visible on the light output fraction and
is countering the higher scintillation efficiency of Ej-200 compared to EJ-248M.
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Figure 7.26: Simulated light output fraction for 476 keV photons for both EJ-248M and
EJ-200 plastics as a function of the surface roughness. The light output
fractions corresponding to the measured surface roughness are displayed
for both scintillator types.

Furthermore, knowing the ¢, values for both types of material from mea-
surements, the height profile of the light output fraction can be extracted from
the maps of Figure 7.24. The resulting curves can be fitted with a sum of two
exponentials, as in the TAL expression of equation (7.7).
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Figure 7.27: Light output fraction as a function of the injection height for the mea-
sured roughness of both EJ-248M and EJ-200 plastics fitted with the TAL
expression in equation (7.7).
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The effect of scintillator roughness on the light output can further be observed
by measuring the light yield of difference scintillator shapes. This was done
using cylindrically shaped scintillators of 12.7 mm diameter and 25.4 mm height.
The light output was in this case larger for EJ-200 than for EJ-248M because of
the different volume to surface ratio [172]. Indeed, the cylinders having a bigger
volume to surface ratio, the contribution of the surface roughness to the overall
light output was less pro-eminent than for the scintillator bars and was therefore
not important enough to counter balance the bigger scintillation efficiency of
EJ-200.

7.2.3 Optical light yield

The light output fraction is a good figure of merit to assess the optical efficiency
of the target itself. However, to completely represent the efficiency of the po-
larimeter module, a more physical quantity is used: the Light Yield. The LY
is the number of detected photons, also known as photo-electrons, per unit of
incoming energy in the detector. The bigger the LY, the better the sensitivity of
the polarimeter, especially at low energies where having a good LY is crucial
since only a few photons are produced through the scintillation process.

—— EJ-248M, 1.43+0.15 p.e./keV
0.030 A EJ-200, 1.31+0.16 p.e./keV
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Figure 7.28: Computed light yield in photoelectrons per keV per unit of wavelength as a
function of the photon wavelength for both EJ-248M and EJ-200 scintillators.
This light yield spectrum is obtained by convolving the scintillator emission
spectrum with the SiPM PDE and the light output fraction for the measured
roughness from Figure 7.26. The integration of these curves leads to the
module light yields of LYgj_o4sm = 1.43 £0.15 p.e./keV and LY 200 =
1.31 £0.16 p.e./keV.

Based on the light output fractions obtained for both scintillators from simu-
lations, the expected light yield can be computed. This is done in Figure 7.28,
where the light output fraction is convolved with the efficiency of the sensors
(PDE) and the scintillator emission spectrum. The light yield per unit of wave-
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length is plotted as a function of the photon wavelength for both plastics. By
integrating the curves, the light yield in number of photo-electrons per keV
is obtained. The resulting values are LYfr;_ gy = 1.43 £0.15 p.e./keV and
LYEj—200 = 1.31 £0.16 p.e./keV. The light yield for EJ-248M is indeed higher
than that of EJ-200 although the latter has a larger scintillation efficiency, as
observed in the laboratory.
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Figure 7.29: Dark spectrum of the SiPMs measured with a POLAR-2 prototype mod-
ule. The first peaks of the finger-like structure are fitted using a sum of
Gaussians, as expressed in equation (7.8). The position of each peak is
extracted in order to determine the distance between peaks, which gives
the conversion from HG ADC to photo-electrons.

As mentioned in Section 5.2.5, the prototype POLAR-2 modules are being
calibrated either with radioactive sources in the POLAR-2 laboratory at CERN,
or with an X-ray beam like the one at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France. In the first case, 2! Am and 37Cs sources are
employed in order to determine the light yield of the polarimeter module. As
discussed in Section 5.2.2, the data is read out using two different gains, the
high (HG) and low (LG) gains. A dark spectrum, with no radioactive source, is
tirst taken in order to measure the single photo-electron spectrum, also know
as finger plot. The finger structure, of which a measured example is shown in
Figure 7.29 is fitted using a sum of Gaussian distributions:

1/x—p1\> 1/x—(p1+ps)\°
PoexP<—2<x pzpl) ) +p4exp<—2<x (125 p3)> )
1/x— 2p3)\ 2

+P6€Xp<_2<x (P;;L Pa)) )

The fit allows to extract the position of the peaks corresponding to a integer
number of photo-electrons. This can be used to convert the ADC values in the

(7.8)
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high gain channel (ADCy) into a number of photo-electrons. A 137Cs source is
then placed on top of the polarimeter module and the spectrum is measured, this
time in the low gain channel. An example of measured spectrum is plotted in
Figure 7.30. A particular feature of the Cesium spectrum can be measured with
the polarimeter plastic scintillators: the Compton Edge (CE). The CE position
can be fitted using an error function:

C(x) = po erf(’jf”) (7.9)

The CE energy being known (476 keV), its position in low gain ADC is used
to determine the conversion factor from ADC;¢ to energy.
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Figure 7.30: 1¥Cs spectrum measured with a POLAR-2 prototype module using the
LG channel. The Compton Edge position is fitted with an error function
expressed in equation (7.9) to determine the LG ADC to keV conversion.

The final step in order to determine the conversion between energy and
detected photons is to measure the ratio between HG and LG values. This is
done by placing an Americium source on top of the module. The HG to LG ratio
is computed on an event-by-event basis. The histogram of the ratio is fitted with
a Gaussian to determine the conversion factor between LG and HG. The final
light yield can be computed as follows:

YADC CE
Ly — .
dfinger . 476keV (7.10)

where
dfinger finger separation distance in ADCpg/p-e.

rapc HG to LG ratio in ADCyg/ADCr g
CE Cesium Compton edge position in ADCrg

It should be noted that the ADC to energy conversion could be determined
directly using the 2! Am source, whose 59.5 keV photo-peak is visible in the
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HG channel. This method would not require to compute the HG to LG ratio.
However, since the photons will be more prompt to scattering due to their lower
energy, the photo peak position will not be exactly at 59.5 keV but rather lower
due to initial scattering interactions, therefore including an uncertainty on the
measurement. This uncertainty is reduced when using the Cesium CE, for which
the energy is higher.

A more accurate way of measuring the LY is using an X-ray beam, like the
one provided at ESRF. A calibration campaign with several prototype modules
took place in April 2023 [10], the setup is discussed in Section 5.2.5. In this case
the position of the beam is precisely known and the 64 channels of the module
can be scanned. A 60 keV beam shooting from the module’s Zenith direction,
whose photo-peak is visible in both HG (see Figure 7.31) and LG channels, can
be used to determine the LY of every channel.
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Figure 7.31: 60 keV photo-peak measured with the HG channel at the ESRF facility
using an EJ-200 target.

The resulting LY distributions measured for all the channels of EJ-200 and
EJ-248M modules are shown in Figure 7.31. The measured averaged light yields
are respectively 1.23 +0.20 p.e./keV and 1.37 £ 0.32 p.e./keV. Table 7.1 compares
the measured light yield values to the simulated ones. Measurements agree with
simulations for both types of plastic. For comparison, the light yield of POLAR
modules was around 0.3 p.e./keV. The optical efficiency of the polarimeter
module has therefore improved considerably, greatly increasing the overall
instrument sensitivity.
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LYE],ZOQ [pe/keV] LYE]7248M [pe/keV]

Measurement 1.23 +£0.20 1.37 £0.32

Simulation 1.31£0.16 143 £0.15

Table 7.1: Measured and simulated light yield for EJ-200 and EJ-248M POLAR-2 mod-
ules.

However, a big spread can be observed for the light yield of the EJ-248M,
with two out-sanding groups of scintillator bars. The first group of scintilla-
tors has a light yield centered around 1.21 p.e./keV with a standard devia-
tion of 0.31 p.e./keV, while the averaged light yield of the second group is
1.6130.19 p.e./keV. The lower light yield group is likely due to a non-uniform
optical coupling between the scintillators and the SiPM arrays caused by the
repeated assembly-disassembly of the modules during the calibration campaign.
Furthermore, light yield of around 1.6 p.e./keV has already been measured

for an entire EJ-248M module during preliminary prototypes testing at CERN.

Considering this higher light yield for EJ-248M in the case of a good optical
contact for the entire module, we notice a deviation from the simulated value.
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Figure 7.32: Measured light yield distribution for every channel of an EJ-200 (top) and
EJ-248M (bottom) module. Respective light yields of LYg; 290 = 1.23 £
0.20 p.e./keV and LYEj_p4gm = 1.37 £ 0.32 p.e./keV are obtained. It can be
noticed in the histograms that only 60 channels are used for the EJ-248M
measurement because of malfunctioning channels in the FEE used for this
measurement. A big spread can also be observed for the EJ-248M light yield
with two groups of channels. This is likely due to bad optical coupling of
the group of channels with low light yield, since around 1.6 p.e./keV light
yield has been achieved with previous measurements of EJ-248M targets.

The under estimation of the light yield for EJ-248M simulations is likely to be
caused by an over estimation of the scintillator roughness for this material. This
might be due to the fact that less samples were measured for EJ-248M compared
to EJ-200, and that because of samples availability, the EJ-248M bars that were
measured on the IOM had already been used in a prototype module. They could
therefore have some scratches on the surfaces, leading to a higher measured
roughness than for a brand new scintillator.



7.2 MODULE’S OPTICAL SIMULATIONS WITH GEANT4 AND CALIBRATION

7.2.4  Optical cross talk

Optical photons can escape from a given scintillator to reach one of the neighbor
channels, this is called optical crosstalk and has to properly be measured and
simulated in order to fully understand the response of the polarimeter. The
optical crosstalk for POLAR was of the order of 10-15%. Photons going to the
wrong readout channel can happen either via propagation through the optical
coupling pad, the SiPM resin, the not completely opaque plastic alignment grid,
or gaps between the reflective foils used to wrap the major part of the scintillator
bars. A feature of the polarimeter module design important for the crosstalk is
the fact that the target is divided in four quadrants due to the use of four 16
channels SiPM arrays for the readout. The pitch between channels is therefore
6.2 mm inside a quarter of the module, and 6.5 mm between two neighbour
channels that do not belong to the same quarter due to the middle cross spacing
between the four SiPM arrays. We expect less crosstalk between the channels
separated by the middle cross due to the higher distance separating them.

Xtalk values in 2d map form
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Figure 7.33: Crosstalk map (left) and crosstalk as a function of the neighbor bar distance
(right) for a 150 um thick optical coupling pad.

Optical light is injected in channel #36 in the simulations, which is located
near the center of the module, at the corner of one of the quarters. This way the
optical crosstalk to both direct neighbours and neighbours through the middle
cross can be studied. A 8x8 map of the simulated crosstalk in each channels of
the module for an injection in channel #36 is plotted in Figure 7.33. This figure
also shows the crosstalk extracted versus the physical distance to the primary
channel, fitted with an exponential. As expected, a slightly lower crosstalk is
observed in the map to the neighbour through the middle cross than to the
direct neighbour. The map is shown as a one dimensional plot in Figure 7.34,
where the number of optical photons reaching the SiPM is plotted as a function
of the channel number. A periodical behavior is observed with a peak every 8
channels due to the geometry of the module, with the peaks going lower and
lower as we go away from channel #36. The crosstalk was simulated here for
a 150 um thick optical pad, which is used for coupling the scintillator target
with the SiPM arrays in the final design. As the crosstalk is dependent on the
thickness of the optical pad, the simulations were repeated as a function of this
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thickness in order to characterize the increase of crosstalk for both direct and
"middle cross" neighbour. The result is plotted in Figure 7.34, with a crosstalk of
2.40% for a 150 um thick pad.
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Figure 7.34: Left: Event distribution in the 8 x8 bars array. A clear 8 bar modulation due
to the module geometry is observed, with most of the events in the injected
channel (#36). Right: Optical crosstalk as a function of the optical coupling
pad thickness for both 0.2 mm and 0.5 mm pitches (within a SiPM array,
and between two arrays where the pitch is bigger to due the middle cross).

The optical crosstalk can be estimated with a simple calculation to ensure that
the simulated crosstalk is reasonable. As the reflecting foil are almost perfectly
reflecting all the photons (see Section 7.1.1), the main crosstalk contributions
come from the optical pad and the alignment grid. The contribution of the
alignment grid can be calculated by multiplying the fraction of scintillator
height that it covers, 3 mm/125 mm=2.4%, by the grid transmittance of 60.9% for
a 0.2 mm thickness (see Section 7.1.2), which leads to a crosstalk of 1.46%. Doing
the same calculation for a "middle cross" neighbour, where the grid is 0.5 mm
thick and the transmittance is 47.1%, one obtains a crosstalk of 1.13%. Both
crosstalk contributions from the grid are compatible with the value obtained for
a null optical pad thickness in Figure 7.34, showing the great accuracy of the
optical simulations.
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Figure 7.35: Left: Measured 64 x 64 crosstalk map showing for each channel the mea-
sured crosstalk to the other 63 channels. Right: Distribution of the measured
crosstalk extracted from the map for the first neighbours of every of the 64
channels.

The optical crosstalk for every channel is measured by scanning the module
with a '¥Cs source. The measured crosstalk is shown in Figure 7.35 for each
channel versus each other 63 channels in the form of a 64 x64 map. The central
diagonal correspond to the crosstalk in one direction (row), while the two di-
agonals on each side shifted by 8 channels correspond to the neighbour in the
other direction (column) as well as the diagonal neighbour (that do not share an
edge but only a corner with the main channel). The other two diagonals on the
outside, shifted by 16 channels are crosstalk to the second order neighbour in
the column direction. The crosstalk to the second neighbour in the row direction
can be seen around the main diagonal.

The crosstalk values to the first neighbour are also filled in a histogram plotted
in Figure 7.35. The great improvement compared to POLAR can be observed. As
mentioned earlier, the optical crosstalk in POLAR was about 10 to 15% because
of the thick optical pad (1 mm versus 150 ym for POLAR-2) and of the thick
MA-PMT entrance window. An average crosstalk of 2.63 &= 2.10% is measured
from this histogram, compatible with the 2.40% simulated value reported in

Figure 7.34.
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7.3 CONCLUSIONS

The role of the POLAR-2 polarimeter modules is to convert the energy deposited
by the incoming <-rays into optical photons, which will later be collected by
photo-sensors. The conversion of the deposited energy into optical light has to
be done with the highest possible efficiency. The polarimeter module is therefore
not only a y-ray detector, but is an optical system whose optical components
have to be optimized, characterized, and simulated.

The POLAR-2 polarimeter module consists of a target of 8 x8 elongated plas-
tic scintillators, individually wrapped in highly reflective foils. The individual
wrapped bars are held together with a specially developed mechanical grid,
and dampers are placed at the top of the target for vibration dampening. Once
inserted into its carbon fiber socket, the target is coupled to the SiPM arrays and
their front-end electronics thanks to a thin and soft optical pad.

The reflectance and transmittance of several reflective foils have been charac-
terized, as well as the transmissivity of the optical pad and of the mechanical
grid used to align the scintillators. Two scintillating materials were investigated
for the module: EJ-248M, previously used in POLAR, and EJ-200, which has a 9%
higher scintillation efficiency. The surfaces of several scintillators of both types
were scanned with an interference optical microscope in order to characterize
the surface quality of both plastics.

Based on the characterization of the different optical components compos-
ing the module, a complete optical simulation of a polarimeter module was
implemented in Geant4. Among other things, the surface quality of both plastic
scintillator candidates was included in the simulation using the ¢, roughness
parameter in Geant4. Simulations shown that although the EJ-200 material has a
higher scintillation efficiency, a higher overall optical efficiency is to be expected
from EJ-248M, whose surface roughness is lower. Indeed, because the EJ-248M
material is harder than the EJ-200, it has a smoother surface and therefore less
light is lost at the interfaces, counter balancing the difference in scintillation
efficiency. This was confirmed through lab measurements by measuring the
light yield of a module based on EJ-248M and comparing it to that measured
for an EJ-200 target. Defined as the number of detected optical photon per
amount of deposited energy, the light yield is a good figure of merit to assess
the optical efficiency of the module. As expected from simulations, a better
light yield was measured with EJ-248M, which was selected as the scintillating
material for the final design of the polarimeter. Finally, the optical crosstalk,
corresponding to the fraction of optical light escaping from a given channel to
one of its neighbour channels, was also simulated. The crosstalk measured in
the lab matched the simulated values, with an improvement of almost an order
of magnitude compared to POLAR.

Finally, it should be noted that the optical simulations developed for POLAR-2
are also useful for other similar instruments. Simulation work for determining
the optimal design configuration were conducted for another GRB dedicated
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polarimeter, the LEAP experiment. The simulation work performed for LEAP is
described in Appendix D.
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CONCLUSION & OUTLOOK

After introducing the gamma-ray burst paradigm and what we can learn on
these astrophysical sources using polarization measurements, the state of the art
of high energy polarimetry was presented. The work performed in the frame of
this thesis was separated in two parts: data analysis on the POLAR experiment
and instrumentation work on its successor mission, POLAR-2.

As the second dedicated GRB <y-ray polarimeter, POLAR measured the po-
larization of 14 bursts. Although all being compatible with a low degree of
polarization, some of the GRBs shown an interesting hint for a time evolving
polarization angle washing out the time integrated polarization degree. Another
useful input for theoretical models is the energy dependence of polarization. In
the frame of this thesis, the existing POLAR analysis framework was therefore
modified to perform energy resolved polarization analysis. No significant energy
dependence on either the polarization degree or angle was found. However, due
to limited statistics, the results were not very constraining and are not ruling out
any existing photospheric or synchrotron energy dependent polarization model.
The next step in this work is to simulate fake bursts in order to compare the sen-
sitivity to the energy dependence of polarization between POLAR and POLAR-2.
The energy dependent fitting can also be implemented in a more generic way in
order to directly compare the data against any theoretical energy resolved model.

As limited statistics with POLAR prevented for detailed energy and time
resolved analyses, the need for a bigger and more sensitive polarimeter dedi-
cated to the prompt emission of GRBs emerged. Creatively named POLAR-2, the
successor mission to POLAR is currently under development and accepted for a
launch to the China space station. Lead by university of Geneva (departments
of high energy physics and of astronomy), the collaboration is also composed of
the institute of high energy physics of Beijing (IHEP), the national polish center
for nuclear research (NCBJ), and the Max Planck institute for extraterrestrial
physics in Garching (MPE). The design and development of the instrument was
tirst presented. It consisted of improving the scientific performances of the po-
larimeter as well as developing characterization and assembly techniques. Many
space qualification tests, namely component irradiation, vibration and shock
tests, or thermal vacuum cycling, were conducted in the frame of this thesis.
As the main drawback of the sensors employed in POLAR-2, the silicon photo-
multipliers” radiation damage and its effect on the instruments performances
were studied. Thermal annealing, consisting of heating up irradiated sensors
to recover part of their original performances, was therefore characterized as a
function of temperature for different sensor types. Annealing strategies which
can be applied to any space-based mission employing SiPMs were presented.
Finally, the optical characterization, optimization, and simulation work for the
POLAR-2 polarimeter modules was discussed. Many optical tests were con-
ducted on reflective foils, optical coupling material, scintillator surface quality
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et cetera in order to optimize the light collection of the polarimeter module.
The module was implemented in Geant4 to carry out optical simulations of the
system and understand its optical behavior. The simulated optical performances
have shown a good agreement with the outcome of the calibration campaigns,
indicating a good understanding of the module.

After 4 years of effort, not only with the work described in this thesis but also
thanks to the work carried out by the rest of the collaboration, the POLAR-2
polarimeter design is now ready to be frozen. The mass production phase of the
polarimeter module should therefore be imminent. While the entire assembly
of the overall instrument should take about a year, verification tests as well as
additional preparations for the launch will be required. The current time frame
is in consequence to send the POLAR-2 high energy polarimeter to the China
Space Station late 2026. In parallel, two other payloads are under preparation
to enhance the science outcome of POLAR-2. One payload will consist of a
low energy polarimeter (LPD) based on gas pixel detectors and developed at
GuangXi University, while the other payload developed by the institute of high
energy physics of Beijing will employ GaGG crystals to perform high energy
spectrometry.
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Figure A.1: Post-irradiation time evolution of the I-V characteristics of 25um at —22.8 +
1.8°C, 6.3 £0.9°C, 20.5 £ 0.6°C, 29.7 £ 0.6°C, 38.7 £ 1.6°C and 48.7 £ 3.3°C

(from left to right, top to bottom) (taken from [51], with permission)
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Figure A.2: Post-irradiation time evolution of the I-V characteristics of soum at —22.8
1.8°C, 6.3 £0.9°C, 20.5+ 0.6°C, 29.7 £ 0.6°C and 48.7 + 3.3°C (from left to
right, top to bottom) (taken from [51], with permission)
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Figure A.3: Post-irradiation time evolution of the I-V characteristics of 75um at —22.8 +
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DESIGN OF THE POLAR-2 LOGO

The logo of the POLAR-2 mission is shown in Figure B.1. The logo consists of
the China Space Station (CSS) orbiting the Earth, circled by the flags of the 4
countries member of the collaboration. "POLAR-2" is written on the top right
corner, with an "O" representing a GRB explosion from which a polarized wave
is emitted.

Swiss Flag \

EM wave

Burst

4 Chinese Flag

« POLAR-2 »

CSS

\ Polish Flag

Figure B.1: Logo of the POLAR-2 mission

German Flag

In order to be printed on the PCB, a simplified version of the logo has also
been created. This logo as well as its rendering on a sample PCB are shown in
Figure B.2.

Figure B.2: Simplified POLAR-2 logo to be printed on the electronics and its rendering
on a piece of PCB
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EXTP DEVELOPMENT WORK

C.1

THE ENHANCED X-RAY TIMING AND POLARIMETRY MISSION (EXTP)

The enhanced X-ray Timing and Polarimetry mission (eXTP) mission [239] was
born from the European mission concept Large Observatory For X-ray Tim-
ing (LOFT) and the Chinese mission concept X-ray Timing and Polarimetry
mission (XTP). The scientific goal of eXTP is to simultaneously study the spectral,
temporal, and polarization properties of extreme cosmic sources in the 0.5-30 keV

range.

Figure C.1: Model of the eXTP satellite [244].

The satellite, whose design is shown in Figure C.1, is composed of four
instruments:

the Large Area Detector of the eXTP mission (LAD) [69]. Composed of 640
Silicon Drift Detectors (SDDs), the LAD will have an effective area of 3.4 m?
in the 6-10 keV range. It will be sensitive from 2 to 30 keV with a FoV
narrower than 1° and a spectral resolution reaching 250 eV at 6 keV.

the Spectroscopic Focusing Array of the eXTP mission (SFA). With an
operating range of 0.5-10 keV, the SFA will be composed of 9 X-ray optics
each with a 12" FoV. It will have a total effective area of 0.8 m? at 2 keV
and 0.5 m? at 6 keV, and a time resolution of 10 us. The energy resolution
at 5.9 keV will be better than 180 eV.

the Polarimetry Focusing Array of the eXTP mission (PFA). The PFA will
employ 4 telescopes based on imaging GPDs. It will provide polarimetric
measurements in the 2-10 keV range with a FoV similar to that of the SFA.

the Wide Field Monitor of the eXTP mission (WFM) [98]. Composed of 6
coded mask cameras based on similar SDD than the one employed in the
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LAD, the WEM will cover 3.7 sr in the 2-50 keV range. It will have the
capability of sending alerts for transient events.

Our group in DPNC is responsible for the Detector Assembly of the LAD (DA),
described in the next section.

C.2 LARGE AREA DETECTOR (LAD) ASSEMBLY AND QUALIFICATION

The LAD is composed of 640 SDDs divided into 40 modules of 4 x4 detectors.
Each of the 16 detectors in a module has its own readout electronics, whose
design and layout are shown in Figures C.2 and C.3. The detector is composed
of three main parts: the SDD (sensitive part), the readout electronics (FEE), and
the so-called back-bone which serves as a mechanical adapter to the main frame
of the module.

Back-bone

ASICs FEE

SDD Tongue

Figure C.2: LAD module seen from the FEE (top) and SDD (bottom) sides

The LAD project is led by INAF-IAPS (Istituto di Astrofisica e Planetologia
Spaziali) in Rome, Italy. The SDD is developed by the INFN (Istituto Nazionale
di Fisica Nucleare) of Trieste and FBK (Fondazione Bruno Kessler) in Italy. The
Back-End electronics (BEE) is developed both for the LAD and WFM by the
University of Tuibingen, Germany. The ASICs and ADCs used on the FEE are
developed by CEA (Comissariat de I'Energie Atomique) in France. As mentioned
earlier, DPNC is responsible for the FEE and assembly of the LAD modules. The
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detector development and assembly work performed at DPNC is also useful for
the STROBE-X mission [203], which plans to use the same SDDs.

TOP VIEW

| Not Mounted FE ASICs

Mounted FE

10x10 pins SAMTEC
ZRAY connector
ZAJ._-10-2-1.00-Z-10-2
To MBEE
(through FLEX)

— LVIN filters

Figure C.4: Microscope pictures of the bonding process for a LAD FEE (by Gabriel
Pelleriti).
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The current development FEE is composed of 14 IDeF-X ASICs and 2 OWB-1
ADCs from CEA. The final flight model design will use a new generation of
IDeF-X ASIC, allowing a more compact design to read out all the lines from the
SDD using 28 ASICs. The current FEE already has a spot to host the final design
of the ASIC as soon as its development is over (see top right corner of Figure
C.3). The Medium and High Voltages (MV/HYV) are provided through cables
soldered on the FEE, while the signals and Low Voltage (LV) go through a Z-Ray
connector from Samtec. The assembly of the LAD modules is highly complex,
and a dedicated procedure was developed at DPNC [112, 195]. The details
of the procedure are shown in Figure C.5. Challenging parts of the assembly
are the very precise mechanical alignment of the pieces and the necessity of
bonding many components on different sides of the detector. Pictures from the
preliminary bonding tests are shown in Figure C.4.

ASIC flow FEE flow SDDflow

| | SDD TAB Flex |

ASIC SDD
manufacturing ] l TAB test I manufacturing
ASIC test
Components SD[LIESI
= procurement | | (discr. comp.) ASIC-PCB bondi
L] (Space) -

FCT+PERF test 2

Add big protection
¥

FEE Board level test
h
Press/Glue
Z-RAY inserts

?

Backbone
gluing

HV/MV cables
soldering

O
ADC gluing

Mount Flex +Interposer

FCT+PERF test 3

TAB gluing on SDD
4

Q Q =oainspection
SDD gluing on PCB = Manufacturing

® = Test

= on equipment
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banding @ =TV chamber + test
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€
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manv :
FCT+PERF test 10
o+
¥
Module Assembly
“w Vibration
Mod oy iy
psse Calibration

Figure C.5: Chart showing the detailed step for the LAD detector assembly.

Because of the wide temperature range at which the LAD should operate, the
CTE (Coefficient of Thermal Expansion) mismatch between different parts of
the detector, e.g. the FR4 PCB and SDD, could cause mechanical damages to
the detector or could impact its scientific performances. An assembled dummy
module was thermal cycled at the CERN Quality Assurance and Reliability
Testing (QART) Lab in order to qualify its mechanical properties at extreme
temperatures required for eXTP. The module is shown in the thermal chamber
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in Figure C.6 together with thermo-mechanical simulations of the deformation
caused by a temperature variation of 100°C.

S Mzanibude

62600
+7 A31R0E

+DaMIReIn |

COF RN TR_AreRE_IMOsakanch  Ahanisdstanian 6142 Wor Fah F103 03 57 GMT=01.00 2727

Srap: Step-l i

Creramerl  1:Steplime = 1000

Frireare ar: U, Fagn nite

Do Wars ) Deformadon Geake Fador +2 000e+0L

Figure C.6: Left: A LAD prototype module equipped with strain gauges in a thermal
chamber at the CERN Qart lab. Right: Finite Element Analysis of the me-
chanical constraints applied on the LAD module for AT = —100°C (from

Franck Cadoux).

Strain gauges were placed at different locations on the prototype in order to
monitor the mechanical deformation as a function of temperature. The module
was exposed to a total of 11 cycles between 50 and -70°C, with two PT1000
sensors to monitor the temperature. The strain and temperature measured
during a cycle are plotted in Figure C.7. The design of the module was qualified
for the required temperature range and the data from the test were used to

validate the finite element analysis.
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Figure C.7: Deformation and temperature measured by the strain gauges and PT1000

placed on the module for a single cycle.






OPTICAL SIMULATION APPLICATION TO OTHER
INSTRUMENTS: THE LEAP DETECTOR MODULE

D.1 THE LARGE AREA BURST POLARIMETER

Based on the legacy of the Gamma RAy Polarimeter Experiment (GRAPE)
experiment [23, 24], who successfully flew in 2011 and 2014 on balloon flights,
the LargE Area Burst Polarimeter (LEAP) mission is under development [162,
164, 169]. Lead by the University of New Hampshire (US), the LEAP mission is
proposed for a launch to the International Space Station (ISS) in 2027. The overall
detector design and proposed location on the ISS are pictured in Figure D.1. As
its predecessor mission, it is a dual-phase Compton polarimeter.

LEAP Payload LEAP mounted on the ISS
: % ‘ Columbus module, pointing
. _ towards deep space.

. 84.3cm

P
Electronics
(CEB, PAB)

Columbus External
Payload Adapter (CEPA)

Figure D.1: Left: LEAP payload design. [169] Right: Location of the LEAP instrument
on the Columbus module of the ISS. [169]

The instrument is divided into 7 modules each consisting of a 12 x 12 array of
scintillators. Each segment of this array, called a Polarimeter Detector Element
(PDE), is composed of a 17x 17x 100 mm? scintillator bar read out by an Rg880U
PhotoMultiplier Tube (PMT) from Hamamatsu, wrapped with Vikuiti, and in-
dividually encapsulated in a mechanical housing. A highly reflective Teflon
mechanical piece is responsible for adapting the scintillator to the PMT, the
optical coupling between the latter two is achieved using a 1 mm thick DCg93-500
optical pad. The scintillator material can either be plastic or Cesium Iodide (CsI).
A picture of a plastic based PDE as well as the distribution of plastic and CsI
bars within a module are presented in Figure D.2. The detection principle is that
a photon Compton scatters in a plastic bar, in which Compton scattering cross
section is optimum down to a few keV due to the low-Z nature of the material,
and is then ideally entirely absorbed in a CslI scintillator, leading to a smaller
energy spread in the spectral response of the instrument than for a single phase
polarimeter.
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Unlike POLAR and
POLAR-2, which are
single-phase
polarimeters, LEAP
uses two different
materials for
scattering and
absorption

To not be mixed with
Photo Detection
Efficiency, not used
in this Chapter.
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Front-End
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Figure D.2: Left: Layout of a 12x12 LEAP module showing the distribution of plas-
tic and Csl scintillators. [164] Right: Picture of an exploded Polarimeter
Detector Element prototype. [169]

D.2 OPTICAL SIMULATIONS OF THE LEAP POLARIMETER DETECTOR ELE-
MENT

Vikuiti
reflective foils

Vikuiti
reflective foils

Conically truncated

Rectangularl
i plastic scintillator

shaped scintillator

DC93-500 Optical pad
DC93-500 Optical pad ./
Tefl ; Conical Teflon
eflon ° < mechanical adapter
adapter plate
PMT -"". . ' PMT

Figure D.3: Left: Geometry of the modified PDE removing the conical truncation in the
scintillator design. Right: Implementation of the original LEAP PDE design
in the Geanty optical simulations.

As depicted in Figure D.2, the original LEAP PDE design a truncated scintil-
lator, with one end of the bar going from the square 17x17 mm? down to the
circular 8 mm diameter shape of the PMT entrance. As this truncation cannot
increase the light output based on phase space conservation (application of the
Liouville theorem), the POLAR-2 optical simulations described in Chapter 7 are
applied to the LEAP design in order to compare the optical efficiency of the
original design with a non-tapered bar. A non-tapered bar would simplify the
mechanical design of the PDE and greatly reduce the cost of the scintillators.
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D.2 OPTICAL SIMULATIONS OF THE LEAP POLARIMETER DETECTOR ELEMENT

Both EJ-200 and EJ-248M materials are investigated as the shape and roughness
of the scintillator has shown to have a significant impact on the light output (see
Chapter 7). Both PDE designs are shown in Figure D.3.

The simulated light output maps for the technical attenuation length (that
accounts for the scintillator shape and surface quality, see Chapter 7 and Figure
7.24 for details) are given in the height-roughness space in Figure D.4 for both
designs and with both types of plastic. It can be noticed that the light output is
dropping faster near the PMT for a conically tapered bar.

Light output fraction
o [°]
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Figure D.4: Light output map in the height-roughness space simulated for a conically
truncated scintillator (left) and a simplified rectangular scintillator (right)
for both EJ-200 (top) and EJ-248M (bottom) plastic.

The light yield measurements with PDE prototypes take place at University
of New Hampshire, USA. A 'Cd is placed at the top of the scintillator bar. The
decay of Cadmium into Silver leads to an emission line at 22 keV, corresponding
to the K-level of 1" Ag. This 22 keV peak is used in order to measure the light
yield of the PDE. The penetration profile of 22 keV photons into the plastic
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scintillator was therefore simulated and fitted with an exponential, as shown in

Figure D.5.
80000 —
- htemp
- Entries 2183512
70000 — Mean 28.93
Z Std Dev 28.61
C ¥/ ndf 763.6 /79
60000 Constant 9.756 + 0.001
C Slope 0.02606 =+ 0.00003
50000 —
40000—
30000—
20000—
10000—
0 : 1 1 1 1 I 1 1

60
Height [mm]

Figure D.5: Simulated penetration profile of 22 keV photons in the plastic scintillator.

The maps in Figure D.4 can be convoluted with the profile of Figure D.5 in
order to get the light output as a function of the roughness of the scintillator
surface. As the 0, value is known for both EJ-200 and EJ-248M (see Chapter
7), the light output value for both types of plastics can be extracted for both
geometries. The resulting light output fractions from the optical simulations are
summarized in Table D.1. As for POLAR-2, the light output is lower with EJ-200
because of its rougher surface which counter-balances the higher scintillation
efficiency. The conical tapering slightly improves the light output for EJ-200,
but removing the tapering gives much better performances for EJ-248M. The
light output is 24.6 % higher for a non-tapered EJ-248M bar than for a tapered
EJ-200 bar. Even though the scintillation efficiency for EJ-200 is 8.7 % higher
than for EJ-248M, the non-tapered EJ-248M design will therefore lead to the
best light yield. These simulations result still have to be verified through lab
measurements, which will lead the decision on whether to use the tapering
and on the choice of the scintillating material. Removing the tapering is not
only a way of improving the optical performances of the system, but will also
significantly reduce the cost of the scintillators.

EJ-200 EJ-248M

Conically tapered bar 14.214+0.04% 14.40£0.04%

Square bar 13.85+0.04% 17.711+0.04%

Table D.1: Light output fraction obtained with the LEAP design for a 22 keV source for
both EJ-200 and EJ-248M with both scintillator designs.
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