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Further improving our understanding of the assembly and evolution of the largest structures in the Universe, and the roles of gravity, black holes, exploding stars, etc, in shaping it, requires an investigation of its hot and energetic sources and phenomena. As these emit in the X-ray domain, having the ability to perform X-ray spectroscopy with high spatial and spectral resolution, in particular of extended sources such as galaxy clusters, is essential to achieve new breakthroughs in our understanding of the large-scale structures. Such capabilities will be provided by the X-ray Integral Field Unit (X-IFU) instrument onboard the Athena (Advanced Telescope for High-ENergy Astrophysics) observatory through the use of cuttingedge instrumentation, with at its core Transition-edge sensor (TES) microcalorimeters detectors. These high-resolution non-dispersive spectrometers will deliver X-ray spectroscopy data with the unprecedented energy resolution of ∼2.5 eV up to 7 keV, enabling us to help unveil some of the secrets of the hot and energetic Universe. Intensive design and technology developments are currently ongoing to enable this mission scheduled for launch in the late 2030's, and to ensure that all of the critical requirements and scientific goals will be met. A substantial number of these scientific goals relate to the study and characterization of galaxy clusters, for they enter as ideal probes in our understanding of the large-scale structure.

This thesis starts by presenting my work and results on two feasibility studies. The first one relates to charge exchange (CX), a physical process producing fine features in the soft X-ray band hard or impossible to detect or resolve with previous generations of non-microcalorimeter instruments. I investigate here the systematic errors induced by CX to assess whether the physical properties of the hot intergalactic plasma can be determined with the X-IFU within the requirements, given its current design. The second study assesses the capabilities of X-IFU to characterize turbulent motion in nearby galaxy clusters. It relies on the use of mock simulations of observations by the X-IFU instrument. This work will, in particular, be used to optimize the observing strategy of future actual X-IFU observations.

To meet the ambitious scientific goals of the X-IFU, it is imperative that all the instrument driving requirements are met. In particular, the X-ray microcalorimeter array, which will be provided by NASA Goddard Space Flight Center, is being further developed -to fine tune the design, and make sure that a sufficiently high Technology Readiness Level (TRL) is reached prior to mission adoption and then for flight. In this work, I focus on one of the several key aspects in the detector development: characterizing their long term performance. This applies to the complete life cycle of the detectors, from the moment they are fabricated and potentially exposed to oxygen, humidity, or elevated temperature, to when they will be operated in space, and submitted to cosmic rays potentially damaging them.

In parallel to the detector development, the X-IFU complete readout detection chain, made from contributions of an international collaboration, needs to be demonstrated. This task is underway on a dedicated 50 mK test bench at IRAP, which will later also play a key part in the calibration of the instrument. In this work, I describe the integration of the demonstration chain in the 50 mK test bench at IRAP, as well as the first results and way forward.

Résumé

Améliorer notre compréhension de l'assemblage et de l'évolution des structures à grandes échelles de l'Univers, ainsi que le rôle qu'y jouent la gravité, les trous noirs, les explosions d'étoiles, etc, requiert l'étude des sources et phénomènes chauds et énergétiques. Du fait de leur émission dans le domaine des rayons X, pouvoir accéder à la spectroscopie X à haute résolution spatiale et spectrale, en particulier pour les sources étendues comme les amas de galaxies, est essentiel pour parvenir à de nouvelles avancées dans notre compréhension des structures à grandes échelles. De telles capacités seront fournies par X-IFU, le spectrographe à intégrale de champ en rayons X à bord de l'observatoire Athena (Advanced Telescope for High-Energy Astrophysics), grâce à une instrumentation à la pointe de la technologie avec à son coeur des microcalorimètres de type "Transition-Edge Sensor" (TES). Ce spectromètre à haute-résolution nondispersif délivrera des données spectrales X avec une résolution en énergie sans précédente de ∼2.5 eV jusqu'à 7 keV, ouvrant la voie pour lever certaines énigmes de l'Univers chaud et énergétique. Des travaux de conception et de développement technologique intenses ont lieu à l'heure actuelle afin de permettre la réalisation de cette mission prévue pour un lancement à la fin des années 2030, et assurer que toutes les exigences critiques et objectifs scientifiques soient atteints. Un nombre important de ces objectifs scientifiques se rapportent à l'étude et la caractérisation des amas de galaxies, sondes idéales pour notre compréhension des structures à grandes échelles.

Cette thèse commence par la présentation de mes travaux et résultats sur deux études de faisabilités. La première s'intéresse à l'échange de charges (CX), un processus physique qui donne lieu à des caractéristiques fines dans le spectre des rayons X mous, difficiles voire impossibles à détecter ou résoudre avec les générations précédentes d'instruments sans microcalorimètres. J'étudie ici les erreurs systématiques induites par le CX afin d'évaluer si les propriétés physiques du plasma chaud intergalactique peuvent être déterminées par X-IFU, selon sa conception actuelle, au niveau d'exigence voulue. La seconde étude évalue la capacité du X-IFU à caractériser les mouvements turbulents dans les amas de galaxies proches. Elle repose sur l'utilisation de simulation d'observations avec l'instrument X-IFU. Ce travail permettra, en particulier, d'optimiser la stratégie d'observation de futures observations réelles avec X-IFU.

Afin d'atteindre les objectifs scientifiques ambitieux de l'X-IFU, il est impératif que toutes les exigences instrumentales soient atteintes. En particulier, le développement de la matrice de microcalorimètres X qui sera fournie par le Goddard Space Flight Center de la NASA, se poursuit afin d'affiner leur conception, et d'assurer qu'un niveau de technologie (TRL) suffisant soit atteint avant l'adoption de la mission puis le lancement. Dans ce travail, je me concentre sur l'un des aspects clés parmi plusieurs dans le développement des détecteurs: la caractérisation de leur performance sur le long terme. Cela concerne le cycle de vie complet des détecteurs, depuis l'instant où ils sont fabriqués et potentiellement exposés à l'oxygène, l'humidité, ou des températures élevées, jusqu'à leur opération dans l'espace, où ils seront soumis aux rayonnements cosmiques qui peuvent les endommager.

En parallèle au développement des détecteurs, le fonctionnement de la chaine de lecture de détection complète du X-IFU, constituée des contributions d'une collaboration internationale, a besoin d'être démontré. Cette tâche est en cours à l'IRAP sur un banc de test à 50 mK dédié, qui jouera plus tard également un rôle central dans la calibration de l'instrument. Dans ce travail, je décris l'intégration de la chaine de détection dans le banc de test, ainsi que les premiers résultats et les prochaines étapes à venir.

Mots clés: spectroscopie à rayons X haute résolution, instrumentation, microcalorimètres à TES, cryogénie, amas de galaxie, mouvements turbulents, Athena/X-IFU

FOREWORD

Understanding the formation and evolution of our Universe, from the primordial fluctuations to the large scale structures we see today, is one of the major questions in modern astrophysics. In our current understanding, the Universe has a web-like structure, composed of filaments of matter and large voids in between, created from primordial fluctuations which were amplified during the early expansion phase of the Universe and led to over-densities located at the nodes where filaments connect. As more and more matter accreted over cosmic timescales under the action of the gravitational force, the galaxies and later galaxy clusters formed in a hierarchical sequence of events.

Galaxy clusters are particularly interesting objects, with typical Mpc-sizes and 10 14 -10 15 solar masses but only ∼10% of their mass is baryonic, the remaining ∼90% remains invisible to our eyes and detectors. Of the baryonic matter, 85% is located in the intra-cluster medium (ICM) while the remaining 15% is locked in galaxies and in the stars they host. This means that most of the visible matter is contained in hot and diffuse gas, heated to tens or hundreds million degrees Kelvin via shocks during their gravitational infall. The range of densities and temperatures relevant to the intra-cluster plasma corresponds to fully ionized gas emitting in the X-ray domain mainly via thermal Bremsstrahlung. Studying this hot matter component offers a privileged access to its physical properties and evolution, to better understand large scale structures, and subsequently the underlying dark matter halos. Indeed, although galaxy clusters are often assumed to be in hydrostatic equilibrium, this assumption may be true for the central part but much less for their outskirts. There, accretion and mergers lead to shocks and bulk or turbulent motion dissipating energy, perturbing the hydrostatic equilibrium assumption. Complex dynamics, also related to the supermassive black holes at the center of those objects regulates the gas infall towards the center of the cluster via (Active Galactic Nuclei) AGN feedback, also induce turbulence and heating in the ICM. In addition, taking into account all these parameters ultimately leads to unbiased cosmological constraints, as they necessarily rely on unbiased cluster masses. Their study can also provide a mine of information on other aspects such as the chemical enrichment process which occurred in the past. Indeed as massive clusters act as closed-box systems, their composition is the summed yield of billions of supernovae and giant asymptotic branch stars.

But galaxy clusters are just one of the many sources emitting in X-rays. For instance, X-rays also provide unique information about very energetic process associated with black holes and accretion phenomena. Observations in this energy band are hence an important source of information with regards to many astrophysical questions, and essential to building a comprehensive picture of our Universe. However as X-rays don't reach the surface of the Earth due to the presence of its atmosphere, they have to be studied from space. Several satellites have been built over the past few decades to provide such data, such as Chandra or XMM-Newton. However, none of them were able to obtain high-spectral resolution data of Foreword extended sources such as clusters of galaxies. This can now be achieved using microcalorimeters, which are non-dispersive photon detectors working that use calorimetric thermistors. When the energy from a photon is deposited in the detector, there is a change in their resistance which is temperature dependent and can be measured with the proper readout electronics. Hitomi gave us a glimpse of their huge potential with its detectors based on semiconductor thermistors, as will offer its descendant XRISM. But an even more promising upgrade is to build microcalorimeters based on superconducting Transition Edge-Sensors (TES). These devices operate in the very sharp superconducting-to-normal transition of superconducting metals. They can provide data with an even greater spectral resolution than semiconducting thermistors, and are also better suited for large multiplexed readout allowing us to build large arrays with high spatial resolution.

These powerful detectors being developed at NASA Goddard Space Flight Center (GSFC), are part of the baseline design for the large mission Athena (Advanced Telescope for High-ENergy Astrophysics) of ESA's cosmic vision program, currently scheduled for launch in the late 2030's. They will be at the heart of one of its two instruments: the X-ray Integral Field Unit (X-IFU). It will consist of an array of a couple of thousand TESs read out by a time-division multiplexed electronics chain. The X-IFU will provide X-ray spectral data with the unprecedented resolution of ∼ 2.5 eV up to 7 keV, over a hexagonal field of view of ∼ 5 arcmin and an angular resolution of ∼ 5 arcsec. It is designed to answer core science objectives around the questions: How does ordinary matter assemble into the large scale structures that we see today? How do black holes grow and shape the Universe?

In order to make sure the instrument design will meet the desired performance needed to reach the scientific requirements, end-to-end science simulations are crucial in the development of satellites for astrophysical missions. For Athena/X-IFU, this can be done e.g. in a fairly simple way by using a spectral fitting software such as xspec, and fit a spectral model to fake observations made in the X-ray domain, or using full end-to-end simulator such as SIXTE. The latter can provide mock observations of complex sources, with a high level of detail close to what the actual X-IFU will provide. These simulations hence allow us to take into account the full potential of the instrument.

In parallel, a lot of work is also put into the development of the hardware. Although huge progress on TES devices has been made over the past couple of decades, there is still need for improvements e.g. in the fine-tuning of the TES design and to complete our understanding of these detectors. For instance, in order to maintain their performance over the duration of the mission, it is critical to understand if/what environmental conditions may affect their properties over time. This starts right after the array leaves the fabrication lab, with potential exposure to humidity, oxygen, or high temperature all of which may potentially affect the detectors. Indeed, in the past we saw indications of aging of chips exposed to such conditions, believed to cause changes in the absorber properties, and translating as low energy tails either in the pulse shape and/or the X-ray spectrum. Then, after launch, Athena will be positioned at Sun-Earth Lagrangian point L1 or L2, where the sensors will be subjected to the orbital radiation environment, which could potentially cause damage to the detectors and affect their performances. In order to ensure the performance of this type of detector throughout the duration of the project/mission, it is hence critical to study what may impact their long term performance and how.

Also of high importance for the overall success of the instrument, it is critical to verify that all of the components of the entire detection chain operate together as designed. The complete detection chain is under development by a large international collaboration including NIST (National Institute of Standards and Technology), APC (AstroParticle et Cosmologie), and IRAP (Institut de Recherche en Astrophysique et Planétologie). In order to perform an end-to-end demonstration of the full X-IFU readout chain, a 50 mK test bench is being developed at IRAP in collaboration with the French Space Agency CNES (Centre National d'Etudes Spatiales). The test bench uses a two-stage ADR cryostat from Entropy GmbH, a ire une image complète de notre Univers. Cependant, les rayons X n'atteignant pas la surface de la Terre du fait de l'atmosphère, ils doivent être étudiés depuis l'espace. Plusieurs satellites ont été construits au cours des décennies précédentes pour obtenir de telles données, comme Chandra ou XMM-Newton. Cependant, aucun d'entre eux ne permet l'obtention de données spectrales haute-résolution pour des sources étendues comme les amas de galaxies. Cela peut maintenant être réalisé à l'aide de microcalorimètres, qui sont des détecteurs de photon non-dispersifs utilisant des thermistances calorimétriques. Quand l'énergie du photon est déposée sur le détecteur, cela entraîne un changement de résistance qui dépend de la température et peut être mesuré via une électronique de lecture adaptée. Hitomi nous a permis d'entrevoir leur potentiel énorme grâce à ses détecteurs basés sur des thermistances à semi-conducteurs, comme pour son successeur XRISM. Mais une évolution prometteuse est la fabrication de microcalorimètres basés sur des détecteurs supraconducteurs appelés TES (Transition Edge-Sensor). Ces dispositifs sont opérés dans la zone de transition très étroite entre leur état normal et supraconducteur. Ils permettent d'obtenir des données avec une résolution spectrale encore meilleure que celle des thermistors à semi-conducteur, et sont également mieux adaptés pour une lecture multiplexée permettant de construire de grandes matrices avec une haute résolution spatiale.

Ces détecteurs puissants, qui sont en cours de développement au centre du Goddard de la NASA (NASA GSFC), font partie de la conception de base de la mission Athena (Advanced Telescope for High-ENergy Astrophysics) du programme "cosmic vision" de l'ESA, prévu pour un lancement fin des années 2030. Ils seront au coeur de l'un de ses deux instruments: son spectrographe à intégrale de champ X, X-IFU. Il consistera en une matrice de quelques milliers de TES lus par une chaîne de lecture multiplexée en temps. X-IFU fournira des données spectrales X avec une énergie résolution sans précédente de ∼2.5 eV jusqu'à 7 keV, sur un champ de vue hexagonal de ∼5 minutes d'arc et une résolution angulaire de projet/mission, il est donc critique d'étudier ce qui pourrait les impacter sur le long terme, et comment.

Également de grande importance pour le succès global de la mission, il est critique de vérifier que tous les composants de la chaine de détection fonctionnent ensemble comme ils le doivent. La chaine de détection complète est en cours de développement par une large collaboration internationale incluant le NIST, l'APC, et l'IRAP. Afin d'exécuter une démonstration end-to-end de la chaine de lecture complète du X-IFU, un banc de test 50 mK est en cours de développement à l'IRAP en collaboration avec le CNES. Le banc de test utilise un cryostat à ADR bi-étagé de chez Entropy GmbH, une matrice de 1024 pixels, et sera initialement opéré avec une électronique de lecture chaude fournie par le NIST et le Goddard. La chaine de lecture sera ensuite remplacée par des prototypes de l'électronique de vol pour leur validation. Ce manuscrit synthétise mes contributions à ces trois aspects du développement de X-IFU. Dans le chapitre 1, je commence par fournir le contexte scientifique pour cette thèse, en me concentrant sur les amas de galaxies et leur importance pour l'astrophysique moderne. J'expose ensuite le besoin pour l'imagerie de spectroscopie X et introduit les détecteurs TES nécessaires pour de telles observations, ainsi que le type d'architecture de lecture qui leur est adapté. Je termine en décrivant la mission Athena et l'instrument X-IFU dans lequel ces détecteurs seront utilisés afin de permettre une percée dans l'étude de l'Univers chaud et énergétique. Chacun des trois chapitres suivants rentre ensuite dans le détail de mes contributions durant ma thèse. Dans le chapitre 2, je me concentre sur l'évaluation des capacités de X-IFU à caractériser certaines propriétés du milieu intra-amas. Dans une première étude, je m'intéresse à l'impact des échanges de charge (CX), un processus physique produisant des caractéristiques fines difficiles voire impossibles à détecter ou résoudre avec les générations d'instruments précédents sans microcalorimètres, sur la détermination des paramètres physiques du plasma. J'étudie les erreurs systématiques induites par le CX pour évaluer si la température, l'abondance, et la norme peuvent être déterminées avec X-IFU avec les exigences demandées. Dans une seconde simulation plus complexe, j'étudie la capacité de X-IFU à sonder le gas chaud et fournir des contraintes sur les propriétés physiques et ainsi la dynamique interne de la cascade turbulente de l'ICM. Utilisant un modèle simplifié d'amas de galaxie proche à z=1, je montre grâce à des observations X-IFU end-to-end simulées et des simulations Monte Carlo quelles informations l'instrument X-IFU pourra nous permettre de retrouver. Ce travail ouvre la discussion vers l'optimisation de la stratégie d'observation pour de telles cibles d'observations futures avec Athena/X-IFU. Dans le chapitre 3, je rends compte d'études sur les performances long-terme des détecteurs TES en fonction de l'environnement auquel ils sont exposés. Dans une première étude, je caractérise les propriétés des détecteurs et des absorbeurs avant et après exposition à différents niveaux contrôlés de température de d'humidité, et évalue les changements dans les pulses, formes de transitions, résolutions et redistribution en énergies mesurés. Dans une seconde étude, je présente les résultats de tests sur la tenue des TES aux radiations spatiales. Enfin dans le chapitre 4, je décris le banc de test 50 mK en cours de développement à l'IRAP afin de valider la chaine de détection X-IFU complète. Je décris la caractérisation du système, et l'intégration de la chaine de lecture fournie par la NASA GSFC et le NIST, ainsi que les premiers résultats et les prochaines étapes à venir.

CHAPTER

ONE

PROJECT OVERVIEW

This first chapter provides the scientific context for this thesis. Like my contributions to the development of the Athena/X-IFU, this chapter is separated into three main sections: the astrophysical context, focusing on galaxy clusters and the need for X-ray astrophysics in section 1.1; the principle of TES microcalorimeters and their readout in section 1.2; and finally the X-IFU instrument and detection chain in section 1.3. The primordial era. According to the standard cosmological model describing the formation of the Universe, it was created ∼ 13.8 billion years ago from the Big Bang singularity. Although its first instants are poorly known, theory predicts that in a fraction of a second the Universe expanded exponentially and almost instantaneously by a factor 10 26 , in a phase called the inflation (see Fig. 1.1). As this happened, infinitesimal quantum fluctuations which were present in the young Universe got projected into cosmic scales and amplified, leading to patches of density a little higher or a little lower. These variations became the scaffolding for the structure of the Universe. They grew to give rise to the variations we see in the Cosmic Microwave Background (CMB), and later the large scale structures we see today.

Astrophysical context 1.Brief history of the formation of our Universe

As the Universe continued to expand (but at a slower rate) and cool down, the conditions became just right for elementary particles (quarks, gluons and leptons) to appear, and a split second later to start combining into protons and neutrons. Within ∼3 minutes, conditions had cooled sufficiently for the first stable atomic nuclei to form from collisions between protons, neutrons, and other newly formed (light) nuclei, during an era called primordial nucleo-synthesis. As the temperature kept falling rapidly, it was soon too cold (10 7 K) for nuclear fusion to continue and ∼20 minutes after the Big Bang the nucleo-synthesis ended. The Universe was then an opaque plasma made of atomic nuclei (predominantly hydrogen and helium nuclei with close to 75% and 25% in mass), electrons and photons [START_REF] Cyburt | Big bang nucleosynthesis: Present status[END_REF].

The recombination epoch. As the Universe continued its expansion and cool-down, things started to occur more slowly and the situation stayed stable for about 380,000 years. The Universe was a plasma in thermal equilibrium where photons interacted quickly with matter and incapable of escaping, leaving the Universe opaque and filled with atomic nuclei which couldn't combine with electrons [START_REF] Loeb | The first galaxies in the universe[END_REF]. As the temperature became low enough, protons and electrons could stably combine to form the first atoms. This is called the recombination phase, whose major step led to the formation of neutral hydrogen atoms when the temperature was ∼3000 K.

As the matter went from an ionized to a neutral state, and radiation and matter decoupled, the Universe became transparent to electromagnetic radiation. The photons which could then travel freely produced the first image of the Universe that we can still see today: the CMB. Initially predicted in theory by [START_REF] Gamow | Origin of protogalaxies[END_REF][START_REF] Gamow | Origin of protogalaxies[END_REF], it was detected for the first time in 1964 [START_REF] Penzias | A Measurement of Excess Antenna Temperature at 4080 Mc/s[END_REF]. Two decades later, from the dedicated COBE mission, its spectra was found to be of a black body of temperature 2.728 ± 0.004 K nowadays [START_REF] Mather | A preliminary measurement of the cosmic microwave background spectrum by the cosmic background explorer (COBE) satellite[END_REF], in agreement with an initial black body of 3000 K at the time of recombination. The spatial distribution of the CMB is nearly homogeneous and isotropic -down to the order of 10 -5 K - [START_REF] Mather | A preliminary measurement of the cosmic microwave background spectrum by the cosmic background explorer (COBE) satellite[END_REF][START_REF] Smoot | Structure in the COBE differential microwave radiometer first-year maps[END_REF], as shown in Fig. 1.2. These anisotropies are imprints from the primordial density fluctuations, which led to variations of temperature in the CMB radiation due to slightly different concentration of matter. The latter likely further evolved to lead to today's cosmic web, with filaments, voids, clusters, etc.

The dark age. This was followed by an epoch where the only sources of photons were neutral hydrogen, emitting in radio waves, and the CMB, which had within 3 million years red-shifted to infrared. The Universe was thus devoid of visible light, hence this epoch being called the dark age. For about 500 million years the Universe stayed dark and neutral as it kept expanding and cooling down.

The inhomogeneities in matter density distribution, as traced by the CMB, kept however increasing as they were slowly amplified by gravitational infall, leading to the formation of empty voids and the first dark matter (DM) halos massive clouds of gas / baryonic matter [START_REF] Wise | First Light: A Brief Review[END_REF]). An analytical review on the evolution of the primordial anisotropies in the mass distribution can be found in [START_REF] Bernardeau | The evolution of the large-scale structure of the universe: beyond the linear regime[END_REF].

The reionization epoch. As these fluctuations grew by gravitational infall to create the first DM halos and massive clouds of baryonic matter, they accreted more and more matter. As gravity drove the clouds to collapse further, hydrogen started to fuse under the increased heat and pressure, igniting the first stars [START_REF] Wise | First Light: A Brief Review[END_REF]. This led to early population III stars, and with their death sometimes black holes, during an epoch called reionization. While those early stars are thought to have laid out the seeds for the stars that we see today [START_REF] Bromm | Annual Review of Astronomy and Astrophysics[END_REF], these black holes may in turn have been the seeds for the supermassive black holes we observe in the center of large galaxies. During their life, these stars emitted UV radiations, breaking once again atoms into nuclei and electrons, creating bubbles of ionized matter around them. When they exploded, the energy released further ionized their surroundings. After about 600 million years (z ∼ 6-8) enough star formation had occurred to ionize all of the neutral gas, and the Universe became fully ionized again.

In parallel, from ∼380 million years the early stars gathered into the first galaxies, and into the very first galaxy clusters (or proto-clusters) from 1 billion years (or z ∼ 6) [START_REF] Silk | The current status of galaxy formation[END_REF], and then finally from 3 billion years (or z ∼ 2.1) into the first clusters we observe today.

The current Universe. From 1 billion years after the Big Bang (z ∼ 6), and for ∼12.8 billion years until today (z = 0), the Universe has looked pretty much as it does now. Structures continue to grow and merge under the influence of gravity, forming a vast cosmic web where the abundance of luminous galaxies trace the underlying matter density, while the Universe keeps expanding with an expansion rate H 0 = 67.4 ± 0.5 km • s -1 • Mpc -1 [START_REF] Aghanim | Planck 2018 results: VI. Cosmological parameters[END_REF].

The current understanding of our Universe, as described in the previous sections, is fairly well summarized by the so-called Λ-CDM cosmological model [START_REF] Blumenthal | Formation of galaxies and largescale structure with cold dark matter[END_REF]. According to this model our Universe is flat, homogeneous and isotropic at large scales, with the ordinary matter (also loosely called baryonic matter) only representing ∼4.9% of the total energy content of the universe (see Fig. 1.3).

The rest of the energy density of the Universe is in two other components. 26.8% is in the form of cold dark matter (CDM), which does not emit electromagnetic radiation and only interacts with baryonic matter via gravitation (and perhaps eventually new kinds of interactions yet to be observed). Although there hasn't been any direct detection of this component yet, its existence arose from inconsistencies in measurements of radial velocities versus cumulative masses [START_REF] Smith | The Mass of the Virgo Cluster[END_REF][START_REF] Zwicky | On the Masses of Nebulae and of Clusters of Nebulae[END_REF] or rotation curves [START_REF] Rubin | Rotation of the Andromeda Nebula from a spectroscopic survey of emission regions[END_REF], allowing us to estimate its proportion and that of normal matter. The adjective "cold" refers to the fact the DM is assumed to be non-relativistic. In the CDM theory [START_REF] Peebles | Large-scale background temperature and mass fluctuations due to scale-invariant primeval perturbations[END_REF], structures grow hierarchically (i.e. from small objects merging in a continuous hierarchy to form larger objects). This evolution scenario, involving self-similar collapse of initially small perturbation to created denser regions was described in [START_REF] Press | Formation of galaxies and clusters of galaxies by self-similar gravitational condensation[END_REF]. This is compatible with the hierarchical growth of structures into galaxy clusters as we see today [START_REF] Allen | Cosmological parameters from observations of galaxy clusters[END_REF][START_REF] Kravtsov | Formation of galaxy clusters[END_REF], Planelles et al., 2015).

The other 68.3% of the energy density is assumed to be in the form of a dark energy, an elusive component acting as a sort of anti-gravity component and responsible for the observed current accelerated expansion of the Universe. This dark energy in its simplest form is represented by a cosmological constant, Λ. Very little is known about this component. Its existence has so far only been inferred through observation that all galaxies seem to be receding from each other at an accelerating pace, as first observed in 1925 by Hubble [START_REF] Hubble | Cepheids in spiral nebulae[END_REF]. Since different types of dark energy would translate in different rates of expansion of the Universe and evolution of the large scale structures, this parameter governs the evolution of the Universe in the current epoch.

For the past 20 years or so, large numerical simulations have grown in parallel with the rapid improvement of computing power. They provide a very useful tool to investigate the formation and evolution of large scale structures. Numerical simulations based on the Λ-CDM paradigm reproduce the distribution of matter on large scales very well. Although different simulators and inflation models exists, they all predict that the primordial fluctuations in density grew through the effects of gravity into the large scale webs of galaxies we see today (see Fig. 1.4). The matter is grouped along filaments, with denser areas at their intersection, and otherwise large empty regions [START_REF] Springel | Simulations of the formation, evolution and clustering of Galaxies and quasars[END_REF][START_REF] Genel | Introducing the Illustris project: The evolution of galaxy populations across cosmic time[END_REF][START_REF] Gouin | Gas distribution from clusters to filaments in IllustrisTNG[END_REF][START_REF] Schaye | The EAGLE project: Simulating the evolution and assembly of galaxies and their environments[END_REF]. 

.2.1 General description

Galaxy clusters were only discovered about a hundred years ago [START_REF] Hubble | Cepheids in spiral nebulae[END_REF], but have since then sparked a large interest in astrophysics for various reasons. In the history of our Universe, they are the largest structures, which formed last, accreting matter via the cosmic web's filaments [START_REF] Alvarez | Suzaku Observations of the Cluster Outskirts and Intercluster Filament in the Triple Merger Cluster A98[END_REF]. On top of being interesting astrophysical objects to study on their own, they can be used as major probes to understand the evolution of the Universe, as will be discussed in section 1.1.2.5. Galaxy clusters are millions of light-years (or a few mega parsecs) across, and typically composed of anywhere between few tenths to thousands of galaxies that are bound together by gravity. They are the largest known gravitationally bound structures in the Universe, with typical masses ranging from 10 14 -10 15 solar masses [START_REF] Böhringer | XMM-Newton study of six massive, X-ray luminous galaxy cluster systems in the redshift range z = 0.25â  €  Â" 0.5[END_REF]. They are made of 3 components :

-the galaxies, which contributes only to a low percentage of the cluster mass -the intra-cluster medium (ICM), where most of the baryons in the cluster reside (85%), contributing to close to ∼10% of the cluster mass -the dark matter, which hasn't been directly detected yet but was inferred from the discrepancy between the total estimated mass and the luminous mass, contributing to ∼90% of the cluster mass

In this thesis, we focus on clusters of galaxies, but should mention that groups and poor clusters provide a natural and continuous extension of massive cluster, with lower mass, size, and luminosity, although the line is hard to draw, when considering a continuous halo mass function. For instance, we generally consider that a group's mass is usually between 10 12.5 -10 14 solar masses. It can also be observed that clusters contain a majority of E and S0 type galaxies, while groups are dominated by spirals [START_REF] Bahcall | The Cosmic Triangle: Revealing the State of the Universe[END_REF][START_REF] Lovisari | Scaling properties of galaxy groups[END_REF].

The ICM is a key component to study as it hosts the majority of observable matter in clusters. However, the ICM is very low density (10 -3 -10 -2 cm -3 ) and optically thin and so is a collisionally weak gas, with a very high temperature of 10 6 -10 8 K due to shock heating (from accretion and merger shocks). The gas in the cluster is mostly composed of hydrogen. It is therefore highly ionized and mainly emits X-rays via the Bremsstrahlung process plus some recombination continuum and lines due to atomic transitions in highly ionized atoms of heavy elements (Sarazin, 1986, Böhringer and[START_REF] Böhringer | X-ray spectroscopy of galaxy clusters: studying astrophysical processes in the largest celestial laboratories[END_REF]) (for more details on emission process from X-ray sources see section 1.1.3.1, and for a review of plasma physics in the ICM [START_REF] Kunz | Plasma physics of the intracluster medium[END_REF]. The emissivity ε (or amount of radiated energy per unit of volume) in X-rays due to Bremsstrahlung at the frequency ν is given by : ε(n, T) ∝ n 2 √ T exp(-hν k B T ) , (1.1) where n is the electronic density of the gas, and T its temperature. Since the gas density decreases radially from the center of the cluster, the emissivity in X-rays decrease strongly in the outskirts of the cluster, making these regions much harder to study.

As shown on figure 1.5, observing a cluster in the optical or the X-ray range provides a very different picture, making it critical to study these sources in the X-ray domain to trace the main component of the ICM, the hot gas.

In the next sections, we will look into more detail into various properties of galaxy clusters.

Figure 1.5: Images of the Perseus cluster in X-rays (left) and optical (right), from [START_REF] Simionescu | Baryons at the edge of the X-ray-brightest galaxy cluster[END_REF] and Gabany (2009). Stars and galaxies can be seen in the optical image, whereas the ICM is visible on the X-ray image (credit: [START_REF] Ezoe | High-resolution X-ray spectroscopy of astrophysical plasmas with X-ray microcalorimeters[END_REF] 

Physical properties

Spatial extent

When talking about cluster properties, we need to specify what radius we measure them within. Several definitions can be used as described below.

Theoretically if we want to look at the full volume of the cluster, the limit on the outermost part can be placed at the accretion shock (also called external shocks), R shock . That marks the boundary where the low temperature and low density gas, accreting from outer regions, is heated by shocks and reaches X-ray emitting temperatures as it falls into the cluster potential [START_REF] Ryu | Cosmological Shock Waves and Their Role in the Large-Scale Structure of the Universe[END_REF][START_REF] Ha | Properties of Merger Shocks in Merging Galaxy Clusters[END_REF].

In practice, the physics of the ICM that far out is complex and poorly known, and the Virial radius is generally used. It corresponds to the volume of the cluster that is virialized, meaning the Virial theorem is satisfied : 2E p = -E c , (1.2) where E c and E p are respectively the kinetic and potential energy of the cluster. It can also be expressed as the radius where the density equals the critical density of the universe ρ c at the redshift z of the cluster times the over-density constant Δ c such that :

ρ(< r vir ) = Δ c ρ c (z) (1.3) = Δ c 3H 2 (z) 8πG
, (1.4) leading for a Λ-CDM model and M vir the virial mass of the cluster to : r vir = ( 3 M vir 4 π ρ vir )

1 /3

(1.5) Furthermore, for historical reason [START_REF] Bryan | Statistical Properties of X-Ray Clusters: Analytic and Numerical Comparisons[END_REF] this radius is often approximated to R 200 , i.e. the radius within which the mean density is 200 times the critical density of the universe at the cluster's redshift. Measurements down to R 200 can be difficult, due to the low emission of these regions versus the effective area of current telescopes, leaving them relatively less studied than more central parts of the clusters. However, some measurements could be performed with Suzaku and its very low and stable background [START_REF] Hoshino | X-Ray temperature and mass measurements to the virial radius of abell 1413 with suzaku[END_REF][START_REF] Simionescu | Baryons at the edge of the X-ray-brightest galaxy cluster[END_REF], or more recently with XMM-Newton via the X-COP (XMM Cluster Outskirts Project) studies [START_REF] Eckert | Non-thermal pressure support in X-COP galaxy clusters[END_REF], Ettori et al., 2019). Sunyaev-Zel'dovich (SZ) observations (e.g., [START_REF] Ade | Planck intermediate results: V. Pressure profiles of galaxy clusters from the Sunyaev-Zeldovich effect[END_REF] have also allowed to trace the gas distribution (through its thermal pressure) deep into the outskirts of clusters.

Typical X-ray observations routinely go out to R 500 , i.e. the radius within which the mean density is 500 times the critical density of the universe at the cluster's redshift.

The region spanning from R 500 to R shock is referred to as the outskirts of the clusters [START_REF] Walker | Cluster Outskirts and Their Connection to the Cosmic Web[END_REF], and despite being difficult to study with the current X-ray telescopes, is particularly interesting to understand how galaxy clusters formed and evolved [START_REF] Simionescu | Witnessing the growth of the nearest galaxy cluster: Thermodynamics of the Virgo Cluster outskirts[END_REF], Reiprich et al., 2013[START_REF] Walker | The Physics of Galaxy Cluster Outskirts[END_REF].

Surface brightness

Another key aspect to describe and understand galaxy clusters is their emission profile / surface brightness, as it is indeed closely related to the physics and dynamics of the cluster.

Since the gas density overall decreases radially from the center of the cluster, the X-ray emissivity also decreases strongly from the center towards the outskirts of the cluster. However, this can be modulated by the dynamics of the cluster. For instance, during mergers the gas located between the two clusters is generally compressed. The gas can also be heated by shock waves created by the merger.

Various models exist to describe the surface brightness, but one of the mostly used is the so-called β-model [START_REF] Cavaliere | The distribution of Hot Gas in clusters of galaxies[END_REF]. It relies on the assumption that the cluster's gravitational potential is similar to that of a self-gravitating isothermal sphere, and also that the ICM is itself isothermal and sitting in this potential. Furthermore, using a useful analytic approximation on the distribution of the galaxies from [START_REF] King | The Structure of Star Clusters. III. Some Simple Dynamical Models[END_REF], the gas density can then be written as : .6) with ρ ICM,0 the central electron density, r c the core radius of the cluster, and β the ratio of the specific energy in galaxies to the specific energy in the hot gas :

ρ ICM (r) = ρ ICM,0 (1 + ( r r c ) 2 ) -3β /2 , ( 1 
β = μ m p σ 2 k B T ICM , (1.7)
where μ is the mean molecular weight, m p the mass of the proton, σ the one-dimensional velocity dispersion, and T ICM the temperature of the ICM. This model has proven to give some fairly good results in describing the central emission of some cluster, but less when describing the emission at larger radii. First there is an intrinsic issue because this model implies that the mass is infinite when integrating over the radius. But also when looking at the outskirts, this leads to an overestimation of the emission, because of a too shallow slope. Moreover, this model relies on the assumption that the ICM is isothermal, which is not correct [START_REF] Churazov | XMM-Newton Observations of the Perseus Cluster. I. The Temperature and Surface Brightness Structure[END_REF][START_REF] Leccardi | Radial metallicity profiles for a large sample of galaxy clusters observed with XMM-Newton[END_REF][START_REF] Vikhlinin | Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction, and Mass-Temperature Relation[END_REF].

Figure 1.6: First fit on surface brightness profile (of the Coma cluster) using β-model with two different parameterizations [START_REF] Cavaliere | The distribution of Hot Gas in clusters of galaxies[END_REF] 

Mass

Different techniques can be used to estimate the mass of a cluster, and are discussed below. One method that proved incorrect, as can easily be imagined from the fact that 85% of the baryonic matter is in the ICM, is to rely only on the mass of the galaxies within the cluster. [START_REF] Cavaliere | Extragalactic X-ray Sources and Associations of Galaxies[END_REF] discussed how historically the total mass of galaxies were inconsistent with estimated baryonic matter of the cluster.

Velocity dispersion of member galaxies. One way is to measure the velocity dispersion of galaxies within the cluster, which can be related to the total mass of the cluster via the Virial theorem. [START_REF] Zwicky | On the Masses of Nebulae and of Clusters of Nebulae[END_REF] was the first to do this for the Coma cluster, with measurements from 8 galaxies. As he calculated the mass-to-light ratio, and determined that about 90% of the mass necessary to account for observed ratio was missing, this led him to postulate the presence of an invisible matter -the dark matter. More recent studies using this method have also been performed, as for instance by [START_REF] Biviano | On the efficiency and reliability of high-current rectifiers[END_REF] Hydrostatic equilibrium assumption associated with X-ray observations. Another approach, as well as the most common, rely on the hydrostatic equilibrium (i.e. that the gravitational forces are balanced by pressure) and X-ray observations (Ettori et al., 2013). Assuming the ICM to be in hydrostatic equilibrium in the potential well of the cluster and as explained in [START_REF] Allen | Cosmological parameters from observations of galaxy clusters[END_REF], for a spherically symmetric system, the total mass of the cluster can be computed from the measured gas density and temperature profile in X-rays with : .8) where M(r) is the mass within the radius r, T(r) is the temperature in the ICM and n(r) the gas particle density. The last two being observables which can be derived from X-ray intensity and spectral observations assuming that the cluster is spherically symmetric. The equivalent using the pressure and density profiles can also be found in [START_REF] Pratt | The Galaxy Cluster Mass Scale and Its Impact on Cosmological Constraints from the Cluster Population[END_REF].

M(r) = - rk B T(r) Gμm p d ln n(r) d ln r + d ln T(r) d ln r , ( 1 

Gravitational lensing.

Another method which can provide a direct measure of the cluster mass rely on gravitational lensing (Torres-Ballesteros and Castaneda, 2022). The mass can be estimated by measuring the gravitational lensing effects caused by the bending of light (position and magnitude of the arcs) due to the total cluster mass distribution. A review about this method can be find in [START_REF] Hoekstra | Masses of galaxy clusters from gravitational lensing[END_REF] Moreover, the amplification of background galaxies can allow the observation of very far (and so faint) galaxy that otherwise wouldn't have been within our reach, making use of the magnification lensing effect towards massive halos. Measurement biases. Despite the various options available, the above three techniques being the most common and most used, getting accurate mass measurements of galaxy clusters remains difficult.

In particular, the second method described rely strongly on the assumption that the ICM is in hydrostatic equilibrium. However, this hypothesis is generally not correct if major mergers occurs, or in the case of additional non-thermal support [START_REF] Rasia | On the discrepancy between theoretical and x-ray concentration-mass relations for galaxy clusters[END_REF]Eckert, 2021).

Also, in order to obtain precise estimations, it is important to include measurements over the whole radius of the cluster which is a difficult task on its own. An example is given by [START_REF] Simionescu | Baryons at the edge of the X-ray-brightest galaxy cluster[END_REF] discussing measurements from the Perseus cluster made with Suzaku, which initially led to a larger gas fraction than what should be expected. Indeed, the X-ray emissivity in the ICM, coming mostly from Bremsstrahlung effect, is proportional to the square of the gas density, and not the density itself. Thus, in the presence of gas clumping -which is becoming important at large radii due to fresh infalling gas at the edge of the cluster -a bias is introduced. They pointed denser regions which would dominate the emission, leading to a higher electron density and hence higher gas fraction values. Adding a correction for the electron density related to gas clumping leads to better estimated parameters, as for instance an electron density profile decreasing more steeply, and a gas fraction consistent with the cosmic mean value. [START_REF] Battaglia | On the cluster physics of Sunyaev-Zel'dovich and X-ray surveys. III: measurement biases and cosmological evolution of gas and stellar mass fractions[END_REF] provides another example through the study of a large sample of relaxed cluster with Suzaku where the hydrostatic equilibrium assumption led to an overestimate of the gas mass fraction around 15-20%. They explained this discrepancy by the fact that non-thermal pressure should also be taken into account.

Another key and more recent example can be found in [START_REF] Eckert | Non-thermal pressure support in X-COP galaxy clusters[END_REF], from the X-COP sample results on the non-thermal pressure.

When using gravitational lensing, masses may be biased if there are line of sight substructures, but averaging over a sample of systems should be unbiased. This method is hence potentially a very powerful tool to determine how far from hydrostatic equilibrium the X-ray plasma is. For clusters without substructures, where the hydrostatic equilibrium is more likely met, the total cluster mass is in fairly good agreement with measurements from gravitational lensing. But for most cases, there are tensions between these two types observational data (among others), suggesting ∼10-20% deviation from hydrostatic equilibrium, in particular in the outskirts [START_REF] Nagai | TESTING X-RAY MEASUREMENTS OF GALAXY CLUSTERS WITH COSMOLOGICAL SIMULATIONS[END_REF][START_REF] Pratt | The Galaxy Cluster Mass Scale and Its Impact on Cosmological Constraints from the Cluster Population[END_REF].

Thermodynamics

Temperature

In terms of temperature profile, clusters can be divided into two populations : cool core (or relaxed), and non cool core [START_REF] Molendi | Is the gas in cooling flows multiphase ?[END_REF].

Cool core cluster, such as Perseus, Hydra A or A 178 for instance, present a very peaked surface brightness and a spherical symmetry. They show a temperature peaking and then dropping at their center and low central cooling time (t cool < t hubble ). They also present a steep entropy profile and a peaked metal abundance profile.

Non cool core clusters on the other hand, such as Coma or Abell 3376 for instance, present no clear peak in surface brightness and flat temperature profiles (see Fig. 1.8). They have a high central cooling time, flatter entropy profiles and flatter metal abundance profile.

These two classes are likely linked to the dynamical state of the clusters and mergers [START_REF] Molendi | The evolving cluster cores: Putting together the pieces of the puzzle[END_REF]. Furthermore, as shown by numerical simulations [START_REF] Rasia | COOL CORE CLUSTERS FROM COSMOLOGICAL SIMULATIONS[END_REF], this classification is not fixed and can evolve, either way, depending on events throughout the clusters' lifetime.

In a recent study looking at the X-COP sample, [START_REF] Ghirardini | Universal thermodynamic properties of the intracluster medium over two decades in radius in the X-COP sample[END_REF] found that beyond the cooling region (i.e. for radius large than 0.3 R 500 ), and after exclusion of accreting substructures, the ICM thermodynamical properties follow fairly well the predictions of simple gravitational collapse. Figure 1.8: (left) surface brightness profiles for cool-core and non-cool core clusters (credit: J. Santos, 2011). (right) Temperature profiles for cool-core and non-cool core clusters, scaled by the mean cluster temperature and plotted as a function of scaled radius (credit: [START_REF] Sanderson | A statistically selected Chandra sample of 20 galaxy clusters -I. Temperature and cooling time profiles[END_REF] In cool core clusters complex physics appears to be at play to explain observations. Indeed, the lower temperature at the center of the cluster was tentatively explained by [START_REF] Fabian | Cooling flows in clusters of galaxies[END_REF] by the fact that, the gas emitting in X-ray, leads to a loss of energy (radiative cooling). And as the emissivity varies as the square of the cluster density, the central regions where the density is higher would have a higher cooling rate. As the particles loose their energy and the temperature and pressure decrease, they flow towards the center of the gravitational potential by gravity. This creates a phenomena called cooling flow, which leads to a strong increase of luminosity and diminution of temperature at the center of the cluster [START_REF] Markevitch | The L X -T Relation and Temperature Function for Nearby Clusters Revisited[END_REF]. The center of the cluster generally hosts a massive galaxy (called central dominant galaxy, or cDG), which accrete matter under the effect of the cooling flow. This should lead to an accretion of mass in the center of several solar masses per year, and the increase in density should replenish the cDG and ignite star formation [START_REF] O'dea | An Infrared Survey of Brightest Cluster Galaxies. II. Why are Some Brightest Cluster Galaxies Forming Stars?[END_REF][START_REF] Mcdonald | A massive, cooling-flow-induced starburst in the core of a luminous cluster of galaxies[END_REF]. In practice, we consider that there is cooling flow if the cooling time of the gas (due to the energy radiated in X) is less than the age of the universe. However, although this effect was also predicted by numerical simulations with radiative cooling only, it was actually only observed in a few real objects and hence not confirmed by observations [START_REF] Peterson | High-Resolution X-Ray Spectroscopic Constraints on Cooling-Flow Models for Clusters of Galaxies[END_REF]. This cooling flow is generally much lower than expected, and there is no evidence of cold emitting gas in the center of these objects.

This means the infall must therefore be compensated by other heating mechanisms, in order to withstand the weight of the outer gas [START_REF] Fabian | Hidden cooling flows in clusters of galaxies[END_REF]. Several possibilities have been considered to explain this, in particular some injection of energy via the AGN which would heat up the gas, and counteract the cooling from X-ray emission. Further details on the dynamics in galaxy clusters are given in the next section.

Entropy profile

This separation between cool core and non cool core clusters can also be obtained looking at the entropy / pseudo-entropy of the cluster (see Fig. 1.9).

The pseudo-entropy, S, is defined as: S = Tn -2 /3 , (1.9)

where T is the temperature and n the density [START_REF] Voit | The baseline intracluster entropy profile from gravitational structure formation[END_REF]. It can be compared to the real deprojected entropy of the structure, as shown in [START_REF] Rossetti | Cool core remnants in galaxy clusters[END_REF].

The two populations of clusters can be observed by looking at the ratio of the pseudo-entropy in the inner part of the object (within ∼ 0.3 R 500 ) and the outer part [START_REF] Leccardi | Thermo-dynamic and chemical properties of the intracluster medium[END_REF]. For cool core clusters, the entropy profile appears steeper and lower in the inner regions [START_REF] Pratt | Galaxy cluster X-ray luminosity scaling relations from a representative local sample (REXCESS)[END_REF]. This can come from major mergers causing large disturbance, in temperature and surface brightness, but also in the entropy being increased. And since the total virial mass of the cluster keeps increasing with time, baryons accreted later experience larger shocks -resulting in the entropy profile increasing towards the outer parts.

But more generally, the entropy of the ICM gives a measure of the importance of non gravitational effects, which also include heating due to supernovae or quasars, or radiative cooling for instance. This is particularly important as the information on these processes which occurred at higher redshifts are hence preserved in the ICM. The entropy can as such provide interesting clues regarding the evolution of the structures. 

Dynamics

AGN feedback

The first component playing a key role in the dynamics of the core of the clusters (and so its formation and evolution) is active galactic nuclei (AGNs).

Indeed, the observation of central regions in clusters has revealed an AGN hosting a supermassive black hole (SMBH) within the cDG. These are thought to impact the clusters (as well as the galaxy) through feedback mechanisms called AGN feedback [START_REF] Bykov | Structures and Components in Galaxy Clusters: Observations and Models[END_REF], Eckert et al., 2021), which are divided in two modes [START_REF] Fabian | Observational evidence of active galactic nuclei feedback[END_REF] depending on their state: -The radiative mode happens during phases of high accretion rate of the SMBH, leading to increased luminosity and high velocity radiative winds. This outflows created by the strong radiative pressure remove gas from the central part of the host galaxy (up to 10 2 -10 3 solar masses per year) over short time scales (∼ 10 6 -10 8 years) [START_REF] Silk | Quasars and galaxy formation[END_REF]. Two consequences being the delay of its growth and the quenching of star formation in the host galaxy [START_REF] Sturm | Massive molecular outflows and negative feedback in ULIRGs observed by Herschel-PACS[END_REF]. This mechanism appears to be related to early active stages of the SMBH. Indeed, once it reaches a critical mass and enters this mode, the winds prevent it further growth by expelling the fuel, thus stopping its activity. This is in agreement with the fact that this mechanism has been mainly observed in proto-cluster (high redshift, between 2-5) [START_REF] Ueda | Cosmological Evolution of the Hard X-Ray Active Galactic Nucleus Luminosity Function and the Origin of the Hard X-Ray Background[END_REF][START_REF] Springel | Simulations of the formation, evolution and clustering of Galaxies and quasars[END_REF][START_REF] Hasinger | Luminosity-dependent evolution of soft X-ray selected AGN: New Chandra and XMM-Newton surveys[END_REF].

-The kinetic mode takes over after the radiative mode becomes weaker, in low accretion rate regime, and hence observed on clusters at lower redshift (mostly ∼ 1 to local)). It is this mode which is thought to explain the delayed cooling observed in galaxy clusters. In this regime, when enough gas falls towards the host galaxy, accretion on the SMBH increases and lead to occasional outflows or powerful jets, hence removing matter from the host galaxy and slowing its growth, in turn stopping the infall of the gas [START_REF] Gaspari | AGN feedback in galaxy groups: The delicate touch of self-regulated outflows[END_REF]. This accretion can for instance be continuous with higher infall rates [START_REF] Churazov | Cooling flows as a calorimeter of active galactic nucleus mechanical power[END_REF], Böhringer et al., 2002), or have a weak accretion rate from gas clumps [START_REF] Gaspari | Cause and effect of feedback: Multiphase gas in cluster cores heated by AGN jets[END_REF].

A product of the kinetic driven feedback mechanism is hot bubbles, which can be widely observed and for instance are visible on the Perseus cluster [START_REF] Fabian | A very deep Chandra observation of the Perseus cluster: Shocks, ripples and conduction[END_REF]. Indeed, as jets are emitted by the AGN they create cavities around them which will in turn evolve into subsonic hot bubbles. As they rise within the ICM, they heat the intracluster gas and help regulating the temperature (see [START_REF] Mcnamara | Heating Hot Atmospheres with Active Galactic Nuclei[END_REF] for a review).

Figure 1.10: Perseus cluster in X-ray, revealing shocks and bubbles [START_REF] Simionescu | Constraining Gas Motions in the Intra-Cluster Medium[END_REF] 

Mergers and accretion

Another component playing a key role in the dynamics of galaxy clusters is the accretion of matter, whether from continuous accretion of the gas from the cosmic web, or from merger events [START_REF] Vaezzadeh | Resilience of sloshing cold fronts against subsequent minor mergers[END_REF]Su, 2022).

During this accretion, creating shocks and instabilities (Zhang et al., 2020, Markevitch andVikhlinin, 2007), it is expected that some of the infall kinetic energy is converted into the injection of non-thermal energy, across a large range of spatial scales.

Shocks are caused by a disturbance moving faster than its corresponding information can propagate into the surrounding medium (e.g. faster than the speed of sound). They can cause abrupt changes in the medium, such as rapid increase in pressure, temperature or density. They are also thought to be responsible for heating the gas of the ICM to X-ray emitting temperatures as it falls into the deep gravitational potential well of the cluster.

As indicated by recent observations and simulations [START_REF] Vazza | Turbulent motions and shocks waves in galaxy clusters simulated with adaptive mesh refinement[END_REF], the majority of the nonthermal energy appears to come from subsonic gas motions in the ICM. These gas motion provides nonthermal pressure which comes in addition to thermal pressure, providing supplemental support against gravity, and a source of heat. Indeed the corresponding turbulent motions transport the kinetic energy injected at large scales from accretion near the shock radius or mergers (hundreds of kilo-parsecs) down to small scales (a few kilo-parsecs) via turbulent cascade leading to smaller and smaller vortices, where it is converted into thermal energy and dissipated via viscosity [START_REF] Gaspari | The relation between gas density and velocity power spectra in galaxy clusters: High-resolution hydrodynamic simulations and the role of conduction[END_REF][START_REF] Zuhone | Mapping the Gas Turbulence in the Coma Cluster: Predictions for Astro-H[END_REF]. In the core of cool-core clusters, as the heat is released to the surrounding gas, it helps counteracting the cooling flow and regulating the thermalization of the gas [START_REF] Zhuravleva | The relation between gas density and velocity power spectra in galaxy clusters: Qualitative treatment and cosmological simulations[END_REF]. Turbulence is also a likely candidate to explain deviation from hydrostatic equilibrium in the gas [START_REF] Simionescu | Constraining Gas Motions in the Intra-Cluster Medium[END_REF]. Some of the energy from the AGN feedback also dissipates through acoustic waves [START_REF] Fabian | On viscosity, conduction and sound waves in the intracluster medium[END_REF].

In some cases, more extreme events can also occur, such as mergers between clusters [START_REF] Biffi | The velocity structure of the intracluster medium during a major merger: Simulated microcalorimeter observations[END_REF]. This is for instance the case of the bullet cluster mergers. This leads to shocks, but also other large scale effects such as sloshing in the dark matter potential [START_REF] Blanton | A very deep Chandra observation of A2052: Bubbles, shocks, and sloshing[END_REF][START_REF] Zuhone | Turbulence and radio mini-halos in the sloshing cores of galaxy clusters[END_REF].

Clusters as astrophysical and cosmological probes

Being the largest known gravitationally bound structures in the universe, clusters of galaxies are an important source of information with regards to many questions. In particular and as we'll discuss in the next section, they can serve as major probes to understand the chemical enrichment process, or cosmological probes.

Enrichment history

From its first X-ray observations [START_REF] Stark | X-ray Observations of NGC 5128[END_REF][START_REF] Mitchell | Ariel 5 Observations of the Xray Spectrum of the Perseus Cluster[END_REF], the ICM was discovered to be a chemically rich environment, containing heavy elements such as oxygen, silicon or iron, which are present in almost solar proportions. As instrumentation improved, so did our understanding of the ICM physics [START_REF] De Plaa | The origin of the chemical elements in cluster cores[END_REF], Molendi et al., 2016[START_REF] Werner | Carbon and nitrogen in the x-ray emitting got gas of M 87[END_REF].

But what is particularly interesting is that galaxy clusters act as closed box systems, and so can help understanding the chemical enrichment process which occurred in the past, as their composition is the summed yield of billions supernovae and giant asymptotic branch stars [START_REF] Mernier | Radial metal abundance profiles in the intra-cluster medium of cool-core galaxy clusters, groups, and ellipticals[END_REF][START_REF] Mushotzky | Measurement of the elemental abundances in four rich clusters of galaxies. I. Observations[END_REF]. The relative composition of various elements of the ICM helps us place constraints on the star formation histories and the chemical evolution of the universe (Simionescu et al., 2019a). Indeed, across cosmic times, the interstellar medium gets enriched with elements from carbon to iron (also referred to as metals). This happens mainly via three mechanisms : Type Ia supernovae, corecollapse supernovae, and asymptotic giant branch stars. The creation of heavier elements is also possible but requires electron capture [START_REF] Burbidge | Synthesis of the Elements in Stars[END_REF]. Part of these elements are then transferred from the galaxies to the ICM, mainly via the following process: from ram pressure striping [START_REF] Gunn | On the Infall of Matter Into Clusters of Galaxies and Some Effects on Their Evolution[END_REF]Gott, 1972, Durret et al., 2022), where some of the gas from the galaxy is snatched by the ambient pressure of the ICM, or from galactic winds and outflows from supernovae or the center of the galaxy [START_REF] De Young | On the origin and evolution of iron-enriched gas in clusters of galaxies[END_REF]. A major role is likely played by AGN feedback.

Cosmological probes

Galaxy clusters are also key cosmological probes and can provide critical cosmological constraints. They are so large that their ratio of baryonic mass to dark matter mass is expected to be close to the average for the universe. And as the last structures which formed from the initial quantum fluctuations, their formation and evolution is intrinsically connected to the geometry and contents of the Universe (total density, dark matter density, dark energy density) (see Allen et al., 2011 or Clerc and[START_REF] Clerc | COMSOL. (n.d.). AC/DC Module User's Guide[END_REF] for a review).

Moreover, these information can be obtained independently from other methods like gravitational lensing, SZ observation, CMB study, or parameter estimation from other astrophysical objects (e.g. supernovae, galaxy, etc), in order to improve the results and uncertainties on the cosmological parameters even further [START_REF] Pratt | The Galaxy Cluster Mass Scale and Its Impact on Cosmological Constraints from the Cluster Population[END_REF]. An example of constrains on Ω X (characterizing the dark matter) and ω 0 (characterizing the dark energy) from various independent methods, including galaxy clusters can be seen on figure 1.11 [START_REF] Vikhlinin | Chandra cluster cosmology project III: Cosmological parameter constraints[END_REF].

Figure 1.11: Galaxy clusters as cosmological probes, here to constrain the dark matter and dark energy [START_REF] Vikhlinin | Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction, and Mass-Temperature Relation[END_REF] Another interesting example of how the study of clusters can help us better understand the universe is by looking at the behavior of their different component during mergers. More specifically, the dark matter and the gas. Indeed, the CDM paradigm assumes the dark matter to be interacting weakly with the baryonic matter and with itself, and its particles moving at sub-relativistic speed. Looking at both components can help us better understand the dark matter. An example of massive mergers is shown on Figure 1.12, where the X-ray emitting gas is shown in red, and the total mass (including dark matter) estimated from gravitational lensing data is in blue. It is possible to observe the difference of behavior from the gas, which experiences pressure and is slowed down and temporarily separated from the dark matter halo. This separation can then be used to derive limits on the dark matter cross-section per unit mass [START_REF] Markevitch | Direct Constraints on the Dark Matter Self-Interaction Cross Section from the Merging Galaxy Cluster 1E 065756[END_REF][START_REF] Eckert | Constraints on dark matter self-interaction from the internal density profiles of X-COP galaxy clusters[END_REF]. Figure 1.12: Hubble Space Telescope optical images of two massive merging clusters, with the X-ray emission measured with Chandra overlaid in pink, and the total mass reconstructed from gravitational lensing data in blue [START_REF] Allen | Cosmological parameters from observations of galaxy clusters[END_REF] 

X-ray astrophysics

X-ray sources and emission process

Our universe is largely dominated by dark matter and dark energy, giving us only 4.8 % of matter that we can directly observe. And only a small part of the baryonic matter can be seen in optical wavelength. In particular, it does not show us matter that is either incredibly hot (at temperatures of tens of millions of degrees), or that is produced in violent cosmic events. An example that we have been discussing in the previous section are galaxy clusters, which emit mostly in the X-ray domain from the hot gas in the ICM. However, there are many other astrophysical sources which emit in X-rays, and the mechanisms by which they emit can be variable, as detailed in the next sections. This energy range generally covers a few hundred electron-volts up to a few tens of kilo electron-volts.

Variety of X-ray sources

X-ray astrophysics is intrinsically connected to the hot and energetic sources and events in the Universe, and are one of the only few messengers we have to study these sources. Indeed, a lot of heat or energy is needed in order to produce these electromagnetic radiations. The hot universe includes the galaxy clusters, but also the WHIM (warm hot intergalactic medium) [START_REF] Fang | Absorption Studies of the Most Diffuse Gas in the Large-Scale Structure[END_REF], while energetic source include gamma ray bursts (GRBs) [START_REF] Chincarini | Unveiling the origin of X-ray flares in gamma-ray bursts[END_REF], AGN outflows [START_REF] Laha | The physics and astrophysics of X-ray outflows from Active Galactic Nuclei[END_REF], or the hot corona around black holes [START_REF] Alston | A dynamic black hole corona in an active galaxy through X-ray reverberation mapping[END_REF]. To get more specific, over half of all the baryons are in gas at temperatures above 10 5 K.

Many other sources, such as stars [START_REF] Testa | X-ray emission processes in stars and their immediate environment[END_REF], planetary science [START_REF] Yao | Revealing the source of Jupiter's x-ray auroral flares[END_REF], or supernovae remnants [START_REF] Vink | Supernova remnants: The X-ray perspective[END_REF]) also produce some radiations in the X-ray domain. Studying them in this energy domain can hence help us getting a new or deeper understanding of these sources.

Variety of X-ray Emission process

The origin of the X-rays emitted by these sources can come from different mechanisms, the major ones being discussed below. The specifics of the spectra from each of those hot and energetic sources is literally a mine of information regarding their composition, their dynamics, etc. Indeed it is possible to retrieve parameters like brightness, temperature or chemical composition of the sources by fitting a spectral model to observations made in X-rays.

These radiations can be split into two categories : thermal and non-thermal. The thermal radiations are responsible for much of the radiation observed all the way from the radio up to the X-ray band; they are generated by the thermal motion of particles in matter. In high energy astrophysics, we often deal with non-thermal radiations as well. They are electromagnetic emissions from particles with kinetic energy that is not due to heat, but coming from some acceleration process.

Whether they are thermal or non-thermal, they can contribute to different part of the X-ray spectrum, i.e. to the continuum, or to emission (or absorption) lines. The shape of the continuum part is determined by local conditions of the medium (T, energy distribution, etc), whereas characteristic emission lines in the spectrum are caused by the presence of specific elements. Absorption lines can be introduced when the radiations passes through certain medium.

Continuum contribution.

Several emission processes come from the fact that those media are highly ionized, creating the conditions for different forms of photon-electron interactions, such as for instance thermal Bremsstrahlung or synchrotron radiation, where accelerated charged particles emit radiations and give the continuum part of the spectrum.

For high energies (kT >> 1 keV), the dominant mechanisms are thermal Bremsstrahlung and nonthermal synchrotron radiations.

-Bremsstrahlung radiation : also called breaking radiation, or free-free emission, it is the emission of radiation from high-energy electron which are decelerated by the electrostatic field of an ion or atomic nucleus. Provided the electron has the correct energy, the emitted radiation falls in the X-ray range; it needs a high temperature plasma (∼ 10 7 -10 8 K) to become a dominant mechanism in X. It forms a continuous spectrum, characterized by a flat part until having an exponential decay from kT, and can be either thermal (in most cases) or non-thermal.

-Synchrotron radiation : it is the emission of radiation emitted by relativistic charged particle, spiraling in presence of magnetic field at Larmor frequency. It is characterized by a power law spectrum, and is the most important emission mechanism in astrophysics for non-thermal sources (supernovae remnants, pulsars, blazars, etc). To create a photon in X, this mechanism requires either a strong field or high velocity particles. It can produce a continuous and non-thermal spectrum (like in supernovae remnants), or very narrow x-ray lines (in synchrotron accelerators).

There are also other (non-dominant) mechanisms.

-Inverse Compton scattering : it happens when low energy photons gain energy by recoil as they are scattered from high energy relativistic electrons. It can create photons both in the X-or gammaray range, and produces a continuous non-thermal spectrum. It is referred to as inverse because the energy is transferred from the electron to the photon (rather than other way around which is then Compton scattering, more rare). This process can be either thermal or non-thermal.

For lower energies (kT << 0.1 keV), radiative recombination becomes a predominant mechanism. Also called free-bound emission, it happens when an electron hits an atom and get captured, emitting a photon in the process. And since the kinetic energy of the electron is not quantized, this produces a continuous spectrum. Line contribution. The most common mechanism of line emission, called bound-bound emission, happens from ion-electron recombination as an electron jumps down quantum levels. Indeed, even in highly ionized gas there are also many electrons which are not free, but orbit around a nucleus. When a vacancy in one of the inner electron shells (usually K or L for wavelength associated with X-ray emission) is filled by an electron from a higher shell, a photon is emitted, with an energy equal to the difference between the electron levels. Such emissions have hence a discrete energy, particular to the element that produces it; also, the ratio of the line strength (as well as the shape of the continuum) is a diagnostic of the temperature. Vacancy in the inner shell may have happen from electrons ejected by photons, high energy electrons, or heavier particles, or in case of electron capture by the nucleus (i.e. radioactive decay).

Emission lines can also be produced following some specific mechanisms, for instance : -Fluorescence lines : this happens as an incident photon is absorbed and ejects an electron from one of the inner shells. As an electron from an outer shell then transfers to a vacant level, it leads to an emission of different energy.

-Charge exchange lines : this happens as ionized species (for instance in the solar wind) hit some cold neutral matter (for instance from a planet or comet). The ionized species picks up an electron and then decays leading to the emission of an X-ray photon. [START_REF] Demtröder | Widths and Profiles of Spectral Lines[END_REF] showed that the probability distribution function of the photon emitted (or absorbed) by an electron transitioning between two levels follows a Lorentzian distribution. This implies that, strictly from quantum physics, natural atomic lines have an intrinsic broadening.

Current X-ray instrumentation X-ray interaction with matter

The X-ray photons can interact in various ways with matter, which are at the foundation of X-ray detectors and instruments. Before looking in more detail into X-ray instrumentation in the following sections, we describe below some of the elementary process in X-rays interaction with matter.

As an X-ray photon passes through an object, three things can happen: the photon can penetrate the matter without interacting, passing through it; or it can interact with the matter, and either be absorbed entirely by depositing all of its energy, or be scattered from its original direction and lose part of its energy. In either of the last two scenarios, the energy loss results from interaction with the electrons from the matter.

We detail some of the interactions below:

-Photoelectric absorption : it happens when photons with high enough energies can eject electrons from the atomic shells. The difference between the photon energy and the ionization energy E i supplies kinetic energy for the freed electron, E kin = (hν -E i ). The photoelectric absorption is the photoelectric effect but with electrons from low energy levels, which require photons in the X-ray range (∼ keV).

-X-ray fluorescence : after absorption of an X-ray and ejection of an electron from a low-lying shell, the vacancy can be filled by an electron from a higher energy level. During this transition, the energy difference is emitted in the form of a photon leading to a characteristics X-ray emission spectrum.

-Auger effect : it is an alternative to fluorescence. The energy that is freed when the electron from the outer shell fills the vacancy can also be transferred to another electron, which is ejected from the atom. This electron is called an Auger electron.

A bit of history

As X-rays don't reach the surface of the Earth due to the presence of its atmosphere, they have to be studied from space. This explains why the first astrophysical X-ray observations only happens towards the 50's. The first detection came from the Sun in 1949, using radiation detectors aboard rockets. The next observations, still with rockets and balloons and leading to the first detections of X-ray from sources outside the Solar system followed up in the 1960's [START_REF] Giacconi | Evidence for x rays from sources outside the solar system[END_REF]. In the following decades, the first satellites were flown, leading to more and more X-ray source discoveries. To cite only a few, the UHURU, launched in the early 1970's with a detector similar to Geiger counter observed the first X-ray seen from neutron stars and galaxy clusters. Shortly after, Einstein, launched in 1978, was the first imaging X-ray observatory and located over 7000 sources. About a decade latter, ROSAT was launched (in 1990), being as well an imaging X-ray observatory and expanded the number of known sources to about 60000.

Since then, several generations of X-ray telescopes followed each other, each leading to considerable progress in instrument capabilities. The main three characteristics that we try and optimize being : the sensitivity (or effective area), the spatial resolution, and the energy resolution. But as it was hard to optimize all three capabilities at the same time, some technological choices had to be made, favoring one over the others at a time. This is how for the past 20 years, three satellites have been observing the X-ray sky for complementary capabilities, and will be described in the next section.

Description of current instrumentation

The types of instruments onboard current X-ray observatories can generally be split into two categories: dispersive and non-dispersive spectrometers.

Dispersive spectrometers basically convert the wavelength of the incident radiation into dispersion angle, which then corresponds to a position on the focal plane that can be recorded by a detector (usually charge-coupled devices (CCDs)). The dispersive element can be a transmission grating, a reflection grating, or a Bragg crystal -each with their strength and weaknesses. These instruments have potentially a very good resolving power E/ΔE at low energies (which gives the minimum energy difference than can be discerned at that energy, and usually gets worse linearly with wavelength). Gratings output most of the radiation intensity into the 0 th -order (which contains no spectral information) and are hence not very efficient (∼ 10 -20%). Moreover, they present an overlap of the different dispersion orders (order confusion), although this can be handled with CCD detectors, using their intrinsic spectral resolution. Bragg spectrometers have potentially a very good resolving power, but only over a small range of wavelength at a time and have hence a very low throughput. In summary, these spectrometers can have a very good resolving power, but they lack good imaging capabilities. In particular when it comes to the observation of extended sources such as galaxy clusters, presenting a confusion between spectral and spatial information.

Non-dispersive spectrometers on the other hand absorb single photons and measure their energy. This can be done in a variety of ways, including technologies based on semiconductors (e.g. CCDs), technologies based on superconductors (e.g. KIDs), or technologies based on microcalorimeters (whether using ion-implanted Si thermistors, MagCals, or TESs).

We focus here on semiconductor spectrometers, which are those currently working on X-ray observatories. In general they consist of a volume of cooled silicon or germanium where an electric field is applied. When an X-ray is absorbed, it produces electron/hole pairs which are separated by the electrical field, and pulled to the surface contacts. The accumulated charge is proportional to the X-ray energy, and can be read out as a current [START_REF] Bergmann Tiest | Energy resolving power of transition-edge X-ray microcalorimeters[END_REF]. These devices are the building blocks of CCD cameras, which are basically arrays of semiconductor detectors. Assuming that in the read out cycle of the detectors there is not more than one photon absorbed by pixel, this technology showed great capabilities for imaging, since the spectral information is then conserved and the CCD can be used as an imaging spectrometer, reading out large matrices of detectors with little complexity. One caveat however, as will be discussed in the next section, is the intrinsic energy resolution of these devices which is usually around 0.14 keV at 6 keV.

For the past 20 years, three satellites have been observing the X-ray sky with instruments based on the various above technologies, and presenting fairly complementary capabilities. XMM-Newton. XMM-Newton is an X-ray space observatory launched by the ESA in 1999. It has three telescopes of 7.5 m focal length and a a very high effective area, and three degrees of stabilization which allow aiming at targets with an accuracy of 1 arcsecond [START_REF] Lumb | XMM-Newton (X-Ray Mulit-Mirror Mission) Observatory[END_REF].

The satellite contains 3 types of scientific instruments: the European Photon Imaging Cameras (EPIC, 3 of them), the Reflection Grating Spectrometers (RGS, 2 of them), and the Optical Monitor (OM). The EPIC cameras offer the possibility to perform extremely sensitive imaging observations over the telescope's field of view. Two of them are MOS-CCD cameras, optimized to detect low-energy X-rays, and the other one is a PN-CCD camera, optimized for high-energy X-rays. The RGSs are then used to obtain X-ray spectral data.

Its large collecting area allows the observation of very faint objects. However, its spatial resolution is at best 5 arcseconds and its energy resolution medium -except for the RGS high resolution, but which then has a fairly poor spatial resolution.

Chandra. The Chandra X-ray Observatory was launched by NASA in 1999 [START_REF] Schwartz | Invited Review Article: The Chandra X-ray Observatory[END_REF]. It has four mirrors (of diameters varying from 65 cm, 87 cm, 99 cm and 123 cm). From their thick substrate and very careful polishing, they provide Chandra with an unmatched angular resolution. This high angular resolution allows for instance great measurements close to the cluster core when studying galaxy clusters. However, the thickness of the substrates also leads to a low collecting area compared to XMM-Newton.

Chandra is composed of four instruments. Two in the focal plane : the ACIS (Advance CCD Imaging Spectrometer), and the HRC (High Resolution Camera). They provide information about the incoming X-rays: their number, position, energy and time of arrival. The other two are gratings arrays which can be inserted behind the mirrors in the path of the X-ray photons when very high resolution is desired : the LETGS (Low Energy Transmission Grating Spectrometer) with an energy range of 0.08 up to 2 keV, and the HETGS (High Energy Transmission Grating Spectrometer) with an energy range from 0.4 up to 10 keV. The position of the deflected X-ray is then measured by either the ACIS or the HRC.

This satellite hence presents an excellent spatial resolution (∼ 1arcsec). However its field of view is fairly limited, as are its sensitivity and energy resolution.

Suzaku. Finally, Suzaku is an X-ray space observatory launched by a collaboration JAXA-NASA in 2005 [START_REF] Mitsuda | The X-Ray Observatory Suzaku[END_REF]. It has 5 X-ray mirrors, with a fairly large collecting area which provide a very good surface brightness sensitivity. It's an instrument with exceptionally low and stable background noise, due to its low orbit which benefits from the protection of the Earth magnetic field. This allowed the study out to the outskirt of galaxy clusters, where the gas emission is very faint and hence was difficult to study before [START_REF] Simionescu | Baryons at the edge of the X-ray-brightest galaxy cluster[END_REF].

It is composed of 6 instruments (5 still operational) : the X-ray imaging CCD spectrometers (XIS, 4 of them), the hard X-ray detector (HXD, non-imaging detector (scintillator)), and the X-ray microcalorimeter spectrometer (XRS), based on thermistors and operated at 60 mK but which did not work.

Suzaku hence has a great energy resolution and sensitivity over a wide energy range of soft X-rays to gamma-rays (0.4-600 keV), but a very low spatial resolution. It presents quite large point spread function compared to Chandra or XMM-Newton. 

Need for high resolution imaging X-ray spectroscopy

Although the previous and current generations of X-ray instrumentation have allowed breakthroughs and huge progress for years in our understanding of the universe through the X-ray sky, and in particular in our understand of galaxy clusters and the ICM [START_REF] Vikhlinin | Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction, and Mass-Temperature Relation[END_REF][START_REF] Leccardi | Radial metallicity profiles for a large sample of galaxy clusters observed with XMM-Newton[END_REF][START_REF] Hoshino | X-Ray temperature and mass measurements to the virial radius of abell 1413 with suzaku[END_REF], this is reaching a plateau while many questions remain unanswered.

Only looking at galaxy clusters, a non-exhaustive list would encompass how precisely massive halos formed and evolved, how and when the ICM enriched, or how AGN feedback impacts the surrounding ICM. In order to try and answer these questions, being able to precisely map parameters like brightness, temperature, chemical composition or turbulence and bulk motion is crucial. However this is challenging, as it requires spatially resolved high-resolution spectroscopy, unavailable on current X-ray instruments (as well as accurate atomic data models which is also lacking in some parts).

As discussed in the previous section, currents instruments are based on CCDs, which have excellent spatial capabilities but poor resolution, and/or dispersive spectrometers (gratings), which have excellent spectral capabilities although their resolving power decreases with energy, and have instrumental line broadening / confusion between spatial and spectral information. But wanting to do imaging (i.e. spatially resolved) spectroscopy -essential for extended sources -, we need to have both capabilities simultaneously.

CCDs spectrometers were as such a great step in the right direction. They are indeed non dispersive detectors, allowing large arrays of detectors with great spatial resolution, however their energy resolution is fundamentally limited by the statistics of the ionization process. Indeed, CCDs (like other solid state detectors or proportional counters) are based on the detection of the ionization from the absorption of a photon. However, only about one third of the deposited energy goes into ionization, leading to the resolution of these devices being fundamentally limited by statistical fluctuations in the branching ratio. This can be defined in terms of the Fano limit ΔE rms,fano , with ΔE rms,fano = √ fwE, and where :

-E is the energy deposited by the photon -f is the Fano factor, which accounts for the suppression of Poisson fluctuations due to the finite ionization energy [START_REF] Fano | Ionization Yield of Radiations. II. The Fluctuations of the Number of Ions[END_REF] -w is the average energy required to create a single ionization (or in other words E/w is the average number of ionization produced by E). For example for silicon, w = 3.65 eV per ionization, the ionization efficiency is ∼33 %, and f = 0.115. This leads to a theoretical and intrinsic limit on the resolution, of 118 eV FWHM at 6 keV.

Another issue with current instrumentation is actually the effective area, which is a key parameters to investigate high redshift objects presenting faint lines typically at lower energies, or faint sources such as the outskirts of galaxy cluster, effectively reducing constrains from extremely high exposure times to get a reasonable signal to noise ratio.

Contrary to CCDs, microcalorimeters rely on quasi-equilibrium measurements, with no branching. There is thus no fundamental limitation on their energy resolution [START_REF] Mccammon | Thermal Equilibrium Calorimeters -An Introduction[END_REF]. As we'll see later however, limitations come in when considering the intrinsic noise associated with a real thermometer and also from the readout. These thermal sensors are high-resolution non-dispersive spectrometers, able to measure the energy of single photons following the change in temperature they create when hitting the pixel. They actually can also be used for longer wavelengths, in which case they measure fluxes of photons rather than single ones, and are then referred to as bolometers.

They can offer an exquisite energy resolution (less than 10 eV over the soft X-ray band). And provided a good angular resolution of the mirrors, they can also offer the ability to spatially map photons in the count rate regime of typical astrophysical sources (less than 5 cps/pix). [START_REF] Moseley | Thermal detectors as x-ray spectrometers[END_REF] A glimpse at the incredible potential of these detectors was provided by the array of semi-conductor based microcalorimeters from the soft X-ray spectrometer (SXS) onboard Hitomi, launched in 2016 [START_REF] Takahashi | The ASTRO-H (Hitomi) xray astronomy satellite[END_REF], Tsujimoto et al., 2018).

Although the satellite unfortunately had a technical issue and did not have time to acquire much data, nor to use its full operating energy band (0.3-12keV), a very high resolution spectra from the Perseus cluster, between 5-8.5 keV, could be obtained [START_REF] Aharonian | The quiescent intracluster medium in the core of the Perseus cluster[END_REF]. This provided a spectrum where many lines which could not or with difficulty be seen before appeared much more clearly and accurately. It led to a ground-breaking measure of the turbulence velocity near the center of the cluster of ∼ 200km.s -1 [START_REF] Aharonian | The quiescent intracluster medium in the core of the Perseus cluster[END_REF], Aharonian et al., 2018a).

This also showed that the current atomic databases, crucial in order to properly estimate the parameters of the clusters, needed some updates in order to be a better match to the observations. This led in 2016 to a major update in the atomic database used in both of the major fitting software, SPEX and XSPEC. Both the ionization balance and the emissivity of many lines were updated based on the observation from Hitomi in the high energy window. 

microcalorimeter (Hitomi). Credit : Hitomi Collaboration

Following this legacy, the recovery mission XRISM and its Resolve instrument [START_REF] Ishisaki | In-flight performance of pulse-processing system of the ASTRO-H/Hitomi soft x-ray spectrometer[END_REF], very similar in design to Hitomi and its SXS intrument, is currently being built, and scheduled for launch in 2023.

These detectors resolution (less than 10 eV over the soft X-ray band) is however not quite as good as what can be reached with transition-edge sensor (TES) microcalorimeters (2 eV up to 7 keV). Moreover, they are not as easily suited for signal multiplexing due to their high input impedance and capacitance, making it hard to have large arrays of such detectors. For instance, the SXS is an array of 6x6 pixels, read out individually [START_REF] Kilbourne | Design, implementation, and performance of the Astro-H SXS calorimeter array and anticoincidence detector[END_REF]. Some work is however still on-going in order to try and make large matrices of this type of detectors with multiplexed readout [START_REF] Criton | Optimization and experimental measurements of high impedance niobium-silicon (NbSi) transition edge sensors (TES) for high spectral and spatial resolution x-ray space-borne telescopes[END_REF].

TES microcalorimeters hence provide a very promising upgrade, from their higher sensitivity / exquisite energy resolution but also their very small input impedance allowing large arrays with multiplexed readout electronics. Such detectors, which have been chosen for the Athena mission (see section 1.3), and which are at the center of this thesis work, are described in more details in the next section.

Transition-Edge Sensors 1.2.1 Microcalorimeters

Principle and design considerations

Microcalorimeters are thermal non-dispersive detectors which measure the energy of single photons via an absorber and a thermometer linked to a heat sink [START_REF] Moseley | Thermal detectors as x-ray spectrometers[END_REF]. When a photon hits the absorber, the incident energy is converted to heat which equilibrates across the detector and is transferred to the thermometer where it is measured via a change of resistance. The heat is then conducted away through the heat sink (see Fig. 1.17).

Figure 1.17: Microcalorimeter principle. These thermal non-dispersive detectors measure the energy of single photons via an absorber and a thermometer linked to a heat sink.

Absorbers. The X-ray absorbers, which convert X-rays into heat by giving their energy to the electrons which is in turn transferred to the phonons, should ideally fulfill 3 conditions : -completely absorb the incoming radiation in order to achieve high quantum efficiency. This means they should have a large cross section with particles wanted to be detected, and so for X-rays that means being made from heavy elements with large atomic number Z; -quickly convert all of the incident energy into heat at thermal equilibrium across the whole detector; -have a low heat capacity C, since the temperature raise ΔT sensed by the thermometer is given by

ΔT = E X C
, where E X is the energy of the X-ray photon. However, the heat capacity should also not be too small, in order to avoid ΔT being too large and leading to saturation of the sensor. There is hence a competition between two material properties : a small heat capacity and a fast thermalization.

The absorbers are connected to the thermometers via a fast thermal link G abs (i.e. with high thermal conductivity). The link should not be faster than the thermalization process.

Thermometer. The thermometer measures the temperature rise of the absorber. The temperature sensitivity of the thermometer is related to a change of its resistance. That change induces a change in current in the voltage-biased thermometer (or a change in voltage if the thermometer is current-biased) which is measured by the read-out electronics. The steeper the slope of the resistance curve generally the larger the signal sizes will be. In the absence of non-linear effects, this can lead to better energy resolution performance. However, the performance is generally limited by the thermodynamic noise, whereas this steeper slope is only helpful in overcoming degradation due to electronic read-out noise. The corresponding temperature change, and thus the energy deposited by the X-ray, will be obtained later as part of the detector calibration process.

There can be different technologies used for the thermometer. One is the class of thermistors (temperature depend resistors, of which the TES or doped silicon thermistors belongs). In TESs, for the same heat capacity, the transition is much steeper than for semi-conductor based microcalorimeters -up to an order of magnitude higher -, providing an advantage in getting a better energy resolution. Another possible technology is metallic magnetic calorimeters (MMC) [START_REF] Bandler | Magnetic calorimeter arrays for x-ray astronomy[END_REF]. In this case the thermometer is a metal with a dilute concentration of magnetic atoms (to be non-interacting, as in a paramagnet). At a given temperature the system has a certain amount of magnetic moments aligned with the applied field (minimizing its free energy). When a photon is absorbed the increase of temperature reduces the number moments aligned with the field, changing the magnetization. This change is measured using a superconducting quantum interference device (SQUID) magnetometer [START_REF] Sadleir | Superconducting Transition-Edge Sensor Physics[END_REF].

Heat sink. The thermometer is weakly thermally connected to the bath with the thermal conductance G b , so that ideally only thermal signals induced by an incident X-ray are measured (versus noise), and that those thermal signals are not lost directly into the heat sink before being seen by the thermometer. More precisely, the absorber and sensor must come into equilibrium by a factor of R faster than the decay time, where R is the resolving power we are trying to measure; otherwise, the amount of heat seen at the sensor for depositions at different locations won't be the same because (tiny) different amounts of heat will already have conducted away. However, G b should not be too weak either so the detector would go back to the baseline temperature. This thermal response can be given by :

C dΔT dt = -G b ΔT (1.10)
From this differential equation, one can see that without electro-thermal feedback (ETF, see section 1.2.1.3), the temperature of the thermometer decreases exponentially as : exp( -t /τ 0 ), with t the time and τ 0 = C /G b the decay (or natural thermal) time constant. τ 0 should be large to give enough time for the read-out system to do the measurement and maximize the energy resolution. But it also has to be small enough to be able to differentiate between two consecutive photons within the count rate requirements.

The detectors are on a silicon wafer substrate. The thermal conductance from the detectors to the heat bath is adjusted by having thin insulating membranes on top (commonly made of silicon-on-insulator (SOI) or silicon nitride (Si 3 N 4 )), with the silicon substrate being removed right below the TES. The grid/mesh of solid silicon remaining between the pixels are called muntins. In order to reduce even further the thermal conductance, it is also possible to make holes in the supporting membrane.

Thermal behavior of Microcalorimeters

Considering a steady state without X-rays: if a constant power P J is dissipated in the thermometer, its temperature T will rise above the bath temperature T bath until a power balance is met. At that point the power dissipated in the detector equals the power flowing out to the thermal bath P bath . With t the time, the conservation of energy equation gives:

C dT dt = P J -P bath (T(t), T bath ) (1.11) Considering an instantaneous deposition of energy E X at t X leading to a power increase P X = E X δ(t -t X ) (P X is the signal power), the equation above becomes:

C dT dt = P J -P bath (T(t), T bath ) + E X δ(t -t X ) (1.12) (1.13)
And defining the time such that t X = 0, and assuming the heat conduction through the link is linear, the power balance equation becomes :

C dT dt = P J -G b (T(t) -T bath ) + E X δ(t) (1.14) (1.15)
Leading to the solution for t >= 0:

T(t) = E X C e -t /τ 0 + T 0 (1.16) (1.17) with τ 0 = C G b
the natural time constant, and T 0 = P J G b + T bath the quiescent thermometer temperature. As mentioned before, one can see the response of the TES to an X-ray as an instantaneous temperature increase ΔT = E X/C at t = t X followed by an exponential decay with time constant τ 0 back to the quiescent temperature T 0 . We also note P 0 the time independent quantity representing the equilibrium values of power flowing to the bath.

Electro-Thermal Feedback (ETF)

A key effect for microcalorimeters, and in particular for TES microcalorimeters, is the Electro-Thermal Feedback (ETF) [START_REF] Irwin | Transition-edge sensors[END_REF].

Let's consider more generally the heat conduction through the link (power flowing out the thermal link) taking the form : .18) where n (called the thermal exponent) is dimensionless and depends on the physical mechanisms governing the heat conduction. Using the above equation, the thermal conductance through the link is given by :

P bath (T(t), T bath ) = K(T(t) n -T n bath ) , ( 1 
G b = dP bath dT (1.19) G b = nKT n-1 (1.20)
In the case where the thermometer is a thermistor with Joule power dissipation (P J = V 2 /R), after linearizing to the first order the power balance differential equation, the solution T(t) is again an instantaneous increase of ΔT = E X/C with an exponential decay, but now with a different time constant τ eff (the effective time constant under the ETF) given by:

τ eff = τ 0 1 + P J 0 α RT T 0 G b , (1.21)
where α RT is the logarithmic derivative at the set point of the resistance versus temperature, assuming the simplest case where R only depends on T : .22) and

α RT = T 0 R 0 dR(T) dT I 0 , ( 1 
P J 0 α RT T 0 G b
is dimensionless and called low frequency (or DC) loop gain, noted L I .

The decay time hence appear altered by ETF, coming from the power dissipated in the thermistor, and leading to a much faster heat pulse decay time.

One can also re-write L I as : α RT n (1 -( T bath T 0 ) n ), and notice that : -if T 0 ∼ T bath : τ eff ∼ τ 0 . There is no ETF, and it will be shown in section 3.1.3.4 that this can be used to measure the heat capacity of the detector.

-if T 0 >> T bath :

τ eff = τ 0 1+ α RT/n
. Assuming α RT is large (which is generally the case for TESs described in the next section), the decay response time of the detector is significantly shortened due to the ETF. In case of strong ETF, it can get an order of magnitude faster than silicon thermistors.

TES microcalorimeters

The first microcalorimeters were based on semi-conductor thermistors [START_REF] Mccammon | Thermal Equilibrium Calorimeters -An Introduction[END_REF], such as those on Hitomi and soon XRISM. Further development led to TES microcalorimeters, where the thermometer is based on a superconducting material, operated within its superconducting-to-normal transition where the resistance goes from normal value to zero within a very narrow region -making these very sensitive thermistors.

TESs have the advantage of being able to combine high resolution spectroscopy together with large arrays of pixels as they can relatively easily be multiplexed; and their high alpha enables slightly better energy resolution than thermistors. As microcalorimeters, they are non-dispersive and so can achieve high resolving power without gratings that would spread the spectrum spatially before detection, which also contributes to its ability to achieve high quantum efficiency (i.e. a very large fraction of all photons incident being detected -important for faint sources) and imaging capability (enabling the study of spatially extended sources -important for instance for galaxy clusters). They can hence be used for measuring and resolving atomic lines, and e.g. determine atomic species and their relative abundance, ionization states, shifts caused cosmic expansion or Doppler effect.

Overview of superconductivity properties

Superconductivity is a physical phenomena whose properties are critical to the design and performance of transition-edge sensors. While the topic is well-studied in condensed matter physics, there remains many aspects of superconductivity that are not well understood, and until recently, many of the properties of TESs could not be derived from a basic simple understanding of superconducting properties.

In BCS (Bardeen, Cooper and Schrieffer) theory of superconductivity [START_REF] Bardeen | Theory of super conductivity[END_REF], low temperature superconductivity is due to a particular form of interaction of the conduction electrons with positive ions from the lattice, which is animated by quantized vibrations called phonons. This interaction leads to the formation of two electrons bound together, called Cooper pairs, which act as one particle flowing without resistance in the material. The binding energy prevents them from scattering.

The phase space of the superconductor is defined by a surface representing its resistance R, which is a function of the temperature T, the current I, and the magnetic field B. It exists as long as each of these quantity are below a certain value, material and geometry specific : the critical temperature T c , the critical current I c , and the critical magnetic field B c . Above T c for instance, the thermal energy/excitation present in the material exceeds the electron binding energy and breaks the Cooper pairs, and the material becomes normal again. Being in the superconducting transition means being somewhere on this critical surface R(T c , I c , B c ), at the boundary between the normal and superconducting states. Any change in one of these three parameters will change the resistance R of the material. Near the transition temperature, the physics of the superconductor can be well described by the macroscopic Ginzburg-Landau theory [START_REF] Ginzburg | on the Theory of Superconductivity[END_REF]. An example of resistive transition from normal to superconducting state is shown in Figure 1.18.

A material in a superconductive state has some key properties:

-its resistance has dropped to zero; -for type I superconductors (such as NASA Mo/Au bilayers) any applied magnetic field is exponentially screened by the super-current, which is called the Meissner effect. This happens as the superconducting material reacts to an external magnetic field by creating its own equal and opposite field. The system becomes magnetized so that the total internal magnetic field is zero.

The critical temperature of a given material can be modified by combining different elements. This effect is known as the proximity effect [START_REF] De Gennes | Boundary effects in superconductors[END_REF][START_REF] Clarke | The Proximity Effect Between Superconducting and Normal Thin Films in Zero Field[END_REF]) and happens when a normal metal and a superconductor are in contact, and some of the Cooper pairs from the superconductor penetrate into the normal metal, leading to a reduction of T c of the superconductor and an induced superconductivity in the metal. The superconducting order parameter is a complex number Ψ(r), where |Ψ(r) 2 | is a measure of the local density, similar to a wave function in quantum mechanics, and is zero above the phase transition to the normal state. It does not immediately drop to zero at the interface, but rather penetrates into the normal metal and then is reduced with an exponential decay, over a characteristic length which is given by the normal metal coherence length. The coherence length is the characteristic exponent of the variations of the density of superconducting component. In the BCS theory for instance, it is related to characteristic Cooper pair size. Reciprocally, the superconductivity in the superconductor is suppressed and increases back to its unperturbed value over the coherence length of the superconductor (which is then called 'inverse' proximity effect) (see [START_REF] Sadleir | Superconducting Transition-Edge Sensor Physics[END_REF] for a review). This effect can be used to adjust T c to a desired value in a superconducting-normal bilayer, by adjusting the thickness of each of the layers. 

TES as weak links

It was shown by [START_REF] Sadleir | Longitudinal proximity effects in superconducting transition-edge sensors[END_REF] that due to the presence of the 2 superconducting ("S") niobium leads (of critical temperature T c,leads ) connected to a Mo/Au bilayer, superconductivity can be induced longitudinally into the bilayer from lateral proximity effect (see Figure 1.19). The bilayer should hence not be considered as a normal ("N") or superconductive ("S") material with an intrinsic critical temperature T c,intr , but rather as a SNS or SS'S weak-link, with a critical temperature T c > T c,intr . Figure 1.19 shows a representation of the amplitude of the wave function associated to superconductivity, and how, because of the proximity effect, TES are non uniform superconductors.

Figure 1.19: Sketch explaining the origin of the weak link effect. Even when the Mo/Au bilayer is in normal state, some conductivity is induced in the device due to the presence of superconducting leads (based on [START_REF] Sadleir | Longitudinal proximity effects in superconducting transition-edge sensors[END_REF] TESs are hence junctions, with properties that have been shown to be "weak-link" like, where the average strength of the order parameter varies over the TES [START_REF] Gottardi | Transition-edge sensors for cryogenic x-ray imaging spectrometers[END_REF]. [START_REF] Sadleir | Longitudinal proximity effects in superconducting transition-edge sensors[END_REF] also showed that regions with added normal structures have the opposite effect : they suppress the superconducting order laterally into the N/S bilayer (called Lateral inverse Proximity Effect). This also leads to a shift in Tc to lower temperature.

In TESs with both leads and banks : these two structures have competing effects. This means that, because of the spatially varying order parameter and since it is highly current dependent, Tc is actually an effective transition temperature. Ic is in turn highly dependent on the temperature and the geometry of the weak-link TES.

Other indication the TES are weak link is the fact that the critical current can show clear Fraunhoferlike oscillations with the application of a magnetic field (similar to those observed in Josephson junctions) [START_REF] Smith | Implications of weak-link behavior on the performance of Mo/Au bilayer transitionedge sensors[END_REF].

Electro-thermal behavior of TESs

General equations

TESs are typically operated with a heat-sink temperature that is well below Tc, and placed in voltagebiased circuits to a point in the transition in it's narrow superconducting-to-normal transition zone that maximizes the signal-to-noise ratio. The bias voltage allows the change in resistance to create a change in current that is read-out though inductive coupling to a SQUID (ammeter). This section focuses on the TES circuit part only, and the subsequent read-out part is further described in the 1.2.3 section.

The device is voltage biased at a given operating point through Joule heating, by applying a current I bias to a shunt resistance R sh TES in parallel with the TES such that R sh TES « R TES . The order of magnitude of the bias current is typically hundreds of micro-amps for the ∼10-20 milli-ohms TESs fabricated for this work, and the TES shunt resistances are a few hundreds micro-ohms -leading to a small quantity of current going through the TES (< 100 μA). The TES current is measured by inductive coupling.

The TES response is governed by two coupled differential equations, which respectively govern the evolution of the state variables I TES -the electrical current through the TES, and T TES -the temperature of the TES. Ignoring any noise terms (including stray resistance), these equations are [START_REF] Irwin | Transition-edge sensors[END_REF] :

C

dT TES dt = -P bath + P J + P X (1.23) L in dI TES dt = (I bias -I TES )R sh,TES -I TES R TES (1.24) with :

-C the heat capacity of the detector (TES + absorber) -P bath the power from the TES to the heat bath

P bath = G b nT n-1 TES (T n TES -T n bath ) (1.25)
-n = beta + 1 with beta the thermal conductance exponent -P J the Joule power dissipated by the TES -P X the power of the input signal -L in the input inductance -R sh,TES the TES shunt resistance -R TES the electrical resistance of the TES

The above equations clearly show the interaction between the thermal and electrical circuits of a TES. The current I TES depends on R TES (T TES , I TES , B) -and so on T TES -, and conversely the temperature T TES depends on the dissipation power, and so on I TES . The transition shape also depends on the local magnetic field which can be caused by external sources or by the bias current of the TES itself, or the current in the leads contacting the TES.

Three other key parameters are also introduced to describe the resistive transition R TES (T TES , I TES , B) [START_REF] Sadleir | The magnetically-tuned transition-edge sensor[END_REF] : α the unit-less temperature sensitivity at constant current I 0 :

α = ∂logR TES ∂logT TES I 0 (1.26) = T 0 R 0 ∂R TES ∂T TES I 0 (1.27)
β the unit-less current sensitivity at constant temperature T 0 :

β = ∂logR TES ∂logI TES T 0 (1.28) = I 0 R 0 ∂R TES ∂I TES T 0 (1.29)
α IV the total derivative, being the slope of the resistance curve [START_REF] Sadleir | The magnetically-tuned transition-edge sensor[END_REF] :

α IV = 2α + β(1 + n /1 -(T bath /T TES ) n -n) β + 2 (1.30)
α and β are useful to describe the transition shape and to help characterize the performance of various pixel designs. They are also used, as we'll see in the next section, to get a simple linear approximation of the TES transition.

Small signal limit

The above two differential equations are complicated by several non-linear terms. There is hence no generic analytical solution to this system. However, it can be linearized in the small-signal limit [START_REF] Irwin | Transition-edge sensors[END_REF] around the steady-state values of resistance R 0 , temperature T 0 , and current I 0 .

Among the non-linearities, the first one is the TES transition. This is usually characterized by the dimensionless logarithmic derivative of resistance at the set points with respect to T and R: α and β. These allow us to define a simple 2D linear model for the resistance :

R(I, T) ≈ R 0 + ∂R ∂T | I 0 (T -T 0 ) + ∂R ∂I | T 0 (T -T 0 ) (1.31) ≈ R 0 + α R 0 T 0 δT + β R 0 I 0 δI (1.32)
We should recall that in reality the resistance also depends on the magnetic field. However, this is beyond the scope of the present simple description of TES behavior.

The next non-linearity is from the heat flow to the thermal bath. In the small signal limit, we can also define P bath as : P bath ∼ P bath,0 + G b δT , (1.33) with P bath,0 the steady-state power flow to the heat bath.

It is then possible to linearize the above differential equations by doing a linear expansion around the steady-state values / TES bias point. They become : .34) where :

dδT /dt dδI /dt = - 1 /τ I -R 0 I 0 (2 + β) /C L I G b/I 0 L 1 /τ el δT δI + P X/C 0 , ( 1 
τ I is the current-biased thermal time constant -L I is the low-frequency loop gain under constant current τ el is the bias circuit electrical constant A complete solution for the response of the TES from these coupled differential equations can then be extracted for a small delta-function temperature impulse δT at time t=0 (such as the absorption of a small energy photon with instantaneous thermalization) -see [START_REF] Lindeman | Microcalorimetry and the Transition-Edge Sensor[END_REF]Irwin and[START_REF] Irwin | Transition-edge sensors[END_REF] for a full development and complete formula -, leading to a current response following the profile for t ≥ 0 :

I(t) ∝ (e -t /τ + -e -t /τ -) , (1.35) 
with τ + and τ -respectively the rise and fall time constants (from when X-ray hit and return to steadystate) defined by : 1

τ ± = 1 2τ el + 1 2τ I ± 1 2 ( 1 τ el - 1 τ I ) 2 - 4R 0 L I (2 + β)G b LC (1.36)
Looking at the specific case of the limit of low inductance L ∼ 0, this leads to the pulse rise time being dominated by an electrical time constant (i.e. inductance slowing the current), and the fall time by an effective thermal time constant. However as in a reality the inductance is not negligible, the rise time and fall time are determined by a mixture of these effects.

TES stability

From the small signal solution described above, it is then possible to investigate the behavior of the detector response (as in harmonic oscillators), which depends on the values of the eigenvalues. More precisely, in our case we observe different behaviors depending on the time constants τ + and τ -: -if they are real and non-equal, the system is over-damped and in this regime the TES can successfully be operated as sensitive thermistors -if they are real and equal, the system is critically damped -if they are complex, it is under-damped and the circuit will oscillate, making it difficult to accurately detect X-rays. [START_REF] Irwin | Transition-edge sensors[END_REF] showed that the damping status can be summarized to the choice of the circuit inductance. He defined a critical inductance L crit,± (see paper for full equation) such that : -if the circuit inductance equals either value of L crit,± , the response is critically damped -if the circuit inductance is outside L crit,± , the system over-damped -if the circuit inductance is within L crit,± , the system under-damped In terms of stability, [START_REF] Irwin | Transition-edge sensors[END_REF] showed that the system is stable if the real part of both τ + and τ -are positives. For over-or critically damped systems, this is automatically the case if the TES is voltage biased. This shows one of the main advantages of this biasing technique, which is due to negative ETF : the system stays stable even for high loop gain values. (The other potential advantages, as discussed previously, being the faster pulse decay time and the automatic biasing of the TES inside its transition).

TES read-out

SQUIDs

With a very small current change (∼ 100 μA) and low impedance (∼ 10 mΩ), the readout of TESs require an ammeter with a resolution in the μA range and an input impedance in the mΩ range. It should also be low noise (typical TES current noise around 20 pA/ √ Hz). This limits the possible options of ammeter to SQUIDs.

SQUIDs (Superconducting QUantum Interference Devices) [START_REF] Clarke | The SQUID Handbook[END_REF]) are extremely sensitive magnetometers, operated at low temperature, used to measure very small magnetic fields.

Josephson junctions. SQUIDs are made from Josephson junctions, which are themselves made of two superconductors connected by a thin insulating layer (see Fig. 1.20).

They take their name after Josephson who discovered the Josephson effect, stating that in such a configuration, if the insulator is weak/thin enough, there is tunneling of cooper pairs across the insulating layer. Because of this, a tunneling super-current I S occurs between them, related to the phase difference δ between the wave functions that describe the two superconductors. The maximum super-current I 0 (called the critical current of the junction) can be calculated from the first Josephson equation:

I S = I 0 sin(δ) (1.37)
The second Josephson equation describes the time evolution of the phase difference given an external voltage V across the junction, with Φ 0 = h /2e the flux quantum :

dδ dt = qV h (1.38) = 2πV Φ 0 (1.39)
In practice, the phase difference can be measured very accurately. Since the phase is of a quantum state that is altered by magnetic flux, this magnetic flux can be measured very precisely [START_REF] Kraft | Superconducting quantum interference device (squid)[END_REF].

The most commonly used SQUID types are rf-SQUIDs [START_REF] Silver | Quantum transitions and loss in multiply connected superconductors[END_REF] which contain one junction, and dc-SQUIDs [START_REF] Jaklevic | Quantum Interference Effects in Josephson Tunneling[END_REF] which contain two junctions in parallel. For the rest of this work, we consider only dc-SQUIDs (which we'll refer to as SQUIDs), as they are the type used in the read-out electronics for our TES detectors. dc SQUIDs. They consists of 2 Josephson junctions installed in parallel in a superconducting ring [START_REF] Aviv | SQUIDs-Superconducting Quantum Interference Devices[END_REF]. They measure the varying magnetic field created in the readout coils by the TES current, and allow for a low-noise first pre-amplification of the signal and low power dissipation.

The critical current of the combined junctions I c is the sum of the critical currents at the junctions, and modulates periodically with a period of Φ 0 once an external magnetic flux is applied to the superconducting ring. These devices are highly non-linear due to the fact that whenever the applied flux gets above Φ 0 2 they will compensate by generating addition current. Their V-Φ response, which is periodic, has a sinusoidal-like shape, as shown in Figure 1.21. These response characteristics can be distorted if thermal noise is present [START_REF] Enpuku | Effect of thermal noise on the characteristics of a high Tc superconducting quantum interference device[END_REF]. In order to be used effectively, they generally need to be biased at the steepest part of one of the sinusoidal slopes. SQUID arrays. By joining multiple SQUIDs in series and having them work in phase, they can be used as an amplifier with increased gain (increasing the size of the SQUID modulation). This arrangement is typically called a SQUID series array.

Single channel read-out

The simplest read-out scheme consists in reading one TES at the time. An example circuit is shown in Figure 1.22. It should be noted that despite a given bath temperature (e.g. of 55 mK), the elements at that stage are not necessarily all at the same temperature due to the Joule power dissipation. For instance, this is the case for a TES which is operated around Tc (i.e. for our designs ∼90 mK).

The current from the TES is converted to a magnetic flux through an input coil of inductance L in (∼ tens of pH to a few nH), and then converted to a voltage which can be read by regular voltmeters. SQUIDs hence work as a current to voltage converter (or trans-impedance amplifier) [START_REF] Sakai | A Frequency-Division Multiplexing Readout System for Large-Format TES X-Ray Microcalorimeter Arrays towards Future Space Missions[END_REF].

In a bit more detail, the magnetic field of L in is measured by the first stage SQUID which is biased using a constant voltage by applying a current through a small shunt resistance R sh SQ . The very small output current from the first stage SQUID is then measured by a low noise amplifier chain composed of a series-array of SQUIDs. The output voltage is finally given by V fb . [START_REF] Irwin | Transition-edge sensors[END_REF]. In blue the cryostat temperature stage (∼50-90 mK), also called cold front end electronics (CFEE); in green the low temperature electronics (∼4 K); and in red the room temperature electronics (∼300 K), also called warm front end electronics (WFEE)

Figure 1.22: Example of a TES bias and read-out circuit (based on

FLL and notion of slew-rate

SQUIDs being highly non-linear devices, a negative feedback -called flux-locked loop (FLL) -is applied to the first stage SQUID, using an electronic control system sending a feedback flux, providing a linearized output. This is performed using the feedback coil L fb which is magnetically coupled with the SQUID superconducting ring through a feedback resistance R fb . It is called flux-locked loop since the feedback keeps the flux through the SQUID ring constant, and the amplifier operation is always at the same flux point providing a constant gain and thus linearized output.

The magnetic flux Phi in generated by the input current I in is Phi in = M in I in , with M in the mutual inductance between the input coil and the SQUID. Defining M fb as the mutual inductance between the feedback coil and the SQUID, the feedback gain of the FLL is R fb/M fb . The current to voltage conversion (or transfer function in the FLL circuit) is given by : M in/M fb R fb , where M in/M fb is the coupling constant.

Since the SQUID output voltage is periodic (with period Φ 0 ), a flux input exceeding a certain amount (roughly ± Φ 0/4) will cause a jump of the operating point by Φ 0 . This is called a flux jump. The maximum input flux Φ max which can be applied to the SQUID without flux-jumping is dependent on L(w) the loop gain of the FLL, such that : |Φmax| /1 + L(w) < Φ 0/4 [START_REF] Drung | Low-noise ultra-high-speed dc SQUID readout electronics[END_REF].

Multiplexed read-out

As was seen in Figure 1.22, multiple wires are necessary to instrument one TES and the read-out SQUIDs (1 pair for TES bias, 1 for SQ feedback, 1 for SQ bias, 1 for SQ output) which are operated at low temperature and controlled by electronics (integrator etc.) and a further amplifier at room temperature. If this would be done for arrays of thousands of pixels, the system would quickly require too many wires and there would be issues related to complexity, mass, power and thermal heat loads. The maximum number of SQUIDs which can be placed at the cryogenic stage is hence generally limited by the cooling power for the stage. To limit the mass, power, heat load and complexity of the instrument it is necessary to multiplex the read-out of the detector array, to combine the outputs of many pixels into one signal.

Different techniques are available or under development, the main ones being : Time-Division Multiplexing (TDM) [START_REF] Doriese | Developments in Time-Division Multiplexing of X-ray Transition-Edge Sensors[END_REF], Frequency-Domain multiplexing (FDM) (van der [START_REF] Van Der Kuur | Optimising the multiplex factor of the frequency domain multiplexed readout of the TES-based microcalorimeter imaging array for the X-IFU instrument on the Athena x-ray observatory[END_REF], Code-Division Multiplexing (CDM) and microwave multiplexing. The method currently defined in the baseline for the Athena/X-IFU instrument is based on TDM [START_REF] Durkin | Demonstration of Athena X-IFU Compatible 40-Row Time-Division-Multiplexed Readout[END_REF].

In the TDM scheme, the TESs are each individually inductively coupled to a front-end SQUIDs (also referred to as SQ1 or MUX SQUIDs). These SQUIDs are turned on/off sequentially (by switching the address currents much faster than the TES time constant) to measure the signal from each of the TESs multiplexed together in each row. As the number of elements per column is limited to meet the instrument capabilities and requirements, this can be replicated as many times as needed, by having multiple columns read out in parallel, independently from one another. For each column, the multiplexed output from the front-end SQUIDs is then amplified by the second stage series array amplifier SQUIDs (also referred to as AMP SQUIDs), and a low noise amplifier at room temperature. To keep the SQUIDs in a linear and stable regime of operation, the system is run in a closed loop (FLL). A simplified circuit diagram describing the above can be found in Figure 1.23.

In theory, one could multiplex any number of signals with TDM, as long as the SQUIDs are switched fast enough. However, this has the impact of increasing the noise, because of SQUID aliasing noise [START_REF] Irwin | Transition-edge sensors[END_REF]. More specifically, if N is the number of SQUIDs being multiplexed, then the effective noise contribution of the SQUIDs is increased by a factor of √ N.

Also, in order to stably read out many pixels, the coupling of the input coils from the TESs to the first stage SQUID amplifiers must be small enough, so that the maximum input slew rate (generated by the highest energy X-rays) is small enough to keep the SQUID "error signal" within the quasi-linear flux range of the SQUID. This is required for stable operation within the read-out flux-locked feedback loop. As more TESs are multiplexed, the sampling rate for each pixel decreases. This leads to the error signals becoming bigger and an increased possibility of losing stability in the flux-locked loop of the SQUIDs. One way to avoid this is to make the SQUID input coupling weaker, at the expense of increasing the input-referred SQUID amplifier noise, and causing some energy resolution degradation. Otherwise, one could reduce the maximum input slew-rate (usually by reducing the maximum allowable x-ray energy). Therefore, the lower the maximum slew rate can be (for a given read-out noise energy resolution budget), the more pixels can be multiplexed in a single read-out column [START_REF] Beaumont | Extension of the energy range accessible with a tes using bath temperature variations[END_REF].

In CDM, all the TES are biased all the time, and -contrary to TDM -the SQUIDs are not turned off/on but switched polarity or modulated.

In FDM, TESs are AC biased at different frequencies and their signals are summed, or modulated, at a single SQUID (or SQUID array). This scheme is the back-up readout for Athena/X-IFU.

Noise and performance

Basic definitions

The fundamental limits on the energy resolution of a TES are set by the noise sources and the sensitivity of the detector. The theoretical achievable resolution can be estimated via the input power which is necessary to be able to detect an output signal out of the noise level. This is called the Noise Equivalent Power (NEP) given by : .40) where :

NEP(f) 2 = ⟨|N(f)| 2 ⟩ |S(f)| 2 , ( 1 
-⟨|N(f)| 2 ⟩ is the average noise power spectral density -|S(f)| 2 is the squared detector responsivity. The energy resolution is then related to the NEP by [START_REF] Moseley | Thermal detectors as x-ray spectrometers[END_REF]:

ΔE rms = ∞ 0 4 NEP(f) 2 df -0.5 [eV] (1.41)
However in practice we often use the theoretical resolution measured at the Full Width at Half Maximum (FWHM), ΔE FWHM,th , which can be calculated from the NEP assuming a Gaussian noise by:

ΔE FWHM,th = 2.355 ∞ 0 4 NEP(f) 2 df -0.5 [eV] (1.42)

Noise contributors

There are 3 categories of noise sources which can affect TESs: those intrinsic to the detector, those coming from the circuit (whether bias or readout), and those from the external environment (e.g. magnetic field, fluctuations in T bath , etc) Gottardi and Smith, 2022. We describe below the main and/or most common noise sources.

Thermal fluctuation noise. Phonon noise comes from thermal fluctuations in the thermal link between the detector and the heat bath. The number of phonons in the TES with a mean energy k b T following a Poisson distribution, from classic statistical mechanics we can obtain the magnitude of the fluctuations in the energy content of the sensor [START_REF] Mandl | Statistical Physics[END_REF]. With C the heat capacity, they are given by :

√ N = k B T 2 C -i.e. interestingly
independent of the conductance of the link (until one looks at those statistical fluctuations frequency spectrum [START_REF] Richards | Bolometers for infrared and millimeter waves[END_REF]. When looked at in the current domain (where the signal will be measured), this contribution is [START_REF] Irwin | Transition-edge sensors[END_REF])

S I,TF (ω) = 4k b T 2 G b F|s I (ω)| 2 , (1.43)
with s I (ω) the power to current responsivity of the TES, and where F is a correction factor (depending on the type of reflections of the phonons in the link and also on the TES temperature [START_REF] Boyle | Performance Characteristics of a New Low-Temperature Bolometer[END_REF]Rodgers, 1959, McCammon, 2005)).

It can be pointed out that during a pulse, the thermal fluctuations increase together with the TES temperature (contrary to the Johnson noise described hereafter, although the present change remains limited in comparison to the next).

Johnson noise. Johnson noise, like in all the systems containing resistive elements, is coming from resistances here present both in the sensor itself and in the electrical circuit [START_REF] Johnson | Thermal Agitation of Electricity in Conductors[END_REF]. It comes from the thermal agitation of electrons inside the resistive elements.

-Its power spectral density in voltage space is given for a linear resistance R L (like the load resistance) of temperature T by S V,R L (ω) = 4k B TR. [START_REF] Irwin | Transition-edge sensors[END_REF] showed that in current space it becomes :

S I,R L (ω) = 4k b TRI 2 0 (L I -1) 2 L 2 I 1 + ω 2 C G(1 -L I ) 2 |s I (ω)| 2 (1.44)
-Considering now the TES, it gets a little bit more complicated as R also depends on the current going through the TES. Once again from Irwin and Hilton, 2005 we get :

S I,tes (ω) = 4k b TR 0 I 2 0 1 + 2β L 2 I 1 + ω 2 ( C /G) 2 ) |s I (ω)| 2 (1.45)
One important feature of the Johnson noise is that it severely decreases during a pulse. This is due to the fact that it is a white voltage noise on the input to the TES, but as a current noise that we measure in the TES it scales as 1/ √ R. As the resistance goes up during a pulse, the current noise measured in the TES goes down. This is the main source of noise non-stationarity during an event [START_REF] Smith | Implications of weak-link behavior on the performance of Mo/Au bilayer transitionedge sensors[END_REF].

At low frequencies, the noise is dominated by the thermal fluctuations between TES and heat sink. At higher frequencies however, the electrical Johnson noise of the TES becomes dominant.

Unexplained noise. For a long time, TESs models needed additional noise components to fully explain their observed noise spectra. These additional noise components are generally referred to as excess noise, and can take a variety of forms. The most typical one is the unexplained electrical noise, which features a spectrum with a shape very similar to that of the Johnson noise. It has commonly been characterized by the empirical parameter M 2 (see for instance [START_REF] Smith | Implications of weak-link behavior on the performance of Mo/Au bilayer transitionedge sensors[END_REF] such that: S I,unexp (ω) = M 2 S I,tes (ω) (1.46) Experimentally, this component has been seen to change significantly with pixel design and properties of the TES transition [START_REF] Smith | Implications of weak-link behavior on the performance of Mo/Au bilayer transitionedge sensors[END_REF][START_REF] Ullom | Characterization and reduction of unexplained noise in superconducting transition-edge sensors[END_REF].

More recent studies have however been successful in identifying at least part of this noise origin. In 2019, [START_REF] Wakeham | Thermal fluctuation noise in Mo/Au superconducting transition-edge sensor microcalorimeters[END_REF] showed using Mo/Au bilayer TESs from NASA Goddard that, if using a two body model instead of a one body model (as described in figure 1.24), i.e. considering also an internal conductance G ae between the absorber and the TES rather than only the thermal conductance between the TES and the bath G b , the measured excess noise is consistent with the noise generated from internal fluctuations between the absorber and the TES (although there may be some additional noise terms giving small contribution to the excess noise as well). It is also possible though that in other designs, additional noise mechanisms may be present. Amplifier noise. Finally, the last main contributor to consider in the TES noise budget is the amplifier noise, generated by the SQUIDs. It is usually small compared to the other components hereabove, and furthermore can be considered as a white noise in the current space (i.e. constant with frequencies) : S I,amp (ω) = S I,amp .

(1.47)

Other contributions. Although the contributors from above are the main ones, additional noise sources can also degrade the performance of a TES devices : parasitic (or stray) photon noise, fluctuation in bath temperature, internal thermal fluctuation noise in the TES itself, low frequency noise, etc. Figure 1.24: Plot showing various noise contributions for a TES (credit: [START_REF] Wakeham | Thermal fluctuation noise in Mo/Au superconducting transition-edge sensor microcalorimeters[END_REF].

Energy resolution

Let's start by considering an ideal case. The energy resolution of the TES (or any microcalorimeter) is always limited by the thermal fluctuations in the detector. The intrinsic energy resolution of the detector is hence :

ΔE FWHM,ideal = 2.355 k B T 2 C [eV]
(1.48)

However if we look both at the power spectrum of an X-ray pulse and at the noise spectrum from these fluctuations (see figure 1.25 (left)), we can see that their shape is identical, with a single pole initiating a roll off at the same frequency. [START_REF] Mccammon | Thermal Equilibrium Calorimeters -An Introduction[END_REF] showed that in this ideal case, by going to an arbitrarily high frequencies the signal can thus be measured to an arbitrary accuracy, and the resolution improves as the square root of the bandwidth as long as the signal to noise ratio remains constant.

However in reality, the signal is not perfect, and there are other noise contributors as we have discussed in the previous section which can affect the energy resolution of the detector (see Figure 1.25 (right)).

Considering the main noise contributors, the squared NEP can hence be written as : And as shown by Irwin and Hilton, 2005, within the small signal limit and under strong ETF (i.e. loop gain L >> 1), the energy resolution of a TES is given by:

ΔE FWHM ≈ 2 √ 2ln2 1 α 4k B T 2 C nF(1 + 2β + θ)(1 + M 2 ) 1 -( T bath T ) , (1.50) 
where :

-F is the thermal parameter of order one (usually comprised between 0 and 1) -2β is the first nonlinear term in the Johnson noise expansion as computed by [START_REF] Irwin | Transition-edge sensors[END_REF] θ is a variable containing all higher order non linear Johnson noise terms -M 2 contains any intrinsic noise sources not contained in the Johnson or phonon noise terms.

Considering only the first order Johnson noise (i.e. 2β and θ are null) and assuming there are no other intrinsic noise sources (i.e. M 2 = 0), taking F=0.5, and Tb << T, the above equation becomes [START_REF] Sadleir | Superconducting Transition-Edge Sensor Physics[END_REF] :

ΔE FWHM ≈ 2.335 4k B T 2 C α n /2 (1.51)
This shows some initial design consideration in order to optimize the energy resolution. For instance, one usually wants a small T, a large α and small C (which can intuitively be understood since low C means higher ΔT for the same energy input, and also since a higher α produce also a larger change in TES resistance). Although, as mentioned in section 1.2.1.1, the choice of C is limited by the desired energy range to avoid saturation.

It should be noted that, although the energy resolution is an important figure of merit, we also care about the optimization of many other parameters, such as for instance the range of the device linearity, saturation, quantum efficiency, device uniformity, minimizing of electrical and thermal cross-talk, etc.

Effects of record length on energy resolution

As pointed out by Peille, 2016, a limited amount of data is used to reconstruct the energy of each event, leading to a degradation of the achievable energy resolution.

To the first order, the degradation is mostly coming from the rejection of low frequency content of the signal. [START_REF] Kelley | The x-ray microcalorimeter spectrometer for the international x-ray observatory[END_REF] showed that this effect would affect the energy resolution following :

ΔE(t rec ) = lim trec→∞ ΔE 1 -1 /2trecf eff , (1.52)
where f eff is the pixel effective roll-off frequency. This can also happens in case of high count rate, which may limit the amount of data usable for pulse processing (e.g. if doubles pulses), and lead to a degradation of the achievable resolution. We can hence see that, in order to accommodate for higher count rates without penalty on the energy resolution (from the shortening of the available record length to process the pulses), faster pixels are required, leading to higher load on the read-out system (higher slew rate and bandwidth).

TESs from NASA GSFC

Detector design

Current TES devices at NASA GSFC [START_REF] Wakeham | Refinement of Transition-Edge Sensor Dimensions for the X-ray Integral Field Unit on ATHENA[END_REF] are built with a bilayer of Molybdenum (Mo) and Gold (Au), with a T c of ∼ 90 mK. In the latest TES designs, the target normal resistance is typically around 15 mΩ.

Since there is a strong dependence of the thermal conductance, the heat capacity, and the thermal noise with temperature, the choice of T c has a strong impact on the design of the device. (For example, C decreases with Tc, meaning lower Tc leads to larger ΔT).

Based on the desired energy band (i.e. soft X-ray band (a few keV)) and the requirements on ΔT, the material chosen for the Athena/X-IFU absorbers is bismuth (Bi) and gold (Au). This combination allows to compromise between the required low heat capacity (from Bi) and fast thermalization (from Au). Also, the gold helps the absorbers to stick to the TESs via small connections called stems.

For Athena/X-IFU detectors, the membrane is made of silicon nitride.

Figure 1.26 shows an example of TES microcalorimeters from GSFC. The niobium (Nb) superconducting leads are used to electrically connect the device to the rest of the circuit. Banks can be used to suppress superconductivity at the edges of the bilayer in case of misalignment between the gold and molybdenum. As a side effect, they force the current in the middle of the TES and affects the shape of the transition. They reduce the unexplained (electrical) excess noise, but also suppress alpha (i.e. reduce the detector sensitivity).

Views of TES from top and bottom can also be found in Fig. 1.27. 

Fabrication process

The fabrication of large arrays of high-yield and uniform TESs is very challenging. This is performed for the ATHENA X-IFU by a dedicated team at NASA GSFC. A detailed description of the fabrication process is beyond the scope of the work, but several aspects of the fabrication have been described in publications from the team [START_REF] Chervenak | Fabrication of transition edge sensor X-ray microcalorimeters for Constellation-X[END_REF][START_REF] Chervenak | Fabrication of microstripline wiring for large format transition edge sensor arrays[END_REF][START_REF] Brown | Absorber materials for transition-edge sensor X-ray microcalorimeters[END_REF].

The Athena mission and its X-ray Integral Field Unit

Realizing the huge potential of microcalorimeters for X-ray imaging spectroscopy, several mission concepts in the past were based on such detectors : Hitomi [START_REF] Takahashi | The ASTRO-H (Hitomi) xray astronomy satellite[END_REF], Constellation-X [START_REF] Bookbinder | The Constellation-X Observatory[END_REF], IXO [START_REF] Kelley | The x-ray microcalorimeter spectrometer for the international x-ray observatory[END_REF] or Lynx [START_REF] Bandler | Lynx x-ray microcalorimeter[END_REF]. More recently, they have been chosen for the Athena mission and its X-IFU instrument [START_REF] Barret | The Athena X-ray Integral Field Unit (X-IFU)[END_REF], which are at the center of this thesis. In the following section, we will describe those in a bit more details.

It should however be noted that the following description is based on the design as proposed going into the SRR (System Requirements Review) initially scheduled for end of 2022 [START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF]. However, the design of the mission -being now referred to as NewAthena -is under deep discussions as budget cuts were deemed necessary by ESA and after the reformulation process may end up quite different from what is being described below.

Athena in a nutshell

Athena is an L-class mission, part of ESA 2015-2025 Cosmic Vision program [START_REF] Barcons | Athena: ESA's X-ray observatory for the late 2020s[END_REF]. The mission was until recently in phase B1, on its way towards mission adoption, and scheduled for launch in the mid 2030's with an Ariane 6 launcher. It has been designed in order to address many key scientific questions about the hot and energetic universe [START_REF] Nandra | The Hot and Energetic Universe: A White Paper presenting the science theme motivating the Athena+ mission[END_REF], as well as other astrophysical and observational topics, including : the formation of the first supermassive black holes and their role in the evolution of galaxies and physics of accretion, the chemical enrichment history of the universe, the mission baryons, the formation and evolution of groups/clusters of galaxies, supernovae, or exoplanets [START_REF] Pointecouteau | The Hot and Energetic Universe: The evolution of galaxy groups and clusters[END_REF], Ettori et al., 2013).

The telescope, of focal length 12 m, will carry 2 instruments : one based on X-ray microcalorimeters -the X-ray Integral Field Unit (X-IFU) [START_REF] Barret | The Athena X-ray Integral Field Unit ( X-IFU )[END_REF]Ravera et al., 2014a) -, and a Wide Field Imager (WFI) [START_REF] Meidinger | Development status of the wide field imager instrument for Athena[END_REF][START_REF] Rau | The Hot and Energetic Universe: The Wide Field Imager (WFI) for Athena+[END_REF], for a mass of ∼6 tons and available power of ∼5.5 kW to alternatively operate each payload instruments [START_REF] Barcons | Athena: The X-ray observatory to study the hot and energetic Universe[END_REF]. It will orbit around the first Lagrange point of the Sun-Earth system, L1, for a baseline mission duration of 4 years (with a potential extension to 10 years). The Lagrangian point will provide a known and stable high energy particles environment, and good sky visibility [START_REF] Lotti | Review of the Particle Background of the Athena X-IFU Instrument[END_REF].

Athena will perform observations pointing at a given target for exposure times of 1 ks to 1 Ms, while also being able to react rapidly (within 4 hours) to unscheduled opportunity alerts from transient sources such as supernovae, or gamma ray bursts.

Compared to Hitomi, it will have more than one order of magnitude increase in effective area, doubled the energy resolution, and a spatial resolution of a few arcseconds. It is clear that the X-IFU will allow breakthrough discoveries in many astrophysical field, including for instance galaxy clusters to cite only one.

Figure 1.29: Simulated spectrum of the core of the Perseus cluster as observed with the X-IFU, based on Hitomi SXS data (credit: [START_REF] Barret | The Athena X-ray Integral Field Unit (X-IFU)[END_REF].

In the following subsections, we are going to briefly describe the Athena X-ray optics and WFI instruments, before focusing more on the X-IFU, at the center of my thesis.

The optical system

Most of the current and foreseen X-ray missions use the advantage of the reflection of X-rays when observed under grazing incidences to collect and focus photons onto a detector plane in order the design their optics. Following the same logic, Athena mirrors are Wolter-type (see Fig. 1.30), and more specifically composed of a double reflection stage (paraboloidal and hyperboloidal mirrors).

These mirrors, being developed at ESA, rely on Silicon Pore Optics (SPO) mirror modules across a 6-7 m 2 open area [START_REF] Willingale | The Hot and Energetic Universe: The Optical Design of the Athena+ Mirror[END_REF]. Each mirror module is fabricated by stacking slightly curved and very smooth silicon wafers, focusing X-rays to a single point via the double grazing incident reflections. All the modules will then be assembled along concentric circles.

The structure holding the mirror, called the Movable Mirror Assembly (MMA), will allow the switching between the two instruments. The system will also provide the possibility to defocus the mirror, when needed for high count rate sources.

They will provide an effective area of 2 m 2 at 1 keV, i.e. an order of magnitude larger compared to existing observatories (see Fig. 1.31). [START_REF] Barret | The Athena X-ray Integral Field Unit (X-IFU)[END_REF].

Athena will have an on-axis angular area resolution of 5" half energy width (HEW) (with some degradation at the edges of the WFI field of view). There will also be some vignetting effect (i.e. an attenuation of the mirror effective area at high off-axis angles) which is expected to be negligible (less than 4%) for the XIFU FoV (field of view), and fairly limited for WFI FoV (less than 10%).

The WFI instrument

The WFI instrument [START_REF] Meidinger | Development status of the wide field imager instrument for Athena[END_REF], associated with the Athena effective area, will offer imaging capabilities over a large field of view of 40'x40', using an array of DEPFET (DEpleted Pchannel Field Effect Transistor) active pixel sensors.

The detector array is made of 4 quadrants, each containing 512x512 Active Pixel Sensors (APS) based on DEPFET technology. Each APS acts as a p-channel semiconductor transistor, and detects X-rays via photo-electrical effect. Each X-ray impacting the sensor generates electrons from the interaction with the bulk silicon wafer. The electrons are then collected at the FET gate, increasing the transistor conductivity proportionally to the photon's energy. They will offer an energy resolution close to the Fano limit. There will also be a 64x64 fast chip, mounted out of focus, dedicated to high count rate point sources.

The readout is performed by doing two conductivity measurements before and after clearing the accumulated charges, the difference providing the estimated energy of the impacting photon. This provide data with an energy resolution of ∼ 150 eV FWHM at 6 keV. It can be noted that, as the gate persists regardless of the presence of a transistor current, the pixels can be kept turned off outside of the readout windows.

In order to reach the desired energy resolution, the instrument (including both the detectors and the readout electronics), need to be operated at temperatures below 60 K. This will be performed by large radiators on the sides of the paylod module.

Due to power readout limitations, instead of reading out each pixels individually, each quadrant rows will be turned on and off simultaneously using ASICs (Application-Specific Integrated Circuits) setups, allowing two different readout modes. The first one, called full-frame mode, performs the readout of the full quadrants, with ∼ 1.2 ms time resolution. The second, called window mode, allows the readout of arbitrary sub-parts of the quadrants with an improved time resolution (∼ 40 us). For the fast detector, a dedicated readout electronics should be implemented.

The X-IFU instrument

System overview

The instrument is a complex system composed for the major elements of a 2 kilo-pixel array, its readout electronics and cryogenic chain. It will provide spectro-imaging capabilities across a 5' FoV, with 5" spatial resolution, and an unprecedented energy resolution of 2.5 eV up to 7 keV. Table 1.1 summarizes the baseline top level requirements for the instrument.

Providing spatially resolved high resolution spectroscopy capabilities, the X-IFU will allow breakthrough science in the X-ray field, for instance by allowing us to map turbulence, temperature, metallicity in galaxy clusters, or detecting missing baryons in the WHIM [START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF]. Table 1.1: X-IFU top level performance requirements [START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF].

The project is performed by an international collaboration, under the lead of IRAP and CNES (France). The collaboration is composed of 13 countries (11 European countries, the USA and Japan), each responsible for one or several subsystems/systems. The CNES is in charge of the assembly, design and project management, while IRAP (where principal investigator is located) is in charge of the scientific performance of the instrument.

The design and realization of this instrument is particularly challenging because of the sensitivity and operation of the TES detectors themselves, but also because of the complex readout and requirement for a stable and reliable cryogenic system.

TES and readout chain

The X-IFU instrument is based on an array of TES microcalorimeters, which were described in the previous section (1.2). In order to operate at cryogenic temperatures, only very little power can be dissipated at the FPA level, making the need for a multiplexed readout. The current plan is for the pixels to be grouped in 72 columns of 34 pixels (which includes the 2376 TES pixels and 72 dark resistive pixels for gain tracking), using a TDM scheme (see section 1.2 for more detail).

In the following paragraph, we provide a summarized description of the main sub-systems in the detection chain. 

TES array

As previously mentioned, the TES array provided by NASA GSFC [START_REF] Smith | Transition-edge sensor pixel parameter design of the microcalorimeter array for the x-ray integral field unit on Athena[END_REF] will contain 2448 pixels, organized in a distinctive hexagonal shape (see prototype on Fig. 1.32).

The baseline TES detector design is based on Mo/Au TES bilayers with a transition temperature T c ∼ 90 mK deposited on a 0.5 μm-thick silicon nitride layer over a silicon wafer for heatsinking to the 55 mK thermal bath. The absorbers, made of 5.51 μm of Bi and 1.09 μm of Au (including 40 nm capping layer), will be electroplated onto the TES to ensure good thermal link between both parts of the pixels. The gold will provide the required heat capacity (∼ 0.8 pJ/K in order to get the desired increase in temperature after X-ray hits), while the bismuth allows for high X-ray stopping power at a limited heat capacity cost. The pixel pitch of 317 μm, with an average gap between pixels of 6.34 μm, provide a filling factor of 96 %.

Cold readout electronics

The cold electronics is based on a two-stage SQUID configuration, and consists of the front-end (1ststage) TDM multiplexing chips (including the TES bias resistance and Nyquist inductor) and a 2nd-stage SQUID series array (SSA) amplifier (similar to Fig. 1.23). The first stage is located at the FPA level (and coldest, 55 mK) and amplifies the signal with the smallest possible additional noise; the second stage is located at 3 K, where more power can be dissipated and another amplification performed.

Front-end SQUIDs. The front-end SQUIDs are provided by NIST. Each of the front-end SQUIDs (also called first-stage SQUIDs, and noted SQ1) on the TDM mux chip is a small array of two SQUIDs in series, and are turned on via switches called flux-actuated switches (FASs). In this 2-level architecture, the front-end SQUIDs are turned on/off using the combination a cluster-select (CS) switch and a rowselect (RS) switch [START_REF] Doriese | Optimization of Time-and Code-Division-Multiplexed Readout for Athena X-IFU[END_REF]. The front-end SQUIDs are operated under voltage bias, and their current signal is read out by the second stage SSA.

The MUX-chips also include the TES biasing shunt resistors and the Nyquist inductance. All of those chips will be installed on the detector assembly as shown on Fig. 1.32, which has 6 side panels.

Second-stage SQUIDs. The second stage SQUID amplifiers (SSA) will be provided by the Technical Research Institute of Finland (VTT). They use a similar SQUID design as the first-stage SQUIDs but with many more of them, in order to increase the output voltage signal to the millivolt scale, needed to couple to the room-temperature pre-amplifiers.

These SQUIDs present an asymmetric response, i.e. instead of being a regular sinusoid it has a steep and a shallow slope. The readout chain is designed to have optimal performance operating on the steep slope.

Room temperature readout electronics

WFEE.

The Warm Front End Electronics (WFEE), provided by APC [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA Space Observatory[END_REF], allows for one more analog amplification once the relatively low amplitude (∼ mV) output signal from the SSA has reached room temperature, performed using a semiconductor Low Noise Amplifier (LNA), before finally being transmitted to the digital readout electronics (see next section).

It hence includes a differential ended LNA, but also DC bias for the detectors, the SQ1s, and the SSAs, and connections for SSA feedback and the row address signals from the digital readout electronics described hereafter.

DRE.

The Digital Readout Electronics (DRE), provided by IRAP (Ravera et al., 2018) is made from different segments: the row addressing and synchronization (RAS), the demultiplexing (DEMUX) and finally the even processor (EP).

One of its functions is to provide the TDM row-switching, and the feedback signal to the first stage squid via the FLL. Indeed, as discussed in section 1.2, SQUIDs are highly non-linear, and have a sinusoidal response, leading to the need to operate them in the linear regime, which with a limited dynamic range would otherwise be exceeded during an event. All the channels of a given columns are DC biased simultaneously, as described previously. The signal coming from each pixel can then be reconstructed using DRE-DEMUX. Both MUX/DEMUX and feedback algorithms will be implemented in dedicated FPGAs (Field Programmable Gate Arrays) [START_REF] Ravera | The DRE: the digital readout electronics for ATHENA X-IFU[END_REF].

Finally, the last part of the readout chain is the DRE-EP. This is necessary due to limitation in the telemetry, so the signal processing to extract the spectra from the current pulses in each TESs cannot be performed on the ground but has to be done prior to sending the data. The EP is split in 2 parts: a first stage FPGA analyses the signal from each TES after demodulation by the DRE-DEMUX, and triggers on current pulses to only select the useful parts of the signal. Then, each triggered pulse is processed using optimal filtering technique [START_REF] Szymkowiak | Signal Processing for Microcalorimeters[END_REF]) by a software responsible for the extraction of the arrival time and energy of each photon [START_REF] Ravera | The DRE: the digital readout electronics for ATHENA X-IFU[END_REF].

Focal Plane Assembly (FPA)

As the TES are extremely sensitive to their environment, a special confinement unit will be used to shield the detectors in the cold stages (2K and less). This unit, incorporated in the dewar and located at the coldest temperature of the instrument, is called the Focal Plane Assembly (FPA) [START_REF] Jackson | The focal plane assembly for the ATHENA x-ray integral field unit instrument[END_REF] and has three main roles :

-ensure the thermal stability required for operating the TES and the anti-coincidence detector -provide the isolation of micro-vibrations from higher temperature coolers (which is ensured by 6 kevlar suspensions to the 2 K stage)

-provide isolation from magnetic field. This is performed using some shielding in two steps; first the cryoperm stage rejects most of the external and ADR magnetic field (with a magnetic rejection coefficient around 100); then the remaining field is frozen by a superconducting niobium shield via Meissner effect (with a magnetic rejection coefficient larger than 5000).

Cooling chain

In order to operate the TES in their transition temperature, a cryogenic system is necessary to cool down the FPA down to 55 mK. The cooling is performed by an assembly of cryocoolers organized with several intermediate interfaces temperature and shields. The cryogenic chain is separated into two main entities, as detailed below.

Science Instrument Module (SIM)

The first entity consists of the cryostat and the first part of the cryogenic chain, allowing to cool down the system from 300 K down to 2 K. Several configurations had been discussed prior to the reformulation, with for instance in the IPRR proposal: five 15 K pulse tube (PT) coolers, followed by two 4 K Joule-Thomson (JT) and two 2 K JT coolers.

Cold Mechanical Assembly (CMA)

The second entity consist of the hybrid cooler, allowing to cool down the system from 2 K down to 55 mK. It is composed of a 3 He sorption cooler, providing the cooling power to reach ∼300 mK, and of an ADR (Adiabatic Demagnetization Refrigerator), providing the cooling power to reach 55 mK -i.e. the TES detectors base temperature.

The system provides a cold time of 28.5 hours minimum, after which it needs to be recycled. The recycling time takes maximum 8 hours 50 minutes.

A detailed description of this sub-system can be found in [START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF].

Other sub-systems

Anti-coincidence detector

Being positioned on a L1 orbit, the X-IFU will encounter a higher external charged particles flux (solar particles and cosmic ray) than other satellites at a lower Earth orbit, where there is protection by the Earth magnetic field (excepted when the satellite goes trough the radiation belts). The non X-ray background requirement (see table 1.1) can hence only be met by the addition of an active anti-coincidence detector (also called Cryo-AC) placed underneath the main TES array (∼1mm below) [START_REF] Lotti | In-orbit background of X-ray microcalorimeters and its effects on observations[END_REF][START_REF] Macculi | The Cryogenic AntiCoincidence detector for ATHENA X-IFU: a program overview[END_REF][START_REF] Lotti | Review of the Particle Background of the Athena X-IFU Instrument[END_REF].

The charged particles will interact with the X-IFU detector and with the Cryo-AC detector directly or through the production of secondary particles after the interaction with the surrounding material (see Fig. 1.33). Some of them will deposit some energy within the range of the instrument, and will not be discernible from regular X-rays. These will be flagged by the Cryo-AC, and removed from the count stream.

The Cryo-AC is made from 4 large iridium TESs operated in athermal regime allowing a very sharp rise time, and thus a precise determination of the arrival time of the background events, allowing an effective screening of the events in the main array. Similarly to the main detectors, the anti-coincidence pixels are read out by a set of cold-and warm-front end electronics (CFEE and WFEE), and BackEnd Electronics (CryoAC BEE). However, the flux of those charged particles is sufficiently small that all the data can be transferred and the processing be performed on the ground. [START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF] Others Aperture cylinder and optical blocking filters. In order to protect the detectors from outside thermal and IR load which could cause photon shot noise and thermal fluctuations, there will be a set of 5 blocking filters [START_REF] Barbera | ATHENA X-IFU thermal filters development status toward the end of the instrument phase-A[END_REF]. They are made of a fine layer of Al deposited on a polyimide substrate, and will be installed on both the FPA and the aperture cylinder (which makes the interface between the cryostat shields and outside). In order to protect the filters from contamination during ground operation and launch, the dewar will be under vacuum on the ground and at launch. In particular for out-gassing and molecular condensation issues, there will be a dedicated heating system, keeping the filters always at higher temperature than their surrounding.

Dewar door. In order to guaranty a vacuum tight interface, the dewar door will remain closed on the ground (for contamination), and only open at the end of the commissioning phase in orbit. There will be several beryllium (Be) windows in the door in order to enable photon detection while it is still closed.

Filter wheel. Outside the cryostat and above the aperture cylinder, a filter wheel with 6 positions [START_REF] Bozzo | The Filter Wheel and Filters development for the X-IFU instrument on-board Athena[END_REF] will include additional Al/polyimide filters which will be used during the observation of optically bright sources, as well thin beryllium filters for the observation of X-ray bright sources (to limit energy resolution degradation due to high count rates). A closed position will allow monitoring the background on the detectors. It will also support a radioactive source to allow for the correction of energy scale drifts during X-IFU observations. 

Calibration assembly (CAS).

In order to continuously insure a high accuracy monitoring of the energy scale, 6 Modulated X-Ray Sources (MXS) will be mounted [START_REF] De Vries | Calibration sources and filters of the soft x-ray spectrometer instrument on the Hitomi spacecraft[END_REF]. They will emit powerful photon flashes at fiducial energies -currently planned to be high energy K α lines (for instance Cr or Cu) and low energy K α lines (like Al, Mg or Si).

Instrument power and control. An Instrument Control Unit (ICU) will be used for the overall control of the instrument. It covers the switching between instrument modes, operations with the desired settings, as well as handling data collection and packeting, and communication with the spacecraft [START_REF] Peille | Performance assessment of different pulse reconstruction algorithms for the ATHENA X-ray Integral Field Unit[END_REF].

The distribution of the raw power will be handled by the Power Distribution Unit (PDU), and the power conversion by the Remote Terminal Units (RTUs). The exceptions being the TES array and Cryo-AC WFEEs, plus the DRE, which will perform their own power conversion because of tight electromagnetic compatibility requirements.

CHAPTER

TWO

SCIENTIFIC SIMULATIONS OF THE X-IFU

Science simulations are crucial in the development of satellites for astrophysical missions, in order to make sure the instrument design will meet the desired performance and scientific requirements. In this chapter, I start by giving an overview of the simulation tools I have used (see section 2.1) before reporting on my work on two feasibility studies with the X-IFU, regarding charge exchange (see section 2.2) and turbulent motions (see section 2.3) in galaxy clusters.

Simulation tools

In this section, I present two tools which are being used in the development of Athena/X-IFU, after giving a few reminders about X-ray spectroscopy and how it conveys information about the physical properties of the environment where the photons are produced.

Reminders of X-ray spectroscopy

Spectral lines

Natural shape. As described in section 1.1.3, various mechanisms exist to produce spectral lines, however the root principle always comes down to the transition of electrons within atoms or ions, which is associated with a shape that's not infinitely sharp but has an intrinsic width.

Indeed, energy levels above the ground state with energy E and finite lifetime t actually have an uncertainty associated with them such that according to the Heisenberg uncertainty principle :

ΔEΔt ≥ h/2
(2.1)

A photon emitted in a transition from this excited state to another level will hence not have a unique possible frequency, but a possible range since Δν ∼ ΔE /h. This is called the natural broadening, and [START_REF] Rybicki | Radiative Processes in Astrophysics[END_REF] showed that the associated probability distribution function follows a Lorentzian profile.

The natural line width is however not generally observed, as other broadening mechanisms usually dominate (see paragraph below on line broadening). Line intensity. The intensity of the line for a given transition between two levels 1 and 2 corresponds to the integrated flux F between that line and the continuum (see Fig. 2.1). If we call I l the line profile, and assuming the measure is performed along a line-of-sight Θ 0 , F is hence given by :

F(Θ 0 ) = I l (E, Θ 0 )dE (2.
2)

It depends on the atomic transition probability A 1→2 and on the density of the excited species in the upper level 1, which itself depends on the plasma temperature and density. In general the hotter and denser the plasma, the more populated are the higher atomic states.

Accurately measuring the intensity of a line on its own can however be difficult, and more accurate results can be obtained by comparing line ratios. Assuming accurate atomic data models, looking at the ratios between lines hence provides information on the chemical composition and temperature of the emitting medium.

Line shift.

As the spectral lines come from electronic transitions each defined by a specific energy level, measuring the line centroid provides insight on the species present in the plasma, but not only. Indeed, this value can be shifted due to various physical processes such as the motion of the particles along the line of sight, or cosmological redshift due to the expansion of the universe (with λ obs = (1+z)λ emitted ). Looking at the line shifts can hence provide information regarding the motion of the different population of species along the line of sight in the observed plasma.

The line shift is defined as the difference between the reference energy of the line and the measured energy. In practice, the centroid (or first moment) of the line, providing the center of mass of the peak, is generally used. If we call E 0 the reference energy of the line, with I l the line profile, the projected gas motions along a given line-of-sight Θ 0 can be expressed as a function of the energy and is given by :

δE(Θ 0 ) = 1 F(Θ 0 ) (E -E 0 )I l (E, θ 0 )dE (2.3)
The observed centroid shift δE can also be expressed in velocity space, as a centroid velocity shift C (with c the speed of light) given by :

C(Θ 0 ) = c δE(Θ 0 ) E 0 (2.4)
Line broadening. From the natural line which represents the minimum possible line width (generally measured at the full width at half maximum (FWHM)), multiple factors actually come into play and add dispersion around the centroid of the line, hence broadening the spectral lines.

As discussed above, the natural line width is coming from the fact that excited states have a finite lifetime. If we now consider a medium where the atoms or ions are in collision, if those are frequent enough they would shorten further the effective lifetime of a given state, leading to further broadening of the lines. This effect called collisional (or pressure) broadening, which dominates in high density environment, does not alter the line profile (which is still a Lorentzian).

Let's now consider atoms (or ions) with random motions. Each of them emit lines with their natural (and possibly collisional) width but their motion towards/away from the observer will lead to a Doppler effect and so their centroid being shifted in one direction or the other. With many atoms along the line of sight moving in different directions and with different speeds, all those shifted lines will blend into a line with a larger width. This effect is called Doppler broadening, and has a Gaussian line profile. This happens for instance if the gas particles are thermalized and having a Maxwell distribution of velocities with a temperature T. In this case, the dispersion of the line around its centroid value is due to the Doppler effect caused by thermal motion of the emitting particle relative to the observer. We then talk more specifically about thermal Doppler broadening. A similar effect is also obtained from motions of particles due to turbulent motions in the plasma. Those create a similar velocity distribution, and the integrated shifts along the line-of-sight results in a broadening of the observed lines. This can lead to a Gaussian profile, or depending on the velocity structure along the line of sight (e.g. if the largest turbulence scales are comparable to the size of the object) to skewness or even more complex line structures.

The line width may also be impacted by some other smaller effects, such as resonant scattering [START_REF] Aharonian | Measurements of resonant scattering in the Perseus Cluster core with Hitomi SXS[END_REF] or charge exchange [START_REF] Gu | Charge exchange in galaxy clusters[END_REF].

The total broadening of the line results in the convolution of all these effects with the intrinsic atomic profile, which leads to a Voigt profile (i.e. in the convolution of Lorentz and Gaussian profiles). It can be noted that in some cases distortion may also happen, for instance in relativistic spectra, leading to a change from the symmetric Voigt profile to skewed and asymmetric line profiles [START_REF] Fabian | X-ray fluoresence from the inner disc in Cygnus X-1[END_REF].

The instrument that is used to measure the spectrum will also impact the line widths, due to the physics of the detector itself or read-out effects for instance. This is referred to as the instrumental broadening, and is described by the line spread function (LSF), often represented by a Gaussian with additional non-Gaussian wings. The observed line shape being the convolution of the physical line with the instrument transfer function, it is hence crucial to have an accurate knowledge of the latter in order to be able to disentangle the physical effects which we are interested in from the instrumental effect. So, provided a good knowledge of both the energy resolution (i.e., of the LSF) of the instrument and of the atomic physics behind the emission (or absorption) process, looking at the line broadening can provide information on the thermal and dynamic structure along the line-of-sight of the observed medium. This makes it for instance a key tool in order to study turbulence in galaxy clusters [START_REF] Aharonia | Atmospheric gas dynamics in the Perseus cluster observed with Hitomi[END_REF].

Similarly as for the line shift, the broadening can be expressed as :

Σ(Θ 0 ) 2 = 1 F(Θ 0 ) (E -δE -E 0 ) 2 I l (E, Θ 0 )dE (2.5)
If we note Σ ′ the broadening after subtraction of the instrument and other physical broadening effects (e.g. thermal broadening), the observed width due to the gas dynamics in velocity space S is given by :

S 2 (Θ 0 ) = c 2 Σ ′2 (Θ 0 ) E 2 0 (2.6)

Continuum

The continuum part of the spectrum, although much easier to measure as it doesn't require very high resolution spectroscopy as spectral lines do, is also a key component in terms of the information that it can provide about the observed plasma. Indeed, as discussed in section 1.1.3.1, the continuum is produced from different emission mechanisms which will impact its shape. Its study hence provides information about the emission mechanisms and related physical parameters (such as the temperature -see Fig. 2.2, density, or the magnetic field for instance).

Figure 2.2: Emission spectra from collisionally-ionized diffuse gas with a plasma temperature of 1 keV (left) versus 10 keV (right) produced with the XSPEC fitting package. This shows how e.g. the temperature impacts the continuum shape as well as the emission lines.

XSPEC fitting package

In order to extract information from spectral data such as brightness, temperature, or chemical composition one needs to fit a spectral model to the observations made in the X-ray domain, using dedicated spectral fitting softwares like SPEX (SPEctral X-ray) or XSPEC (X-ray SPECtral) packages [START_REF] De Plaa | SPEX: High-Resolution Spectral Modeling and Fitting for X-ray Astronomy[END_REF][START_REF] Arnaud | XSPEC: The First Ten Years[END_REF]. These packages are made of a library of models, fitting tools coupled to atomic databases, e.g. ATOM-DB in the case of XSPEC. In this thesis, I used the XSPEC fitting package.

I briefly describe the process hereafter. The measured spectrum from an X-ray source, corresponding to the detected distribution of counts per instrumental channel I, is the result of a convolution of the real photon spectrum f(E) and the instrumental response R(I,E) (which includes effective area of the telescope varying with energy, conversion efficiency between photons and signal counts, energy resolution). The distribution of counts C(I) is hence : C(I) = ∞ 0 f(E)R(I, E)dE. In order to extract the photon spectrum f(E), it is in general not possible to do it directly but rather it is necessary to unfold it from the measured data. In general the way to do this is to choose a physical emission model spectrum that depends on a set of parameters and to convolve this spectrum with the detectors response to arrive at a simulated distribution of counts C'(I) (i.e. forward folding). One then compares C'(I) to C(I) to evaluate the likelihood of spectral models by varying the parameters until a satisfying solution is found (or the model is rejected). This minimalization usually uses Chi-Square or C-stats or Maximum Likelihood methods. Finally, one can determine an unfolded spectrum using the best model fit and the residuals.

Another useful tool in XSPEC is the fakeit option, which allows to produce a simulated spectral observation of a given theoretical model. This is done by using the Ancillary Response File (ARF) and Redistribution Matrix File (RMF) of the desired instrument. The ARF describes the total throughput of the system, and the RMF the response of the detector (i.e. the probability of detecting a photon of a given energy in a given channel). fakeit uses the ARF and RMF to predict the flux in each spectral bin for a given source model and integration time. It should however be noted that in order to account for advanced instrumental effects and detector characteristics or to study extended sources for instance, more advance simulation tools are needed, such as SIXTE which is presented in the next section.

SIXTE end-to-end simulator

In order to perform simulations to evaluate the scientific performance of astrophysical missions such as Athena, end-to-end (E2E) simulations, considering all (or as much as possible) the possible factors having an impact on the future observations, should ideally be taken into account. This means starting with a description of an actual measurement (such as the observation of galaxy clusters) followed by the modeling as accurately as possible of the impact of the instrument, in order to obtain a synthetic final output as close as possible to what will come out from a real observation.

The official framework for end-to-end (E2E) simulations of the Athena mission (WFI and X-IFU both) is SIXTE (SImulation of X-ray TElescopes, [START_REF] Wilms | ATHENA end-to-end simulations[END_REF][START_REF] Dauser | SIXTE: A generic X-ray instrument simulation toolkit[END_REF]. Developed as a generic simulation suite for X-ray missions (e.g. XMM-Newton, IXO, eRosita, or Athena), it is based on Monte-Carlo simulations, and is designed to randomly sample photons emitted from a simulated astrophysical source and propagate them all the way to their final measurement in the instrument, while including the various geometrical/instrumental effects that will be present (see Fig. 2.3).

The main three steps of a SIXTE simulation, typical of the architecture of an E2E simulation, are: -photon generation, which generates an X-ray photon list from a source file; -photon imaging, which creates an impact list by imaging these photons through the instrument's optics; -photon detection, which produces an event list by processing the impact list through the detection chain.

A huge advantage of SIXTE is its modular design, with a clear separation and well defined interfaces between the mission-specific on non-specific parts. The first two steps, which are similar regardless of the instrument, can thus for instance share or reuse some existing codes (e.g. between X-IFU and WFI on Athena). The last step however is instrument dependent, and can be pushed to a different degree of details/complexity depending on the goal of the simulation. This is for instance the case for Athena/X-IFU where 2 tools are available : xifupipeline is a tool to generate scientific mock observations and carry on detector/instrument performance/feasibility studies, while xifusim/tessim simulates the whole detection chain for in depth instrumental performance studies down to the scales of instrumental sub-systems. 

Photon generation

Simulation input. The starting point for the simulation is to define the astrophysical sources which are going to be used as input of the mock observation. SIXTE uses for that SIMulation inPUT files (SIMPUT, [START_REF] Schmid | SIMPUT A File Format for SIMulation inPUT[END_REF], based on a FITS format, which are basically catalogs of the X-ray sources (point-like or extended) to be observed.

Each row in the file describes a given source, which is associated with an identification number and name, and characterized by its position on the sky (right ascension and declination), its flux over a given energy range, and its spectrum (included in the SIMPUT file or pointing to a separate FITS file, which can be efficient if several sources have the same spectrum). The description can actually also optionally include real X-ray FITS images as inputs to scale the fluxes of the sources over the field of view, or timing properties via e.g. light curves. SIMPUT files can e.g. be created starting from basic .xcm text files of models generated with XSPEC or SPEX.

The SIMPUT format present several advantages, as it is generic and mission-independent, and flexible enough to describe pretty much any X-ray source, from a single to millions of objects.

Photon list generation.

Based on the SIMPUT file, a Monte Carlo simulation is used to generate a list of photons emitted from each source in the catalog, at the condition they are present in the field of view of the instrument. In order to assess that, the software checks if the angular separation between the source and the line-of-sight is less than the equivalent radius of the field of view. The line-of-sight is fixed by default, but additional movements of the satellite such as dithering can be included if desired.

For each of the visible sources, a Poisson distribution depending on the flux of the source is assumed in order to draw photons detected during the observation in adequate number and with their arrival time. Their energy is obtained from the spectrum of the source, scaled by its flux beforehand and convolved with the instrument effective area (using the ARF), and is used as a probability distribution function.

Finally, the full photon list (for all the sources in the field of view) is generated by concatenating in chronological order the photons from each source. This first step can actually be skipped, and the photon list being generated/provided separately by the user (e.g. as is done and detailed in section 2.3). If so, the required number of photons will simply be randomly selected from the list. To provide a statistically correct realization of the observation (avoiding selecting twice the same photon for instance), the photon list should then contain more photons than needed, by at least an order of magnitude.

Photon imaging

The imaging module propagates the photons emitted by the simulated source to the detector plane, thanks to XML files describing the optical properties of the telescope.

It simulates the effective area of the mirror, as well as realistic geometrical effects of the telescope on the incoming photons relying on two FITS files: the point spread function (PSF) and vignetting. Each contains the corresponding 2D probability distribution function (for the latter related to the telescope loss of effective area and for the former to the shape of the flux spread by the optics), both as functions of the photon energy and the angular offset of the impact with respect to the line-of-sight. As a photon goes through the effect of vignetting it is transmitted or discarded; in the case it is kept, its final spatial position on the focal plane is obtained from the PSF distribution.

So starting from the photon list, once all the geometric effects have been taken into account the output from this module is an impact list, containing the position (X,Y), the arrival time and energy of all the photons hitting the detector.

Photon detection

Finally, the photon detection step converts the photon impact list into a list of detected events called the event list, based on a model of the detector/readout provided through an XML file. Depending on the complexity of the instrument, it can be a unique XML together with the description of the optics, or a separate file called Advanced XML focusing on the focal plane.

This step is instrument specific -we'll hence focus on the description for the X-IFU below. But in any case, the final output is an event file (FITS file), which can then be post-processed using typical X-ray data analysis pipelines and spectral analysis tools (e.g. XSPEC or SPEX).

Depending on how representative this step is needed, two philosophies can be followed : -produce a simple mapping of the photon energy using the instrument's RMF (with the ability to include information such as grade-dependent resolution, some impacts lost due to gaps between pixels, etc); -or working with a very detailed description of the detection process, so the detector/read-out's behavior can be studied thoroughly.

Xifupipeline. In this paragraph, we start by describing the first RMF-based option, called Xifupipeline, which provides a fast tool in order to model the major scientific capabilities of the X-IFU. It is this tool which is used for our turbulent simulation in section 2.3.

The detection process in the Xifupipeline starts by assigning each imaged photon to a given pixel using the detector geometry, or them getting lost in gaps between absorbers. It should be noted that, since this focal plane description can incorporate gaps between the pixels, the ARF provided in the standard XML for the generic instrument definition should not contain the filling factor contribution.

Then, since for microcalorimeters the reconstructed energies and resolution is generally degraded when pulses hit absorbers too closely in time, depending on the time separation since the previous event and the next on the pixel of interest, each impact is affected with a grade. The grading scheme ranges from -2 to 4. -2 applies when several photons arrive within one time sample or less and are considered as pile-up (and are then processed as a photon of the sum of their energies); -1 is for invalid events (e.g. photons with an energy outside the considered band); and 1 to 4 for photons' arrival times matching one of the RMF files (with none to more degradation in energy resolution). Finally, for each event, the output energy is sampled randomly using the RMF matrix for the matching grade and saved in the event file. This approach provides flexibility in how to flag events based on their quality while reproducing expected results from optimal filtering.

The final output from the simulation is hence a FITS file containing a list of all the X-rays measured by the X-IFU, which can then be post-processed using typical X-ray data analysis methods.

This Xifupipeline tool is typically suited for all scientific simulations of the X-IFU. An advantage that can be pointed out is that the computational time needed on a standard computer to generate a synthetic observation with the X-IFU, of a typical extended source with 100 ks exposure time, is about a few hours. This makes the Xifupipeline a particularly good option for representative simulations of the performances of the X-IFU, and in particular feasibility studies of the science requirements, as shown in section 2.3.

Tessim/Xifusim and Sirena. Although running simulations using a good but general representation of the instrument is extremely useful in order to perform scientific simulations of observations and investigate performance, it is not suited if the need is to describe fine detector effects. For such studies, another option for the processing of the impact file is available in SIXTE.

It consists in two sub-tools : first, Tessim (which was at some point separated from the SIXTE environment to become a simulator dedicated to the X-IFU detection chain, Xifusim [START_REF] Kirsch | The Athena X-IFU Instrument Simulator xifusim[END_REF]) simulates the response of a TES pixel and its read-out following a X-ray hit [START_REF] Wilms | TESSIM: a simulator for the Athena-X-IFU[END_REF] (see section 1.2 for a description of the TES response); then, Sirena which is an implementation of the optimal filter algorithm [START_REF] Szymkowiak | Signal Processing for Microcalorimeters[END_REF] and reconstruct the energy of the photons from the output signal. These tools are typically suited for a detailed study of fine instrumental effects (e.g. energy resolution degradation with energy or with count rate, impact of various parameters on the gain scale, effect of the noise on the energy resolution, etc).

Simulation and instrumental set-up

We made use of the XSPEC package and AtomDB v3.0.9 to perform our spectral simulations with photoelectric absorption cross-sections from Verner et al., 1996 (vern), and solar abundances Z ⊙ used in the plasma emission and photoelectric absorption models taken from Asplund et al., 2009 (aspl). Thermal broadening is taken into account using the apecthermal option. Furthermore, we used a cosmology setup of H 0 = 70 km/s/Mpc, Ω m = 0.3 and Ω Λ = 0.7.

The X-IFU is modeled using the following responses :

-X-IFU baseline ARF (sixte_xifu_cc_baselineconf_20180821.arf) -X-IFU baseline RMF (XIFU_CC_BASELINECONF_2018_8_21.rmf) This configuration corresponds to an hexagonal array of 3148 TES detectors (or pixels) based on the LPA2.5a design [START_REF] Smith | Transition-edge sensor pixel parameter design of the microcalorimeter array for the x-ray integral field unit on Athena[END_REF] uniform. The hexagon is 60-pixel wide and 70-pixel tall (i.e. for a redshift of 0.1 equivalent to ∼ 234 by 331 kpc), with a spatial resolution of 5' per pixel (i.e. ∼ 4.73 kpc for z = 0.1). The pixel separation is 275 μm, with a pixel filling factor of ∼97%.

The vignetting information is taken from the file : athena vig 15row 20171016.fits .

Charge exchange in galaxy clusters

Future observations with the X-IFU instrument will provide X-ray spectra with an unprecedented energy resolution, expected to unveil many lines difficult or impossible to measure before. Beside the main sought emission of a given astrophysical source, other physical processes may produce fine features. Their characterization will also be used as diagnosis for the gas physics and physical properties. Disentangling their relative contributions will be challenging in terms of physical modeling of these effects. Analyzing this data with more accurate models may hence become crucial. In the work below, we propose a first investigation of the impact of the charge exchange within a thermal plasma such as the hot gas in galaxy clusters. We quantify the systematic error induced on the recovery of physical parameter of the plasma (i.e., temperature, abundance, emissivity) when charge exchange is present but ignored. The content of this section has been published in a technical note written for the Athena/X-IFU science working group [START_REF] Beaumont | Extension of the energy range accessible with a tes using bath temperature variations[END_REF].

Charge Exchange occurs when a neutral atom (or molecule), "A", and a highly charged ion , "B", with a charge q collide. During the collision, the ion captures one or more electrons from the neutral atom (in a non-radiative transfer) into an excited state, a step known as recombination. This is followed by a radiative cascade of the electron to ground state, which often produces emission lines in the X-ray domain. A representation of this interaction (assuming a single electron capture) is shown on figure 2.4. It can be represented as :

A + B q+ → A m+ + B (q-m)+ (2.7)
This process is well known for occurring for instance at the interface of the solar wind and comets or planetary atmospheres. But it is also expected from extrasolar objects, such as supernovae remnant or galaxy clusters, although it hasn't been confidently detected yet [START_REF] Gu | Charge exchange in galaxy clusters[END_REF], Aharonian et al., 2018a).

Several parameters influence the process of how the captured electron(s) will populate the different energy levels (n, l, etc) of the ion, and hence the resulting spectrum from deexcitation. It depends on the charge of the receiving ion, and on the number of electrons captured from the neutral element -which for most astrophysical environments is mainly one due to the high abundance of atomic hydrogen. It also strongly depends on the collision velocity [START_REF] Janev | State-Selective Electron Capture in Atom-Highly Charged Ion Collisions[END_REF], which varies with the astrophysical object of interest. A detailed review of the charge exchange mechanism can be found in Betancourt-Martinez, 2017. 

Simulations

Working hypothesis

We consider the current scientific requirement document ("AthenaSRDv2.5", n.d.), which specifies that the absolute temperature, metallicity and flux calibration uncertainty are required to be within 4% (requirements 2a-080 and 2a-081). We assume that the systematic errors induced by physical processes not accounted for in the modeling enter this error budget. We use the aforementioned level as an indicator of the maximum relative error allowed for the CX to produce on the recovery of the physical parameter for the intra-cluster medium (ICM).

In the following, we assume that the requirement 2a-081 on flux calibration uncertainty directly converts to the same requirement on the normalization.

Method

Resources

We made use of the XSPEC package to perform our spectral simulations. The details on the configuration are the same as described in section 2. 1.4. In addition here to model CX in our simulations, we use the AtomDB charge exchange model [START_REF] Mullen | CHARGE EXCHANGE-INDUCED X-RAY EMISSION OF Fe xxv AND Fe xxvi VIA A STREAMLINED MODEL[END_REF], version 2 (ACX2) model. ACX2 uses, when they exists, theoretical or experimental cross section values from the Kronos database to determine the distribution of energy levels into which the electrons are captured. When absent, it falls back onto scaling equations (based on [START_REF] Janev | State-Selective Electron Capture in Atom-Highly Charged Ion Collisions[END_REF] dependent on the model chosen by the user. Once the distribution of the electrons had been determined, the AtomDB database is used to predict the path from the recombined ion in excited state to its ground state, and hence the corresponding X-ray line emission.

Input generation

This work focuses on the impact of CX on X-IFU observations for galaxy clusters, and assumes CX within the hot ICM, i.e., not within our solar system. As it is sufficient for this study, these simulations are simple spectral simulations with XSPEC only, rather than more complex SIXTE simulations not needed here. Using XSPEC, we model the source spectrum as phabs*(apec + zmshift*acx2), where: phabs component accounts for the atomic absorption by the interstellar gas of the Galaxy along the line of sight, using photoelectric absorption cross-sections from [START_REF] Verner | Atomic Data for Astrophysics. II. New Analytic FITS for Photoionization Cross Sections of Atoms and Ions[END_REF] apec is the thermal component generating the emission spectrum from the collisionally-ionized diffuse gas of a galaxy cluster at z = 0.1.

zmshift component allows to apply the same redshift to the CX component as is applied within the thermal component from the cluster.

acx2 provides the model for charge exchange, using H and He as neutral donors (in a ratio 10 to 1). The temperature and abundances are set to be the same as for the thermal component. The norm however is set by applying a factor, N a2a , to the apec normalization. Following [START_REF] Gu | Charge exchange in galaxy clusters[END_REF] and for parameterization simplifications, the collision velocity is chosen to be ∼450 km s -1 . This is in line with differential velocities between the hot plasma and cold clouds, as well as galactic winds, in the order of a few hundreds km s -1 . Thus, as recommended for velocities lower than 1000 km s -1 , the CX model is chosen so that the values of the energy levels n are calculated using a weighted distribution [START_REF] Janev | State-Selective Electron Capture in Atom-Highly Charged Ion Collisions[END_REF] and l using a separable distribution.

To evaluate the impact of CX for a broad variety of parameters representative of the population of galaxy clusters, models using the above components are created for temperatures ranging from 1 to 5 keV, and abundances ranging from 0.1 to 0.6 Z ⊙ . The apec model normalization is fixed to 5 × 10 -4 , while the acx2 normalization is tied to the latter by a factor N a2a varying between 10 -5 to 10 -2 (i.e. 0.001 to 1 %). The details of the parameters used are provided in Table 2.1.

Component Parameter phabs

n H = 0.05.10 22 cm -3

kT ∈ 1; 5

apec Z ∈ 0.1; 0.6 Z ⊙ z = 0.1 N apec = 5.10 -4 zmshift z from apec kT from apec Z from apec N acx2 = N apec * N a2a acx2 collnpar = 1 collntype = 1 acxmodel = 8 recombtype = 1 Hefrac = 0.1 N a2a ∈ 10 -5 ; 10 -2
Table 2.1: Parameters for the XSPEC model components used in the simulations Fig. 2.5 shows an example of the modeled spectra for a temperature kT of 3 keV and an abundance of 0.3 Z ⊙ . Four cases are compared: without CX (i.e. modeled using the phabs and apec components only), and with CX using three values of N a2a . The model with the highest N a2a (i.e. 10 -2 ) clearly shows the lines affected by CX, while the model with the lowest N a2a (i.e. 10 -5 ) barely shows any difference.

We used XSPEC fakeit command to generate spectra on the basis of our models folded through the X-IFU response. As we are aiming at assessing only the systematic errors introduced by CX in the recovery of model free parameters, we choose to reduce the statistical error (due to Poisson noise) as much as possible adopting an unrealistic exposure time of 1 Gs. 

Spectral fitting

To assess the systematic error induced by CX, the simulated spectra are fitted using a model without CX, i.e. phabs*apec. The fit is performed over the 0.2-12 keV energy band (i.e. the whole spectrum), with three parameters left simultaneously free: the temperature, the abundance, and the apec normalization. The minimization is performed with C-statistics. Errors on the parameters are calculated at 1 σ (i.e. with a 68% confidence level).

We performed two sanity checks, using simulations for one of the best and one of the worst case scenarios (chosen based on the goodness of fit using the C-statistics value). For both cases, kT is at 3 keV and the abundance at 0.4 Z ⊙ , while N a2a is set to 10 -5 (best case) and 10 -2 (worst case): 1 -As first sanity check, we fitted the generated spectra of these two cases with the input model (i.e. containing the acx2 model). We recovered all the free parameters -temperature, abundance and apec norm -perfectly (each with a relative error lower than 0.03%), and with reduced C-statistics close to 1. 2 -Secondly, we checked the repeatability of our results against the Poisson randomization process in the generation of the spectra. A set of 20 spectra and subsequent fits were performed. This showed a good convergence of the fit for the 20 realizations, and a dispersion of the best fit value for each parameter in the same order as the standard deviation of these realizations (within 1.1 σ).

As expected, accounting for the huge exposure time we use, running a single realization for each combination of parameters (temperature, abundance, acx2 normalization factor) provides a good representative estimate of the fit results.

Results and discussion

Impact of the CX on the study of galaxy clusters with X-IFU

The results from our simulations across the parameter space of temperature, abundance and apec normalization are compared in Figures 2.6 In order to evaluate the goodness of fit for the different points in the parameter space, we use the reduced C-statistics values (i.e. the C-statistic value divided by the degrees of freedom) obtained from the fit as a function of the acx2 normalization factor N a2a (see Fig.2.6). A clear divergence from the unit value (i.e. where the fit is good) appears for values of N a2a between 10 -4 and 5x10 -5 , indicating that the quality of the fit degrades when the norm of the CX component becomes larger than these values.

Relative errors are generated for kT, Z and N apec by calculating the difference between the best fit value to the expected value, over the expected value. These relative errors are plotted in Fig. 2.7 as a function of N a2a . The green bands on each of those plots, ranging from -4 to +4 %, correspond to the requirements on the absolute temperature/metallicity and flux calibration uncertainties ("AthenaS-RDv2.5", n.d.).

The temperature appears to be determined with a very good level of accuracy, as it stays within the required error range no matter how strong the CX model is set compared to the thermal component, and for any of the tested values of temperature and abundance. This conclusion also applies to the apec normalization N apec . The latter can be understood as all spectral bins contribute to the determination of the normalization, whereas most are not affected by strong line emission. The same argument applies to the temperature which is derived from the shape of the spectrum (i.e., the exponential cut-off of the Bremsstrahlung emission).

For the abundance however, we can observe some cases where the relative error becomes larger than the requirement. This can be observed for clusters with a temperature larger than 1 keV, and a norm of the acx2 component larger than 10 -3 times the apec norm. This can be explained as the fitted abundances, coming from an only-thermal model, are overestimated in order to reproduce the strong line emissions actually due to the addition of CX. 

Limitations

The first limitation of this work is the CX model itself, which has intrinsic limitations. Indeed, although acx2 is partly based on calculated cross sections, it still needs to be benchmarked against more laboratory data. And even where it has been, its comparison to actual laboratory measurements shows some mixed results [START_REF] Betancourt-Martinez | Charge exchange, from the sky to the laboratory: A method to determine state-selective cross-sections for improved modeling[END_REF].

Furthermore, the relative normalization of the apec and acx2 components are defined based on an empirical normalization factor, set in the code and which depends on the chosen velocity (Adam Foster, private communication). Hence, the values chosen for our N a2a are not simply the direct fraction of the apec normalization. It is thus necessary to estimate the actual ratio between both components, from the values set in the model generation.

In order to do this, we used the Oviii Lyα line situated at 0.653 keV at z = 0. We compared the flux in the line for models generated without CX, and with CX for 3 of the norm factors used in the simulations. This was done for a temperature of 3 keV and an abundance of 0.3 Z ⊙ . Fig. 2.8 shows a zoom on the corresponding models around the Oviii Lyα line, located around 0.594 keV at the redshift of our model clusters. One can only observe a very small change in the line strength when a CX component is added to the spectrum with N a2a = 10 -5 (i.e., 0.001% of the apec normalization N apec ). However, the intensity of this line clearly increases by a large amount when N a2a = 10 -2 (i.e., 1% of N apec ).

The calculation of the flux in the Oviii Lyα line for those different cases showed that: N a2a = 10 -5 leads to an increase of ∼0.1 % of the Oviii Lyα line emission.

N a2a = 10 -3 leads to an increase of ∼11 % of the Oviii Lyα line emission. N a2a = 10 -2 leads to an increase of ∼114 % of the Oviii Lyα line emission. We therefore derive (from the case with a temperature of 3 keV and an abundance of 0.3 Z ⊙ , with the parameters shown in Table 2.1) the actual value for the ratio of the acx2 to the apec normalization N a2a for the Oviii Lyα line to be:

N a2a = N a2a × 10 2 .
The range of apec normalization values considered in this work seems hence to be relevant to what can currently be found in the literature, although it remains somewhat difficult to estimate due to the limited amount of studies available and their uncertainties. In [START_REF] Walker | X-ray analysis of filaments in galaxy clusters[END_REF] for instance, the authors reported a good fit on the analysis of Chandra data from the Perseus cluster by including a CX component contributing to 57 % of the X-ray flux in the 0.5-1.0 keV band.

Impact of relative abundances

We stress that the above study can be subject to the assumption of Solar abundance ratios. Indeed we adopted these of [START_REF] Asplund | The Chemical Composition of the Sun[END_REF], and considered a single free parameter for the metallicity in our simulation and fit procedure. However if the abundance ratio for chemical elements strongly affected by CX (such as O) were allowed to be different in the fit of our simulated spectra, variations of these independent abundances could partially mimic the effect of CX, while the abundance of Fe would be expected to be similar to the original metallicity used as input for the simulations. In practice, this could provide a nice way to figure out the effect of CX even if we do not have proper constraints on CX modeling, assuming the atomic physics for the most important lines is known well enough, as well as the abundance ratio between these elements.

In order to investigate the above strategy, we ran the fit on our apec+CX simulated spectra for a subset of temperatures, abundances and normalization factors using a vapec model, where the abundances of O and Fe were both set free (while the abundance of other elements were linked to Fe).

By doing so, the overall goodness of fit was slightly improved compared to fit with apec, although still showing a clear divergence from the unit value for values of N a2a larger than 10 -4 . The recovered Fe abundance appears to be a bit better, but still pretty far from the original metallicity used as input to the simulations, with an error in the worst case scenario around ∼30%, compared to ∼60% when fitting with apec. The recovered O abundance is however much worse now, although as expected since it is used to mimic to some extent the effect of CX. One downside is that the relative errors on the temperature and the norm increased in the process. This led to an error on the temperature getting closer to the limit of 4% given by the current requirement ("AthenaSRDv2.5", n.d.), and an error on the norm exceeding this limit to reach ∼8% in the worst case scenario. The results of those tests are shown on Fig. 2.9.

A test where most of the abundances in vapec were left free was also performed, leading to a further improved recovery of the Fe abundance, but at the cost of increasing again the errors on the temperature and the norm.

Though the decoupling of abundances showed some improvements, our test is not fully conclusive. However, a detailed study of this mitigation strategy was beyond the scope of this investigation, but may be the object of a dedicated study in the future. 

Conclusion

Assuming the presence of CX within the hot plasma in galaxy clusters, we have investigated what could be its impact. Indeed, although the process has not yet been observed with full certainty in these astrophysical objects, it is very likely to take place when rarefied hot ICM encounters cold interstellar clouds or filaments at high velocity [START_REF] Betancourt-Martinez | Benchmarking charge exchange theory in the dawning era of space-born high-resolution X-ray spectrometers[END_REF][START_REF] Gu | A novel scenario for the possible X-ray line feature at 3.5 keV: Charge exchange with bare sulfur ions[END_REF].

We have shown that systematic errors induced by ignoring CX when actually present in X-IFU observations of galaxy clusters should be low and should remain within the requirements of 4% when it comes to determining the temperature and the apec normalization of the object.

However, this is not always true for the abundance, for which the relative error becomes larger than the required value of 4% for clusters with a temperature larger than 1 keV, and a normalization of the acx2 component set larger than 10 -3 of this of the apec component as defined by our parameter N a2a (i.e., corresponding to ∼11 % increase of the Oviii Lyα line).

It hence appears that CX can have a small impact on the recovery of physical parameters of galaxy cluster as long as it leads to less than ∼11 % increase of the Oviii Lyα line. Otherwise, relative error on the abundances could reach 30 % for an increase of ∼50-60 % of the Oviii Lyα line. However it should be noted that by integrating a charge exchange component to the model, this error can be reduced to within the requirements. The validity of the results would then be dependent on the accuracy of the model that is used and its limitations.

If we do not have proper constraints on CX modeling by the time of the first X-IFU observations, this effect may actually be to some extent mitigated when allowing the abundance of various chemical element to be different form each other. Some abundance would then be overestimated, mimicking the impact of CX, while the others could be recovered better. This strategy was investigated to a limited extent in this work, showing mixed results. A detailed study of this option was however beyond the scope of this investigation, but might be looked into in a future dedicated study. Fortunately, upcoming measurements with XRISM will provide us with a new insight on nearby systems, and combined with multi-wavelength data to determine the amount of neutral atoms in the ICM, shall provide us with a better understanding of the role and importance of CX in the clusters of galaxies ahead of Athena.

Turbulent motions in galaxy clusters

The X-IFU will enable for the first time spatially resolved high-resolution X-ray spectroscopy. This capability, key to the scientific return of the mission, will among other things be used for the study of the structure and dynamics of galaxy clusters. In this section, I present a feasibility study in order to assess the capabilities of X-IFU to characterize turbulent motions in nearby galaxy clusters.

Although they are often assumed to be in hydrostatic equilibrium, as discussed in more detail in chapter 1, dynamics induced by accretion of matter in their outskirts through cosmic filaments, from merger events, or from AGN activity create turbulence which contributes to energy dissipation in the cluster by transferring kinetic energy injected on large scales down to small scales where it is dissipated [START_REF] De Gasperin | Gentle reenergization of electrons in merging galaxy clusters[END_REF][START_REF] Gaspari | Unifying the Micro and Macro Properties of AGN Feeding and Feedback[END_REF][START_REF] Voit | A Role for Turbulence in Circumgalactic Precipitation[END_REF][START_REF] Biffi | The velocity structure of the intracluster medium during a major merger: Simulated microcalorimeter observations[END_REF]. This contributes to the thermalization of the gas and to the compensation of the infall of the ICM towards the central parts of the clusters, and also undermine the assumption of hydrostatic equilibrium [START_REF] Pratt | The Galaxy Cluster Mass Scale and Its Impact on Cosmological Constraints from the Cluster Population[END_REF]. Some indirect evidences for non-thermal pressure from bulk and turbulent motions have been provided by X-ray and SZ observations from their center out to larger radius [START_REF] Zhuravleva | The relation between gas density and velocity power spectra in galaxy clusters: Qualitative treatment and cosmological simulations[END_REF], Eckert et al., 2019[START_REF] Sanders | Measuring bulk flows of the intracluster medium in the Perseus and Coma galaxy clusters using XMM-Newton[END_REF][START_REF] Ettori | Tracing the non-thermal pressure and hydrostatic bias in galaxy clusters[END_REF], but are limited by the capabilities of current instrumentation. However, a full (or at least better) understanding of these mechanisms is crucial to characterize dynamics of clusters and hydrostatic mass biases, and obtain more reliable probes from clusters for precision cosmology.

The best direct measurements to date of bulk and turbulent gas velocities in the ICM have been provided by Hitomi at the center of the Perseus cluster [START_REF] Aharonia | Atmospheric gas dynamics in the Perseus cluster observed with Hitomi[END_REF], giving a hint of how Athena/X-IFU will allow breakthrough measurements of the velocity structure induced by bulk motions and turbulence, hence to the characterization of their power spectrum, down to several kpc scales and hence so close to the dissipation scale in nearby clusters [START_REF] Roncarelli | Measuring turbulence and gas motions in galaxy clusters via synthetic Athena X-IFU observations[END_REF].

The observation of turbulence-related characteristics (such as the injection and dissipation scales) require specific diagnostics, such as the line broadening or centroid shift, or the computation of 2D correlation functions as introduced for this purpose by [START_REF] Inogamov | Turbulence in Clusters of Galaxies and X-ray Line Profiles[END_REF] From there, several studies pushed this idea further, starting with [START_REF] Zhuravleva | Constraints on the ICM velocity power spectrum from the X-ray lines width and shift[END_REF], calculating the exact expressions for these diagnostics for simple models of ICM, also showing that each realization of a same velocity field is associated with a sampling uncertainty -called cosmic or sample variance -which can represent the largest contribution on the error on the measurement. ZuHone et al., 2016 later performed a case study on the capacity of Hitomi to map turbulence in the Coma cluster. Relying on the simulation of emissionweighted line-of-sight velocity fields under different regimes and accounting for measurement of systematic and statistical uncertainties, they showed it would have been possible to measure the Mach number and injection scale of the turbulent process for this cluster from a 15'x15' observation with sparse coverage. In the optics of building the tools to perform such studies for the X-IFU, Peille et al., 2016 used the X-IFU E2E simulator to simulate the whole 3D X-ray emission of a Coma-like cluster and measurements of structure functions (which will be defined in more details later, but are basically the squared difference of the projected velocities averaged over all points separated by a given distance) as would be by X-IFU. Up until then though, the way to estimate the cosmic variance (i.e. the variance due to a finite number of available observations and samples) was to use Monte-Carlo approach, and obtain the errors from a large number of mock observations. In their companion papers, [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF][START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF] worked developing an analytical approach to provide quick estimates of the structure function and cosmic variance for an ideal case of uniform and isotropic turbulence continuing the formalism from ZuHone et al., 2016. [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF][START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF] further extended their study by accounting for measurement uncertainties related to finite statistics in X-ray observations. They present an application of this formalism for simple models of a Coma-like cluster observed with the X-IFU.

This work makes use of their developments, aiming at assessing the capabilities of the X-IFU to measure bulk and turbulent motion parameters (i.e. injection and dissipation scales, slope and normalization) in nearby galaxy clusters described by more general properties, and finding optimum observation strategies for their recovery. Indeed, as in the development of any such instrument, performing a detailed analysis of their performance and ability to reach their core science objectives through feasibility studies is crucial. This is particularly true for the X-IFU, which will present unprecedented characteristics (spatially resolved high-resolution X-ray spectroscopy) and for the observations of extended sources, which will use the full potential of the integral field unit.

As such observations and following data analysis procedures have never been done, the simulation of representative datasets is the only way to enable us to test this instrument's capabilities -which is in our case the recovery of turbulence parameters. A powerful option for such investigations is E2E simulations. Based on a chosen toy model, they offer a representation of the reality as close as possible, including mixing of information along the line-of-sight and the convolution with the X-IFU transfer function. As shown in this section, we can then perform the subsequent data processing and mock analysis, where we rely primarily on the line centroid shifts as a diagnostic to extract the structure function, in order to assess the X-IFU's capabilities to study turbulence in galaxy clusters.

Methodology

Galaxy cluster modeling

General characteristics

We assume a ΛCDM cosmology, with H 0 = 70 km • s -1 • Mpc -1 , Ω m = 0.3 and Ω Λ = 0.7. As measurable scales of turbulence generally goes from the mega-parsec down to a few kilo-parsec, to study the turbulent cascade we chose to simulate nearby clusters where such scales are accessible with a few X-IFU field-of-view down to the pixel spatial resolution. We model nearby galaxy clusters with a redshift z of 0.1 and an angular diameter of 15' (corresponding to ∼ 1300 kpc), up to a radius of R 500 (i.e. such that the mean total density is 500 times that of the critical density of the Universe).

We model non-cool core clusters, as those are more susceptible to have undergone major events such as cluster mergers or collision and hence presenting a higher level of bulk motions and turbulence.

Two of the mostly used models for galaxy clusters consider the emissivity of the gas from the square of a isothermal and isometallic gas density, either as a spherical β-model (referred to as beta model, see Eq. 1.6), or as a β-model along the line-of-sight while constant over the plane of the sky (referred to as Xbeta model). However in this work we aim at modeling a generally physically more representative model of clusters. As detailed below, we model the temperature, metallicity and density following radial profiles, and compute the emissivity accordingly (hence enlarging the scope of the work previously detailed in [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF][START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF]. Based on our radial profiles, we assume spherical symmetry.

Our main objective being the estimation of turbulent velocities and the velocity power spectrum, to avoid introducing additional systematics no astrophysical background/foreground emissions nor crosstalk are included in the simulation. Only the instrumental background, since by default generated within SIXTE, is included. Include both backgrounds will be implemented in future work.

Radial profiles

Temperature. With our goal to use a physically representative model, we decided to use profiles for the temperature (and for the density) from [START_REF] Ghirardini | Universal thermodynamic properties of the intracluster medium over two decades in radius in the X-COP sample[END_REF] In their work, they studied the thermodynamical properties of clusters in the XMM-Newton Cluster Outskirts Project (X-COP). The XCOP sample is made of 12 massive local clusters out of which 8 have been classified as non cool-core. This profile, shown in Fig. 2.10, follows the parametrisation proposed by [START_REF] Vikhlinin | Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction, and Mass-Temperature Relation[END_REF] given by:

f(x) = T(x) T 500 (2.8) = T 0 T min T 0 + ( x r cool ) a cool 1 + ( x r cool ) a cool 1 (1 + ( x r t ) 2 ) c 2
, (2.9)

where x = r/R 500 , and T 0 = 1.09 ± 0.10, T min/T 0 = 0.66 ± 0.32, r cool = exp(-4.4 ± 1.8), a cool = 1.33 ± 0.39, r t = 0.45 ± 0.14, and c /2 = 0.30 ± 0.07 are six free parameters in their fit and associated best fit values.

Beyond 5 R 500 , we arbitrarily set the temperature to 0 K. Metallicity. We use the abundance of iron -an element largely present in clusters and with a Kcomplex particularly visible in spectra -to set the metallicity profile in the cluster. The solar abundances are fixed to those of [START_REF] Anders | The abundances of the elements: Meteoritic and solar[END_REF]. We follow the metallicity profile defined in [START_REF] Mernier | Radial metal abundance profiles in the intra-cluster medium of cool-core galaxy clusters, groups, and ellipticals[END_REF]shown in Fig. 2.10), which they obtained from the study of a sample of 44 nearby cool-core clusters/groups/ellipticals observed with XMM-Newton: Fe(r) = 0.21(r + 0.021) -0.48 -6.54 × exp(-(r + 0.0816) 2 0.0027 ) , (2.10) where r is the distance from the center of the cluster.

Beyond 5 R 500 , we arbitrarily set the metallicity to 0.

For an even more physically representative cluster, future work will further update the model to include a metallicity profile measured from non cool-core clusters.

Density. As for the temperature, the density profile follows results from Ghirardini et al., 2019 (shown in Fig.2.11), based on the parametrisation proposed by [START_REF] Vikhlinin | Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction, and Mass-Temperature Relation[END_REF] given by: .12) where x = r/R 500 and γ = 3, and n 0 = exp(-4.9 ± 0.4), r c = exp(-2.7 ± 0.5), r s = exp(-0.51 ± 0.17), α = 0.70 ± 0.48, β = 0.39 ± 0.04, and ε = 2.60 ± 0.27 are six free parameters in their fit and associated best fit values.

f 2 (x) = n 2 e (x) (2.11) = n 2 0 ( x /rc) -α (1 + ( x /rc) 2 ) 3β-α/2 1 (1 + ( x /rs) γ ) ε /γ , ( 2 
Beyond 5 R 500 , we arbitrarily set the density to 0. We also set an arbitrary upper limit on the electron density value at 0.05, in order to avoid divergence as we go closer to the center of the cluster. Norm. We assume an emission spectrum for the intra-cluster gas described by a collisionally-ionized diffuse gas, following the description from the XSPEC APEC model. As we assume a fully ionized gas with 10% He in atom number, the electron density n e and hydrogen density n H are related by n e ∼ 1.2n H .

The norm (the emission measure of the gas scaled by the distance), N in [cm -5 ], is hence defined as :

N = 10 -14 4π d 2 A (1 + z) 2 V n e n H dV , ( 2 

.13)

where d A is the angular diameter distance of the cluster.

Turbulence

We consider an homogeneous and isotropic turbulence. Following the methodology as defined in ZuHone et al., 2016, to model the turbulence we assume a standard Kolmogorov shape for the 3D velocity power spectrum (see figure 2.12, with k inj and k diss the cut-off frequencies of the Kolmogorov cascade at low and high wave numbers k (with k=1/r the conversion between scales and wave numbers), α the slope of the spectrum, and C n a normalization factor. With k = |k|, such spectrum is given by :

P 3D (k) = k α C n e -( k inj/k) 2 e -( k /k diss ) 2
(2.14) Figure 2.12: Power spectrum for a simple Kolmogorov model of turbulence.

The different parameters characterizing the turbulent spectrum are chosen as follow :

• The dissipation and injection scales are respectively set to 10 kpc and 300 kpc. 300 kpc was chosen (with the idea of later also test higher numbers) since values from a few hundred kilo-parsecs to the mega-parsec can be expected from mergers or accretion. In Khatri and Gaspari, 2016 for instance, using SZ data, the authors report an injection scale around 500 kpc. The choice for 10 kpc was made arbitrarily for this test in view of the X-IFU initial baseline spatial resolution.

• The slope is α = -11/3, corresponding to the usual -5/3 index of the Kolmogorov cascade in the energy spectrum.

• The normalization constant C n value and units are set such that the expected velocity broadening of the turbulent field at the center of the cluster equals (Mc s ) 2 . M is the Mach number, set to 0. 

σ 2 turb = P 3D (k)(1 -P ρ (k x ))d 3 k (2.15)
with P ρ (k x ) the 1D power spectrum of the normalized X-ray emissivity along the line-of-sight, ρ. Although this is not always correct (only if the cluster is extended enough compared to the injection scale), in order to be consistent with previous work we used this equation to determine C n . In practice, C n is obtained via numerical integration of the above equation for the line of sight ⃗ θ = ⃗ 0.

It is possible to generate a realization of the line-of-sight turbulent velocity field matching such power spectrum by drawing a random field in the Fourier domain, V x (k) = ve iφ , using a Rayleigh distribution for the amplitude v, and a uniform distribution for the phase φ. The inverse Fourier transform of V x (k) gives the velocity field [START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF]. The turbulent motions of the gas are then included in our cluster model by converting the line-of-sight component of the velocity field into an additional redshift.

End-to-End simulations

We perform E2E simulations using the tools described in sections 2.1.2 to 2.1.4 : SIXTE/xifupipeline, and XSPEC. This part of the work is built as a continuation from a series of python codes implemented around the xifupipeline by P. Peille and E. Cucchetti during their PhD [START_REF] Peille | Développement d'un simulateur pour le X-ray Integral Field Unit : du signal astrophysique à la performance instrumentale[END_REF], Cucchetti et al., 2019) to study the turbulence in galaxy clusters as observed by Athena/X-IFU. However, that was for galaxy clusters following a β-model, with spatially constant temperature and metallicity. Although this is good to the first order, more physically representative models such as our toy model described previously can be used, as done in this work. Such parameterization was partly implemented by M. Vanel, from whom I took over. The procedure for the E2E simulation and follow-up data processing is described in this section, while results and discussions are presented in the next.

Photon generation

As previously discussed, this first step can be skipped inside SIXTE, but performed separately and providing a photon list as input to the xifupipeline. We chose to do that in order to be able to parallelize this operation and thus reduce the total computational time. By parallelizing it over ∼40 CPUs (central processing units), this step takes about 20 hours or so to run. This approach prevents a realistic application of cross-talk in the simulations, but we consider our count rates (less than 1 count • s -1 • pix -1 even in the center of the cluster) to be low enough that this effect can be safely neglected.

The detail of how the photon lists are generated is described below.

Cluster representation. The cluster is represented by 3D cube, divided in cells representing gas particles, where each cell gets attributed a value of temperature, abundance, norm, and velocity following our toy model parameterization described previously.

As shown in Fig. 2.13, the center of the cluster is positioned in the middle of our cube, and the x direction is chosen as the line-of-sight direction without loss of generality. The (y,z) plane is chosen large enough to fit a mosaic of 19 pointings and model the cluster up to a radius of R 500 plus some margin to avoid border effects. The x direction is chosen large enough to model the cluster over 8 R 500 in order to account for variability and mixing along the line-of-sight. This volume is then split into cells of 2.365 kpc, corresponding to half the X-IFU detector size and avoid aliasing effects. This leads to about 40 million cells to populate per single X-IFU pointing.

Based on their distance to the center of the cluster, each of those cells get assigned coordinates in right ascension (RA) and declination (DEC), and values of temperature, iron abundance, and norm based on our chosen toy model parametrization.

It can be noted that the gas density is considered constant within a cell, and so the integration over its volume in Eq.2.13 can be replaced by a simple multiplication. The value for a given cell is taken as the value from our toy model parameters at the position of the cell's center.

Turbulent velocity cube.

As described in the "Turbulence" paragraph in 2.3.1.1, we can obtain a realization of the line-of-sight turbulent velocity field, matching the chosen power spectrum. An example is shown in Fig. 2.14. In order to incorporate this information in our model, the value of the displacement velocity (along the line of sight), v, in each cells of the 3D cube is converted into a redshift, z v,i , by : The total effective redshift z i of the cell is then :

z v,i + 1 = (1 + v /c) /(1 -v /c) (2.16)
z i = z c + z v,i + z c z v,i
, where z c is the cosmological redshift of the cluster.

On top of RA/DEC coordinates, temperature, abundance and norm, each cell gets a value of total speed of motion given in redshift. This cube hence includes the turbulence speed in the cluster. Photon list. We now have an input table, containing information about all the cells in our 3D cube representation of the cluster. In order to get our photon list from it, we need to generate the emission spectrum associated to each cells. However, we have about 40 millions cells in our cube representing the cluster, so it is not efficient to compute the spectrum for each of them. Instead, we pre-compute a set spectra, for the redshift of our cluster (i.e. z c = 0.1) and as function of the temperature (from 1 to 7 keV with 120 steps) and abundance (from 0.1 to 0.9 with 80 steps). Each spectra in the table is defined between 0.2 and 12 keV with a step in energy of 0.4 eV. They are modeled with XSPEC, using the emissivity model of a collisionally-ionized gas.

For each cell with a given temperature and abundance, the corresponding spectrum is then generated by interpolation from the spectra in the pre-computed tables. The redshift however is fixed at z c = 0.1 and a correction is needed to have the proper cell value. This is accounted for by shifting the spectra accordingly with the redshift corresponding to the turbulent speed in the cell. Calling E(z) the energy of the line redshifted by z:

E(z i ) = E(z c )(1 + z c -z i 1 + z i ) (2.17)
Then, for the desired integration time, the proper number of photons emitted by each cell is drawn from the related Poisson probability distribution based on the integration time, the flux in the spectrum (in counts.cm -2 .s -1 ) and the total mirror area. At that stage, a simple flat collective area of 2.10 4 cm 2 is used.

The output of this stage is gathered into a FITS file (photon list), hence containing the RA/DEC coordinates and energy of each photons (between 0.2 and 12 keV) from the different emitting cells as seen at the entrance of the telescope. This is our SIMPUT file, which is used as input for SIXTE/the Xifupipeline.

It should be noted that in the subsequent simulation steps, SIXTE will randomly pick events from this list depending on the desired simulated exposure time. In order to avoid sampling effects, a sufficiently high number of photons (actually with an exposure overhead of 10) must be drawn for the creation of the photon list. This list only needs to be computed once for each pointing (and given occurrence of the turbulent velocity field) and can then be reused as needed. We've hence built it based on exposure times of 500 ks, although unrealistic, for flexibility in resampling and observing strategy investigations at later stages.

Photon imaging and detection

For the next steps, i.e. the imaging and detection of the photons based on our photon list, we are now getting inside SIXTE and the Xifupipeline. We are here basically using the tools in a pretty standard way for Athena/X-IFU simulations, as described in section 2.1.3.

The X-IFU is modeled using the same configuration as described in section 2.1.4.

As previously mentioned, to increase computational speed the input photon list is divided into N sub-lists corresponding to the number of CPUs available. The sub-event files are then merged into a single event file at the end of the Xifupipeline.

For our simulations, we used an initial fixed exposure time for each pointing of 500 ks over the field-ofview. In order to consider lower (and more realistic) exposure times, we perform a resampling as needed in our post-processing flow, to 250 and 125 ks so far. This is still unrealistic, but is used as a starting point for the validation of this framework; when finalized and used for actual observing strategy investigation, resampling to lower exposures shall be run.

During the generation of the event list, only high resolution photons are selected from the impact list (based on their grade). But as the count rates for the simulated cluster is low, this doesn't have any significant effect on the throughput (less than 1% loss).

At the end of the xifupipeline, we hence have our event file (FITS file) which can then be post-processed using typical X-ray data analysis pipelines and spectral analysis tools such as XSPEC.

Data processing

Mosaics

In order to fully map our cluster toy model at z = 0.1 out to R 500 , a coverage of 19 pointings centered around the center of the cluster is needed. This relies on a single velocity file, created to cover the entire 3D cube, and on 19 separate X-IFU simulations (initially with 500 ks exposure each) which are merged together afterwards.

This allows for flexible merge of pointings, whether it is in terms number of pointings, their spatial distribution, or exposure time (down-sampling from 500 ks). Depending on whether the exposure is constant over the mosaic or different for different pointings, two cases are considered:

-If all the pointings have the same exposure time, the count maps and event files for the desired configuration are merged into a single event file, and then go through the binning step and the rest of the post processing as described below.

-If the pointings have different exposure times, in order to properly handle the different statistical errors on the spectra and on the fitted parameters, the merge, binning and fitting is performed on the merged pointings of identical exposure time. The corresponding sub-merged output maps are then stitched together as a last step to obtain the full mosaic.

Examples for homogeneous versus variable exposures will be shown in the results section (2.3.2).

Binning

From the list of events in the event file, we reconstruct raw brightness maps in counts (later referred to as count maps). As shown in Fig. 2 We take advantage of the X-IFU being an imaging spectrometer to create spatially binned regions of multiple pixels, and increase the signal to noise ratio of the spectral lines / reduce the statistical uncertainty on the measurements. More precisely, this binning procedure operates on the full count maps, dominated by the ICM Bremsstrahlung emission, and the regions created following a Voronoi tesselation [START_REF] Cappellari | Adaptive spatial binning of integral-field spectroscopic data using Voronoi tessellations[END_REF] with a constant signal to noise ratio of 200.

To give an estimate, for 19 pointings and 125 ks exposure as shown on Fig. 2.15, this leads ∼277 regions over the covered area, with bin sizes ranging from ∼5 pixels at the center to ∼1950 pixels on the outskirts (i.e. more than half a full X-IFU pointing).

Spectral fitting

For each of the Voronoi bins, we extract a spectrum generated from the list of events. An example of such spectrum is shown on Figure 2.16, where clear emission lines can be seen, as for example the strong iron complex around 6 keV.

Each spectra is fitted with XSPEC, using a collisionally-ionized gas emission model (APEC model). More precisely, the spectra are fitted to a single-temperature thermal plasma model, including a velocity broadening component of the lines to account for turbulent velocities (i.e. phabs*bapec).

The column density n H is kept fixed, and the free parameters are : the temperature, the abundance, the norm, the redshift, and the line broadening. All the parameters are fit simultaneously, over the full energy band (0.2 -12 keV), and relying on C-statistics for the goodness of fit.

In order to include vignetting effects, a specific ARF is created for each binned region. This is done by multiplying over the energy bandpass the response of each pixel within the bin by the vignetting function implemented in SIXTE, and averaging in each energy channel the response of each pixel weighted by their respective number of counts. 

Maps

Output maps. After fitting, we place the best fit parameter values inside the bins to obtain output maps showing these values across the field-of-view. Similarly, the minimum and maximum parameter values obtained from the error from the fit can be used to produce associated maps.

The temperature, abundance, emission measure (norm), and line broadening (tracing the turbulent speed) are straightforward. The centroid shift C (tracing the turbulent motions) however needs to be converted from the best fit value of the redshift z fit back to velocity domain with :

z 0 = z fit -z c 1 + z c (2.18) C = (1 + z 0 ) 2 -1 (1 + z 0 ) 2 + 1 c (2.19)
Example of three such maps are shown in Fig. 2.17 for 19 pointings at 125 ks each. Input maps. To estimate the goodness of the fit and errors, we want to compare the output maps to input maps, providing values for the expected parameters projected along the line-of-sight free of any instrumental effect and exempt of errors.

From the input table used to generate the photon list and using the same binning regions as the output map to be compared with, input maps are created from the emission weighted projection of the cell parameters. If we consider a parameter P m in the bin m, with n all the cells contributing to that bin, and ω n the associated weight :

P m = Σ n P n ω n Σ n ω n (2.20)
Error maps. These output / input maps can then be used to generate various errors maps, such as :

-the absolute error between the output and input values, E abs,m = P out,m -P in,m

-the relative error between the output and input values, E rel,m = P out,m -P in,m P in,m

-the goodness of fit, with σ fit,m the fitting error, Χ m = P out,m -P in,m σ fit,m

The relative errors are expected to follow a Gaussian distribution centered on zero with the standard deviation σ if no systematics / biases are present. Results from error maps and associated discussion are included later in the results section, 2.3.2.

Characterizing the gas turbulence

We distinguish three diagnostics to study turbulence from X-ray spectroscopic observations: the line centroid shift from its rest frame value, the line broadening, and the estimated structure function over the field-of-view. In this work, we rely on the later to assess the ability of the X-IFU to study turbulence in nearby galaxy cluster. In this section, we go into some details on how it is defined and how it can be modeled and use in our feasibility study.

Second order structure function

Definition. To characterize the gas turbulence as a function of different scales, we use the second order structure function SF(r). It is basically equivalent to a spatial two points correlation function, and appears when observing the dispersion of the velocity field over all the points in space. Under the assumption of an isotropic velocity field v, it can generally be defined as :

SF(r) =< |v(x + r) -v(x)| 2 > , (2.21)
where <> denotes the averaging over the different pairs of sky points x and x+r, separated by a distance r = |r|.

In practice from spectroscopy measurements only the line-of-sight component of the velocity field, modulated by emissivity effects, is accessible. But we can transpose the structure function definition to its 2D projected equivalent by using the centroid shift. Also, since line diagnostics are obtained from spectra measured over 2D regions (whether simply due to the pixel size or because of spatial binning over larger regions), we provide further definitions below for that case, as developed in [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF]. Equations for the simpler case of measurements along a single line-of-sight are hence not developed here but can also be found in their work.

In this context, they write the structure function as :

SF(s) = 1 N p (s) s |C W ′ -C W | 2 , ( 2.22) 
where :

-s is the distance between any 2 pairs of regions W and W'; -N p is the number of pairs separated by the distance s; -C W is the observed centroid shift in velocity space measured over a given emission line, and obtained from the sum of all the single line-of-sights contributing to a given region (pixels or bins): (2.23) where :

C W = 1 F W C F W dΘ ,
-F W = F W dΘ is the observed aperture flux -F(Θ 0 ) = ε(x)dx is the single line-of-sight flux, with ε the emissivity -W is a window function in the Θ = (y, z) plane, equal to 1 within the region and 0 otherwise -C(Θ 0 ) = 1 /F(Θ 0 ) ε(x)v(x)dx is the single line-of-sight centroid shift, with v is the turbulent velocity field

Expected value.

A key point is that by nature, the realization of a turbulent flow is random. So a given turbulence regime, characterized by its power spectrum, can produce different velocity fields and thus different measured structure functions if the observed field-of-view is limited. This principle is called cosmic (or sample) variance. This means that if we were to study multiple clusters driven by the exact same physics, their turbulent field would not be the same (as illustrated in Fig. 2.22). The structure function SF is hence a random variable, which depends on the particular realization of the velocity field. We are thus interested in its mean value and variance across multiple realizations, which are respectively noted sf and σ 2 sf .

Assuming border effects (i.e., the impact of finite sized window such as for bins) are negligible, and the bin size very small, [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF] show that sf is given by :

sf(s) = 2K k P 3D (k) P ρ (k x , ξ)[1 -J 0 (|ξ ′ + ξ| ω s)] dξ (2.24) = ω 2 2π 2 [1 -J 0 (ω|ξ|s)] P 2D (ξ) dξ , (2.25) 
where :

ξ is the (k y , k z ) plane ρ(x, y, z) = ε(x, Θ) /F(Θ) is the normalized emissivity, and P ρ its power spectrum -P 3D and P 2D are respectively the 3D and 2D power spectrum of the turbulent velocity field -K = ω 2 /4π 2 S A with S A the total area of the region of sky A that is observed ω = 2π /L with 2L the depth of the cluster in the line of sight direction -J 0 the Bessel function of the first kind and of order 0. For reasonably larger bin sizes, the above equation is still valid if P 2D is replaced by P 2D P ℓ , with P ℓ the power spectrum of a bin shape.

In the special case of an isotropic P 2D , the mean structure function becomes :

sf(s) = ω 2 π inf 0 [1 -J 0 (ωξs)] ξ P 2D (ξ) dξ (2.26)
The measurement of the structure function hence provides a view of the underlying turbulent velocity power spectrum, and can be used to estimate some characteristic parameters of the turbulence such as injection and dissipation scales, slope of the turbulent cascade or its normalization factor. Furthermore, due to the limited exposure time of observation and uncertainties in the fit or in the calibration, X-ray observations of the centroid shifts are affected by statistical and systematic errors. We note σ stat the standard deviation of the statistical error for C. This uncertainty will hence add scatter to the velocity measurements on top of the cosmic variance, but not only. ZuHone et al., 2016 showed that the measurement of the structure function sf ′ is systematically biased by the statistical error, no matter how many points are used to compute it, such that : sf ′ (s) = sf(s) + 2σ 2 stat (2.27) Associated errors. [START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF] showed that the variance of the structure function is also systematically biased by terms related to the statistical error on the centroid shifts measurements. They obtain : The first term is the intrinsic variance of the structure function (as can be seen for σ stat =0 in the absence of statistical error).

σ ′2 sf = σ 2 sf + 4 σ 2 D σ 2 stat + 4 N p (s) SF ( 
The second term, called velocity field fluctuation term, is related to the velocity fluctuations in the field-of-view. The larger the pixel to pixel variations in the velocities, the larger this term. This term is small for dissipation scales larger than the pixel or binned region size.

The third term, called structure function fluctuation term, is related to the uncertainty with which the structure function is computed when the turbulent velocities are affected by statistical errors. This term is negligible if the number of pairs used to estimate the structure function is large.

The fourth term, called statistical fluctuation term, is purely a contribution of the statistics to the overall variance of the structure function. This term is also negligible if the number of pairs used to estimate the structure function is large, but otherwise most important at small spatial separations.

Practical estimates for our theoretical models

In order to assess the capabilities of the X-IFU to measure turbulence parameters in galaxy clusters, we simulate observations from which we extract the structure function -assuming the turbulence parameters unknown. In order to retrieve them we then perform Monte-Carlo simulations, hence needing theoretical models of the structure function and associated errors. We aim at using the formalism and equations developed by [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF][START_REF] Clerc | [END_REF]and Cucchetti et al., 2019 in order to be able to model the mean structure function and associated full error budget without having to simulate a large number of X-IFU observations to obtain the resulting mean and total scatter.

In their work, as described in the previous section, they derived generic expressions which they validated with Monte-Carlo simulations for two widely used gas emissivity models : the β model and the Xβ model. Before being able to use their formalism in the present work, we had to adapt their methodology to our more general toy-model.

In the following section, we describe the process to obtain estimated structure functions and errors for our toy model and as input of our Monte-Carlo simulations.

Computation "[C21]" with Clerc, 2021 formalism.

Restarting from the formulation of the structure function based on the centroid shifts measured in bins W separated by a distance s and N p their numbers, i.e. equation 2.22, Clerc, 2021 (private correspondence) showed that for any emissivity, with a field of view composed of pixels of any shape and position, the expected structure function can be given by : (2.29) where :

sf(s) = k P 3D (k) 1 N p (s) s | c ε,W (k) F W - c ε,W ′ (k) F ′ W | 2 ,
-the second sum runs over all pairs (W, W ′ ) separated by a distance s, which is fixed by the geometry of the bins -c ε,W is the Fourier coefficient of the product ε(x, Θ) W(Θ) -F W is the flux in the emission line for the pixel W.

In order to make the computation faster, which has been a key factor in this work, one can notice from the above equation that the term in parenthesis can be calculated once only for the given geometry / bin configuration, and saved to be reused as needed, while only recalculating the P 3D for each new turbulent model.

For a general emissivity model, it is hence necessary to compute the 3D Fourier transform of ε(x, Θ) W(Θ). The computation of c ε,W hence remains pretty cumbersome. In order to facilitate this, we rely on the following approximation from Clerc, 2021 : we assume that both the flux and the emissivity are independent from the line-of-sight chosen within the bin. We can hence chose any of these line-of-sights and define it as Θ eff , representative of the pixel W (but changing from pixel to pixel) such that :

For any Θ ∈ W : ε(x, Θ) ≈ ε(x, Θ eff ) ≡ ε Θ eff (x) (2.30)
This allows a faster computation of c ε,W by :

c ε,W ≈ FT 1D (ε Θ eff (x)) FT 2D (W(Θ)) (2.31)
This methodology, allowing a fast computation of the structure function for any emissivity model and any observation and geometry, is the one we rely on in order to compute the modeled structure function for our Monte Carlo simulations described in section 2.3.2. [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF], the mean structure function, cosmic variance, Var(D) can be estimated numerically for any emissivity model but with several approximations on the detector and observation geometry.

Computation "[C19]" with Clerc et al., 2019 formalism. As shown in

The other terms needed to compute the complete error are themselves intrinsically related to the observational setup. N p and N nei are simple to derive, as they are related to the binning and geometry of the detector and can be obtained analytically with high accuracy. σ stat is also a direct output of the simulated observation.

Our first attempt was hence to use this formalism in order to obtain all of the above parameters for our toy model. Although it was achieved, two aspects made us have to find other options:

(1) First, some of the assumptions under this formalism were not suitable for our simulations, in particular, the need for a circular aperture preventing us from having flexibility in observation strategy, or the variable bin sizes and shapes within our observations. Some of the corrections which would have been needed for instance regarding border effects could not easily be implemented for our configuration (contrary to a simpler X-beta model for instance where analytical formulas exist).

(2) Second, the run time to get all those parameters for a given turbulence model, even after optimization of the codes, was about 2 minutes per model within our current computing capabilities. Although this may not seem too bad when talking about a single model, in order to perform Monte-Carlo simulation we need tens or hundred thousands such models, making the runtime a clearly limiting factor.

Since the mean structure function can be calculated with [C21], this part was not an issue. For the errors however, workarounds had to be found.

Regarding (2), in order to obtain them with a more reasonable run time, some approximations were made. The main one is that the error terms are pre-computed only once, with the exact formula of [C19], for a chosen set of turbulent parameters and for a X-beta model that is "equivalent" to our toy-model. In using them for any other set of turbulent parameters and our toy model, these exact values have to be adjusted. The way this is accommodated is by scaling the error terms; which needs to be done at two levels.

First, because even for identical turbulence parameters, the value of the structure functions for the toymodel or the equivalent X-beta model are different, hence the uncertainties must be different too. For simplicity we rescale uncertainties by imposing relative errors to be identical between the X-beta model and the toy-model.

Second, because even when considering only an X-beta model, every time a different set of turbulence parameters is drawn during the Monte Carlo simulation, the calculated structure function model has a different level, hence the errors also must be updated. A normalization of the errors based on the structure function values is here again needed. However in this case, where the difference comes from different turbulence parameters, Clerc, 2022 (private correspondence) showed that the cosmic variances can be related via "erf" type re-normalization functions. This procedure enables fast estimates of the relative uncertainties for a X-beta model when turbulent parameters differ from those for which the exact calculation was performed. The additional error terms from Eq. 2.28 proportional to the structure function can, they, be scaled simply based on the ratio of the structure functions. The last term in that equation, which does not depend on the structure function, does not need to be scaled.

Regarding (1), to solve the problem concerning the assumptions on bin sizes and geometry, we computed the errors for each of the pair separations separately based on an equivalent constant geometry, rather than computing them using a geometry with variable bin sizes, analysis region sizes, etc. The provided equivalent geometry relies on 4 parameters : the impact parameter Θ eff , (actually only relevant for X-beta models), the field-of-view equivalent radius r eq , and the pixel size pixval (actually defining square sized pixels), and a core-radius R c . The core-radius is chosen accordingly to the equivalent X-beta model. For a given distance range, these are obtained by first looking for all the contributing pairs and subsequently all the bins contributing to these pairs as well as their size, area and position. This allow the extraction of the average bin size in terms of pixels per bin (i.e. pixval), the impact parameter in term of distance from the center (i.e. Θ eff ), and the equivalent radius for the area covered by the contributing bins (i.e. r eq ). This operation is repeated for each value of pair separations under consideration, therefore leading to N equivalent geometries. Each of these is used to compute the set of exact uncertainties, under assumption of the equivalent X-beta emissivity and a reference set turbulent parameters.

Results and discussion

Outputs from cluster simulation

As described in the previous methodology section, our first task has been to generate X-IFU mock observations of galaxy clusters based on our toy model parametrization. We generated: 2 complete simulations of 19 pointings, and 18 additional simulations of the central pointing only. All were produced with an initial 500 ks exposure, and some were then also down-sampled as needed to 250, and 125 ks.

For the simulations of 19 pointings, two different mosaics have been produced (see Fig. 2.18): one where all the pointings have the same exposure time of 125 ks (meaning a total exposure of 2.3 Ms), and one were the exposure time was increased towards the outskirts of the cluster by having the central pointing at 125 ks, the first ring at 250 ks, and the second ring at 500 ks (meaning a total exposure of 7.6 Ms). The goal for the mix exposure version being to mitigate the decrease in signal to noise, and hence increase in bin sizes, as the emissivity gets smaller towards the outskirts. This allows to obtain output maps with more homogeneous bin sizes. An example is shown in Fig. 2.19, for the centroid shift output map.

Such exposure times are obviously prohibitive and would more likely not be used for actual observations with the X-IFU. They were used as a first configuration, with low statistical errors, in order to validate this simulation framework. Further tests, looking at optimizing the observing strategy for future X-IFU observations and hence with more realistic total exposure times, are planned in the near future. Although maps were produced for several physical parameters including e.g. the temperature or the abundance, we focus on the ones for the centroid shift, as they are what we use for the calculation of the structure functions, discussed in the next section. The output maps show sensible results, with values ranging roughly from -250 to +250 km/s.

The quality of the fit is checked by producing absolute error maps, using input maps generated as described in section 2.3.1.3, and then generating the histogram of the errors. Such histogram is shown in Fig. 2.20 for the mix exposure case, computed from individual X-IFU pixels. It shows a nice Gaussian distribution, with a standard deviation of ∼28 km/s. This standard deviation correspond to the σ stat from Eq.2.27, used for the computation of the expected structure function and error budget. This one was produced using the value from each pixel in the map (rather than the value from each bin).

Simulated and modeled SF

From the output maps of the centroid shifts, we can then compute the corresponding structure function, with the appropriate statistical error bias correction using σ stat . Figure 2.21 shows in color the structure functions from the 20 central pointings which were simulated from the same model parametrisation with 500 ks, but different occurrences of the velocity field. This x-axis corresponds to the distance between pairs, in kilo-parsec, with the scales going from smallest to largest from left to right. The y-axis provides the value of the structure function, with the amount of variability increasing with larger values. The smallest separations come from the smallest bin sizes and so is independent from the number of pointings in the simulation. The largest separations are limited by the number of pointings which are observed, here one and hence ∼500 kpc. Although a higher number of simulations would be better, the 20 simulations from Fig. 2.21 allow us to get an estimate for the magnitude of the cosmic variance for the data. In dashed black is overlaid the structure function modeled following the methodology described in section 2.3.1.4. The errors bars have here been partially calculated following the formalism from Clerc et al., 2019 for our toy model, and thus includes our semi-analytical estimate of the cosmic variance. In the following, errors will be derived from a model, i.e they will not be extracted from the data. This is very rare practice, but we have no other means of proceeding in this case, for the very reason that we have only one realization of the data.

As we go towards the smallest scale, we notice an increase in the error bar. This can be expected as some assumptions in the error calculations start to break (namely the fact that the bin sizes is supposed to be much smaller than the radius of the equivalent field of view).

Figure 2.22 compares structure functions for a single pointing versus 19 for an homogeneous exposure. The two black curves correspond to the simulated data, and the green ones the modeled data. The blue curve was calculated on our input map. This shows the large scales are impacted by the spatial extent of the simulation, with the largest scales going to a couple mega-parsecs on the 19 pointing version. Below 100 kpc, the modeled data is higher compared to the simulated one; this is likely due to the cosmic variance, with this realization of the velocity cube falling away from the mean modeled value. On can notice that the profile of our structure functions is fairly different from what was observed in e.g. [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF][START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF]. This is because our emissivity profile is fairly different from theirs, very peaked at the center and low at large scales. Our bins are hence also much bigger at larger scales, leading to a loss of power in the corresponding points of the structure function.

Figure 2.23 shows a comparison of structure functions from the simulated data (in green) and from modeling (in black and blue). Four modeled SF are shown: in black with the input turbulence parameters to our study (injection scale 1/k1=300 kpc, slope p=-11/3, normalization Cn=102.7 km 2 • s -2 • kpc 11/3 ), and in blue with a change in one of these parameters at a time. This shows how the structure function changes for different parameters. For instance, Cn has a direct impact on the overall level of the SF, and so does the slope (which correlates with the degeneracy observed in section 2.3.2.4). The injection scale impacts the position of the cutoff point and overall level of the curves.

One can also notice the significant offset between the modeled and simulated SFs. This is under further investigation, but appears to be related to the correction by 2σ 2 stat not fully valid in the present case.

The error bars are calculated from the X-beta model and scaled accordingly. It shows that, based on the current assumptions and computation method, they do not encompass the simulated data. This is at least in part also due to the cosmic variance, leading to intrinsic differences between a given realization and the modeled structure function. Validation of the modeled SF and errors. One of the tasks in setting up this analysis pipeline was to validate the modeled structure functions and errors which would be used in the Monte-Carlo simulations.

In order to first validate the modeling of the structure function, we generated models with such parameters for the cluster parameterization that our toy model would effectively follow the emissivity profile of a beta model. The goal being to compare the result with the output as initially coded for an actual Beta model by [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF], where analytical formulas exist. An example for basic rectangular bins of 5x5 pixels over the central pointing is given in Figure 2.24, and show a good agreement between the various models. The other important validation concerns the use of an X-beta model, as previously defined, for the generation of the errors, in particular the cosmic variance as the main contributor to the total error budget. The normalization process for the cosmic variance for different turbulence parameters in the case of the X-beta model were validated numerically by N.Clerc (private correspondence) using datasets previously generated for their paper [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF]. The size of the cosmic variance scaled from the X-beta to the toy model could be overall checked using the set of 20 central simulations.

Monte-Carlo simulation

Using the simulated structure function as reference data, and the modeled structure function with Xbeta errors normalized to the toy model level to evaluate the sampled parameters, we perform Monte-Carlo simulations in order to find the turbulence parameters, namely the injection scale, slope, and normalization.

The dissipation scale would likely be too close from the spatial resolution, in particular when considering spatial binning, and hard to recover. We hence kept it fixed. The additional normalization of the cosmic variance for the X-beta model based on different turbulence parameters has only recently been incorporated to the error budget calculation and is being investigated.

In order to perform the MCMC (Markov chain Monte Carlo) simulation, we use the emcee python package. They are performed using 120 walkers running in parallel and 1000 iterations, leading 120000 calculation models.

Priors are applied to the turbulence parameters such that : the injection scale is lower than 600 kpc but larger than the dissipation scale, the slope is comprised between -3 and -4, and the normalization factor between 50 and 600.

The posterior probability used for convergence of the MCMC is calculated for each model by: log(P) = -0.5 (reference -model) 2 variance (2.32) More work on this part is still on-going and being analyzed, however so far, we performed Monte-Carlo simulations for various configurations : 1 or 19 pointings, homogeneous 125 ks exposure or mixed, and for different combinations of free parameters. For any of these configurations, the results have shown some consistency and encouraging results, although the free parameters could not all be retrieved within 1σ. Figure 2.25 shows the posterior 2D probability for two simulations with the slope p and the normalization C n left free, and respectively 1 pointing versus 19 pointings for two velocity field occurrences. The dashed lines represent the correct value for each parameter. In either case, we can observe a strong correlation between those two parameters: there is degeneracy in the parameter space of p and C n . These simulations allowed to retrieve these two parameters within 1σ, although a biased best fit value for C n is observed. E.g. for the 19 pointings simulations we obtained : p best-fit = -3.71, with 16% and 84% quantiles at [-3.78,-3.59], and C n,best-fit = 87.5, with 16% and 84% quantiles at [57. 6,168.2]. We also tried to run MCMC simulations with all three turbulence parameters left free (i.e. the injection scale, the slope p and the normalization C n ). Figure 2.26 shows the full MCMC outputs for such simulation, for 19 pointings and for the same velocity field occurrence as in the above 19 pointing MCMC for 2 free parameters. As we thaw all three parameters, we observe that both the slope and normalization could be retrieved within 1 σ, but not the injection scale. The degeneracy in p and C n is still observed, although with a best fit value for C n now much closer to the input value. E.g. we obtained (with 16% and 84% quantiles) : p best-fit = -3.61 0.15 -0.10 , C n,best-fit = 102.8 113.8 -42.1 km 2 • s -2 • kpc -p , and k 1,best-fit = 0.0029 2.0e-4 -1.9e-4 kpc -1 . It should be pointed out that the degeneracy between p and C n could be expected from the choice of C n . This could be avoided by adopting a slightly different definition of the power spectrum, and will be implemented on upcoming simulations. 

Discussion

For each of the various MCMC simulations run so far, we compute σ turb based on the turbulence parameters using the definition of the P 3D , i.e. : P 3D All simulations provide similar results, with more or less skewness in the distribution, but always overall ranging in the 200-300 km/s range. A representative example is shown in Fig. 2.27, for the MCMC with 3 free parameters shown in the previous section. We observe a best value of 230 km/s. This can be compared to the input value in our data of 250 km/s; how well the measured distribution is compatible with the input one will be checked. It can also be compared as an example to values reported in [START_REF] Simionescu | Constraining Gas Motions in the Intra-Cluster Medium[END_REF] suggesting a common level of turbulence in the hot gas of the ICM of 100-250 km/s.

(k) = k α C n e -( k inj/k) 2 e -( k /k diss ) 2 .
Our current framework seems to be providing reasonable results, but the reason for the bias in the estimation of the injection scale needs further investigation. Two leads are currently being investigated and relate to the assumption that our error budget is not complete/fully representative. It would hence lead to the simulated data not being properly encompassed within the errors, and the injection scale falling outside the 1σ range. Those leads are :

• As previously mentioned, the cosmic variance needs to be re-normalized not only based on the difference with the toy model, but also from the impact of the turbulence parameters. The former has been included in the results presented in section 2.3.2.4, but not the latter, which has just recently been implemented and is currently under investigation.

• Our current error budget relies on the assumption that there is little covariance between the crossterms in the cosmic variance. We are hence doing the equivalent of assuming a perfectly diagonal matrix. However, after looking at the full calculation, with the cross terms included, it appeared clear that these are non-negligible. The corresponding correlation matrix in shown in Fig. 2.28, with non diagonal terms between 0.6 and 1. We are currently in the process of including the full covariance in the error budget calculation and looking at the impact on the MCMC simulation. 

Conclusions

With these simulations, I have continued and further developed a long term effort to test the X-IFU science case related to the study of turbulence in galaxy clusters, using a representative setup.

Using end-to-end simulations in one hand, and modeling of structure functions for a physically sound cluster model in the other hand, I performed MCMC simulations to retrieve the parameters from a simple Kolmogorov turbulent model (injection scale, slope, and normalization factor; the dissipation scale being kept fixed). This relies on a careful account of all errors terms (i.e. the cosmic variance and additional statistical terms as defined in [START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF], and on further development of the formalism to compute the structure function and errors from [START_REF] Clerc | Towards mapping turbulence in the intra-cluster medium: I. Sample variance in spatially-resolved X-ray line diagnostics[END_REF] At the current stage, we could retrieve 2 parameters (the slope p and normalization Cn) out of 3 (with the injection scale k1) within 1 σ. This corresponds to a measure of the turbulent velocity around 230 ± 10 km/s, which is to be properly compared to the input value (of 250 km/s) in the final steps of the data analysis.. This suggests bright perspectives ahead, as further improvements are under way. The road for completion of this study is clear : refining the calculation of the errors, e.g. using full covariance matrix. Tests including such improvements are currently on-going and will soon be analyzed. A paper presenting this study and corresponding results is also under preparation, and should be submitted in the near future.

The final step will then be to take full advantage of the framework to assess the optimal strategy of observation with the X-IFU to recover turbulence parameters from nearby galaxy clusters. In order to properly do this, simulations with more reasonable exposure time will be run, and different geometries of observations (see. Fig. 2.29) will be investigated. 

THREE

TES MICROCALORIMETER DEVELOPMENT

In this chapter, I focus on the development work made on TES detectors. I start by presenting the test platforms where these development work is carried, and the measurement which are performed in order to test the TES detectors. In section 2, I report on the tests to assess potential "aging" effects on the TESs. In section 3, I describe the work that was performed to assess the robustness of TES detectors to space radiations.

Experimental methods

Test platforms

In order to operate TES microcalorimeters at the temperature required to be within their superconductiveto-normal transition (i.e. in our case ∼90 mK and a nominal operational bath temperature at 55 mK), it is necessary to work in a cryostat, and be connected to the appropriate read-out electronics.

The work performed in this chapter was done using two of the test systems available within the microcalorimeters group at NASA GSFC, referred to as Marge and Crusty. We describe each of those systems in the sections below. We start with a common section presenting the cryostats, as both systems share a similar design, and then describe the read-out electronics separately, as they are different for each.

Cryostats

Marge and Crusty dewars, from the company Infrared Laboratories, are wet systems meaning that they use liquid cryogens to provide the needed cooling down to less than 2 Kelvin. These cryostats consist of an outer vacuum jacket and different tanks inside for the liquid cryogens, allowing us to reach lower temperatures as we go to lower stages (see Figure 3.1). The first tank is filled with liquid nitrogen (LN) at a temperature of 77 K. The second one is filled with liquid helium (LHe) at a temperature of 4.2 K. By pumping on the helium bath to reach a pressure of a few torr (or a few milli-bar), its temperature is further reduced down to ∼2 K.

The lowest desired temperature (usually between 50 to 150 mK) is then reached using an adiabatic demagnetization refrigerator (ADR). Connected to the 2 K stage by a heat switch, it takes advantage of the fact that the entropy of paramagnetic materials is lower when a magnetic field is applied. When the ADR reaches 2 K, a magnetic field is applied, leading to the alignment of the paramagnetic ion spins in the salt pill. This state being lower in energy, heat is then produced and evacuated via the heat switch until the system returns to 2K. At that point, the heat switch is opened to thermally insulate the ADR stage from the rest of the cryostat. The magnetic field is ramped down (to a smaller but non-zero value), leading to the spin of the paramgnetic ions to randomize again. Since this state is higher in energy, heat is absorbed from the ADR stage where the temperature decreases further. The desired temperature can then be regulated by applying a specific magnetic field (or in practice current).

This magnetic field is however decreased over time to compensate for the heat loss of the system. On top of the boil-off of cryogens which need to be refilled regularly (every 12-36 hours depending on the dewar), such systems thus have a finite cooling time period before having to recharge the ADR (every 12 hours or so).

These systems have good temperature stability that is typically ∼1 μK peak-to-peak at 55 mK, with the ADR temperature set-point being controlled by a digital PID (Proportional Integral Derivative) loop acting on the ADR magnet current. Germanium resistance thermometers (GRT) are used as they provide a very good temperature sensitivity at low temperatures and typically have an absolute temperature accuracy at the ∼1-mK level. Although properties can vary significantly between thermometers, generally they have a resistance over 10 kΩ at 55 mK.

Since our detectors are particularly sensitive to the ambient magnetic field, these systems also include some magnetic shields in order to protect the detector array. The magnetic field, mainly coming from the Earth, is attenuated by a mu-metal shield placed outside the cryostat during cool-down. A niobium shield is also placed at the 55 mK stage. Indeed the niobium being a superconducting material with a transition temperature of 9 K, following the Messner effect, as the cryostat cools down below this temperature the magnetic field inside the niobium box gets frozen and after becoming superconducting, any external magnetic field coming from the Earth, the ADR and the electronics is strongly shielded, with the size of fields dropping exponentially inside any openings or chimneys in the niobium shield.

In order to let X-rays through while rejecting the infrared radiation, at each temperature stage there are very thin windows that allow high X-ray transmission but block longer wavelength infrared radiation. Unless otherwise specified, they are made of aluminized mylar of thickness 2 μm through the 77 K, 4 K and 55 mK (niobium box) stages. There is also a beryllium window of thickness 75 μm at room temperature. 

Read-out electronics

The paragraphs below describe the specifics of the read-out electronics on each cryostat. For a general description of TES read-out, refer to chapter 1.

Marge

The Marge cryostat is equipped to be able to hold 2 different detector assemblies at the 55 mK stage: one where chips containing 32x32 TES arrays can be installed, and one where chips containing 8x8 TES arrays can be installed (see Fig. 3.3), both DC biased. Those setups also house the Nyquist chips (with ∼75 μΩ shunt resistors and adjustable inductances in the range of tens to hundreds of nH) and the MUX chips (with first stage SQUIDs (SQ1s), and flux-actuated switches, FASs), both provided by NIST. The MUX chips are based on the latest C/TDM architecture developed by NIST [START_REF] Doriese | Optimization of Time-and Code-Division-Multiplexed Readout for Athena X-IFU[END_REF], which uses two-level FASs (with a cluster select and a pixel select) in order to optimize noise and compactness. Each SQ1 (one per TES) is turned on (or addressed) using a unique combination of cluster select and pixel select switch. Each of these MUX chips has 3 cluster select switches, where each cluster switch can be used to reference up to 4 pixel selects. Each setup has 2 columns (connected to up to 13 pixels each), referred to as M1 and M2. To readout both columns, the system is equipped with two SQUID series array (SSA) amplifier chips each mounted on their own PCB, also provided by NIST, installed at the 2-4 K stage where they are shunted with a 0.1 Ω resistor to optimally tune their dynamical properties. The SSAs have a voltageflux characteristic that is asymmetric, with steep and shallow slopes on the two sides of the periodic almost saw-tooth-like characteristic. Furthermore, they are packaged in a mu-metal shield surrounded by a niobium shield in order to protect them from magnetic field.

For the harnessing, between the ∼2 K stage and the warm front end electronics the signals are transmitted on Cu-Ni microstrip traces on flexible Kapton substrates. Nb-Ti twisted pair looms are then used to connect to the 55 mK stage.

The warm front-end electronics was developed at NIST [START_REF] Doriese | Developments in Time-Division Multiplexing of X-ray Transition-Edge Sensors[END_REF] and is housed in an aluminum box referred to as the 'tower', that is mounted on the top of the cryostat (see fig. The digital read-out electronics for single-pixel readout was developed at NASA GSFC [START_REF] Sakai | Developments of laboratory-based transition-edge sensor readout electronics using commercial-off-the-shelf modules[END_REF] from commercial-of-the-shelf (COTS) and in-house components. It consists of an ADC (Analog to Digital Converter) that samples and digitizes the SSA output voltage signals and digitally controlled feedback electronics that controls the FLL feedback signals sent out through the DACs (Digital to Analog Converters). The addressing of the front-end SQUIDs is performed using the TDM row box (although typically operated without any switching between rows in single pixel read-out mode).

This TDM read-out electronics can be used to multiplex the read-out of up to 2 columns and 13 rows of TDM in this system. However, when used for radiation tests (described later in section 3.3), the prototype column electronics had a slightly higher 1/f noise level on the DAC outputs, causing degradation of the performance. Associated with the very narrow beam of the used X-ray source versus the distribution of the connected pixels, it was decided to keep using the system in single read-out mode, except for a few measurements such as the acquisition of pulse shapes and squids characterization. 

Crusty

The Crusty cryostat is equipped to be able to house a set-up at the 55 mK stage that has chips with 8x8 arrays of TESs installed (see fig. 3.5). This detector assembly also holds Nyquist chips with ∼ 200 μΩ shunt resistors from NASA GSFC and SQUID chips from PTB. The system is wired such that 8 pixels can be connected and read-out as single pixels under DC bias. Contrary to Marge, this system relies on read-out with single stages of low-Tc SQUIDs. Each output can be read out by a pre-amp at room temperature provided by the XXF-1 series cards available from a company called Magnicon GmbH (see Fig. 3.6). This commercially available electronics integrates various current sources including constant biases for the SQUIDs and TESs, and the feedback electronics with 110 TES microcalorimeter development a large set of built-in feedback resistors, and many other additional options for tuning capabilities. It is fully computer-controlled through LabView-based software also provided by Magnicon.

The digital acquisition readout electronics for Crusty also relies on some of the same COTS electronics developed and used on Marge. 55 

X-ray sources

Fe source

The main X-ray source which is used for the characterization of our TES microcalorimeters is 55 Fe. It is a radioactive isotope of iron, which disintegrates by electron capture. This process produces X-rays predominantly at energies 5.89 keV (MnKα) and 6.49 keV (MnKβ).

This source consists of a sealed thin film of 55 Fe (with, for the ones that we use at GSFC, a radioactivity of ∼80 mCurie) housed in stainless steel cylinders (see Fig. 3.7).

The 55 Fe X-rays are at an energy that is close to the energy with the most challenging X-IFU requirements, and in the middle of the energy band targeted for the X-IFU. It has the advantage of being very easy to use as it can be mounted at room temperature on our cryostats, via an adapter and integrated filter wheel (including a shutter) outside the beryllium window. However, because of the complex structure of the X-ray emission spectrum, a fairly high number of counts is required to have good enough statistics to study the detailed spectral response of the X-ray detectors, such as potential low-level low energy tails. From this perspective, the 55 Fe is not ideal for the lifetime and radiation tests we describe in the next sections (respectively 3.2 and 3.3). 

Mono-energetic sources

In order to carefully study the detector line-spread-function (LSF) and any potential low energy tails, we relied on mono-energetic sources called channel-cut crystal monochromators (CCCMs).

Such sources can be formed from an X-ray emitting device (in the configuration we used, using an Oxford Instruments X-ray tube and a Spellman high voltage source) coupled with a pair of channel-cut crystals aligned in a dispersive configuration to restrict the emission to mono-energetic X-rays (see figure 3.8) [START_REF] Leutenegger | Simple, compact, high-resolution monochromatic X-ray source for characterization of X-ray calorimeter arrays[END_REF]. The crystal orientation along with the Bragg angle produce specific lines with a very narrow energy range (typically less than 0.5 eV).

These CCCMs provide output beams that are collimated in the dispersion direction, but unfocused in the cross-dispersion direction. It hence appears as a line but with limited spatial width coverage at the detector array, illuminating only one or a couple of columns of pixel at a time.

The small spot size makes this source more difficult to set-up compared to 55 Fe, but has the major advantage that it produces a narrow, near-Gaussian line, to provide an accurate assessment of the detector core LSF with only a few thousand events. With this narrow source, fewer counts are needed for sufficient statistics to study low energy tails in the detector response.

For our tests, we used two CCCM sources (depending on availability): a chromium CCCM producing X-rays at 5.415 keV, and an iron CCCM producing X-rays at 6.404 keV.

It should however be noted that these source do not enable an independent metric of the local energy scale, which is required to determine the core resolution. Thus, the energy scale must be independently determined using a separate multi-line source (such as 55 Fe). [START_REF] Leutenegger | Simple, compact, high-resolution monochromatic X-ray source for characterization of X-ray calorimeter arrays[END_REF].

Measurements description

SQUID tuning

At the start of the run and before any measurement is made, the first step is to check and adjust the SQUIDs tuning. This consists of finding the optimum values for the SQUID bias, voltage offset, and in 2-stage SQUID such as Marge the SA feedback. This is done by studying the parameters that give the largest and cleanest V -Φ curves of the SQUIDs. Such curves are obtained by sending a triangle wave down the SQUID feedback line. Figure 3.9 shows the impact of the SQUID bias on V -Φ curves .

In Crusty, since it is a single-stage SQUID, only the SQUID bias and voltage offset for the SQ1 need to be adjusted.

For Marge, the process is slightly different due to the two-stage SQUIDs. Without entering into the detailed steps, this requires us to start by first tuning the series array only, and then continue with the first stage squids too. Figure 3.9: Illustration of SQUID V -Φs as function of the SQUID bias.

Field Optimization and T c check

As previously discussed, the TES array is placed inside a niobium box and the cryostat cooled down with a mu-metal bucket to shield it from external magnetic fields. However, as this shielding is not perfect, any remaining magnetic field still present can get trapped inside the niobium box as the temperature goes below its critical temperature at 9 K.

TESs being superconducting weak-links, they present an oscillatory (Fraunhofer-like) B-field dependence in their response (as discussed in chapter 1 and shown in figure 3.10). Different field environments cause different TES responses and thus energy resolution performance, and so this residual field is important to minimize and cancel out. This is achieved by comparing the TES characteristics or performance metrics across different cool downs -as we do for instance for our lifetime tests discussed in the next section.

In order to compensate for the remaining trapped magnetic field B trap , a known magnetic field called the offset (or DC) field B opt needs to be applied, perpendicular to the TES chip, using the field coil. It must be measured for all the pixels that are being tested at the start of each cool down below 9 K to check the local field environment. If multiple pixels are measured at the same time, the single value which optimizes all of them is used (such as, for instance, the mean).

The peak in I c (B) occurs where the total magnetic field is null (i.e. B opt + B trap + B self = 0). In the limit where the TES current is small enough, there is no additional magnetic field generated by the current flow in the TES bias leads B self , which would skew the measured I c (B). In order to try and reach this, measurements are performed at high temperatures close to T c , and with low bias currents. We apply a B-field that maximizes the critical current and hence provides a direct measure of B trap and B self .

In practice, this measurement is done by sweeping the voltage across a superconducting coil (over a range corresponding to a few micro-tesla), while T bath is close to T c and the TES is biased with a small DC current (in the micro-amp range). The output signal / feedback voltage is measured, providing a measurement of the TES current as a function of the applied B field I tes (B) which approximates the critical current of the TES I c (B). The peak in I tes(B) can then be found by analysis.

In order to account for any B self , the measurement is performed with both positive and negative TES biases in B opt . A final field is chosen by averaging the two fields that maximize the positive and negative critical currents, effectively canceling the local field at the TES. Since the critical current as a function of the B-field shows side lobes, it is important to scan a wide enough range of values in order to make sure the observed maximum is not a local maximum only. Then, the uniformity in the TES transition temperature across the array can also be evaluated in a subsequent measurement. For this, the TESs are biased with a small triangle wave and the SQUID output is monitored. The critical temperature T c is obtained when the bath temperature becomes high enough to break superconductivity and reach normal regime. In order to slowly vary the bath temperature, the current flowing through the ADR magnet is increased by applying small voltage steps (∼0.01 V) across the ADR coil.

IV curves and G measurement IV curves

The IV (or current-voltage) curves provide the relation between the voltage applied across a device (in our case the TESs) and the current flowing through it. Measurements of IV's under different conditions provides an important way to characterize the properties of each TES. The I-V characteristics taken under the typical operating conditions are also used to determine bias set-point values and must hence be performed on all the tested pixels. Many other parameters can then be obtained from analyzing these curves (such as the normal state resistance R n , α IV (defined in 1.2.2) as a function of the TES temperature T TES , or the conductance G b ) as will be discussed below.

These measurements are done after the setup is cooled below 9 K, at the globally averaged magnetic nulling field over the pixels of interest (and also if desired at the specific nulling field local to each pixel). They are performed by sweeping the bias voltage (from 10 to -0.5 V) applied to the TES bias line using in-house software and measuring the feedback voltage V fb . For each of the pixels, the above measurements are taken at the bath temperatures T bath of interest, usually at least at 55 mK, as well as higher values (in our case 150 mK) for analysis.

The acquired raw data is then analyzed, starting with correcting the IV from the arbitrary offset of the readout chain using the 150 mK data. As shown on figure 3.11 the output is then converted to TES current units using the feedback resistance R fb and the coupling constant cc knowing that :

I TES = V fb R fb * cc (3.1)
If the thermal conductance to the heat sink is known (see next section), the TES resistance R TES versus temperature T TES and then α IV can be calculated (see figure 3.11), allowing us to determine the transition shape. As can be observed, when the bias voltage is high, the detector is in the normal state. As the voltage decreases, the detector will enter the transition zone and finally the superconductive regime (area where the IV curve is linear). We can also observe that as the bath temperature T bath is increased, the transition and superconducting regimes are reached later. This is expected as the smaller the difference between T c and the bath temperature, the smaller the dissipation power needs to be in order to keep the detector at the same temperature.

Thermal conductance measurement

From IV curves measured at various heat bath temperatures (generally from 55 mK to a temperature close to T c , with 2.5 or 5 mK intervals) and analyzed as described in the previous section, one can plot the TES power P bath measured at a given location in the transition as a function of the bath temperature T bath , as shown on the top graph of figure 3.12. The thermal conductance to the bath G b can then be found by fitting the above data with the equation

P bath = K(T n -T n b ) , (3.2)
where K is a constant, n the thermal conductance exponent, and T the transition temperature, and then:

G b = dP bath/dT (3.3) = nKT n-1 (3.4)
Using the parameters extracted from the IV measurements, it is possible to convert the input voltage bias into the TES temperature T TES . The TES resistance R TES , and from it the total derivative α IV , can then be plotted as a function of T TES , as shown on the right graphs of Figure 3.11. 

Heat capacity

Assuming we have determined G b , as described in the previous section, the heat capacity C of the pixels can then be measured from acquiring a few hundred X-ray pulses (usually MnKα) at a bath temperature close to T c and a small TES bias (∼ 100 μA), in order to get decay time constant from the fall time of the pulses in absence of electro-thermal feedback (ETF). Indeed, as discussed in chapter 1,

τ ETF = C G b (1 + L I ) , ( 3.5) 
with

L I = α n (1 -( T bath T ) n ) (3.6)
In this regime, the transition parameter α is small and so is the self-heating from the bias current, leading to the decay time constant tending to the natural decay τ 0 = C /G b (see Fig. 3.13). C can hence be determined knowing G b and τ 0 .

The heat capacity of the pixel is an important device parameter, as it affects the time constants of the pixel, the dynamic range and the energy resolution. In our TESs, the heat capacity is typically dominated by the gold in the absorber (with small contributions from the bismuth, the TES, and the silicon nitride membrane). For a given array, variations in the heat capacity can e.g. be due to thickness variations in the gold absorber layer.

However, those variations are not expected to be large over small spatial scales. In particular for the relatively small arrays / pixel extent that we studied in this work, the heat capacity is measured for one or a couple of the tested pixels per chip. 

NEP and Energy Resolution

NEP-derived energy resolution

The NEP (noise-equivalent-power)-derived energy resolutions, ΔE FWHM th , (see section 1.2.4) can be measured for a series of operating points and used as an estimate of the detector energy resolution. However, it does not consider non-linearity in the detector responsivity, (it assumes perfect linearity of the pulse height as a function of the energy) or non-stationary noise, and is hence a reasonable predictor of energy resolution only in the small signal limit.

This measurement relies on the acquisition of pulses (usually a few hundreds) and noise records (usually a thousand). At the desired bath temperature (usually 55 mK in our case) and operating points (usually between 10 and 20 % R/Rn or higher), the detector is exposed to an X-ray source, in our case usually of 55 Fe, and focusing at the manganese K-shell α (MnKα) complex. Indeed, the average pulse template is generated from averaging triggered pulse events of similar pulse height and rise-time. To obtain the cleanest average pulse template possible, 10-20% of the pulses with the largest residuals from the initial average are rejected. The noise spectrum of a pixel is obtained from randomly triggered records with or without X-ray events. It is determined from the average FFT of the records. An example of a noise power spectrum and an average pulse is shown on Figure 3.14.

The NEP-derived energy resolution is calculated as seen in chapter 1 from integrating the signal-tonoise ratio over all frequencies:

ΔE FWHM th = 2.355( 4|s I (f)| 2 N 2 (f) df) -0.5 , (3.7)
where s I (f) is the current responsivity determined from the measured average pulse, and N 2 (f) the average noise power spectral density calculated from the average noise FFT. Looking at several bias points would show that the pulse heights and noise amplitude both decrease when the operating point is increased. The best resolution is hence not expected for the lowest level of noise as this also present the smallest pulse, but for the operating point giving the best compromise. This is to be expected even without excess noise, and the variation is well understood to the degree that excess noise is understood as different currents and fields in a TES [START_REF] Irwin | Transition-edge sensors[END_REF]. This normally leads to an increasing value of the NEP when the operating point increase, except for very small operating points.

Optimal Filtering

When analyzing measured X-ray data, we want to get the best possible estimate of the pulse height despite the presence of noise. Indeed, the signal of a measured X-ray pulse is contaminated by noise, and so using its peak value as pulse height doesn't result in the best energy resolution. This is handled by performing optimal filtering, which is a crucial step when analyzing data and extracting the best estimate for the pulse height and thus the photon energy.

The optimal filter is basically a matched filter, which is weighted in order to optimize the S/N ratio over all frequencies. It was first developed by [START_REF] Szymkowiak | Signal Processing for Microcalorimeters[END_REF]; more detail on its implementation can also be found in [START_REF] Adams | Real-Time Data Processing for X-Ray Spectroscopy[END_REF] This technique assumes that each pulse (without noise) is a scaled version of the same shape, A γ P(t) with A γ our unknown amplitude (or pulse height) of the pulse -proportional to the energy of the photon -, and P(t) the ideal pulse shape. Considering an acquired pulse signal D(t), it can be written in the frequency domain as :

D(f) = A γ P(f) + N(f) (3.8)
with P(f) the ideal spectra of the pulse, and N(f) the spectra of the noise. A γ is determined such that the difference between the acquired and modeled pulses is minimized using the least square method, and Χ 2 is the likelihood that we want to maximize:

Χ 2 = (D(f) -A γ P(f)) 2 ⟨|N(f)| 2 ⟩ (3.9)
Figueroa-Feliciano, 2001 showed that, with x a normalization constant, the optimal estimate is given by :

A γ = x D(f)P * (f) ⟨|N(f)| 2 ⟩ (3.10)
This equation can now be solved from elements that we can measure as discussed in the previous section: the noise power spectrum N(f) and the measured averaged pulse shape D(f). P(f) is given by D(f) divided by the incident photons' energy.

By then transforming Eq. 3.10 back to the time domain, and the pulse height for a discrete (digitized) signal (pulse and template) is given by : (3.11) where the template for optimal filtering OF(t) is:

A γ = x i D i (t)OF i (t) ,
OF(t) = TF -1 P * (f) ⟨|N(f)| 2 ⟩ (3.12)
Although widely used, it should be pointed out that this method has two caveats. The optimal filter is only really optimal if : the detector response is linear, and the noise is stationary (i.e. its power spectrum is invariant with time). However, this is not always the case. At high energies, the pulse shape can change due to saturation of the detector resistance or simply the non-linearity of the response from the bias circuit. In addition, over the duration of a pulse, the Johnson noise can change as it depends on the resistance of the detector.

Spectrum acquisition

Following the same technique as for the above NEP measurements, a full spectrum can be acquired. The number of triggered X-ray hits is then increased to at least a few thousand X-rays instead of a few hundreds. With the help of the NEP-based resolution estimates, the operating point to set for the spectrum acquisition can be determined in order to get the best performance (except in a few cases close to critical damping [START_REF] Wakeham | Refinement of Transition-Edge Sensor Dimensions for the X-ray Integral Field Unit on ATHENA[END_REF]).

The data can be analyzed using various equivalent tools, including in-house software tesana or GSFC's standard spectral analysis pipeline based on the commercially available software program Igor Pro. Both include tools to correct for temperature drifts of the ADR, and also arrival time and gain corrections as well as for spectral line fitting (and cutting coincidence events due to cross-talk if needed).

To start with, optimal filtering, as previously described, is applied. After the appropriate correction, they are used to build a histogram giving the counts as a function of the pulse height [START_REF] Fowler | The Practice of Pulse Processing[END_REF].

A fit using a known line profile is then performed on the different lines in the histogram, providing their position in pulse height. As the source used to acquire the spectrum is known, those pulses can be tied to their corresponding energy. The calibration curve (also called the gain scale) can then be generated (see Figure 3.15), and used to match the instrumental response to an energy in eV. The gain curve is fairly linear for small energies, which is what we want (i.e. we want the energy to vary linearly with the pulse height). However this is not quite the case for large energies due to the non-linearity of the superconducting transition shape and due to the non-linear bias circuit [START_REF] Bandler | Non-linear effects in transition edge sensors for X-ray detection[END_REF]. Indeed the pulse template typically doesn't fit the pulse shape as well anymore, which can lead to a degradation in the energy resolution.

The x-axis of the histogram can hence be converted from pulse height to energy, and the histogram re-fitted in order to obtain the energy resolution at FWHM, ΔE FWHMspec . These fits can be performed including an arbitary low energy exponential tail to the model. Even without the presence of a strong tail due to some aging or deterioration of the detectors (see next section), a small one -withing a few percents -is actually expected.

This extended line spread function [START_REF] Eckart | Testing the X-IFU calibration requirements: an example for quantum efficiency and energy resolution[END_REF], as a function of energy, includes absorber escape peaks, electron loss continuum, and Si-K fluorescence. The electron-loss continuum results from scattering of photo-electrons out of the absorber, and has approximately a constant flux per unit energy interval. The escape peaks corresponds to X-ray fluorescence photons which may escape from the absorber instead of being thermalized. Si-K fluorescence photons can be created by incident photons with energies larger than 1.7 keV absorbed in the underlying silicon substrate, and can be absorbed by nearby pixels. Figure 3.15: Plots from a spectrum measurement. On the left is plotted the gain curve and on the right the histogram (or spectrum) after conversion to energy, together with the residuals from the fit at the bottom.

Possible additional measurements

Finally, another type of measurement which can often be performed under DC bias (plus a small AC bias) is that of the complex impedance [START_REF] Lindeman | Impedance measurements and modeling of a transition-edgesensor calorimeter[END_REF]. We describe these measurements only briefly as they were not necessary for the tests presented in the main experiments described in this thesis (sections 3.2 and 3.3). Impedance measurements are typically done to carefully characterize the TES transition properties (α,β), but since in our case we wanted to look for changes from run to run, and not necessarily compare different pixel deigns, they were not needed.

Impedance measurements are performed by applying a small AC current on top of the DC current at different frequencies (usually between 10 Hz and 5 kHz) to the bias line, and measuring the response of the detector. The complex impedance of the circuit Z can then be obtained by calculating V(ω) /I(ω) as a function of the frequency. It is looked at as a form of parametric curve, with parameter ω (the pulsation), and with the imaginary part of Z as a function of the real part of Z.

For the simple circuit presented in section 1.2 for instance, the complex impedance of the TES Z TES is related to the one of the circuit by: Z TES = Z -R sh TES -iωL in , or in the general case Z TES = Z -Z bias [START_REF] Maasilta | Complex impedance, responsivity and noise of transition-edge sensors: Analytical solutions for two-and three-block thermal models[END_REF].

Using a model for the equation of Z TES which depends on the device parameters such as α, β, τ, etc, a fit can be performed to match the model to the measured data. On Figure 3.16 (left) the measured data is plotted in different colors for the various operating points, and the fitted curve is overlaid in black. The partial derivatives α and β extracted from the fit are plotted on the right side of the figure. We can see that the α and β values overall decrease as the operating point increases, but not strictly. The best operating point usually is for the combination of α over β which maximize α IV .

Such data can be used to precisely characterize the transition shape and compare different detectors designs. It is also possible, although not done either in this work, to fit noise data and calculate the predicted NEP values.

Lifetime study

After fabrication and testing of the X-IFU focal plane array, it will be critical that the performance of these detectors do not degrade due to their environment prior to being cooled down to 50 mK in space. In this chapter I describe studies that have taken place to understand how the detectors performance might degrade, through various "aging" processes. Once the detector is cooled to cryogenic temperatures in space, the performance is not expected to degrade other than potentially due to the effects of the radiation environment (which will be described in the next section, i.e. 3.3), or possibly due to contamination, which is a separate topic beyond the scope of this work. The principal results from this section have been published in Beaumont et al., 2023b.

Context and potential environmental effects

In a few occurrences in the past, some changes (in the pulse shape and line spread function) were observed on TES detectors across various sets of experiments after they had been exposed to uncontrolled environments for instance during transportation. More precisely those changes were increased fall times in the pulse shape and/or the introduction occurrence of anomalous low energy tails on the X-ray spectrum. This is thought to be an indication of "aging" on chips exposed to high temperature and or oxidizing conditions, causing changes in the absorber properties.

It is important to understand which environmental conditions the detector can be subjected to without having its spectroscopic and calibration properties degrade, over its complete storage, integration and test life-cycle prior to cooling down to cryogenic temperatures in space. This "aging" may starts right after the array leaves the fabrication laboratory environment, with potential exposure to humidity, oxygen, and/or elevated temperatures. This applies for any application of TES microcalorimeters, but has been clearly documented as a required milestone needed for the X-IFU detector arrays in order to reach a Technology Readiness Level of 5 (TRL-5) [START_REF] Tzinis | Technology Readiness Level[END_REF]. The goal of this effort was to understand which conditions can affect the detector performance, and if necessary adjust the X-IFU requirements related to their handling and storage (in particular during the AIT/AIV process).

The current requirements set criteria on temperature during storage or manipulation; or on conditions on the atmosphere. These are:

-X-IFU-SENSOR-R-0570 and 0580, setting criteria on temperature during storage between 18 and 30°C, and never be exposed to a temperature higher than 60°C.

-X-IFU-SENSOR-R-0590, 0600 and 0610, setting conditions on the atmosphere, i.e. that under no circumstance the detectors should be exposed to a condensing atmosphere; that when not undergoing integration or testing they shall be stored in a dry, oxygen-free environment or vacuum (with the question -can we specify an allowed partial pressure of oxygen and relative humidity, for storage in nitrogen flushed cabinets); and that the sensor array shall be exposed to ambient atmosphere (air with relative humidity = 30-60%) for no more than TBD months.

-X-IFU-SENSOR-R-0630, specifying that sensor array shall survive without loss of performance or calibration a minimum of 10 years (TBC) of on-ground and in-flight storage and operations, including 4.25 years of in-flight commissioning and operations.

The detector chips used for these tests are small chips, that have an 8x8 array of TES microcalorimeters. While the size of these arrays is small compared to the final X-IFU flight array, the individual pixels are almost identical to those that will be in the flight array, with the same materials, pitch and design and therefore each pixel should have the same dependency on environmental conditions as the full-scale flight model array. All the dimensions are basically the same, except the length of some of the wiring is a bit longer on the larger, full-scale arrays. We therefore assume that our smaller test chips are representative in terms of aging effects, that will not depend on the size of the array. This means that if the detectors meet the requirements during the lifetime tests, all the individual pixels will be expected to for the flight model as well (and also remain valid to reach TRL-6).

In this study, we report on the systematic characterization of absorber and TES properties using monochromatic X-ray sources before and after exposing the chip to various controlled temperature and humidity levels, and assess the changes in the measured transition shapes, pulse shapes, energy resolution, and spectral redistribution.

Several potential aging mechanisms which may occur in these detectors were considered beforehand:

• For the TESs:

during the fabrication process the molybdenum and gold are respectively brought up to ∼500

• C and ∼150 • C. Exposing the sensor to much lower elevated temperatures up to ∼60 • C are hence not expected to have a major impact on the TES properties. However, it is possible that exposure to such temperatures for long durations could lead to some inter-diffusion and/or annealing of both materials although the likelihood would seem to be low at such a low temperature [START_REF] Sadleir | Bismuth X-ray absorber studies for TES microcalorimeters[END_REF].

-Humidity was also not expected to be a major issue, unless it would reactivate some dried acid, leading to, for instance, corrosion of the molybdenum film in the TES bilayer. Although it was never observed in our detectors in the past, the molybdenum could also oxidize along the edge; oxidation which could then propagate along the gold / molybdenum interface [START_REF] Wang | Turbulent Heating in a Stratified Medium[END_REF].

• For the absorbers:

onsets of inter-diffusion between the gold and bismuth may start at ∼60 • C. [START_REF] Sadleir | Bismuth X-ray absorber studies for TES microcalorimeters[END_REF] observed such effects around 75 • C, but the starting point for such effects needs to be checked. If this was to happen, the thin gold capping layer that will be deposited on top of the bismuth in the latest designs could get lost, even if only partially, leading to a reduced reflectivity. This would also leave the bismuth unprotected against oxidation as will be explained in the next sections.

-From oxygen or humidity, the main concern was coming from the potential oxide formation in bismuth -certainly without gold capping layer, but even with it (as the edges would still be exposed, as well as potential shadow effects due to the roughness of the bismuth). We would hence expect the presence of a gold capping layer to help reduce a potential oxidation problem, but maybe not solve it.

Study of the impact of humidity

The first parameter that was investigated was the impact of humidity on TES chips. Two designs were studied: one with and one without a gold capping layer on top of the absorbers. It was expected that without gold capping layer, the bismuth would be more susceptible to oxidize, and that this capping layer, which is now part of the standard process (to increase reflectivity), would mitigate this potential effect. The next sections detail the protocol and results for each of these measurements, i.e. respectively 3.2.2.1 and 3.2.2.2 for the impact of humidity on detectors without and with a gold capping layer.

Absorbers without gold cap

Testing Procedure

The TES array used in this experiment consisted of Mo/Au bilayers deposited on a ∼0.5 µm thick SiN membrane [START_REF] Finkbeiner | Electron-Beam Deposition of Superconducting Molybdenum Thin Films for the Development of Mo/Au TES X-ray Microcalorimeter[END_REF]. Different TES designs were present within this array on the test chip : TESs with dimensions 60x30 μm with either 4 or 6 dot stems, and TESs with dimensions 50x40 μm with 4 dot stems (see figure 3.17). The desire to reduce the number of stems (which support the membrane) was initially to reduce G b by ∼10 %, as it scales with the total perimeter of the TES and stems. However, this will likely also lead to a first eigenfrequency in vibration that is too low, hence making it not such a useful change [START_REF] Wakeham | Refinement of Transition-Edge Sensor Dimensions for the X-ray Integral Field Unit on ATHENA[END_REF], Wakeham, 2022a). The thicknesses of the Mo and Au were 47 nm and 323 nm respectively, which were chosen to yield a T c of ∼90 mK and a sheet resistance of ∼12-15 mΩ/□. Some discussion regarding typical uniformity properties of those bilayers can be found in [START_REF] Finkbeiner | Electron-Beam Deposition of Superconducting Molybdenum Thin Films for the Development of Mo/Au TES X-ray Microcalorimeter[END_REF]. The absorbers were square, ∼3.1/1.3 µm Bi/Au thick on a 275 µm pitch, and consisted of two electroplated layers of Au and Bi. They were attached to the TES sensor via two pillar stems, plus additional stems depending on the designs. Two banks were deposited at the edge of the TES, parallel to the current flow. Prior to any aging steps, we measured T c 's of ∼106 mK and ∼120 mK under low bias respectively for the high aspect ratio and low aspect ratio designs, a thermal conductance of G b ∼70 pW/K and ∼83 pW/K respectively at T c , and a heat capacity (C) of ∼0.7 pJ/K at Tc. The normal state resistances of these detectors were Rn ∼11.5 and 7 mΩ respectively. Examples of the sensor resistance R TES versus sensor temperature T TES curves for a bath temperature of 55 mK (our usual temperature of operation for this kind of detector) are shown in Fig. 3.18. As described in the previous section, these curves are derived from current and voltage (I-V) measurements of the TES, where information on thermal parameters from the TES such as G b are used to extract the sensor temperature. Fig. 3.18 also shows the pulse shapes for each of the designs for 6 keV X-rays.

The total TES bias circuit inductance, including the SQUID input coil and parasitic inductance from the wiring, is ∼ 20 nH. This is much less than the inductance required to critically damp the detectors, thus the pulses shapes are operated in an overdamped condition [START_REF] Irwin | Transition-edge sensors[END_REF].

In this experiment, we first characterized the detectors prior to any aging treatment, then again after having placed the TES chips in an environment with 40-60 % humidity for 2 weeks, and then finally again after exposing to 70-80% humidity for 2 weeks. This was done by placing the TES chip in a dry box with an added petri dish with water on it at room temperature, in order to set the humidity level to the desired range by adjusting the nitrogen gas flow. During the whole exposure times, the temperature was fairly stable, at room temperature.

It should be noted that this first set of exposures was performed using equipment in another building where I did not have access, and the humidity level needed to be read-out manually from a sensor. Although this was done once a day, this added some uncertainty regarding what maximum level of humidity the detector saw during this period.

During the tests surrounding each environmental exposure, two different sources of X-rays were in turn placed outside the cryostat, providing X-rays with a count rate of about 0.9-1.3 counts per second. These sources were an Fe-55 electron capture source and the monochromatic source described in the previous section. 

Test results

Impact on transition shapes. I(V) curves at 55 mK were measured on all the available pixels, at a sequence of temperatures up to 85 mK (with 2.5 or 5 mK steps). This was done for three pixels -one of each pixel type -in order to extract the thermal conductance G for each pixel type. Figure 3.19 shows the transition shapes (R TES (T TES )) for these three pixels before and after each aging step.

For the third pixel (ref. L3c3), only data before and after the first aging step is shown in this figure (and other subsequent figures) because this pixel did not appear to be electrically connected during the last run, probably due to a faulty wire-bond. The transition shapes show very small shifts in Tc, up to 2 mK, between the various steps. These small changes did not vary steadily with an increase in high-humidity exposure. They are hence thought to come from other aspects which can lead to run-to-run variations when characterizing TES detectors such as: local trapped dc magnetic field not being fully compensated for, changes in stress locally on the membrane, or changes in stray power in the set-up, etc, rather than as a consequence of the high humidity exposure.

Variation in thermal conductance were also observed and is shown on figure 3.20 through the measured dissipated power as a function of the bath temperature, which is fitted in order to extract G.

Although the mechanism for this apparent change of G is not fully clear, these changes are not thought to be related to the high humidity environment. It could potentially be due to the cool downs, considered as thermal cycles, changing stress conditions and affecting the stems, and changing the G. Indeed, this hypothesis seems to match the fact that during the wirebonding after the second humidity step, and so right before the last cool-down, one of the absorbers fell off. Moreover, this chip was known to have had a yield issues during the fabrication, and more specifically the back-etching, affecting the membraneissue which has been corrected on subsequently fabricated arrays. Hence, although the chosen TESs were selected based on a visual inspection and looked fine, it is possible that some defects were presents and got amplified during the subsequent cool-downs and/or wirebonding, leading to damages in the stems. In conclusion, although variations were observed on this chip between the different runs after the various humidity exposures, the observed changes (Tc shifts, up to 2 mK, and changes in G) are not thought to be related to the humidity. In particular regarding Tc, the variations are not monotonic with the increase in humidity (see Fig. 3.28), and can furthermore be expected as run-to-run variations.

Impact on pulse shapes. The measured average pulse shapes for the same 3 pixels as in the previous paragraph are shown in figure 3.21, before and after the exposure to medium and high humidity. At the bottom of these plots are also shown the ratio of the pulse shapes after each humidity exposure to the baseline pulse shape. The goal was to help visually emphasize small changes in the pulse shape and be able to compare the variations from one step too another. We can observe that for 2 of the pixels, these pulse shapes show almost no difference. A largest change is seen on pixel L2c2, but which is well within the expected range from run-to-run variations.

We can point out that a small secondary tail is present in those pulses, but has stayed constant throughout the temperature exposures, which is the key point. In the past, on some prior experiment with uncontrolled data points in terms of exposures, secondary tails have been observed to increase, then demonstrating poorer performance. A particular attention was hence given to this in our tests, but showed no change.

It is hence apparent that the high humidity did not impact the pulse shapes. Figure 3.21: Pulse shapes before and after the two humidity steps. On top are plotted the usual pulses, and at the bottom the ratio from these curves post-humidity exposure to the baseline (pre-humidity exposure).

Impact on energy resolution. Finally we looked at the energy resolution and line spread function. The energy resolution measured with the 55 Fe source was fairly constant within the error bars. This might be expected as to be able to measure a small low energy tail in the line spread function on top of the MnKa complex requires a very large number of X-ray events (a few tens of thousands) to acquire a statistically significant measurement.

The spectra measured with the iron mono-source however showed a clear change before and after the humidity exposures. Example results are shown in Fig. 3.22 for one of the studied pixels. The first row is before any exposure to humidity, the second row after the first humidity exposure, and the third after the second humidity exposure. The first column is showing the data fitted without a low energy tail (i.e. only the Gaussian component), and the second column the data fitted with it.

This clearly show the apparition and growth of the low energy after exposure to humidity : from a fraction of ∼1 % before which can be expected, to ∼16 % and ∼21 %. This impact on the detector performance is thought to be due to oxidation of the Bismuth from the absorbers from the humid environment. The fact that the tail increased between the first and the second exposure indicates a columnar growth of the oxide.

In this paragraph, we suggest hypotheses as to why an oxidation of the Bi is thought to cause the observed changes. When the photon hits the Bi, the disturbance produces phonons and some free electrons. The absorber must collect all of that energy in the gold of the absorber before the internal time constants of the device are approached. Normally, the phonons probably bounce around and eventually get absorbed in the gold and do not have much interaction with the Bi surface. However, it seems like having an oxide layer makes for a place to trap electrons in the insulator, and release them on a longer time scale back into the Bi. The trapping could be due to the morphology of the oxide, which is amorphous and hence has a two-level-system in it where energy can couple into [START_REF] Müller | Towards understanding two-level-systems in amorphous solids: insights from quantum circuits[END_REF]. In one level the energy may couple relatively slowly, and come out relatively slowly too, not thermalizing fast enough to have good resolving power. Another possibility is that the trapping could be due to a Fermi surface mismatch of the oxide and the bulk Bi crystals, leading to a change in the free electron density on the surface atoms which becomes less conductive. Both mechanisms might also be related.

It should also be noted that the Bi in our absorbers is not a single crystal and has grain boundaries. So the Fermi surface is different from the Bi Fermi surface usually found in textbooks, making things even more complicated. But, based on our observations, it seems likely that the humidity led to Bi oxide formation, with that additional film on the surface acting as a trap and leading to the observed degraded performances.

However, these tests were performed on detectors without any gold capping layer on top of the absorbers, which is now baselined for the flight detectors. This thin gold capping layer could protect the bismuth from oxidation, and it was hypothesized that there should therefore be less sensitivity to humidity. Such tests to check this hypothesis were performed next, and are described in the next section.

Absorbers with gold cap

Test protocol

The TESs used in this experiment were fairly similar in design to those from the first lifetime test. Different designs were present on the chip available for these tests: 60x30 μm with either 4 or 6 dot stems, 50x40 μm with 4 dot stems, and 75x25 μm with 4 dot stems. The thicknesses of the Mo and Au are respectively 44 nm and 240 nm, and a T c ranging between ∼ 80 and 85 mK. The absorbers were also similar, ∼3.1/1.3 µm Bi/Au thick and with ∼275 µm pitch, consisting of two electroplated layers of Au and Bi. They are attached to the TES sensor via two pillar stems.

However, they also included a very thin layer of gold on top of the Au-Bi bilayer, (referred to as gold capping layer). This layer was initially incorporated to the design to increase the absorber's reflectivity for low energy radiation (1-20 µm wavelength range), which can cause photon shot noise [START_REF] Eckart | Extended Line Spread Function of TES Microcalorimeters with Au/Bi Absorbers[END_REF], Hummatov et al., 2020). This additional fabrication step was accomplished by depositing the thin gold layer via thermal evaporation. Since the absorbers typically have a rough surface due to the Bi grain structure, various angles are used for deposition to try and coat the surface as continuously as possible. The thin capping layer consisted of Au that was 40 nm thick, and a 5 nm Ti adhesion layer. Just as for the previously tested devices, the TESs had two normal-metal banks deposited along the edge of the TES, parallel to the current flow.

Prior to any aging steps, we measured T c ∼87 mK, ∼96 mK and ∼107 mK under low bias respectively for the high aspect ratio to low aspect ratio designs (with the T c varying roughly as expected due to the lateral proximity effect [START_REF] Wakeham | Refinement of Transition-Edge Sensor Dimensions for the X-ray Integral Field Unit on ATHENA[END_REF]), and a thermal conductance of G b ∼56 pW/K, ∼62 pW/K and ∼83 pW/K respectively at T c (also as expected from the variation of perimeters of the different TESs [START_REF] Wakeham | Refinement of Transition-Edge Sensor Dimensions for the X-ray Integral Field Unit on ATHENA[END_REF]). The normal state resistance of these detectors is respectively Rn ∼25, 16, and 11 mΩ (again, varying as expected from the changes in aspect ratios for the different TESs). Fig. 3.24 shows examples of the sensor resistance R TES versus sensor temperature T TES curves for a bath temperature of 55 mK (our usual temperature of operation for this kind of detector) for the two largest aspect ratio TES pixel types described in the rest of this section. Fig. 3.24 also shows the pulse shapes for these designs.

It should be noted that the pixels characterized for the last humidity step were different than for the previous steps. This is because the pixels from the previously tested array were damaged during manipulation of the chip, while removing it from the detector assembly. To be able to proceed, new pixels were hence connected and characterized prior to the next humidity exposure, in order to get a baseline. Figure 3.23: Setup for humidity tests. Dry box with nitrogen flowing, a petri dishes with water inside, and an empty petri dish where the TES chip was stored. In order to keep track of the temperature, humidity, and oxygen level, various meters were also placed in the box.

In this experiment, we characterized the detectors prior to any aging treatment, and after having placed the TES chips in 30%, 40%, 50%, 60%, and 80% humidity each time for 2 weeks.

As previously, this was done by placing the TES chip in the same dry box with an added petri dish, at room temperature, in order to set the humidity level to the desired range by adjusting the nitrogen gas flow. However, in order to have a better monitoring of the conditions the chip were exposed to, a dedicated dry box was installed for these tests, including a thermometer and humidity meter as well as an oxygen meter, all with recording measurements fairly continuously. During the whole exposure times, the temperature was fairly stable, at ∼23 °C. This setup is shown on Figure 3.23.

Again as previously, two different sources of x-rays are in turn placed outside the cryostat, providing X-rays with a count rate of about 0.9-1.3 counts per second. These sources are the same Fe-55 electron capture source and the monochromatic source described in the previous section. 

Test results

Impact on transition shapes. I(V) curves at 55 mK were measured on all the available pixels, and up to 80 mK for 3 pixel designs in order to extract the thermal conductance G. Figure 3.25 shows the transition shapes for 4 pixels before and after each aging steps, while figure 3.26 shows the transitions for the 4 new connected pixels before and after the last humidity step (i.e. 80 % humidity).

These show 2 shifts in Tc of about 1 mK, after the first cool down, and after the fourth, very similar to what was observed for the previous chip. Intermediate runs, e.g. at 30% and 40% humidity, or at 60 % and 80 % humidity, present fairly identical curves, largely within the run-to-run variation due to the magnetic field environment.

Similarly to what was observed on the previous chip although to a lower extend, some correlated variation can be observed on G (through the dissipated power as function of the bath temperature). This is shown on figure 3.27.

As for the case without Au capping layer, there is no correlation pixel to pixel or for a given pixel between the different humidity exposures (see Fig. 3.28). As stated before, the variations are hence thought to come from other aspects which can lead to run-to-run variations when characterizing TES detectors such as: local magnetic field not fully compensated for, change in stress locally on the membrane, change in stray power, etc, rather than a consequence of humidity. Impact on pulse shapes. The measured average pulse shapes for the same pixels in the previous paragraph are shown in figure 3.29 before and after the exposure up to 60 % humidity, and in figure 3.30 before and after exposure at 80 % humidity. Those show very small to no difference, within the expected range from run-to-run field variations.

This hence showed that the high humidity did not impact the pulse shapes. Impact on energy resolution. Finally we looked at the energy resolution and line spread function. Contrary to the previous set of tests on the chip without gold capping layer, both the results from the 55 Fe source and the mono-source showed consistent results throughout all of the exposures to humidity. For simplicity, only the spectra after exposure to 80 % humidity are shown, for two pixels, on figure 3.31. As can be seen, the tail that is measured remained small (less than 3 %).

This seems to indicate that the gold capping layer played a critical role in protecting the bismuth from oxidation, and hence the apparition of a low energy tail as discussed at the end of section 3.2.2.1, even at very large humidity values. 

Study of the impact of temperature

Testing Procedure

The impact of temperature was assessed using a third chip. It's design follows overall the one for the chips used for the humidity exposure, but with respective thicknesses for the Mo/Au and Bi/Au bilayers of : 46/257 nm and 5.2/1.0 nm.

It was characterized before and after a single exposure to elevated temperature: 10 days at 60 °C. This value is certainly high in terms of regular storage, but was chosen as a tentatively safe high boundary, which could have covered any variation during the latest steps of fabrication such as backside heatsinking deposition (where the chip goes up to ∼ 68 °C for a couple hours), or at later stages during the lifetime of the detectors such as packaging, transportation, or if any bakeout at either system level was ever suggested.

Test results

Impact on transition shapes. The transition shapes before and after the high temperature exposure showed a clear change on both the normal resistance Rn and critical temperature Tc for the 4 pixels tested from that chip. Figure 3.32 shows an example for one of those pixels. We consistently observed an increase in normal resistance around 4%, and an increase in Tc between 13-19%. The increase in Tc could be measured right from the start of the characterization on the low current Tc measurements. This change is unlikely coming from inter-diffusion between the Mo and Au in the TES bilayer, since this process is only expected at much higher annealing temperatures (e.g. above 150 °C). Moreover, such process should have led to a decrease in Tc and Rn.

An increase in both those parameters rather seems to indicate a change in stress in the bilayer. Prior to the annealing, the device is under some tension from the Mo pulling on the membrane which is flexed; as it is placed at higher temperature, in a thermal expansion environment, the Mo likely releases stress in the stems, the absorbers, the membrane, or all of them, leading afterwards to more flexure and so stress in the TES. Such changes in the mechanical morphology of the film will be further investigated in the near future using visual inspections before/after annealing using a microscope and profilometer, as well as comparing TESs on membrane and on solid substrate. Figure 3.32: Transition shapes for a representative pixel from chip #3 before and after annealing at 60 °C for 10 days, leading to an increase in both Rn and Tc Impact on pulse shapes. As could obviously be expected following the above changes observed in the TES characteristics, the pulse shapes also appeared globally changed. Pulses after the annealing are presenting a higher pulse height and faster decay time, as shown in Figure 3.33. Impact on energy resolution. Again, as expected from the overall changes in the TES characteristics, the spectra before and after annealing showed some differences. It is however difficult to assess whether all of it is coming from the stress-related changes in the system, or potentially also from interdiffusion between the Bi and Au in the absorbers. This was indeed potentially expected as previous works have shown this already happening for temperature as low as 75 °C [START_REF] Sadleir | Bismuth X-ray absorber studies for TES microcalorimeters[END_REF].

Our detectors showed a low energy tail with a fraction close to 16% even before any annealing, which as mentioned previously can be expected [START_REF] O'neil | On Low-Energy Tail Distortions in the Detector Response Function of X-Ray Microcalorimeter Spectrometers[END_REF] -again, we are hence here looking at any evolution in the tail rather than its absolute value. A small increase in the low energy tail loss fraction of 0.02 eV was measured, although not statistically convincing with error bars ∼ 0.01 eV, as shown on Fig. 3.34. A follow-up inspection of the absorbers under microscope is to be done, to look visually for any changes on the absorber surface and hints of inter-diffusion. Figure 3.34: Spectra measured after annealing with the Cr mono-chromatic source and fitted with a Gaussian line shape and low energy tail.

Discussion

We performed a study of the impact of temperature and humidity on the long-term performance of TES detectors similar to those developed for astrophysics missions such as Athena.

We observed a strong impact of the humidity on detectors with bare Bi/Au absorbers: these appeared to oxidize, leading to an increased low energy tail on the measured spectra. After adding a thin Au capping layer, which protects the Bi from oxidation, the problem appears to have been mitigated (see more detailed discussion at the end of section 3.2.2.1). A confirmation test, on a chip composed at 50/50 % of pixels with/without the gold capping layer and exposed to humidity and tested in a similar fashion as previously done will be performed. This should provide a further full confirmation that this change in behavior was due to the absence or presence of the gold, protecting the bismuth from oxidation.

It can be also noted that from measurements of reflectance data on the absorber material with a thin Au top capping layer, we know such a thin layer on the Bi very rough surface does not completely cover the absorber surface. This suggests that the effect we observed and the increase in the low energy tail may not be purely proportional to the remaining surface area fraction, as some effect -although greatly reduced -would have otherwise been expected at least for a few percents.

The additional test may also provide some interesting data regarding the small shifts in transition shapes and in thermal conductance which were observed during both sets of experiments.

In practice for a mission such as Athena, the issue may not be the strength of the tail itself, since there will be one anyways, but more the fact it may vary over time, and in particular between the time the deep exposure line spread function measurements would be made and flight. Indeed, this could lead to the assumption of a LSF during observation that would be wrong and introduce some errors in the data analysis and interpretation.

We also observed a significant impact from annealing the chip at 60 °C over 10 days, leading to a significant increase in Rn and Tc, and likely due to increased stress in the TES bilayer. Further investigations are scheduled to confirm the cause of the observed changes, including repeated tests with TESs on membrane versus solid substrate.

Additional tests with exposures to lower temperatures and/or shorter time periods will also be performed in order to identify the starting point of the observed changes and adjust any procedure potentially affecting the TESs accordingly.

Radiation testing

Once the X-IFU will be launched, it will be subjected to radiation from the space environment, potentially causing damage to the detectors and degrading their performance. In this section, I describe studies that have taken place to assess the robustness of TES detectors to space radiation. I first provide the context and background on radiation effects in 3.3.1, then describe the design and preparation for the test campaign in 3.3.2, before finally presenting the results in 3.3.3. The principal results from this section have been published in Beaumont et al., 2023a.

Introduction

Project context

NASA GSFC TES detectors being developed will be used for astrophysical X-ray observations in space for several years, and so it is crucial to understand whether space radiation can impact their performance over the mission duration. In particular, this investigation was performed in the context of the Athena mission and the X-IFU instrument, which was at the time of the tests (end of 2021) scheduled for launch is the mid 2030's, for a duration of 4 years (with a possible extension to 10 years) at L1 orbit.

A lot of literature exists on semiconductor based detectors such as CCD (Charged Coupled Device) or CIS (CMOS Image Sensor) detectors which have been in use for many years, showing obvious impacts of space radiation on their behavior. An example is shown on figure 3.35 where the image of the Sun appeared temporarily degraded following a large solar eruption. However when it comes to TESs, with the exception of a couple of sounding rocket flights [START_REF] Hubbard | Design and status of the micro-x microcalorimeter sounding rocket[END_REF], these detectors have very little flight heritage. There is therefore no prior literature regarding their robustness to radiation in space. In this section, after having introduced the space environment and potential radiation effects, we detail how our radiation testing was designed and implemented in order to assess the impact of radiation on X-IFU detectors, and present these results.

For clarification, this work does not look into the thermal impact of cosmic rays on our detectors. Such study is being performed separately by other members of the Goddard team (Miniussi et al., 2020b[START_REF] Hull | Characterizing Thermal Background Events for Athena X-IFU[END_REF].

Space radiation environment

The space environment includes various sources of radiation coming from the Sun as well as other astrophysical sources, which are described below. To refer to the radiation from all sources, we use the term cosmic rays (CRs), and to refer to all astrophysical sources other than the Sun, we refer to galactic cosmic rays (GCRs).

The Sun. The solar system is bathed in a dilute plasma of particles ejected by the Sun's corona, called the heliosphere. With temperatures reaching up to 2 million K, the thermal agitation is high enough to overcome the Sun's escape velocity of electrons, which are hence ejected. This leads to a charge imbalance, in turn resulting in the ejection of protons and other positive ions [START_REF] Boudenot | Radiation Space Environment[END_REF]. This continuous flow of particles constitutes the solar wind, and is mostly composed of protons (i.e. ion hydrogen H + , at 95 %), alpha particles (i.e. Helium ion He 2+ , at 4 %), and traces of other ions (less than 1 %). The intensity depends on the activity of the Sun which follows an ∼ 11 year cycle, and is tightly connected to its magnetic field. When the local magnetic field becomes too intense, field lines can break, releasing a large quantity of energy in the form of electromagnetic radiation such as X-rays, UV photons, and visible and infrared radiation collectively called solar flares. These solar flares can also be accompanied by ejection of coronal mass (called CME), emitting mainly high energy protons, electrons, and heavy ions. Their energies vary between tens to hundreds of MeV. These events add their contribution to the solar wind, which propagates throughout the solar system with a speed close to 400 km/s, and up to 1000 km/s for CMEs. During periods of minimum solar activity, the average proton flux reaching the Earth is ∼ 10 3 cm -2 s -1 , and up to ∼ 10 5 -10 6 cm -2 s -1 during periods of maximum activity.

Galactic Cosmic Rays. Galactic cosmic rays come from astrophysical sources and are composed at 83 % of protons, 13 % of alpha particles, 3 % of electrons, and 1 % of a variety of heavy ions. Their origin is not perfectly known, but the most energetic ions are thought to have come from outside the Milky Way Galaxy, while the rest is from inside it. They mostly have energies of the order of TeV, although in some occurrences can go much higher as shown on figure 3.36. For energies lower than 1 GeV, the solar component dominates the flux of cosmic rays. For higher energies, the galactic component, although very low, dominates. Figure 3.36: Cosmic ray spectrum (credit : Duldig, 2006) Environments around the Earth. As the solar wind approach the Earth, it encounters its magnetic field (see figure 3.37) and the charged particles from the solar wind are deflected by the magnetosphere. The latter is asymmetric and evolves constantly following the equilibrium between the dynamic pressure from the solar wind and the opposite pressure from the Earth's magnetic field: compressed on the side facing the Sun with a radius limited to tens Earth radii, and extended on the opposite side over hundreds of thousands of kilometers. For orbits close to the Earth, satellites hence have some level of protections from its magnetic field. For orbits further away however, such as the first or second Sun-Earth Lagrange points (respectively noted L1 and L2, as shown on figure 3.38), the satellites are directly exposed to cosmic rays. The X-IFU will hence be exposed to:

-EM radiations coming mainly from direct solar flux; -plasma radiation from the solar wind, as a low flux of protons (95%) and alpha particles (5%) with energies less than 0.1 MeV; -and energetic particle radiation from galactic cosmic rays and solar flares, being energetic protons, alphas, and electrons with energies up to hundreds of MeV for protons and GeV for heavier ions. 

Radiation effects

Reminders of radiation-matter interactions

In order to assess the potential radiation effects on TES properties at the end of this section, we first review all the potential types of interactions by radiation which can take place. Different types of interaction can occur between the radiation and matter, depending on both the medium and the type of radiation, i.e. electromagnetic or corpuscular (consisting of atomic and subatomic particles).

Interaction of electromagnetic radiation with matter. EM radiation consists of sinusoidal electromagnetic fields and are described in terms of the frequency ν and wavelength λ, and energy that is quantified by photons. They extend from radio frequencies, IR, optical light, UV, X-rays, to γ-rays.

The interaction between matter and EM radiation is characterized by an exponential attenuation of the incident light intensity I 0 , as function of the distance x in the considered material (ignoring here the emission of a secondary radiation by the material under the effect of the incident radiation). Given a coefficient of attenuation μ which depends on the material and the energy E of the radiation, we have : 3.13) The interaction between photons and matter can follow 3 processes: the photoelectric effect, the Compton effect, and pair creation, as illustrated in figure 3.39. Within the soft X-ray energy band (e.g. below 12 keV for Athena/X-IFU), the photoelectric effect is largely dominant and is the the only effect that is ionizing. For higher energy photons such as gammas, displacement damages as described in the following section can eventually happen, induced by secondary electron emission. In the general case, an attenuation coefficient is used to quantify the relative importance of each process in the total attenuation of a given material and incident photon energy:

I(x) = I 0 e -μ(E)x (
μ(E) = μ photoelec (E) + μ compton (E) + μ epair (E) (3.14) When such interaction leads to the creation of electron/hole pairs by ejection of (an) electron(s) from the electron cloud, we talk about ionizing radiations. Depending on the material and the photon energy, the electron/hole production will be dominated by different effect. Figure 3.39: Interaction of photon with matter as function of energy and atomic number [START_REF] Podgorsak | Radiation Oncology Physics[END_REF] Interaction matter-corpuscular radiations. Corpuscular radiation is composed of particles of mass m, speed v, and kinetic energy E, such as protons, electrons, neutrons, alphas, ions, or any particle in general. Depending on the energy and type of particle and on the material, four types of interaction can happen as described below (Le Roch, 2020) and illustrated in figure 3.40 : Electronic Coulomb interaction: It is the interaction of a charged particle (proton, electron, alpha) with the electrons from the material, which can be attractive or repulsive depending on the charge of the incident particle. During such interaction, the electrons can move to a higher energy level, or be ejected -in which case we talk about ionization. Any charged particle can hence ionize atoms by generating electron-hole pairs all along their trajectories. The ejected electrons can in turn create further electron-pair holes, as long as their energy is sufficient. One high-energy particle can hence create many electron-hole pairs in the material.

Nuclear Coulomb interaction: It is the interaction of a charged particle (proton, electron, alpha) with nuclei from the material. If the energy transferred to the nucleus is less than a given displacement threshold energy, the atoms keep their position in the lattice but releases energy by emitting phonons. If the energy is higher than the threshold, the nucleus is displaced from its position. This phenomena which is called atomic displacement. If the interaction is particularly strong, the nucleus can be completely ejected. On his trajectory, it can lead to other electronic Coulomb interaction with electrons (ionization) and/or nuclear Coulomb interaction as long as the transferred energy is higher than the displacement threshold energy. The probability to have a nuclear coulomb interaction diminishes with the energy of the particle. If there is displacement cascade, the first ejected atom is called primary knock-on atom (PKA), and the others secondary knock-on atoms (SKA). The pair formed by an atom in interstitial position and its vacant position in the lattice is called a Frenkel pair.

Nuclear elastic scattering: if the particle is energetic enough to overcome the coulomb repulsion from the nucleus (or for neutrons since they are not charged), there can be a collision between the particle and the nucleus where each gets deviated.

Nuclear inelastic scattering: if the energy is high enough during the collision, the incident particle can be absorbed by the nucleus, leaving it in an excited state. It can then de-excite by emitting secondary radiations such as nucleons, electrons, positrons, or gamma radiations, which will contribute to the ionization of the material and/or to the creation of displacement damage (as long as the transferred energy is higher than the threshold energy). 

Stopping power and Dose

The interaction between radiation and matter can be characterized by the stopping power, which is the energy loss E as function of the penetration depth x in the media ∂E ∂x , in [meV/mm]. The total stopping power is given by the sum of the three types of contribution, and depends on the media, the particle, and its energy. In order to quantify the amount of deposited energy in a given material in term of ionizing or non-ionizing forms, radiation effects are generally estimated by the total ionizing dose (TID) and displacement damage dose (DDD), each described below.

Electronic stopping power, LET, and TID. The energy loss of a particle in a media of density ρ is characterized by the Linear Energy Transfer (LET), which can be seen as a density corrected stopping power given by :

LET = 1 ρ ∂E ionizing ∂x [meV cm 2 g -1 ] (3.15)
It is a function of energy and the type of the particle. The ionizing dose (or TID for total ionizing dose) for an integrated flux (or fluence, in cm -2 ) Φ of particle gives the energy deposited by ionizing radiation per unit mass in a given material (and must hence be defined for the considered material, e.g., TID(Bi)). It is related to the LET by: TID particle = LETΦ [krad] (3.16)

For photons, the mass attenuation coefficient μ m (E) is used:

TID photon = μ m (E)Φ [krad] (3.17)
The official unit to quantify the ionizing dose is actually the Gray (Gy), which corresponds to the energy of 1 J deposited in 1 kg of material. However, for space radiation the rad (radiation absorbed dose) is generally used instead, and is defined as 1 krad = 10 Gy.

The ionizing radiation, as discussed before, generates electron-hole pairs by interaction with the electron cloud. In an isolated layer such as an oxide, in the presence of an electric field, the electron-hole pairs are separated. The electrons, which have high mobility, are rapidly swept away while the holes move following the electric field lines. This can lead to trapped charges in the oxide or at the interface of the oxide, and so to permanent defects (which are hence function of the electric field in the material).

Nuclear stopping power, NIEL, and DDD. The Non-ionizing energy Loss (NIEL) is the portion of the energy that is dissipated by elastic interactions (Coulomb and nuclear) and/or inelastic nuclear scattering. It is given by :

NIEL = 1 ρ ∂E non-ionizing ∂x [meV cm 2 g -1 ] (3.18)
It depends on energy and the type of particle.

The non-ionizing dose (or DDD for displacement damage dose) for an integrated flux (or fluence, in cm -2 ) Φ of particle gives the energy deposited by non-ionizing radiation per unit mass in a material and is related to the NIEL by : DDD

= NIELΦ [MeV g -1 ] (3.19)
It is generally given in MeV/g and like the ionizing dose must be specified for the considered material. The non-ionizing radiation, as discussed before, generate displacement of one or several atoms from their site along their trajectories when the transferred energy is higher than the displacement threshold energy. In isolating materials such as oxides, in most cases they have hence a low impact since the structure is already amorphous. However in crystalline structures they can create permanent degradation in the lattice.

Potential effects on TESs

Prior to performing radiation tests on our TES detectors, some work to assess the possible effects the radiation may have on the detectors was done. Although at this time there is no literature regarding these particular detectors, some potential effects could be suggested based upon other studies. These effects are split into 2 main categories: cumulative and single event effects (SEE).

Cumulative effects

As described in the previous section, two types of cumulative damage can happen: displacement damage and ionizing dose damage.

Displacement damages. Displacement damage could conceivably happen within the TES bilayer. Usually there is no issue of atomic dislocations in normal metals unless the level of radiation is very high, but for superconductors (especially at very low temperature where the atoms cannot move around to heal) the radiation tolerance is still to be confirmed. Dislocations could for instance impact the normal state resistance R n and/or the critical current I c (T).

Displacement damage could also affect the absorbers. Indeed, bismuth is a semi-metal (i.e., it can exhibit either metallic or semiconductor behavior depending on morphology), so there is a concern regarding how subtle changes can lead to large impacts in properties. Changes could impact the pulse shape (secondary time constants, rise time, amplitude) and subsequently the energy spectrum (possibly though an excess broadening and/or a low energy tail).

Displacement damage could also occur in the TES leads, impacting I c (T) and creating magnetic flux issues.

Finally, dislocations could occur in the oxide layers but as explained before, no measurable effects are expected due to the amorphous structure of the oxide.

Ionizing dose damages.

The second type of cumulative effect, ionizing dose damage, can themselves have two potential implications [START_REF] Oldham | Total ionizing dose effects in MOS oxides and devices[END_REF]. First, charge trapping in the bulk oxide layers could occur. This trapping could occur in:

-the Si 3 N 4 (TES chip membrane) -but no impact on performance is expected -the SiO 2 layer (between membrane and TES) -this layer could be susceptible to positive charge build up, but the fact that it would happen uniformly and that the TES is biased laterally with only a few tens of nV suggests this layer will behave like an unbiased oxide and hence have no impact on the behavior of the detectors. -the SiO2 layer (between top/bottom Nb leads) Second, interface traps and defects in oxide interfaces could occur. This could affect:

-the SiO2 layer (between membrane and TES), which would be susceptible to interface traps leading to charge trapping and de-trapping, adding noise to the signal. This effect is not expected to be an issue, however, because this noise mechanism is thermally activated which is unlikely for our low-temperature detectors [START_REF] Shockley | Statistics of the Recombinations of Holes and Electrons[END_REF].

Single event effects

Local heating of the superconducting films upon individual proton strikes could lead to trapped magnetic flux in the TES bias leads. However, this potential effect was not a major concern because if observed such a change could be corrected through adjusting the measured gain.

Test design and preparation

General philosophy of the radiation test

It was important to design the radiation tests around the need for the TES detectors being at very low temperatures, more precisely at 55 mK for Athena/X-IFU detectors. Moreover, it is also important to consider that dose effects are sensitive to temperature. There is no hard threshold above which annealing of damage or trapped charge begins; rather, annealing occurs more rapidly with increasing temperature. It was hence particularly important to perform these tests at sufficiently low temperatures to be representative of the level of impact from the radiation dose, and to maintain a low enough temperature between dose steps in order to make sure no annealing happened in between.

However, in practice, irradiating at 55 mK is very complicated and there was also safety concerns due to our cryostat running with sub-atmospheric liquid helium. Also, the heat load from the proton dose steps was a limiting factors to maintain 55 mK. It was hence decided to do the dose steps at 4 K, and between them go to 55 mK in order to characterize the detectors. As the temperature remained very low, no annealing of the defects is expect, still making the dose steps representative. Only one experiment collecting radiation data was performed at 55 mK, with a very low flux, in order to assess single event effects.

Because little is known about proton radiation effects in superconducting materials, an additional TES detector chip was exposed at room temperature (295 K) to an equivalent proton fluence yielding a 20-year mission dose.

The full details of the test plan will be given in the upcoming sections.

Simulations

The design of the test was performed in close collaboration with the radiation effects group at NASA GSFC, and in particular with the radiation engineer Jean-Marie Lauenstein and her team. Apart from the input data, the simulation and related analysis summarized below was provided by them.

Dose Levels and Beam Energy

Radiation Transport Analysis. To evaluate the dose received by the TES sensors and the housing that surrounds it, some radiation transport analysis was performed based on the input cosmic ray spectrum reaching the spacecraft and the various shields which protect the TES detectors (e.g. the satellite, the dewar, etc). For this project, an adjoint Monte-Carlo shielding analysis was performed to determine mission-relevant total dose levels using the software NOVICE [START_REF]Novice Simulation Software[END_REF].

The analysis was performed using a simplified CAD model of the TES chip surrounded by concentric spherical shells of materials representing the spacecraft and cryostat, as shown respectively in Figures 3.42 and 3.41.

The spacecraft and cryostat spherical representations were made in a similar way to prior work at the X-IFU level for studying the non X-ray background (private correspondence with INAF and CNES).

The inner-most shell radius was 10 cm, and the list of materials, densities, and layer thickness for each of the shells starting with the inner-most shell and moving outward is given in Figure 3.41. The assumed detector surroundings, with the spacecraft, included 11.2 mm of aluminum on the outer spherical shells, with two interleaving layers of MLI (multi-layer insulation). However, the ESA requirement at the time was that we should assume only 3 mm of aluminum. An additional transport analysis was therefore also performed using the 3 mm Al spacecraft layer to assure test dose levels met this worst-case shielding assumption.

These simplified model were then provided as inputs in the form of CAD files to Novice, as shown in Figure 3.43. For the input particle spectrum at Lagrangian point L1, with a 4-yr mission requirement lifetime and 10-yr mission extended lifetime, the two radiative components coming from the Sun and from other astrophysical sources were obtained from two different sources.

The unshielded solar proton fluence was determined using the Emission of Solar Protons model (ESP) [START_REF] Xapsos | Emission of Solar Protons model ESP[END_REF] available on ESA's SPENVIS (SPace ENVironment Information System) platform (Heynderickx et al., 2002). The ESP model was run with a 90% confidence level, for either 4 years at solar maximum or for 10 years of which 7 years were at solar maximum, to reflect a worst case scenario depending on the launch date. To account for the orbit of the mission at less than 1 AU from the Sun, a 1 /r 2 scaling factor with r=0.99 was applied.

The galactic cosmic ray (GCR) component was obtained using the GCR proton flux specified in an X-IFU technical note written by INAF, and scaled up to match fluences for 4-yr and 10-yr mission durations [START_REF] Minervini | Consolidation of the absolute level of the galactic cosmic ray (gcr) protons spectrum and its uncertainty at l2 during the athena mission lifetime[END_REF].

Although outputs from Novice (i.e. total ionizing dose levels and transported proton energy spectra) were computed for several point locations on the TES chip, the values used for designing the test and reported here are for the location where the dose levels were the highest, i.e. at the center of the bismuth absorber.

The initial unshielded spectrum and the spectrum at the TES chip bismuth absorber provided by Novice, both due to the solar and galactic cosmic proton fluences, are shown on the left of Figure 3.44.

These transported proton spectra were then entered into the SR-NIEL calculator (Boschini2014) to determine the expected total non-ionizing dose for the detector chip. More precisely, these spectra were weighted by the Coulombic interaction portion of the non-ionizing energy loss (NIEL) for protons in bismuth, as determined by the SR-NIEL calculator. The results are shown on the right of Figure 3.44. The calculated dose levels (total non-ionizing dose (TNID) and total ionizing dose (TID)) are given in Table 3.1 for both the 11.2 and 3 mm aluminum spacecraft shielding assumptions. Table 3.1: Radiation transport total dose results for the two spacecraft shielding assumptions. Note that the Monte Carlo adjoint transport gives the TID levels in units of rad (material). (Courtesy of Jean-Marie Lauenstein) Beam energy. Figure 3.44 (left) shows that the majority of protons incident on the detector chip during the Athena mission will have an energy around 40 MeV. In terms of damage, Figure 3.44 (right) shows that most NIEL dose / damage will occur from protons with energy less than 1 MeV. However, the SR-NIEL calculator does not include values for nuclear interactions. This means that the dose from protons with energies in the tens of MeV and higher appear lower than expected in reality, ignoring a more accurate identification of a second peak at higher energy which would normally guide the test energy selection. For this proton test campaign, beam energies closer to 60 MeV hence appeared appropriate, to ensure better uniformity of proton energy through the TES chip layers, and to produce larger damage clusters that may be more disruptive to superconductor properties, hence covering a worst case scenario.

The beam energy was chosen to be 64.05 MeV at the surface of the Dewar window to ensure minimal energy straggle at the location of the TES chip. The proton beam passed through a 7 mil Be window and three 2 μm Kapton layers before reaching the detector chip, resulting in a surface-incident energy of 63.77 ± 0.05 MeV.

For this energy, the cyclotron was tuned to 67.5 MeV and a 0.015 mil Ta degrader inserted in the beam line. A 1 inch diameter circular collimator was placed at the end of the beam line to reduce nuclear activation of materials surrounding the TES chip.

Proton exposures. Initial proton beam exposures of the TES chip were conducted under bias at low average flux to evaluate single event transients (SETs) with the detector maintained at 55 mK while irradiated with an average proton flux of 95 to 1260 cm -2 s -1 . This range exceeds a worst-case 5-min integral flux during a solar storm as determined by CREME96 [START_REF] Tylka | CREME96: A Revision of the Cosmic Ray Effects on Micro-Electronics Code[END_REF]. This testing evaluated SETs from both 64 MeV and 58 MeV protons. 58 MeV was achieved by inserting a 40 mil Ta degrader (the thickest available) in the beam line.

After initial SET tests, 64 MeV proton beam exposures were conducted at higher average flux to deposit total dose. At this energy, protons deposit more total ionizing dose in bismuth than non-ionizing dose. For this reason, fluence levels were determined by TNID dose steps, thus exceeding the expected TID level for the representative time on orbit. For these runs, the detector chip was maintained at 4 K during irradiation.

Figure 3.2 provides the beam run information, including cumulative TNID steps, equivalent proton fluence, and cumulative TID for both bismuth and silicon materials.

As indicated in the table, after a 1-yr dose some heat load was identified that prevented us from reaching 55 mK, and hence characterizing the TES detectors immediately after that dose step. The system was warmed to room temperature for repairs, and so annealing of the prior dose was assumed.

The next beam run therefore delivered a full 2-year dose. After the 4-yr dose, some magnetic flux trapping in the Nb box was observed in the system, seen in the characterization of the TESs and SQUIDs. The system temperature was elevated to 20 K and cooled down again to 4 K. Because the temperature did not exceed 20 K, the subsequent irradiation assumed that no annealing had occurred.

For the 25-year dose step, a larger, 1.75" diameter collimator was positioned at the end of the beamline to simultaneously irradiate the TES chip and the SQUIDs to save time. Due to different beam energies for these two devices, where lower energy protons deposit more dose, a final run with the 1" collimator was performed to expose only the TES chip to additional fluence.

The final dose step resulted in TNID and TID levels meeting or exceeding those expected for a 25-year mission when 11 mm aluminum equivalent spacecraft shielding is assumed. These levels also bounded the 10-yr mission dose based on the more conservative 3 mm aluminum equivalent spacecraft shielding. 

Activation study

Additional simulations were performed to assess the level of activation of the cryostat, in order to determine if it would be safe to handle in-between each dose step, and when it would be safe to ship back to NASA GSFC after the test campaign. Simulations also allowed us to estimate whether the noise level from potential secondary radiation may be an issue in terms of detector characterization.

These simulations were also performed by the radiation team, using the software Fluka.

Model geometry. The input to these simulation were a simplified model of the cryostat (limited to the portion around the proton beam). Figure 3.45 shows how this simplified model looked in Fluka, with the grey plates representing the Marge cryostat, and the blue ones the niobium box. Safe handling and shipping of the cryostat. In order to plan for this test campaign, it was critical to investigate how radioactive and for how long the cryostat would be after the dose steps, and at the end after the total dose was deposited.

The release limit to be able to ship the cryostat back to NASA GSFC after the experiment being of 1-10 μR/hr (measurement 1 cm away from activated elements).

Figure 3.46 shows an example of the output from the Fluka simulation, where the residual dose after a given amount of time is overlaid on top of the simplified cryostat model. These simulations indicated that it should be safe to work around the cryostat within 4 hours after a given dose step, and that it should be safe to ship back the cryostat a week after the radiation test campaign.

Background noise for the TESs.

Another key question related to potential activation of the materials along the beam path was whether the background level of radiation would increase significantly, potentially impacting the performance of our detectors negatively.

These simulations (see Fig. 3.47) indicated a very low expected flux of secondary radiation in terms of counts per minute per absorber (less than 0.1), as well as minimal heating of the TES chip or detector assembly card (less than a few tens of picowatts). Therefore, secondary radiation was not expected to be an issue. 

Experimental preparation

Apart from coordinating with the GSFC radiation team to determine the doses, several other preparations were needed to be implemented.

These included some upgrades to the cold electronics to have two-level actuated switch MUX chips from NIST installed. This was needed to combine both the TES and MUX chip radiation tests, and implied changing the Nyquist chip, series array, and series array shunt resistors as well.

In terms of the warm electronics, an attempt was made to add some TDM electronics in the hope of being able to test more pixels within the available amount of time between two dose steps. The electronics in question was the COTS electronics described in Section 3.1.1.2. Unfortunately, although it technically worked, the higher noise level was slightly too high for good performance, and it was decided to use single channel read-out electronics for most of the measurements.

Another step was to redesign and change the windows at the different temperature stages and vacuum jacket, in order to allow for irradiation of both the TES and MUX chips. For clarification, the investigation of the effect of radiations on the MUX SQUIDs was handled by NIST and thus not presented in this thesis.

Careful alignment had to be done using a laser and glass window in order to place fiducials on the cryostat (as shown on Figure 3.48) for proper alignment of the proton beam when at the radiation facility. This was performed with the cryostat cooled down to 77 K, where most of the thermal contraction in going down to the base temperature had already happened. Figure 3.48: Picture of the cryostat during the alignment using a cross-shaped laser and a glass window, while at 77 K.

Experiment at UCD

The testing was conducted at the Crocker Nuclear Laboratory (CNL) at the University of California, Davis Campus (UC Davis).

The facility utilizes a 76-inch variable-energy Isochronal cyclotron, which can provide tunable proton energies ranging from approximately 5.5 MeV to 67 MeV in air. The beam spot is 3 cm in radius, and can be reduced in size or to other shapes using the available collimators. The beam is located in a vault, referred to as the north cave, where a table for mounting experiments is set-up, and allows for controlled vertical motion. The alignment of the target is achieved with a pointer and with laser beam. For the experimental campaign, we utilized different areas of the facility. For a few days before the radiation testing started, we installed our system in the high bay area from the facility to ensure it was working well after shipping and reassembling, and also to retake some baseline measurements prior to radiation (including a spectrum with a new mono-source).

After the sequence of irradiation steps started, the TES characterization between each dose step was done in a room next to the vault, referred to as the south cave (see figure 3.50).

Selected detectors

The complexity of the setup for this test campaign limited the number of samples that could be irradiated. One TES chip was installed as our primary sample for cold irradiation on the Marge MUX card for large TES chips (as described in Section 3. 1.1.2). Another chip was installed on the second available detector assembly for small TES chips, initially as a back-up for the cold irradiation. However, since it was not needed in the end for the cold test campaign, it was decided to use back-up set-up for an additional warm irradiation of the detectors and characterization once back at NASA GSFC.

For both chips, the absorbers are squares of 250 μm made of bismuth and gold, with respective thicknesses of 3.1 μm and 1.3 μm. On the small TES chip, an additional gold capping layer was included, with thickness 40 nm. The TESs are made of ∼44-47 nm of molybdenum and ∼240-323 nm of gold. Different designs were present on the chips and connected : TESs with 50x40 μm dimensions with either 4 or 6 absorber contact points (dots) on the 32x32 TES chip, and additionally 50x50 μm TESs with 6 dots and 60x30 μm TESs with 4 or 6 dots within the 8x8 TES array chip. The membrane thickness was ∼0.5 μm, and the wafer thickness ∼300 μm. The microstrip wiring was composed of ∼160 nm of Nb, ∼250 nm of SiO 2 , and ∼240 nm of Nb. Finally, there is a thin oxide layer, a remnant from the fabrication process, of ∼155 nm between the TES and the membrane.

Results and discussion

Cold Irradiation

The cold irradiation contained two parts: the main one is the dose steps, the other additional one is a short single-event transient test.

For the dose steps, the TESs were irradiated while at 4 K. The cryostat was then moved away from the beam line in the north cave, over to the south cave, where the characterization of the TES was then performed at 50 mK.

For the SET testing, the cryostat was cooled down to 55 mK while in front of the beam for a couple of hours. As this was the most complicated measurement to put in place and because the main question to answer was the robustness of the detectors to permanent damages, only one set on such measurements was performed.

In total, up to 26 pixels could be connected in the setup (13 on each of the 2 quadrants (M1 and M2) of the TES chip). However, based on the available time for characterization between each dose step and the lack of multiplexed readout, only a subset of pixels could be read out and characterized per dose step:

-Transition shapes (initial check of most pixels at GSFC, then focus on 2 (+2) while at CNL) -Pulse shapes (check of 16 pixels (2x8 with TDM), both before and while at CNL) -Noise spectra (focus on 2 (+2) pixels) -Energy resolution (focus on 2 (+2) pixels)

Dose testing

Impact on transition shapes. Just as was done for the lifetime testing in the previous section, the data after each step was analyzed and plotted together to look for any changes due to the irradiation.

An analysis of the transition shapes showed that they were very stable over the different irradiation steps. There was no apparent sign of shifts in the critical temperature (T c ). Some small differences (less than 3 %) to the data from the first day at CNL can be seen, but these were well within what could be attributed to changes in the ambient conditions (i.e., from a slightly different field environment).

Examples of transition shapes after each step, for 3 different pixels, is shown in Figure 3.51. Impact on pulse shapes. The pulse shapes also appeared to be stable over the different irradiation steps. A larger difference after the 2-and 4-year doses can be observed, however, the data (including measurements from the MUX chips) suggested magnetic flux had been trapped inside the Nb box.

On just a couple of pixels, a small difference after the 25-year dose could be seen, and still visible upon return to GSFC.

There is no apparent sign of secondary tail due to radiation. As for the transition shapes, the small differences can again be attributed to small changes in the ambient conditions (slightly different field environment, bias points). A secondary tail can be seen in the pulse-shapes, before and after the irradiation but not changing significantly, that is likely related to thermal heating of the substrate from the X-rays. It is reasonable that this substrate heating can flow away with a slightly longer time constant (Miniussi et al., 2020a). Another possibility may be that the secondary tail is coming from the bismuth in the absorber. Either way, our focus here is to make sure there is no change compared to the baseline.

Examples of pulse shapes for 3 different pixels, before and after the various dose steps, can be observed in Figure 3.52. At the bottom are also shown the relative difference compare to the baseline, in order to be able to better track subtle changes. Impact on energy resolution. The energy resolution from 55 Fe and with the monochromatic source are shown on Figure 3.53. The measured energy resolution as characterized by the full width at half maximum amplitude (FWHM), before and after different dose steps, are plotted. They appear to be fairly stable over the different irradiation steps (except for one point discussed below). Moreover, there is no sign of a low energy tail appearing in the data taken with the mono source.

One point with degradation can be observed after 25 years, but which can be correlated with higher low-frequency (LF) noise as shown in Figure 3.54. This appeared to be due to higher background noise from secondaries coming from the Nb box. When the niobium became radioactively activated, it emitting gamma rays that were absorbed in the material in the entire mechanical cold stage, as well as the detectors. This was so large that it affected the temperature stability and led to increased low frequency noise. At that time, while looking at the baseline only with no X-ray source installed in front of the cryostat, some non-calibration pulses could be observed at a low count rate (a few per minute) presumably from the activated cold-stage material.

Two of the energy resolution points also appear lower, both measured with the 55 Fe source while at NASA GSFC. However, it has been observed on other chips in Crusty that the energy resolution measured with the 55 Fe source could be better by a few tenths of an eV compared to the mono-sources and this specific point is under investigation by other members of the GSFC team.

The noise equivalent power (NEP) (estimate of energy resolution from integrated signal to noise ratio) globally follows the energy resolution's trend as represented by the green curve in Figure 3.53.

The NEP is slightly higher, but this result is reasonable due to the relatively high inductance in the TES bias circuit that is known drop to lower noise levels as we move along the TES transition during a pulse. The 3 NEP points which appear higher, match measurements where the worst conditions were observed. For the 25-year dose energy resolution, the noise was higher as mentioned previously. For the 2 energy resolution points at 2 and 4-year doses, these were obtained when there was trapped flux in the Nb box, and slightly different pulse shapes were observed. 

SET testing

Measurement data. For the SEE testing, the data acquisition was performed directly in front of the beam with the TES at 55 mK, using a very low flux (100-1000 protons • cm -2 • s -1 ). Figure 3.55 shows the experiment in place in the vault. Records were measured (triggered and untriggered) with a single column and four rows of TDM. A representative example for one pixel, after aligning the events start time, can be seen in Figure 3.56. Three pulse types were observed. First, there were some large pulses, showing a shape indicating that the TES was saturated. These were likely coming from energy deposited in the absorbers, which is estimated around 35 keV. Second, there were small pulses showing two different decay times. These were likely coming from some energy deposited in different locations in the wafer.

In order to better understand the different pulse shapes and time constants observed, this data set was further investigated and compared to a model made with the COMSOL Multiphysics software (COMSOL, n.d.) as shown in the next section. This study is not strictly speaking needed for the main purpose of understanding the robustness of our TES detectors to radiation. It relates more to the study of the expected thermal background due to cosmic rays incident on the detector substrate, which has been performed in a separate experiment under better controlled conditions (with, for instance, a mask being located between the alpha source and the array to collimate where the energy is deposited). It seemed interesting, however, to analyze the signals which were observed, to help confirm our thermal model of how energy depositions can cause the various different signals that were seen.

In terms of robustness to radiation, the data do not show any signs of issues related to degradation of the TES detectors, i.e. the TES that was driven normal due to the high temperature increase did not cause any trapping of magnetic flux, which was one of the primary goals of this measurement. Comsol modeling. The Comsol model, described below, was created using a model based upon the thermal design described in Miniussi et al., 2020b and[START_REF] Hull | Characterizing Thermal Background Events for Athena X-IFU[END_REF] for the X-IFU wafer.

Depending on whether the heat in a given layer is transferred via phonons or electrons, the thermal conductivity k (in W • m -1 • K -1 ) and heat capacity at constant pressure Cp (in J • kg -1 • K -1 ) are described by different equations (Pobell, 2007). For the phonons (denoted by the superscript p ), we use: (3.21) where:

k p = 1 3 c p v ν p λ T 3 (3.20) C p p = c p v 1 μ T 3 ,
-c p v , in J • m -3 • K -4
, is the heat capacity constant of phonons in the material per m 3 per K 3 ν p , in ms -1 , is the speed of sound of phonons in the material λ, in m, is the mean free path (shortest distance in the layer) -T, in K, is the temperature in the layer μ, in kg • m -3 , is the solid density For the electrons (denoted by the superscript e ), we have: .24) where:

k e = L 0 1 ρ 4K T (3.22) = L 0 RRR ρ 300K T (3.23) C e p = c e v 1 μ T , ( 3 
-L 0 , equal to 2.55e -8 WΩK -2 , is the Lorentz number ρ 4K , in Ω.m, is the electrical resistivity at 4K ρ 300K , in Ω.m, is the electrical resistivity at 300K -RRR, no unit, is the residual resistance ratio -c e v , in J • m -3 • K -2 , is the heat capacity constant of electrons in the material per m 3 per K

The conductance between the layers was calculated differently depending on the location of the energy deposition. When connecting the phonons from the silicon and the gold, the Kapitza constant kap Au Si (in W • m -2 • K -4 ) is used, with S the surface of contact in m 2 , the conductance is calculated by: G kap (T) = kap Au Si S T 3 (3.25)

When connecting the electrons and phonons within the gold or copper, the coupling constant

Σ (in W • m -3 • K -5
) is used, with V the volume of Au/Cu considered in m 3 , the conductance is calculated by:

G ep (T) = 5 V Σ T 4 (3.26)
The power P ij transferred from a layer i to another layer j is calculated using:

P ij = T j T i G(T)dT (3.27)
For each of the thermal blocks, the following heat equation is resolved in COMSOL in order to model the heat transfer:

dz μ C p ∂T ∂t + ∇.(-dz k ∇T) = Q , ( 3.28) 
where:

-dz, in m, is the thickness of the layer μ, in kg • m -3 , is the solid density -C p , in J • kg -1 • K -1 , is the solid heat capacity at constant pressure -T, in K, is the temperature (state variable) in the layer -t, in s, is the time

-k, in W • m -1 • K -1 , is the solid thermal conductivity (a scalar if the thermal conductivity is isotropic) -Q, in W • m -2
, is the heat source or sink. This is what was used to include the phonon/electron coupling and the Kapitza conductance in the model.

As input to COMSOL, a geometrical model (Figure 3.57, right) was built following a simplified version of our 32x32 TES chip design (Figure 3.57, left). The array is composed of a rectangular silicon wafer with copper located on the back side of the wafer. On top of the wafer, a gold layer covers most of the wafer except the TES and pads areas, and was connected to the heat sink via gold wirebonds. The wirebonds which connected the chip to the detector assembly were modeled as a direct link to the heat bath. The 32x32 microcalorimeters were not included in this model, since we are interested in the energy deposited in other locations. The TES response to these variations of bath temperature can then be modeled separately afterwards.

As this model was developed in two dimensions using the same methodology as used for the X-IFU model (Miniussi et al., 2020b[START_REF] Hull | Characterizing Thermal Background Events for Athena X-IFU[END_REF], the array was designed as a surface but needed to represent the real geometry. To do so, the surfaces and effective thickness have been calculated and applied in the physics of the model. This is in particular true for the beam area where coating is in reality deposited not only below the chip but also partly in the walls of the muntins (i.e. the part of the wafer which has been removed below the pixels). The results from this modeling are shown for an energy deposition at the center of the array of 600 keV (estimated energy deposited along the proton track in the silicon) in Figure 3.58. This temperature change in the silicon from the heat bath at 55 mK is modeled at the closest TES locations from the energy deposition, up to 1 mm away, and indicated a maximum variation of 0.24 K. When inputting these bath temperature variations into a TES pulse simulator developed at NASA GSFC by S.Smith, pulses with a maximum height of 0.4 μA were generated. These have been overlaid on top of the actual data where the small pulses with the fastest decay time have been selected, as shown in Fig. 3.59. Currently, the model does not fully reproduce the pulse height observed in the measurements, being smaller by about a factor of 2. It does, however, reflect the gradient in pulse heights well, that depend on the distance between the energy deposition and the measured point. Further model development is possible trying to better reproduce the observed data by assessing the impacting of varying the different input parameters such as heat capacities, RRRs, etc on the output data. However this has not yet been done and was considered beyond the scope of these radiation tests. 

Warm Irradiation

For the warm irradiation tests, the TESs were irradiated at room temperature in a single dose step of 20 years (i.e. 2.64e 10 cm -2 ). The detector assembly was kept inside its transportation box, and placed in front of the beam, as shown in Figure 3.60.

The characterization of the TESs was then performed inside the cryostat at 55 mK once back at GSFC. As with the MUX card holding the large TES chip, up to 26 pixels could be connected (13 on each half (M1 and M2) of the TES chip) although in the absence of TDM not all were measured.

The transition shapes, pulse shapes, and energy resolution were compared before and after irradiation, and, just as for the cold irradiation tests, we observed: -No evidence of modification of the transition shape due to irradiation -No evidence of modification of the pulse shape due to irradiation -No change in energy resolution An example of the pulse shapes before and after the irradiation overlayed on top of each other is shown in Figure 3.61. Some very minor differences in the pulse shapes were visible, just as for the cold irradiation, but very likely due to minor changes in the environment.

This theory was checked by adjusting slightly the offset field and comparing the pulse shapes, which is also shown on the same figure. Figure 3.61: Pulse shape (and zoom) for a pixel before and after irradiation. An additional pulse shape with a small variation on the field coil is also shown.

Conclusions

From both the cold and warm irradiation tests, it seems that no clear damage occurred in the TES detectors for a maximum dose equivalent to a mission duration of ∼25 years (based on 11 mm aluminum shielding, similar to 10 years with 3 mm aluminum shielding suggested by ESA).

More specifically, no significant damage was observed on: the transition shapes, the pulse shape, and the energy resolution performance. Some minor variations were observed but are within the range of the typical variability of pulse shapes and heights and R vs T variation, and which can be explained by small variations in the environment (magnetic field, bias point).

These tests results therefore appear to successfully address the risk associated with the TES detectors being robust to the space environment at L1 for a mission duration of 10 years, and help us to conclude that the TRL 5 milestone related to radiation testing has been accomplished. -Preparing the ground calibration of the X-IFU. Such step is essential to obtain characteristics such as the energy scale or quantum efficiency, which would otherwise be challenging in flight. In order to do this, various X-ray sources are required: radioactive sources, rotating target sources, modulated x-ray sources (MXS) (de Vries et al., 2017), channel-cut crystal monochromators (CCCMs) [START_REF] Leutenegger | Simple, compact, high-resolution monochromatic X-ray source for characterization of X-ray calorimeter arrays[END_REF] or even electron-beam ion traps (EBITs) [START_REF] Beiersdorfer | Laboratory X-Ray Astrophysics[END_REF]. Elsa will help prepare for the ground calibration activities, with various tests and validation of some of the planned calibration techniques (e.g. gain drift calibration).

-Providing better expertise to CNES. CNES is indeed responsible for the integration of the instrument, but had limited experience in X-ray cryogenic experiments prior to X-IFU. The 50 mK test bench at IRAP will hence improve their full understanding of the instrument and provide a direct test platform for the test of analysis tools they are developing.

With those goals in mind, this led to the procurement of the 50 mK test bench starting in 2017, followed by delivery and commissioning in 2018. In 2019, the first steps toward a full characterization and integration started, in an ISO-8 clean room at IRAP.

In this section, I provide a summary of the test bench design and of its characterization, which includes the characterization in temperature, micro-vibration, and, in a few words, in magnetic field.

Test bench design

The test bench was hence designed to fulfill the goals previously described, leading to common points with the X-IFU but also some differences. The obvious common point was to have a system providing enough cooling power to reach 55 mK and hold the temperature for several hours, in a sufficiently stable environment. Several differences include the fact that to perform functional tests of the readout chain, a full size system is not needed. It was hence designed to be able to hold smaller TES arrays, and a TDM readout for a smaller amount of pixels, as is fully described in the second part of this chapter. Also, the objective here not being to demonstrate the full capability of the X-IFU to provide X-ray spectra with 2.5 eV energy resolution at 6 keV, some constraints on the level of noise, temperature stability or micro-vibrations were relaxed, aiming for a system providing an energy resolution below 3.5 eV (FWHM) at 6 keV.

More details on the energy resolution budget and design choices for the test bench are given in the upcoming subsections.

Energy resolution budget

As previously mentioned, the main objective of the bench being to carry out a demonstration of the readout electronics, a higher energy resolution than for the flight-like system is aimed for (i.e. 3.5 eV). In order to reach this, an energy resolution budget was performed at the time the system was designed (for an FDM architecture), and can be found in E. Cucchetti's PhD thesis [START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF]. A few points are summarized below.

The energy resolution budget, which was built from the FPA demonstration model one and from the X-IFU one, assumes a few starting assumption including : -a temperature stability better than 4 μK RMS over a 24 hour period -a temperature sensitivity of 45.8 meV/μK RMS -a shielding rejection factor from the Nb box of 5400 -a magnetic field drift of 68.25 nT/15min in normalization -a magnetic sensitivity 8 eV/nT Measurements were performed to verify the various assumptions/allocation and are described in the next section.

Cryostat

The test bench is built around a commercial dewar with four temperature stages purchased from Entropy GmbH (see Fig. 4.2). It consists of a 2-stage pulse tube cryocooler (PTR, Sumimoto F70), which provides cooling to 50 K and 3 K, and for the sub-Kelvin cooler of a 2-stage adiabatic demagnetization refrigerator (ADR) which provides cooling to 500 mK (with a gadolinium gallium garnet (GGG) salt pill) and to 50 mK (with a ferric aluminum alum (FAA) salt pill). In order to mount them with enough thermal isolation at low temperatures, the salt pills are attached using Vespel stems. The superconducting magnet for the ADR is a solenoid Nb coil, with a 6 T field and a current going up to 40 A during cycling, enclosed in a double Cryoperm shield plus an Hyperco disk on the 4K stage, to keep the magnetic field contamination as low as possible at the cryogenic stages. The cold stages thermalization is ensured by a motorized heat switch, which can be opened or closed automatically or manually as needed during cool-downs and ADR recycles. The cryogenic chain was designed to provide over 6 hours of hold time at 55mK with a load power of 1 μW and 15 μW respectively at the FAA and GGG stages. 

X-ray source

In order to characterize the detection chain, a radioactive 55 Fe source emitting X-ray photons mainly at 5.9 keV is placed in front of the down looking cryostat X-ray window.

In order to allow X-rays from the outside to the focal plane assembly, a series of apertures aligned with the TES array are present at the bottom of each thermal shields. To avoid shot noise and infrared loads on the detectors, the opening in each shield is equipped with an appropriate filter, i.e. : -a Luxel "LEX-HT" window at the 300 K stage, to sustain the differential pressure between vacuum and atmospheric pressure while providing a good X-ray transmission between 2 and 12 keV (see Fig. A remotely controlled filter wheel allow to select for a specific filter (various Mylar and Al films), to reach a typical count rate of 1 photon per pixel per second. 

Characterization of the test bench

A full characterization of the cryostat had been performed prior to integration of the various subsystems from the X-IFU detection chain. This included a study of the magnetic environment (done before my arrival on the project), assessment of the micro-vibrations, and a characterization of the temperature stability, hold time, and heat loads at 55 mK. This was necessary to ensure that the TES detectors and SQUID-based readout are operated under suitable conditions for optimal performance, and a system capable of providing 3.5 eV resolution at 6 keV. Both are highly sensitive to magnetic fields (both static and dynamic), and the detectors are highly sensitive to temperature fluctuations of the thermal bath. Some details on this characterization are given in the subsections below, and can also be found in the SPIE proceedings from Betancourt-Martinez et al., 2021.

Magnetic field environment

The study of the magnetic field environment (done by the team before I joined the project and hence only briefly summarized here) was performed using a Bartington Mag-01H Single Axis Fluxgate Magnetometer coupled with cryogenic probes types F & G (with respectively 0.1 nT and 1 nT resolution, and 26 mW and 16 mW maximal specified power consumption).

The goal was to determine the level of residual magnetic field at the FPA level -which was at that time planned to follow an FDM architecture). The probes were hence installed on the 55 mK plate using dedicated 3D printed mounting structures to measure the magnetic field components in two directions at a time.

A first test, aiming at characterizing the μ-metal shielding factor "S" of the external shield (required to be above 30 in the direction normal to the pixel array, which is most sensitive to the magnetic field) gave shielding factors of 92, 18 and 35 respectively in the normal direction to the array, the parallel direction to the array horizontally, and the parallel direction to the array vertically. The Earth's magnetic field inside the dewar along the axis normal to the array is thus attenuated as required.

A second test, aiming at characterizing the (time variant) magnetic field from ADR, measured the value of the magnetic field as a function of the current circulating in the magnet coil. For low currents (less than 0.5 A, and so representing a nominal 55 mK temperature regulation), the magnetic field varied as expected linearly with the current. For higher current however, a saturation of the Cryoperm and/or Hyperco shield(s) around the magnet could be observed, as well as a hysteretic behavior. Assuming a 55 mK hold time with a current of 0.3 A for 6 hours, the drift along each axis could be measured, with a worst case of 52.1 nT/15 min along the vertical axis.

Those tests hence showed, without the Nb shield, a 1.4 μT total static residual B-field due to the earth's magnetic field shielded with an external mu-metal external shield, and less than 50 nT/15 min B-field drift during ADR regulation at the location of the array (without consideration of the additional attenuation from the Nb superconducting shield around the detector set-up). Using a conservative estimation of the Nb shield magnetic rejection around 5400 and a 30% margin for the observed hysteresis, the drift seen by the detectors should be lower than 12.64 pT/15 min in any directions.

This study was translated to the new location of the array in the TDM setup configuration using both the model of the ADR magnet B field provided by Entropy and mu-metal attenuation first order estimates.

Thermometry

Several tests were performed to obtain the temperature stability and hold time of the cryostat at targeted sub-Kelvin temperature (mostly 55 mK). In this section, I describe some of those tests and report on the results. I will not report here on tests which were performed with the 55 mK Cu plate initially designed for the implementation of an FDM detection chain, not needed anymore with the TDM detection chain where the SNOUT is directly attached to the 55 mK cold finger, as described in the next section.

Those tests are particularly important in setting up the new system, as the cryogenic chain should provide sufficient cooling power to comply with the FPA power consumption (estimated to be around 14 nW maximum). The goal was to remain at 55 mK for more than 6 hours with 1 μW load power at FAA level, and 15 μW load power at GGG level. In terms of stability, as previously mentioned the target is 4

μK RMS or less.

The temperature stability and hold time were studied using two different resistance bridges : an AVS, provided with the Entropy system, and a Lakeshore 372 AC, installed in addition by IRAP.

In terms of thermometers, Cernox thermistors are present at the 500 mK, 3 K and 50 K stages, while three other sensors are available for the 55 mK stage : a Ruthenium Oxide thermistor named R61 procured by IRAP, and two sensors provided by Entropy named FAA and FAA2.

For the cold tests described hereafter, the FAA thermometer is located next to the heat switch and connected to the AVS bridge with an excitation of 30 μV, while the FAA2 and R61 are located on the 55 mK cold finger (see Fig. 4.5) and connected to the Lakeshore bridge with an excitation of 63.2 μV. For the measurements described below, the system was regulated at 55 mK in turn either with the FAA, the FAA2 or the R61, and the temperature measured by two or all of them and recorded (depending on whether multiplexed readout is performed or not). Such dataset is shown in figure 4.6 for a regulation with the FAA2 and measurement with it and with the FAA. From those measurements, it appeared that the R61 thermometer was too noisy to regulate our system to the desired level of stability. The best temperature stability which could be measured on this thermometer was 14.344 μK RMS, way above our requirement.

The regulation with the FAA2 however gave the best results, with a standard deviation of ∼ 3 μK RMS, i.e. very well within our requirement of 4 μK RMS.

Additionally, measurements with an excess power (heat load) of 0.5 μW -i.e. well above the expected load for our FPA -injected with additional resistors on the FAA stage at 55 mK gave an autonomy of 11 hours. The hold time without 55 mK plate hence appeared compliant with the specifications.

Micro-vibrations

Several sources of vibrations can affect our system. They can come from the ambient environment such as the micro-seismic background, or be caused by elements from our system, such as the vacuum pump or the pulse tube. The latter is assumed to be the largest contributor in terms of vibration, as it runs continuously during the operation of the cryostat with a clear period around 1.6 Hz. Despite the fact that our pulse tube (Sumimoto double stage pulse tube cooler model SRP-082BS, with a remote water-cooled Sumimoto F70-H compressor) has a separate valve unit for vibration minimization, it is attached to the cryostat main support frame. Moreover, if some of those vibrations happen to be at the same frequency as one of the resonance frequencies of our system, they can be amplified.

This can have a negative impact on the performance of our system. Indeed, in a non-elastic case, micro-vibrations produce thermal dissipation which if not perfectly steady will generate temperature variations at the 55 mK stage and so the microcalorimeters. Such temperature variations add noise to the TES performance and to the digital readout signal, directly degrading the energy resolution.

As vibrations can be measured as accelerations (in [m • s -2 ] or [g]), we assessed the micro-vibrations in our system using piezo-accelerometers (provided by PCB Piezoelectronics). Those sensors are built using a piezo-electric crystal, which have the particularity of generating a signal proportional to the applied stress, in our case an acceleration. Out of the three sensors used in the experiment, one is designed to keep working at cryogenic temperatures up to 4 K. The other two start losing their sensitivity below ∼ 240 K. The cryogenic sensor (model 315B42) has a dynamic range of 100 mV/g over a frequency range of 5 kHz, with a resolution of 500 μg RMS. The other two non-cryogenic sensors (model 393B04) have a sensitivity after gain correction of 1 V/g (+/-10 %) over a frequency range of 1.7 kHz, with a resolution of 30 μg RMS.

For the X-IFU which require a resolution of 2.5 eV up to 6 keV, in order to maintain a contribution around 0.1 eV for an input at 1.4 Hz (such as the pulse-tubes harmonics), the requirement is to keep vibrations under 30 μg/ √ Hz. For our 50 mK test bench where the specification has been degraded to 3.5 eV, the corresponding requirement would loosely translate to 50 μg/ √ Hz.

For our experiment (see Fig. 4.7), the three sensors are fixed to the 50 mK stage, such that the cryogenic sensor is in the x-axis direction, normal to the X-ray flux, and the non-cryogenic ones are in the y-and z-axis, respectively normal and parallel to the X-ray flux. The signal from the accelerometer is amplified using a signal conditioner before being acquired via an ADC in the time domain. Using a program built in LabView, a Fourier analysis is done and the power spectral density (or PSD) of the signal is output as a function of frequency. In total, three sets of measurements were taken (the second one by an intern, Malo Serra). Examples for a few configurations from the first set of measurements are shown on figure 4.8,

The selected data has been chosen to show comparison of the vibrations in a rest frame (panels 1 and 2) compared with the pulse tube on (panels 3 and 4). Panels 1 and 2 show little difference by having the heat switch open or closed, with a maximum signal in the order of ∼ 5.10 -3 g/ √ Hz around 20 Hz. Panels 3 and 4 show small differences only on the x-axis, corresponding to the cryogenic sensor; one can see on panel 4 that the sensors along the y-and z-show almost no sensitivity -as expected -at 2.5 K.

The main difference appears to be when the pulse tube is turned on, leading to spikes in the order of ∼ 10 -2 g/ √ Hz around 20 Hz. This seems to be coming from harmonics of the pulse tube frequency around 1.6 Hz. These tests hence identified two main ranges of frequencies where the micro-vibrations may be reduced and potentially improve the performance of the bench : a broad resonance band around 20 Hz, and the harmonics of the pulse-tube impulsion at a fundamental frequency of 1.6 Hz.

In order to mitigate the effect of the pulse tube, two first possible solutions were be tested by M. Serra: -decoupling the rotating valve from the frame holding the cryostat.

-damping vibrations on the tubes going from the rotating valve to the cryostat by placing them inside of bags filled with lead pellets. Those measurements included tests with the sensors placed at different positions in the system, including directly on the frame holding the cryostat.

As neither of these tests showed any clear improvement in the measured data, it was decided to keep the original configuration (i.e. the rotating valve on the frame, and no lead-pellet bags around the PT hoses).

In an attempt to attenuate some of the low frequency vibrations, by decoupling the top part of the frame (holding the cryostat) from the legs in direct contact with the ground, isolators where installed, leading to a third and so far last set of measurements, actually not showing any clear improvement either.

In summary, the micro-vibration tests performed in order to characterize and potentially improve our 50 mK test bench showed peaks around ∼ 10 -3 g/ √ Hz around 20 Hz, and around ∼ 10 -4 g/ √ Hz in the mid frequency range. This gave levels of 6.50 mg RMS, 2.37 mg RMS and 0.099 mg RMS respectively over the 0-100 Hz, 100-1600 Hz and 1600-5000 Hz frequency bands.

It should however be pointed out that, despite the observed peaks higher than the assumed specifications, the level of vibrations measured are in the same order of magnitude as measurements performed at SRON (private correspondence) and known to be acceptable. It was hence decided to proceed with the integration of the detection chain, and circle back to this if it appeared needed.

Electronics integration and first results

Electronics integration

Following the characterization of the 50 mK test bench, we started the integration of the baseline detection chain. The initial system validation was carried out first using non-flight electronics from NIST and GSFC in place of the WFEE and DRE developed by APC and IRAP, with the advantage of the former being well known and having demonstrated the required performance. Part of this section is based on [START_REF] Beaumont | Development of an End-to-End Demonstration Readout Chain for Athena/X-IFU[END_REF] We used analog low noise amplifiers at room temperature for the TES signals provided by NIST with an input voltage noise level of less than 1 nV/ √ Hz, gain ∼ 150, and a bandwidth of ∼ 20 MHz [START_REF] Doriese | Developments in Time-Division Multiplexing of X-ray Transition-Edge Sensors[END_REF], which perform the same function as will be provided by the X-IFU WFEE. The analog electronics box (or 'tower') [START_REF] Reintsema | Prototype system for superconducting quantum interference device multiplexing of large-format transition-edge sensor arrays[END_REF], mounted directly on top of the dewar, also provides bias currents for the front-end multiplexed SQUIDs and the second stage AMP SQUIDs. They also provide feed-throughs for the feedback signals and row addressing signals from the multiplexing electronics.

For the TDM multiplexing, we used digital electronics provided by GSFC that is based upon commercial off-the-shelf (COTS) electronics boards [START_REF] Sakai | Developments of laboratory-based transition-edge sensor readout electronics using commercial-off-the-shelf modules[END_REF] The readout chain also includes harnesses and cold electronics. This starts with flex wiring fabricated from Cu-Ni traces on Kapton flex going from 300 to 3 K, which passes through an epoxy hermetic feedthrough and is heat-sunk at 50 K before being terminated at the 3 K stage. The signal wiring is connected to the second stage AMP SQUID amplifiers at 3 K which are also provided by NIST.

The input signals to the AMP SQUIDs as well as those that run directly to the low-temperature multiplexer are carried on superconducting NbTi twisted pairs in looms that are heat-sunk at a 500 mK interconnect board (provided by GSFC), before the signals pass through to the 50 mK stage.

Finally at the end of the readout chain, at the 50 mK stage, are the TES detectors provided by NASA Goddard [START_REF] Smith | Multiabsorber transition-edge sensors for x-ray astronomy[END_REF]. These are coupled to the cold multiplexer readout electronics provided by NIST that perform switch addressing and holds the front-end SQUIDs [START_REF] Durkin | Demonstration of Athena X-IFU Compatible 40-Row Time-Division-Multiplexed Readout[END_REF], on a detector assembly called 'snout' [START_REF] Doriese | A practical superconducting-microcalorimeter X-ray spectrometer for beamline and laboratory science[END_REF].

Because TES and SQUID devices are highly sensitive to magnetic field, the snout is enclosed in a niobium shield, contributing to setting a very and low uniform ambient magnetic field needed for the optimized operation of TES microcalorimeters. In order to nullify the remaining normal field at the detectors level and maximize the detectors performance, the TES array is placed under a NbTi alloy Helmholtz coil.

The 50 mK test bench can accommodate a 32 x 32 TES microcalorimeter array (absorber pitch of 275 µm and TESs with dimensions 75x75 µm). For this demonstration chain, it was decided for simplicity and efficiency initially to populate and connect only two columns of the readout out of a possible eight available, providing a 2 x 32 demonstration system. Pictures of the various parts of the readout chain can be seen in Fig. 4.10.

Once the electronics from GSFC and NIST installed, some further characterization of the performances of the cryostat were checked, leading to results in fairly good agreement with the initial characterization: -a temperature stability around 5 μK RMS, under optimization ; -a hold time of 15 h at 55 mK, which is good enough to be able to measure a spectra with high enough counting statistics and determine the energy resolution to a few 0.01 eV ; -a residual magnetic field inside the Nb shield, at the focal plane level, around 1 μT.

First results

Prior to be sent to IRAP for integration, the 'snout' (TES detectors + cold readout electronics) had been tested at NASA GSFC together with similar warm readout electronics as what was going to be installed on Elsa. For reference, single pixel measurements showed good uniformity and an energy resolution of 2.1 +/-0.1 eV at 6 keV. Multiplexed measurements, using 2 x 32 pixels, also showed a preliminary energy resolution of 2.63 +/-0.01 eV (private correspondence). It should be pointed out however that although adequate for initial demonstration, this level of performance is not (and was not meant to be) the ultimate optimized multiplexed performance achievable for these detectors [START_REF] Smith | Performance of a Broad-Band, High-Resolution, Transition-Edge Sensor Spectrometer for X-ray Astrophysics[END_REF].

As of mid-October 2021, the flexes and analog electronics had been installed on the test bench. The focal plane assembly 'snout' and COTS TDM electronics had been received as well, and integrated before the end of 2021.

The full initial demonstration chain was hence started to be tested at IRAP early 2022, during my last stay there during my PhD.

Although a lot of improvements were spotted in order to reduce the noise among other things (detailed in the next section), the very first X-ray photons at 55 mK could be observed at IRAP, leading to an initial single-channel spectrum with the energy resolution of 3.3 eV +/-0.17 eV, as shown on figure 4.11 Figure 4.11: First spectrum measured at IRAP with TES detectors at 55 mK. The X-ray source used was 55 Fe, producing photons at 5.9 keV.

Additional results and way forward

As mentioned in the previous subsection, the measurements leading to the first spectra taken with the 50 mK test bench were taken during the last rotation of my PhD at IRAP, and so my last direct contribution.

After my departure however, I kept supporting the development of the test bench remotely and following the team's activity which are summarized below (and can also be found in [START_REF] Castellani | A 50 mK test bench for demonstration of the readout chain of Athena/X-IFU[END_REF].

Additional results

EMI/EMC reduction analysis.

From the measured performance and noise level, it appeared clear that an optimization of the signal to noise ratio was needed, and was performed via a careful EMI (Electro-Magnetic Interference) / EMC (Electro-Magnetic Compatibility) analysis, followed by a controlled implementation.

Those steps involved : -a strict grounding scheme following what had been done on NIST and GSFC systems, i.e. : having all measurement electronics and cryostat control electronics grounded through a single large copper braid; and having a metal cable path tray between the cryostat structure and the measurement electronic rack.

-an isolation transformer to isolate the measurement electronics from any power supply disturbance.

-adding high-frequency filters at the cryostat feed-throughs, i.e. : filtering the magnet power-supply with a Shaffner Single-stage Filter FN2410/FN2412; and filtering the LEMO plugs for thermometry with 560 pF capacitor EEseal filters performing a low-pass filter around 100 kHz.

Ground loops, (such as those created by the cable of the pressure gauge or the shielding of the field coil cable), were carefully tracked down and removed from the system (either with a permanent fix or just disconnected the element during experimentation).

Further improvements are ongoing by the IRAP team, although the above led to a great improvement in the system performance as can be seen through spectral data (see next section).

First TDM spectra. After performing the EMI/EMC optimisation detailed above, a 1×8 pixels TDM spectrum of the MnKα complex was taken, giving : -a 2.8 eV FWHM energy resolution measured for the best single channel out of 8, -a 3.1 eV FWHM energy resolution from the 8 co-added spectra, shown on Fig. 4.12).

The results being still a few 0.1 eV higher than when measured at NASA GSFC, it is assumed that the difference might be due to residual higher noise level and/or the thermal stability of our system. Tests are currently being performed to quantify those aspects.

In any case, despite the room left for improvement, this test validates the performance of the 50 mK IRAP-CNES test bench, 'Elsa', to perform the end-to-end demonstration of the X-IFU prototype warm readout electronics. 

Way forward : Integration and testing of the complete X-IFU readout chain

Once the complete DRE will have been installed, the tower will be replaced by the WFEE in order to validate the full end-to-end X-IFU detection chain.

However, aiming at reaching the best possible noise level, the DRE and WFEE are being developed as differential electronics, while the current chain based on legacy electronics is single-ended. In order to be able to assess the performance of the DRE and WFEE with the full advantage of differential electronics, the present single-ended 3 K AMP SQUID card and 3 K to room temperature flexes will need to be upgraded using a differential electronics design. Also, the 50 mK test bench will be used to validate and help further development of the XIFUFWK, a data analysis framework being developed by CNES to analyze data from the future X-IFU instrument.

Conclusion

In this chapter, I have presented the cryogenic test bench developed at IRAP, some of the characterizations which were performed, and detailed the integration of the electronics for the initial system validation. A few points can be summarized: -The cryogenic chain will allow for a stable operation at 55 mK with a stability better than 4-5 μK RMS (still being improved) for a duration of 15 hours. -Alongside the team at IRAP, I have performed measurement campaigns to characterize the cryostat both in temperature stability, hold time, and micro-vibrations.

-Alongside the team at IRAP, I have contributed to the integration (and debugging) of the detection chain and the measurement of the very first X-ray photons at 55 mK at IRAP. -While still supporting the bench activity remotely, the team has performed a successful validation of the 50 mK test bench for the demonstration of the X-IFU detection chain.

Those first results on the test bench are an important step forward for the X-IFU teams at IRAP and CNES. We measured a 3.1 eV energy resolution at 5.9 keV with 1x8 multiplexing, using subsystems from NASA/GSFC and NIST. Further optimizations are planned on the thermal stability and EMI/EMC front, with the goal to meet a 3 eV resolution under multiplexing at 6 keV. The demonstration of the X-IFU warm readout chain has started with a first flight-compatible prototype of the DRE RAS, leading the way for the demonstration of the complete X-IFU detection chain.

Main Results

During this thesis, I worked on the development of the X-IFU instrument, focusing on three aspects: its scientific capabilities, the long term performance of its TES detectors, and the implementation of an end-to-end demonstration for its readout detection chain. These topics, although very different, have in common the basic theme that they are all of critical importance to the development of the instrument and long term success. In this section, I provide a summary of the main results I obtained during this thesis, followed by a brief description of ongoing and future work on these topics.

Scientific feasibility studies

Impact of CX on the recovery of physical parameters of the ICM with the X-IFU

I investigated the impact of CX within the hot plasma in galaxy clusters. I have shown that systematic errors induced by CX in X-IFU observations of galaxy clusters should be low and remain within the requirements of 4% when it comes to determining the temperature and density of the intra-cluster medium. For the abundance, however, this is not always true, as the relative error becomes larger than the required value of 4% for clusters with a temperature larger than 1 keV, and a relative normalization of charge exchange that is larger than N a2a =0.1% of the thermal emission.

It hence appears that CX will have a small impact on the recovery of physical parameters of the ICM as long as it leads to less than a ∼11 % increase of the Oviii Lyα line. Otherwise, relative error on the abundances could reach 30 % for an increase of ∼50-60 % of the Oviii Lyα line. However it should be noted that by accommodating an additional charge exchange contribution in the model, this error could be reduced to within the requirements. The validity of the results would then be dependent on the accuracy of the model that is used and its limitations.

Fortunately, by the time of the first X-IFU observations, upcoming measurements with XRISM will have provided us with new insights on nearby systems, and combined with multi-wavelength data to determine the amount of neutral atoms in the ICM, shall provide us with a better understanding of the role and importance of CX in the clusters of galaxies.

Turbulent motions characterization in galaxy clusters with the X-IFU

During the development of any instrument, end-to-end simulations are an excellent tool to forecast the expected performance. The X-IFU is no different, and a lot can be learned from detailed simulations. In particular, taking advantage of previous work, I have extended the existing simulation framework started by my predecessors, P. Peille and E. Cucchetti, to assess the feasibility of one of the main challenging science objectives of the X-IFU : characterizing turbulent motions in nearby clusters of galaxies. Starting from a physically-sound modeled cluster extracted from SIXTE simulations, I have established a robust and efficient framework to demonstrate the feasibility of studying turbulent motion in galaxy clusters with the Athena/X-IFU. Using end-to-end simulations on the one hand, and modeling of structure functions for our modeled cluster in the other, and following the formalism developed by N.Clerc, I performed MCMC simulations to retrieve the parameters from a simple Kolmogorov turbulent model (injection scale, slope, and normalization factor). This also relied on a careful account of all errors terms (cosmic variance + additional statistical terms) as previously developed by [START_REF] Cucchetti | Towards mapping turbulence in the intra-cluster medium: II. Measurement uncertainties in the estimation of structure functions[END_REF] Currently, using 19 pointings with exposure times of 125 ks each, 2 parameters (the slope p and normalization Cn) out of 3 (with the inverse injection scale k1) could be retrieved within 1 σ. This corresponds to a measure of the turbulent velocity around 230 ± 10 km/s (chosen in input at 250 km/s). This suggests bright perspectives ahead, as further improvements are under way and are described in the next section.

Long term performance of TES detectors

Lifetime I performed a study of the impact of temperature and humidity on the long-term performance of TES detectors for Athena and other similar astrophysics missions. I observed a strong impact of the humidity on detectors with bare Bi/Au absorbers. These appeared to oxidize, leading to an increased low energy tail on the measured spectra. After adding a thin Au capping layer, hence protecting the Bi from oxidation, the problem appeared to have been successfully mitigated.

I also observed a strong impact from annealing the chip at 60 °C over 10 days, leading to a significant increase in Rn and Tc, which was likely due to increased stress in the TES bilayer.

These first tests successfully addressed the risk associated with exposure of TES detectors to humidity between the end of their fabrication and their operation in space. Further tests will however need to be performed in terms of the temperature, as discussed in the next section.

Radiation

In collaboration with a NASA radiation engineer specialist, we designed and performed a radiation test campaign to assess the robustness of TES detectors such as those being developed for the Athena/X-IFU instrument to space radiation. Due to the complexity of performing this type of experiment while at low temperature, this had not been done before, and provided new information regarding permanent damage (or rather the lack of damage) to TES sensors. From both the cold and warm irradiation tests, results show no clear degradation in the TESs performance for a maximum dose from 3.26x10 10 cm -2 64-MeV proton fluence, equivalent to a mission duration of ∼25 years based on 11 mm aluminum shielding. This is also equivalent to a 10-year mission duration with 3 mm aluminum shielding.

More specifically, no performance degradation was observed in the transition shapes, the pulse shape, or the energy resolution performance and spectral redistribution. Some minor variations were observed but are within the range of the typical run-to-run variability of pulse shapes/heights and R vs T variation, which can be explained by small variations in the environment (such as magnetic field or bias point). These tests hence successfully addressed the risk associated with the TES detectors being robust to the space environment at L1 for a mission duration of 10 years.

Development of a cryogenic test bench

As simulations can never show the full reality with absolute confidence, demonstrations via experiments is a key factor to the success of the development of such complex systems as the X-IFU. This applies particularly to the full X-IFU detection chain, where each subsystem has until now been developed separately, using simulated data as input. In order to demonstrate the complete X-IFU detection chain, a dedicated test bench is being developed at IRAP.

During the course of my thesis, I have participated in the development of this cryogenic facility, by taking the lead on various measurement campaigns to characterize the cryostat (hold time, temperature stability, micro-vibrations), and by working on the installation and integration of the initial NASA GSFC and NIST detection chain, and by demonstrating its operation successfully. This produced the very first measurements of X-ray photons at 55 mK on the Elsa test bench, with an initial energy resolution of 3.3 ± 0.2 eV.

Perspectives and ongoing/future work

Optimizing the observation of turbulence in the intra-cluster medium

The use of simulations provides a powerful tool to assess the capabilities of the X-IFU to characterize turbulent motions in nearby galaxy clusters. The pipeline for simulations of the ICM turbulence is now available, and further investigations can be implemented. These can focus on optimizing the strategy of observation to study turbulence, by using ingenious exposure geometries or pointing geometries. Eventually, this framework will allow us to prepare future observations by astronomers.

The road to completion of this study is clear: refine the calculation of errors, e.g. using the full covariance matrix for the cosmic variance and variable exposure times from the center of the cluster to its outskirts. Taking full advantage of the framework, it will be possible to assess the optimal strategy of observation with the X-IFU to recover turbulence parameters from nearby galaxy clusters.

Fine tuning long term performance characterization of TES detectors

Although the tests with a protective gold layer on top of the TES absorbers appeared to have successfully mitigated degradation of performance related to humidity, a confirmation test, on a chip composed at 50/50 % of pixels with and without the gold capping layer and exposed to humidity as previously done will be performed in order to revalidate our conclusions.

Regarding the impact of temperature, further investigations are scheduled to confirm the cause of the observed changes, including repeat tests with TESs on membranes as well as solid substrates. Additional tests with exposures to lower temperatures and/or shorter time periods will also be performed in order to identify the starting point of the observed changes and adjust any procedure potentially affecting the TESs accordingly.

Way forward with the 50 mK test bench

Since the 50 mK test bench was first installed in 2018, experimental activities have gradually increased within the IRAP team. Following the characterization of the test bench performed prior and during my PhD, and the integration of the NASA GSFC/NIST detection chain for validation, the team has now started and will continue to focus on demonstrating the proper operation of prototypes of the DRE and WFEE.

Also, although a lot has recently been done to improve the system performance in terms of EMI/EMC, future investigations will aim at reducing the noise even further. Later, the test bench will be used to characterize the calibration sources of the X-IFU.

General conclusion

With the current reformulation of the Athena mission into NewAthena, and so of the X-IFU into the NewX-IFU, the development of the instrument will still likely have a fairly long road ahead. However, although the topics studied in this thesis were based on the previous configuration, all the tools and results developed should still prove very useful : -the simulation framework can easily be re-run once the new configuration is fixed, to make any needed adjustments to the optimum observational strategy to study turbulent motions in galaxy clusters.

-the lifetime tests (humidity and temperature) are likely not dependent on design parameters such as the number of pixels, the dimensions of the TESs and absorbers etc, and should hence still be valid after the reformulation exercise.

-the radiation testing, which was initially performed with enough margin to cover up to a 25-year dose with 11 mm Al shielding, will still cover a 10-year mission with 3 mm of Al shielding.

-the 50 mK test bench will have been validated for the current detection chain, and as such is already close to being a complete end-to-end demonstration of the entire system.

The efforts made by the whole consortium in the development of the X-IFU will without doubt lead to a successful instrument, providing unprecedented X-ray spectral imaging data, from the end of the 2030's. These will certainly lead to breakthrough discoveries, helping in unveiling some of the secrets of the hot and energetic Universe. Until then, the data not any less promising which should be delivered by XRISM in the coming years will help optimize the use of the X-IFU to its full potential.

CONCLUSION ET PERSPECTIVES

Résultats principaux

Durant ma thèse, j'ai travaillé sur le développement de l'instrument X-IFU, en me concentrant sur trois aspects: ses capacités scientifiques, les performances long-terme des détecteurs TES, et la mise en place d'une démonstration end-to-end de sa chaîne de lecture. Tous ces thèmes, bien que relativement éloignés, ont en commun le fait d'avoir chacun leur importance dans le développement de l'instrument et son succès sur le long terme. Dans cette section, je présente un résumé des résultats principaux que j'ai obtenu durant ma thèse, suivi par une ouverture sur les points restant en cours ou à venir quand il y a lieu.

Études de faisabilité scientifiques

Impact du CX sur la récupération des paramètres physiques de l'ICM avec X-IFU J'ai étudié l'impact des échanges de charges (CX) dans le plasma chaud des amas de galaxies. J'ai montré que les erreurs systématiques induites par le CX dans des observations X-IFU d'amas de galaxies devrait être faibles et rester dans les niveaux d'exigence de 4% pour la détermination de la température et densité du milieu intra-amas. Pour l'abondance cependant, ce n'est pas forcément le cas, avec une erreur relative qui devient supérieure à la valeur requise de 4% pour des amas avec une température plus grande que 1 keV, et une normalisation relative de l'échange de charge supérieure à 0.1% de celle de l'émission thermale.

Il apparait donc que le CX peut avoir un impact faible sur la récupération des paramètres physiques de l'ICM tant qu'il ne mène pas à une augmentation de plus de 11% sur la raie Oviii Lyα. Autrement, l'erreur relative sur les abondances pourrait atteindre 30% pour une augmentation de ∼50-60% de la raie Oviii Lyα. Cependant, il peut être noté qu'en incluant une composante de CX dans le modèle, cette erreur peut être réduite au niveau d'exigence requis. La validité des résultats dépendrait alors de la précision du modèle utilisé et de ses limitations.

Heureusement, d'ici aux premières observations avec X-IFU, des mesures devraient avoir pu être faites avec XRISM. Ce dernier nous donnera un nouvel aperçu sur les systèmes proches, qui en combinaison avec des données multi-longueurs d'onde pour déterminer la quantité d'atomes neutres dans l'ICM, devrait nous aider à mieux comprendre le rôle et l'importance du CX dans les amas de galaxies.

Caractérisation des mouvements turbulents dans les amas de galaxies avec X-IFU

Les simulations end-to-end sont un excellent outil afin d'estimer les performances attendues par un instrument lors de son développement. Cela s'applique aussi à X-IFU, où beaucoup peut être appris grâce à des simulations détaillées. En particulier, en m'inspirant de leur travail, j'ai étendu les outils de simulations précédemment développées par mes prédécesseurs, P. Peille et E. Cucchetti, afin d'évaluer la faisabilité d'un des objectifs de X-IFU: caractériser les mouvements turbulents dans les amas de galaxies proches. Démarrant d'un modèle physique réaliste d'amas extrait de simulations SIXTE, j'ai établi des outils robustes et efficaces afin de démontrer la faisabilité d'étudier les mouvements turbulents dans les amas de galaxies avec Athena/X-IFU. En 

Performances long-terme des TES

Vieillissement J'ai effectué une étude de l'impact de la température et de l'humidité sur les performances long-terme de détecteurs TES similaires à ceux développés pour des missions astrophysiques comme Athena. J'ai observé un fort impact de l'humidité sur les détecteurs avec des absorbeurs Bi/Au. Ces derniers sont apparus oxydés, menant à une augmentation d'une queue de faible énergie sur les spectres mesurés. Après l'ajout d'une fine couche d'or, protégeant le bismuth d'une oxydation, le problème semble avoir été résolu.

J'ai également observé un impact important d'un recuit des détecteurs à 60 °C pendant 10 jours, entraînant une augmentation significative de Rn et Tc, probablement due à une augmentation des contraintes sur le TES bi-couche.

Ces premiers tests ont ainsi permis de diminuer les risques associés à l'exposition de TES à l'humidité entre la fin de leur fabrication et leur opération dans l'espace. Des tests supplémentaires sont cependant nécessaires pour le cas de la température, comme discuté plus bas.

Radiations

En collaboration avec les ingénieurs spécialistes en radiation de la NASA, nous avons conçu et mis en place une campagne de test de radiation afin d'évaluer la tenue aux radiations dans l'espace de détecteurs TES tels ceux en cours de développement pour Athena/X-IFU. Du fait de la complexité à mettre en place et effectuer une telle expérience à basse température, cela n'avait encore jamais été réalisé et fourni de nouvelles informations quand aux dommages subis (ou non) par les TES. Les résultats des tests de radiation à chaud et à froid ne montrent ni l'un ni l'autre d'évidence de dégradation dans les performances des détecteurs, pour une dose maximale de 3.26x10 10 cm -2 de proton à 64 MeV, équivalent à une durée de mission de ∼25 ans basé sur un blindage en aluminium de 11 mm. Cela équivaut également à une mission d'une durée de 10 ans avec un blindage en aluminium de 3 mm.

Plus précisément, aucune dégradation des performances n'a été observée sur les formes de transition, les pulses, ou la résolution en énergie et distribution spectrale. Quelques variations mineures ont été observées mais qui sont d'un niveau typique de variations d'un test à un autre sur ce type de détecteurs au niveau de la forme et hauteur des pulses ou de la transition R vs T. Elles peuvent être expliquées par de petites variations dans l'environnement des détecteurs (comme le champ magnétique ou le point de fonctionnement). Ces tests ont ainsi permis de réduire le risque associé à la tenue aux radiations spatiale de nos détecteurs TES pour une orbite L1 et une mission de 10 ans.

Développement d'un banc de test cryogénique

Les simulations ne permettant pas d'obtenir une représentation de la réalité avec une confiance absolue, une validation par l'expérimentation est un facteur clé dans le succès de développement de systèmes complexes tel que X-IFU. Cela s'applique en particulier à la chaine de détection complète de l'instrument, où chacun des sous-systèmes ont jusqu'à maintenant été développés séparément, en utilisant des données simulées en entrée. Afin de démontrer la chaine de lecture compléte de X-IFU, un banc de test dédié est en cours de développement à l'IRAP.

Durant le cours de ma thèse, j'ai participé au développement de ce système cryogénique, en dirigeant différentes campagnes de mesures visant à caractériser le cryostat (tenue à froid, stabilité en température, micro-vibrations). J'ai également travaillé à l'intégration et la mise en fonctionnement de la chaine de validation basée sur des électroniques de la NASA GSFC et du NIST. Cela a permis d'obtenir les tous premiers photons X mesurés à 55 mK sur le banc de test, avec une résolution en énergie initiale de 3.3 ± 0.2 eV.

Perspectives et travaux en cours/à venir

Optimisation de l'observation de mouvements turbulents dans le milieu intra-amas L'utilisation de simulations fournie un outil puissant afin d'évaluer les capacités de l'X-IFU à caractériser les mouvements turbulents dans les amas de galaxies proches.

Les outils pour simuler la turbulence dans l'ICM sont disponibles, et des études plus poussées peuvent être réalisées. Par exemple, elles peuvent se concentrer sur l'optimisation de la stratégie d'observation pour l'étude de turbulences, en utilisant des combinaisons ingénieuses de temps d'exposition et/ou de géométries de plusieurs pointés. Eventuellement, cet ensemble d'outils permettra la préparation de futures observations par les astronomes.

Le chemin pour compléter cette étude est clair: affiner le calcul des erreurs, par exemple en prenant en compte la matrice de covariance complète pour la variance cosmique, et en utilisant des temps d'exposition variables pour les pointés centraux et en périphérie de l'amas. En tirant avantage du plein potentiel de ces outils, il sera possible d'évaluer la stratégie d'observation optimale avec X-IFU afin de mesurer les paramètres de turbulence dans les amas de galaxies proches.

Finalisation des études de performances long-terme des TES

Bien que les tests avec une couche d'or sur les absorbeurs des TES aient montré avec succès une protection contre une dégradation due à l'humidité, un test de confirmation, avec une matrice de pixels composé à 50% d'absorbeurs avec et sans couche d'or et exposé aux mêmes conditions d'humidité que précédemment, sera effectué afin de valider les conclusions.

Concernant l'effet de la température, des études supplémentaires sont prévues afin de confirmer la cause des changements observés, incluant des tests avec des TES sur membrane et sur substrat solide. Des tests avec des expositions additionnelles à des températures plus faibles et/ou des durées plus courtes seront effectués afin d'identifier le point de départ des changements et ajuster si nécessaire les procédures de stockage et manipulations des TES.

Perspectives de travail sur le banc de test 50 mK

Depuis que le banc de test 50 mK a été installé en 2018, les activités expérimentales ont graduellement augmentées au sein de l'équipe IRAP. Suite à la caractérisation du banc de test effectuée avant et pendant ma thèse, ainsi que l'intégration de la chaine de lecture de la NASA GSFC et du NIST pour validation, l'équipe a maintenant commencé la démonstration du prototype du DRE, à poursuivre ainsi que pour le WFEE.

De plus, bien que de gros progrès aient été fait pour améliorer les performances du système en termes de EMI/EMC, des études futures auront pour but de réduire encore les niveaux de bruit.

Dans un futur plus lointain, le banc de test permettra la caractérisation des sources de calibration pour X-IFU.

Conclusion générale

Avec le processus en cours de reformulation de la mission Athena en NewAthena, et donc du X-IFU, le développement de l'instrument a encore un long chemin devant lui. Cependant, bien que basés sur la configuration précédente, les outils et résultats développés durant cette thèse s'avéreront toujours utiles: -les outils de simulation pourront facilement être mis à jour avec la nouvelle configuration instrumentale lorsqu'elle aura été définie. Il suffira alors de faire retourner les tests pour ajuster si besoin les conclusions qui pourraient être émises d'ici là concernant une stratégie d'observation optimale pour l'étude de mouvements turbulents dans les amas de galaxies proches.

-les tests de vieillissement (humidité et température) sont très probablement indépendants des détails sur la géométrie de la matrice de détecteurs tels que le nombre de pixels, les dimensions du TES ou des absorbeurs, etc, et devraient donc toujours être valides après l'exercice de reformulation.

-les tests de radiation, qui ont initialement été effectuées avec suffisamment de marge pour couvrir une mission de 25 ans avec un blindage en aluminium de 11 mm seront toujours valides pour une mission de 10 ans avec un blindage potentiellement réduit à 3 mm d'aluminium.

-le banc de test 50 mK aura été validé avec la chaine de détection actuelle, et sera donc déjà bien avancé pour une démonstration end-to-end.

Les efforts fournis par tout le consortium dans le développement du X-IFU promettent l'obtention de nouvelles données d'imagerie spectrales en X sans précédent lors de sa mise en service fin des années 2030, permettant de lever de nouveaux secrets sur l'Univers chaud et énergétique. D'ici là, les données tout aussi prometteuses que devraient fournir XRISM et potentiellement LEM dans les années à venir permettront de préparer d'autant mieux l'utilisation d'X-IFU à son plein potentiel. 
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 11 Figure 1.1: Timeline of our Universe (credit: Bicep2 collab./CERN/NASA)
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 12 Figure 1.2: All sky map of the CMB temperature as measured by the Planck satellite. The isotropic emission (at 2.728 K) has been removed, as well as the Doppler shift due to the observers motion with regard to the CMB frame (credit: Planck Collaboration).
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 13 Figure 1.3: Pie chart representing the content of the universe. (credit: NASA GSFC SVS)
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 14 Figure 1.4: Large scale structures from Millennium simulation, zooming in the center of the structures from left to right. The matter is grouped along filaments, with denser areas at their intersection and large empty regions around (credit:[START_REF] Springel | Simulations of the formation, evolution and clustering of Galaxies and quasars[END_REF] 
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 17 Figure 1.7: Galaxy cluster Abell 370.The arcs are distorted images of remote galaxies behind the cluster (credit: NASA, ESA, J.Lotz, and the HFF Team (STScI)).
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 19 Figure 1.9: Radial entropy (K) of a sample of clusters from the SPT-SZ survey. The average entropy curves from Cavagnolo (2009) are shown in thick dashed lines for both cool core (blue) and non-cool core (red) clusters (credit: McDonald et al., 2013).
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 1 Figure 1.13: Schematic of the continuum emission process. From left to right : Bremsstrahlung, Synchrotron, and Inverse Compton.
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 1 Figure 1.14: Schematic of some lines emission process: fluorescence (left) and charge exchange (right).
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 1 Figure 1.15: XMM-Newton Observatory, Chandra, Suzaku
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 1 Figure 1.16: Spectral data from CCD (Suzaku) vs. microcalorimeter (Hitomi). Credit : Hitomi Collaboration
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 1 Figure 1.18: (left) R(T) curve of a superconductor. (right) R(I,T) surface (credit: Gottardi, 2021).
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 1 Figure 1.20: Schematic of Josepshon junctions, rf SQUIDs and dc SQUIDs (left to right).
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 1 Figure 1.21: V -Φ curve, showing the sinusoidal response of a SQUID and linear areas.
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 1 Figure 1.23: Circuit diagram of a TDM system for 1 column and 2 rows. Min and Mfb are the mutual inductances of the SQ1 input and feedback coils; Lny the Nyquist inductance; Rsh tes and Rsh sq the TES and SQ1 shunt resistances; RA the row addressing; and FB the part of the electronics handling the fluxed-lock loop.

Figure 1 .

 1 Figure 1.25: (left) Power spectrum of a signal pulse and noise power spectrum of the thermodynamic fluctuations. (right) Same as left plot but with added power spectrum from other noise sources.
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 1 Figure 1.26: Top and side view of TESs. (Only thermal stems are represented, but there are also mechanical ones to support the absorbers
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 1 Figure 1.28: The Athena spacecraft (credit: ESA).
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 1 Figure 1.30: (left) Schematic of Wolter-type telescope (credit: Gaskin, 2015). (right) Example of one SPO mirror module composed of 2 stacks (credit: ESA).
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 1 Figure 1.31: Comparison of the effective areas of the X-IFU and other current or upcoming observatories (credit :[START_REF] Barret | The Athena X-ray Integral Field Unit (X-IFU)[END_REF].
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 1 Figure1.32: 90-mm prototype TES array mounted at the top of the detector assembly also containing part of the cold readout electronics (credit:[START_REF] Sakai | Developments of laboratory-based transition-edge sensor readout electronics using commercial-off-the-shelf modules[END_REF] 
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 1 Figure 1.33: (left) Schematic of the cryo-AC principle. (right) Cryo-AC demonstration model and its cold front end electronics (credit:[START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF] 
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 1 Figure 1.34: (left) Design of the X-IFU filter wheel, with the various filter positions. (right) Hitomi filter wheel. (credit:[START_REF] Barret | The Athena X-ray Integral Field Unit: a consolidated design for the system requirement review of the preliminary definition phase[END_REF] 
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 21 Figure 2.1: Schematic view of a spectral line and its main measurable quantities.
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 23 Figure 2.3: Chart illustrating the SIXTE simulation flow, with the three major blocks in yellow (credit: Dauser et al., 2019).

Figure 2 . 4 :

 24 Figure 2.4: Schematic of the CX process (credit: http://chandra.harvard.edu).

Figure 2 .

 2 Figure 2.5: (top) Example of unfolded spectra generated for models without any CX component (in dashed black), and with CX for 3 values of N a2a (10 -5 in green, 10 -3 in blue and 10 -2 in red). (bottom) Relative difference of the same three models with CX to the model without.

  to 2.7 as a function of the acx2 normalization factor N a2a . Points corresponding to different temperatures in the input model (i.e. from 1 to 5 keV) are represented with different marker shapes. Points corresponding to different abundances in the input model (i.e. from 0.1 Z ⊙ to 0.6 Z ⊙ ) are represented with different colors.

Figure 2 . 6 :

 26 Figure 2.6: Reduced C-statistics as a function of N a2a . The green band around 1 (+/-10%) shows the area where the fit is considered good.

Figure 2 .

 2 Figure 2.7: Relative errors on the temperature, abundance, and apec normalization, as a function of N a2a . The green bands ranging form -4 to +4% represent the current requirement ("AthenaSRDv2.5", n.d.).

Figure 2 .

 2 Figure 2.8: (top) Zoom around the Oviii Lyα line (redshifted by z=0.1) for models generated without any CX component (in dashed black), and with CX for 3 values of N a2a (10 -5 in green, 10 -3 in blue, and 10 -2 in red). The models are shown with a resolution of 0.7 eV. (bottom) Relative difference of the same three models with CX to the model without.

Figure 2 . 9 :

 29 Figure 2.9: Fit performed with vapec. (top left) Reduced C-statistics as a function of N a2a . The green band around 1 (+/-10%) shows the area where the fit is considered good. (bottom two rows) Relative errors on the temperature, abundance, and vapec normalization, as a function of N a2a . The green bands ranging form -4 to +4% represent the current requirement ("AthenaSRDv2.5", n.d.).

Figure 2 .

 2 Figure 2.10: (left) Temperature profile used as input to our toy-model, taken fromGhirardini et al., 2019. (right) Abundance profile used as input to our toy-model, taken from[START_REF] Mernier | Radial metal abundance profiles in the intra-cluster medium of cool-core galaxy clusters, groups, and ellipticals[END_REF] 

Figure 2 .

 2 Figure 2.11: Density profile used as input to our toy-model, taken from[START_REF] Ghirardini | Universal thermodynamic properties of the intracluster medium over two decades in radius in the X-COP sample[END_REF] 

Figure 2 .

 2 Figure 2.13: Schematic of the 3D cube and cell parametrization to model the cluster

Figure 2 .

 2 Figure 2.14: Example of velocity realization for our modeled turbulence.

  .15, this type of maps show how the photons are distributed in the various pointings. On this figure, 19 pointings with homogeneous exposure time of 125 ks each and merged together are shown.

Figure 2 .

 2 Figure 2.15: Count map (left) and bin map (right) for a 19 pointings mosaic mock observation and 125 ks exposure per pointing. Colors on the bin map are fully arbitrary, only aiming at showing the different bin sizes/shapes over the mosaic.

Figure 2 .

 2 Figure 2.16: Example of simulated spectrum extracted for a central bin and an exposure time of 125 ks.

Figure 2 .

 2 Figure 2.17: Output maps for 19 pointings at 125 ks each, for 3 parameters (left to right): emission measure, temperature, and centroid shifts)

2 D

 2 the variance of the first order structure function, D(s) = 1 Np(s) s (C W ′ -C W ) -N nei (s) the number of neighbors at a distance s of any given point.

Figure 2 .

 2 Figure 2.18: Count maps for two mosaics of 19 pointings, based on the same single pointings simulations but resampled and merged differently : (left) with a constant exposure time of 125 ks per pointing, (right) with 125 ks at the center, 250 ks for the first ring, and 500 ks for the second ring.

Figure 2 .

 2 Figure 2.19: Output maps for mosaics with a constant exposure at 125 ks per pointing (left) versus mix exposure (right), for the centroid shifts. All the spatial bins were constructed such as to provide identical signal to noise levels in the resulting spectra.

Figure 2 .

 2 Figure 2.20: Histogram of the absolute errors from the mosaic of 19 pointings with mix exposure time.This one was produced using the value from each pixel in the map (rather than the value from each bin).

Figure 2 .

 2 Figure 2.21: Structure functions for 20 simulations based on the same turbulent parameters, for 1 central pointing observed with 500 ks. The light green area represents the standard deviation of these curves, to some extent representative of the cosmic variance. The black curve is the model and error bars generated following [C21] and [C19].

Figure 2 .

 2 Figure 2.22: Structure functions for 1 versus 19 pointings, with 125 ks exposure.

Figure 2 .

 2 Figure 2.23: SFs for 19 pointings at 125 ks from SIXTE simulations (green) and modeled with true parameters (black), i.e. : Cn = 102.7 km 2 • s -2 • kpc 11/3 , p = -11/3, 1/k1 = 300 kpc. (Blue) models with different parameters.

Figure 2 .

 2 Figure 2.24: SF for a Beta model versus our toy model using an equivalent Beta model parametrization for validation.

Figure 2 .

 2 Figure 2.25: Posterior 2D probability for two simulations with the slope p and the normalization C n left free, and respectively 1 pointing (left) versus 19 pointings (right) for two velocity field occurrences. For these examples, both injection and dissipation scales were kept fixed.

Figure 2 .

 2 Figure 2.26: Contour displays of the 68 and 90 % posterior probability from MCMC with the 3 turbulence parameters left free (p, Cn, and k1), for a simulation with 19 pointings and mixed exposure times.

Figure 2 .

 2 Figure 2.27: σ turb for a Monte Carlo simulations 19 pointings, with a mixed exposure and the 3 parameters left free. The dashed line represents 250 km/s, reported inSimionescu et al., 2019b for comparison. 

Figure 2 .

 2 Figure 2.28: Correlation matrix for the cosmic variance term. The axes are given in terms of the index position in the vector of the different distances considered, rather than in the distance values themselves.

Figure 2 .

 2 Figure 2.29: Possible observing strategies, with different geometries (and mixed exposure times) for future X-IFU observation.

Figure 3 . 1 :

 31 Figure 3.1: Simplified scheme of a cryostat with ADR. The temperature decreases from one temperature stage to another, from room temperature to 50 mK.

Figure 3 . 2 :

 32 Figure 3.2: (left) Picture showing the inside of IR Labs cryostats with the vacuum jacket removed. (Right) View of the 4 K and 55 mK stages.

Figure 3 . 3 :

 33 Figure 3.3: (top) Marge detector assembly for small TES chips. The field coil (to perform TES characterization at the magnetic nulling field) is positioned on top of the TES arrray. (bottom) Zoom on the cold electronics from the detector assembly for large TES chips.

  3.4) and handles the readout of both columns. It includes a single-ended analog low noise amplifier (LNA) which amplifies the output signal from the SSA (of amplitude a few mV) with a gain of 150 and input voltage noise less than 1 nV/ √ Hz. It also includes various electrical feed-throughs and DC bias wiring that are connected with SRS (Stanford Research Systems) voltage sources.

Figure 3 . 4 :

 34 Figure 3.4: Marge warm readout electronics. (left) Tower directly mounted on top of the cryostat, with on top of it the COTS FLL box for single readout and digitizer. (right) COTS TDM row and column boxes resp. at the top and bottom.

Figure 3 .

 3 Figure 3.5: (left) Crusty detector assembly. (right) Zoom on the cold electronics.

Figure 3 . 6 :

 36 Figure 3.6: Crusty warm readout electronics. (left) Top of the cryostat with the Magnicon connected. (right) Full Magnicon electronics.

Figure 3 .

 3 Figure 3.7: 55 Fe schematic representation (left) and picture when mounted on a filter wheel (right).

Figure 3 .

 3 Figure 3.8: (left) Pictures of the mono-source in use. (right) Schematic of the source implementation with 2 channel cut crystals[START_REF] Leutenegger | Simple, compact, high-resolution monochromatic X-ray source for characterization of X-ray calorimeter arrays[END_REF].

Figure 3 .

 3 Figure 3.10: Raw I tes (B) data (i.e. the measured output voltage as function of the tension applied to the field coil) for a given pixel, measured with positive and negative biases.

Figure 3 .

 3 Figure 3.11: (left) Plots from an IV measurement. On the x-axis is the input voltage bias, and on the y-axis from top to bottom: the TES current I TES , the TES resistance R TES , and the dissipated power P J . (right) Transition shapes and α IV as function of the TES temperature, extracted from the IV measurement. The different colors correspond to different bath temperatures T bath .

Figure 3 .

 3 Figure 3.12: Power (at 50% of the transition) versus temperature extracted from IV curve measurements, and fitted to determine the thermal conductance G.

Figure 3 .

 3 Figure 3.13: Heat capacity measurement from fitting the decay time of an average pulse in the absence of ETF.

Figure 3 .

 3 Figure 3.14: Plots from an NEP measurement. On the left and on the right are respectively shown the average noise spectra (here with X-rays on) and average pulse for different operating points.

Figure 3 .

 3 Figure 3.16: (left) Complex impedance plot measured for different operating points going from left to right from R/R n ∼50% to ∼2.5%. The dashed lines on top correspond to the fits. (right) Plot of the partial derivative parameters α and β as a function of the operating point.

Figure 3 .

 3 Figure 3.17: Diagram showing the TES designs for the first aging experiment.

Figure 3 .

 3 Figure 3.18: (top) Transition shapes and (bottom) pulse shapes for the different TES designs.

Figure 3 .

 3 Figure 3.19: Transition shapes before and after the two humidity steps. On top are plotted the usual R TES (T TES ), and at the bottom the relative difference from these curves post-humidity exposure to the baseline (pre-humidity exposure).

Figure 3 .

 3 Figure 3.20: Power as a function of the bath temperature before and after the two humidity steps.

Figure 3 .

 3 Figure 3.22: Spectra before / after each humidity exposures (top to bottom) for one of the pixels. The left and right columns respectively show the fit without / with a low energy tail.

Figure 3 .

 3 Figure 3.24: (top) Transition shapes and (bottom) pulse shapes for the different TES designs.

Figure 3 .

 3 Figure 3.25: Transition shapes for 4 of the first round of pixels tested, before and after exposure to various humidity levels.

Figure 3 .

 3 Figure 3.26: Transition shapes for 4 of the second round of pixels tested, before and after exposure to the last humidity step.

Figure 3 .

 3 Figure 3.27: Dissipated power as a function of the bath temperature before (test #278) and after (tests #281-284) the various humidity steps.

Figure 3 .

 3 Figure 3.28: TES temperature at 50% R/Rn plotted as a function of the humidity exposure, for several pixel tested (each color represents a given TES). This shows that the variations in Tc are not consistent or correlated to the increased humidity exposure.

Figure 3 .

 3 Figure 3.29: Pulse shapes before and after the humidity steps up to 60%.

Figure 3 .

 3 Figure 3.30: Pulse shapes before and after the 80 % humidity step.

Figure 3 .

 3 Figure 3.31: Spectra from 2 pixels taken with the Cr mono-source, after the 80 % humidity step. Both are fitted with a low energy tail.

Figure 3 .

 3 Figure 3.33: Pulse shape for one pixel of chip #3, showing like the other measured detectors a large difference before and after annealing at 60 °C.

Figure 3 .

 3 Figure 3.35: Transient effects from radiations on CCD camera from the SOHO coronograph following a major solar eruption in 2000 (credit : Ken LaBel / SoHO)

Figure 3 .

 3 Figure 3.37: Illustration of Earth external magnetic field environment (Credit: NASA)

Figure 3 .

 3 Figure 3.38: Illustration of Earth-Sun Lagrangian points (credit: X-IFU movie)

Figure 3 .

 3 Figure 3.40: Basic illustration of the 4 particle-matter interactions (adapted from[START_REF] Roch | Analyse de l'augmentation et de la fluctuation discrète du courant d'obscurité des imageurs CMOS dans les environnements radiatifs spatiaux et nucléaires[END_REF] 

Figure 3 .

 3 Figure 3.41: Simplified spacecraft and cryostat design as input for Novice simulations.

Figure 3 .

 3 Figure 3.42: Simplified TES designs as input for Novice simulations.

Figure 3 .

 3 Figure 3.43: Simplified designs in Novice software. (Courtesy of Tom Carsten)

Figure 3 .

 3 Figure 3.44: (left) Unshielded and shielded 4-yr mission differential proton fluence spectra. (right) Coulombic NIEL weighted shielded proton differential spectra. (Courtesy of Jean-Marie Lauenstein).

Table 3 . 2 : 3 Table 3 . 3 :

 32333 SET and Dose steps for the cold TES chip irradiation. (Courtesy of Jean-Marie Lauenstein) For the warm irradiation, the chip was exposed at room temperature (295 K) to an equivalent proton fluence yielding a 20-year mission dose, as shown on figure 3.Dose step for the warm TES chip irradiation. (Courtesy of Jean-Marie Lauenstein)

Figure 3 .

 3 Figure 3.45: Simplified geometry of Marge cryostat for Fluka modeling (Courtesy of Jason Osheroff)

Figure 3 .

 3 Figure 3.46: Residual dose after 1 day, 1 week, and 1 month cool-down time from a point inside a niobium box (top row) and an aluminum box (bottom row). The color axis is the ambient dose equivalent rate, in μR/hour. (Courtesy of Jason Osheroff)

Figure 3 .

 3 Figure 3.49: Pictures of the table for mounting the experiment (in our case our cryostat) (top), and of the beam, without any collimator installed (bottom).

Figure 3 .

 3 Figure 3.50: Installation of our experiment in the high bay area (left) and south cave (right).

Figure 3 .

 3 Figure 3.51: Transition shapes for 3 pixels before and after each of the dose steps. They show no to very little difference between each steps and hence mostly appear one on top of each other. Such small differences can be expected from e.g. slightly different field environment.

Figure 3 .

 3 Figure 3.52: Pulse shapes for 3 pixels before and after each of the dose steps. They show no to very little difference between each steps and hence mostly appear one on top of each other. Such small differences can be expected from e.g. slightly different field environment.

Figure 3 .

 3 Figure 3.53: Plot of energy resolution and NEP for one of the measured pixels throughout the radiation test campaign.

Figure 3 .

 3 Figure 3.54: Plot of the noise (in [A/sqrt(Hz)]) from 2 of the measured pixels at different stages throughout the radiation test campaign. A clear increase in low frequency noise can be observed as the dose increased, lowering back to the original level once back at GSFC. The difference for 2 curves at high frequencies can be due to different white noise levels, e.g. from the SQUID operating point being different.

Figure 3 . 55 :

 355 Figure 3.55: Experiment set up in the North Cave, in front of the beam line. The cryostat is installed on the mounting table, and is connected to both the vacuum and He pumps, as well as to the electronics rack.

Figure 3 . 56 :

 356 Figure 3.56: (left) Three pulse shapes could be observed during the SEE testing, depending on the amount and location of energy deposited in the setup. (right) separation between the two types of small pulse shapes.

Figure 3 .

 3 Figure 3.57: On the left: picture of the 32x32 array; on the right: model from Comsol, the square around the muntin area marks the limit of the back-side Cu deposition.

Figure 3 .

 3 Figure 3.58: Temperature change (in [K]) in the silicon from the heat bath at 55 mK modeled at the point at the center of the array, shown as a function of time (in [s]).

Figure 3 .

 3 Figure 3.59: Modeled pulses (in black) overlaid on the small measured pulses with the fastest decay time (in color). Pulses are shown in [μA] as function of time in [ms].

Figure 3 .

 3 Figure 3.60: Detector assembly installed in front of the beam for the warm irradiation test in a single dose step of 20 years.

Figure 4 . 1 :

 41 Figure 4.1: Functional breakdown of the X-IFU. (Credit: D. Barret / X-IFU consortium)

Figure 4 . 3 :

 43 Figure 4.3: Elsa test bench, with from left to right the cryostat, the electronics rack, and the computer controlling the cool down and thermometry (credit :[START_REF] Castellani | A 50 mK test bench for demonstration of the readout chain of Athena/X-IFU[END_REF] 

  4.4).-an aluminized mylar filter (200 nm Al deposited on a 6 μm of mylar) at the 50 K and 3 K stages -a 25 μm Al foil at the 55 mK stage (i.e. through the Nb shield).

Figure 4 . 4 :

 44 Figure 4.4: Transmission of the LUXEL window mounted at the 300 K stage, made with 100 nm Al / 25 μm Kapton / 100 nm Al on mesh.

Figure 4 . 5 :

 45 Figure 4.5: Position of the FAA2 and R61 thermometers on the 55 mK cold finger.

Figure 4 . 6 :

 46 Figure 4.6: Temperature measurements with the FAA2 (in blue) and FAA (in green) while regulating to 55 mK using the FAA2 thermometer.

Figure 4 . 7 :

 47 Figure 4.7: Setup for the micro-vibration measurement. (Left) The three accelerometers have been installed on a dedicated mounting attached to the 55 mK stage. (Right) Signal amplifier and acquisition system.

Figure 4 . 8 :

 48 Figure 4.8: PSD of the signal, in blue along the x-axis, red along the y-axis, and green along the z-axis. From top to bottom: (1) Pulse tube off, heat switch closed. (2) Pulse tube off, heat switch open. (3) Pulse tube on, heat switch closed. (1-3) Are at 300 K at the 4 K stage. (4) Pulse tube on, heat switch open, 2.5 K at 4 K stage.

  . These will perform a similar function to the X-IFU flight DRE to be provided by IRAP, providing column selection and row switching (with timing signals) for TDM. It is composed of 2 boxes : the row electronics box which controls the row addressing by sending the sequencing signals to the flux actuated switches (FAS) (Durkin et al., 2019), via HDMI cables to the Tower. It is also connected to the column electronics box for clock synchronization. The column electronics box de-multiplexes the TES signals, for up to 2 columns, and sends back the flux-locked loop (FLL) signals which allows the first stage SQUIDs to stay in a linear zone of their response.A summary of the different functions from the detection chain sub-systems can be found on Figure4.9.

Figure 4 . 9 :

 49 Figure 4.9: Bloc diagram of the subsystems in the 50 mK demonstration test bench and their main functionalities.

Figure 4 .

 4 Figure 4.12: First 1x8 TDM spectrum measured at IRAP with the NASA GSFC / NIST electronics.

  utilisant des simulations end-to-end d'une part, et les fonctions de structures modélisées pour notre modèle d'amas d'autre part en suivant le formalisme développé par N. Clerc, j'ai effectué des simulations MCMC afin de retrouver les paramètres d'un modèle Kolmogorov simple de turbulence (échelle d'injection, pente et facteur de normalisation). Cela repose sur une prise en compte attentive de tous les termes d'erreur (variance cosmique + termes statistiques additionnels) précédemment développés par Cucchetti et al., 2019. A l'heure actuelle, en utilisant 19 pointés avec une exposition de 125 ks chacun, 2 paramètres (la pente p et la normalisation Cn) sur 3 (avec l'inverse de l'échelle d'injection k1) peuvent être retrouvés à 1σ. Cela correspond à une mesure de vitesse turbulente autour des 230 ± 10 km/s (la valeur d'entrée étant de 250 km/s). Cela suggère des perspectives prometteuses, grâce aux améliorations en cours et détaillée plus bas.
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  3 following ZuHone et al., 2016, and c s is the speed of sound, set to 833 km/s. Moreover, Zhuravleva et al., 2012 wrote that σ turb and the P 3D are related by :

∼5 secondes d'arc. Il est conçu afin de répondre à des objectifs scientifiques clés autour des questions: Comment la matière ordinaire s'assemble-t-elle pour former les structures à grandes échelles que nous voyons aujourd'hui? Comment les trous noirs évoluent-t-ils et façonnent l'Univers?Afin de s'assurer que la conception de l'instrument permettra d'obtenir les performances nécessaires pour atteindre les exigences scientifiques, des simulations scientifiques "end-to-end" (bout-à-bout) sont cruciales dans le développement de satellites pour des missions astrophysiques. Pour Athena/X-IFU, cela peut être fait par exemple de manière assez simple en utilisant un logiciel d'ajustement spectral tel que xspec, et en ajustant un modèle de spectre à des données simulées d'observations faites dans le domaine des X, ou en utilisant une simulateur end-to-end complet tel que SIXTE. Ce dernier permet d'obtenir des observations simulées de sources complexes, avec un niveau de détail élevé, proche de ce qu'X-IFU fournira. Ces simulations permettent ainsi de prendre en compte tout le potentiel de l'instrument.En parallèle, un effort important est aussi placé sur le développement du hardware. Bien que de nombreux progrès aient été fait sur les détecteurs TES au cours des décennies passées, des améliorations sont encore possibles, par exemple dans l'affinage de la conception des TES ou pour compléter notre compréhension de ces détecteurs. Afin de maintenir leurs performances tout au long de la durée de la mission, il est critique de comprendre si/quelles conditions environnementales peuvent affecter leurs propriétés au cours du temps. Cela commence dès la fin de leur fabrication, avec une exposition potentielle à l'humidité, l'oxygène, ou température élevée, qui pourraient affecter les détecteurs. En effet, par le passé des indications de vieillissement ont été observées sur des détecteurs exposés à de telles conditions, soupçonnées d'être à l'origine de changements dans les propriétés des absorbeurs, traduits par une queue secondaire dans les pulses et/ou le spectre X. Puis, suite au lancement, Athena sera positionné au point de Lagrange Soleil-Terre L1 ou L2, où les détecteurs seront soumis à l'environnement radiatif cosmique, qui pourrait potentiellement causer des dommages aux détecteurs et affecter leur performance. Afin de s'assurer que les performances de ce type de détecteurs seront maintenus pour toute la durée du
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CHAPTER

FOUR

DEVELOPMENT OF A 50 MK TEST BENCH FOR X-IFU

One of the many key steps in the development of the X-IFU is the demonstration of its complete readout detection chain, whose different subsystems are being provided by an international collaboration. This will be done for the first time with prototypes on a dedicated 50 mK test bench at IRAP. This chapter describes the work on this test bench, starting by providing more details on the context and the design of the bench as well as its characterization in section 4.1, before reporting on the integration of the electronics for validation and the first obtained results in section 4.2.

Context and description

The X-IFU instrument, including the complete detection chain, is under development by a large international collaboration. Figure 4.1 shows the contribution of the different countries in the consortium, and in particular of France and the USA jointly providing a large part of the detection chain. NASA GSFC and NIST provide some of the critical subsystems, being respectively the TES microcalorimeter array and the TDM cold readout electronics. APC and IRAP provide the warm parts of the detection chain, being respectively the WFEE and the DRE, as detailed in chapter 1, section 1.3.

The X-IFU development plan includes the delivery of several versions of the different subsystems composing the readout chain: to start with, the first prototypes (demonstration models (DM)) for functional validation, then the engineering models (EM) for the qualification process, and finally the flight models (FM). Until a few years ago, there was no representative set-up planned to test a complete detection chain based on the flight architecture readout prior to assembling the engineering model -which will then be done at CNES. Performance tests of the warm electronics were (and mostly still currently are) performed using simulators providing representative input data as for instance via XIFUSIM (Ravera et al., 2018). For the success of the mission, it was hence crucial that the full baseline detection chain, from the TES detectors at 50 mK to the warm electronics at room temperature, would be successfully integrated and tested upfront. CNES and IRAP thus decided early 2016 to develop a dedicated cryogenic test bench, nicknamed "Elsa", to fulfill 3 main goals :

-Performing a functional validation of the X-IFU baseline components functioning together in an end-to-end detection chain. Using flight-like detectors and cold-stage electronics (provided by GSFC and NIST respectively), the WFEE and DRE will be characterized using X-ray photons. To do this demonstration, prototypes of the WFEE and DRE will replace, step by step, the corresponding GSFC and NIST electronics previously used to validate the performance of the 50 mK test bench. This will help

The mechanical design inside the cryostat is following the cryogenic chain, with plates at each stages (300 K, 70K and 4 K) equipped with aluminium shields and a feedthrough for the cold harnesses. The 4K shield is layered with gold to ensure a proper thermalization, and present a hole allowing the crossing of the GGG and FAA cold fingers of the ADR. The GGG fingers is connected to a gold-layered copper plate, the 500 mK plates, while the FAA finger, at 55 mK, is where the FPA will be placed. A full description of the cryostat can be found in Dreyling-E, 2014. The cryostat is mounted on a frame (see Fig. 4.3), and connected via pipes to the PT Helium compressor (located outside the clean room).

An additional external µ-metal shield is added during the first cool-down to limit contamination from the Earth's magnetic field.

To control the different stages temperature, the thermometry of the cryostat is operated by an AVS 47-B resistance bridge. An additional LakeShore 372 resistance bridge, dedicated to thermal regulation of the FAA stage during experiments, has also been installed. [START_REF] Simionescu | Baryons at the edge of the X-ray-brightest galaxy cluster[END_REF] and Gabany (2009). Stars and galaxies can be seen in the optical image, whereas the ICM is visible on the X-ray image (credit: [START_REF] Ezoe | High-resolution X-ray spectroscopy of astrophysical plasmas with X-ray microcalorimeters[END_REF] . . . . . . . . . . . . . . . . . . . . . 12 1.6 First fit on surface brightness profile (of the Coma cluster) using β-model with two different parameterizations [START_REF] Cavaliere | The distribution of Hot Gas in clusters of galaxies[END_REF] . . . . . . . . . . . . . . . . . . . 14 1.7 Galaxy cluster Abell 370. The arcs are distorted images of remote galaxies behind the cluster (credit: NASA, ESA, J.Lotz, and the HFF Team (STScI)). . . . . . . . . . . . . . . . . . 15 1.8 (left) surface brightness profiles for cool-core and non-cool core clusters (credit: J. Santos, 2011). (right) Temperature profiles for cool-core and non-cool core clusters, scaled by the mean cluster temperature and plotted as a function of scaled radius (credit: [START_REF] Sanderson | A statistically selected Chandra sample of 20 galaxy clusters -I. Temperature and cooling time profiles[END_REF] [START_REF] Simionescu | Constraining Gas Motions in the Intra-Cluster Medium[END_REF] . . . . . 19 1.11 Galaxy clusters as cosmological probes, here to constrain the dark matter and dark energy [START_REF] Vikhlinin | Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction, and Mass-Temperature Relation[END_REF] [START_REF] Irwin | Transition-edge sensors[END_REF] [START_REF] Wakeham | Thermal fluctuation noise in Mo/Au superconducting transition-edge sensor microcalorimeters[END_REF] Hitomi SXS data (credit: [START_REF] Barret | The Athena X-ray Integral Field Unit (X-IFU)[END_REF] 
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Summary :

The Athena mission and its X-IFU instrument will allow breakthrough discoveries in Xray astrophysics thanks to its cutting-edge technology with, at its core, very sensitive detectors based on superconducting material (Transition Edge Sensors microcalorimeters) enabling high resolution spectroscopy imaging. This thesis summarizes the work I did in contribution to the development of this instrument, in preparation for the launch of Athena in the late 2030's. This starts with feasibility studies to assess the capabilities of the X-IFU to reach its scientific goals, such as studying turbulent motions in galaxy clusters. Then, I evaluate the impact of various environmental parameters to the long-term performances of the TES detectors, starting with humidity and temperature while on Earth, and then by cosmic radiations after launch. Finally, I report on the development of a cryogenic test bench developed to demonstrate the complete readout chain of the X-IFU. Key words : high resolution X-ray spectroscopy, instrumentation, TES microcalorimeters, cryogenics, galaxy clusters, turbulent motions, Athena/X-IFU Titre : Spectroscopie X à haute résolution avec l'instrument X-IFU de la mission Athena : développement des microcalorimètres et études de faisabilité Résumé : La mission Athena et son instrument X-IFU vont permettre une avancée révolutionnaire dans le domaine de l'astrophysique en rayons X grâce à sa technologie de pointe avec, en son coeur, des détecteurs très sensibles basés sur un matériau supraconducteur (des microcalorimètres à thermomètre à transition supraconductrice) qui produiront des images à haute résolution spectrale. Cette thèse résume mon travail en contribution au développement de cet instrument, en préparation pour le lancement d'Athena fin des années 2030. J'ai tout d'abord effectué des études de faisabilité afin d'évaluer la capacité du X-IFU à atteindre ses objectifs scientifiques, tel que l'étude de mouvements turbulents dans les amas de galaxies. Ensuite, je me suis intéressée à l'impact de différents paramètres environnementaux sur les performances long terme de ces détecteurs TES, en commençant par l'humidité et la température sur Terre, puis aux radiations spatiales après le lancement. Enfin, je présente le développement d'un banc de tests cryogénique pour effectuer une démonstration de la chaine de lecture complète de l'X-IFU. Mots clés : spectroscopie à rayons X haute résolution, instrumentation, microcalorimètres à TES, cryogénie, amas de galaxie, mouvements turbulents, Athena/X-IFU