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Le développement d'un réfrigérateur à dilution en cycle fermé pour l'étude du fond diffus cosmologique permettrait de faire progresser de manière significative la cosmologie expérimentale. Ce type de réfrigérateur permet de refroidir en continu les détecteurs à des températures extrêmement basses (100 mK) en utilisant de l' 3 He et de l' 4 He. Contrairement à son prédécesseur, le réfrigérateur à dilution à cycle ouvert utilisé lors de la mission spatiale Planck-HFI, la conception à cycle fermé permet de répéter indéfiniment le processus de refroidissement. Cela ne limite plus la durée de la mission à la quantité d'hélium embarquée. Le mélange 3 He -4 He, produisant la puissance de refroidissement, est séparé en deux composants 3 He et 4 He, et réinjecté dans le système. Cela permet de répondre aux besoins des missions futures : plus de puissance de refroidissement (OCDR < 0.2 µW, CCDR > 2 µW), une durée d'observation plus longue (OCDR < 2.5 ans, CCDR > 3 ans) avec la même stabilité en température (20 nK.Hz -0.5 ).

Le CCDR doit être amélioré pour fonctionner dans un environnement de microgravité. Le mélange est injecté dans le bouilleur, où l'éponge (un matériau poreux) sépare la phase liquide de la phase gazeuse. Le circulateur va pomper la phase gazeuse (principalement de l' 3 He). L' 4 He superfluide est extrait de la phase liquide par la pompe à pression fontaine. Les deux isotopes sont ensuite réinjectés dans le système, perpétuant ainsi la production de puissance froide. Diverses expériences ont démontré son bon fonctionnement dans un environnement de laboratoire, faisant du CCDR une technologie TRL 4.

Pour une application spatiale, le CCDR doit atteindre le TRL 5. Le développement d'un modèle d'ingénierie (EM) permettra de démontrer le bon fonctionnement du CCDR dans un environnement significatif. Cette thèse rend compte de l'avancement de ce développement. Un modèle structurel et thermique (STM) a été conçu pour accueillir les multiples composants du CCDR dans un volume et une masse restreints. Ce STM, un hexapode, supportera les vibrations d'un lancement de fusée tout en limitant les échanges thermiques entre les différents étages de température. Une sélection rigoureuse des matériaux a été effectuée pour optimiser la rigidité de la structure en fonction du flux thermique atteignant l'étage le plus froid.

The CCDR needs development to operate in a microgravity environment. The 3 He - 4 He mixture is injected inside the still, where the porous sponge separates the liquid phase from the gaseous phase. The circulator pumps the gaseous phase (mainly 3 He). The superfluid 4 He is extracted from the liquid phase by the fountain pump. Both isotopes are then re-injected into the system, perpetuating the cooling-power generation. Various experiments demonstrated its proper operation in a laboratory environment, making the CCDR a TRL 4 technology.

For a space application, the CCDR has to reach TRL 5. Developing an Engineering Model will demonstrate the CCDR's proper operation in a relevant environment. This thesis reports on the progress in this development. A Structural and Thermal Model (STM) has been designed to host the multiple CCDR components in a restricted volume and mass. This STM, a hexapod, will handle the vibrations from a rocket launch while limiting the thermal exchanges between the various temperature stages. A rigorous material selection has been performed to optimize the structure stiffness regarding the thermal flux reaching the coldest stage.

Abstract

Developing a Closed-Cycle Dilution Refrigerator for Cosmic Microwave Background (CMB) study would significantly advance experimental cosmology. This type of refrigerator allows the detectors to be cooled continuously at extremely low temperatures (100 mK) using 3 He and 4 He. Unlike its predecessor, the Open-Cycle Dilution Refrigerator used for on the space mission Planck-HFI, the closed-cycle design allows for the cooling process to be repeated indefinitely. This does not limit the mission's duration to the quantity of embarked helium anymore. The 3 He - 4 He mixture, producing the cooling power, is separated into the two components 3 He and 4 He, and re-injected into the system. This ensures meeting the needs of future missions: more cooling power (OCDR < 0.2 µW, CCDR > 2 µW), longer observation time (OCDR < 2.5 years, CCDR > 3 years) with the same temperature stability (20 nK.Hz -0.5 ).

The CCDR needs development to operate in a microgravity environment. The 3 He - 4 He mixture is injected inside the still, where the porous sponge will separate the liquid phase from the gaseous phase. The circulator will pump the gaseous phase (mainly 3 He). The superfluid 4 He is extracted from the liquid phase by the fountain pump. Both isotopes are then re-injected into the system, perpetuating the cooling-power generation. Various experiments demonstrated its proper operation in a laboratory environment, making the CCDR a TRL 4 technology.

For a space application, the CCDR has to reach TRL 5. Developing an Engineering Model will demonstrate the CCDR's proper operation in a relevant environment. This thesis reports on the progress in this development. A Structural and Thermal Model (STM) has been designed to host the multiple CCDR components in a restricted volume and mass. This STM, a hexapod, will handle the vibrations from a rocket launch while limiting the thermal exchanges between the various temperature stages. A rigorous material selection has been performed to optimize the structure stiffness regarding the thermal flux reaching the coldest stage.

Résumé

La mise au point d'un Réfrigérateur à Dilution en Cycle Fermé (CCDR) pour l'étude du Fond Diffus Cosmologique (FDC) permettrait de faire progresser de manière significative la cosmologie expérimentale. Ce type de réfrigérateur permet de refroidir les détecteurs en continu à des températures extrêmement basses (100 mK) en utilisant 3 He et 4 He. Contrairement à son prédécesseur, le Réfrigérateur à Dilution à Cycle Ouvert (OCDR) utilisé pour la mission spatiale Planck-HFI, la conception à cycle fermé permet de répéter indéfiniment le processus de refroidissement. Cela ne limite plus la durée de la mission à la quantité d'hélium embarquée. Le mélange 3 He - 4 He , qui produit la puissance de refroidissement, est séparé en deux composants 3 He et 4 He, et réinjecté dans le système. Cela permet de répondre aux besoins des futures missions : plus de puissance de refroidissement (OCDR < 0.2 µW, CCDR > 2 µW), une durée d'observation plus longue (OCDR < 2.5 ans, CCDR > 3 ans) avec la même stabilité de température (20 nK.Hz -0.5 ).

La CCDR doit être amélioré pour fonctionner dans un environnement de microgravité. Le mélange est injecté à l'intérieur du bouilleur, où l'éponge poreuse sépare la phase liquide de la phase gazeuse. Le circulateur pompe la phase gazeuse (principalement de l' 3 He). L' 4 He superfluide est extrait de la phase liquide par la pompe à pression fontaine. Les deux isotopes sont ensuite réinjectés dans le système, perpétuant ainsi la production de puissance froide. Diverses expériences ont démontré son bon fonctionnement en laboratoire, faisant du CCDR une technologie TRL 4.

Pour une application spatiale, le CCDR doit atteindre le TRL 5. Le développement d'un modèle d'ingénierie démontrera le bon fonctionnement du CCDR dans un environnement pertinent. Cette thèse rend compte de l'avancement de ce développement. Un Modèle Structurel et Thermique (STM) a été conçu pour accueillir les multiples composants de la CCDR dans un volume et une masse restreints. Ce STM, un hexapode, supportera les vibrations d'un lancement de fusée tout en limitant les échanges thermiques entre les différents étages de température. Une sélection rigoureuse des matériaux a été effectuée afin d'optimiser la rigidité de la structure en fonction du flux thermique atteignant l'étage le plus froid. x Concentration [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] Subscript Subscript Related to 0 origin 3 3 Introduction " DON'T PANIC. A dilution refrigerator, at first blush, appears to be a horribly, intricately, awfully twisted labyrinth of tubes, valves, and KF flanges designed to hasten a physics student's descent into madness. This is, to a large extent, quite true. "

Nathaniel Craig & Ted Lester

This quote, from the Hitchhiker's Guide to the Dilution Refrigerator [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF], was given by way of introduction to 3 He - 4 He dilution refrigerators. Despite the less-than-complimentary opening, we will see through this manuscript how these fantastic machines will unravel the deepest secrets of our Universe.

The first part of this manuscript is dedicated to our Universe and the significant discoveries that led to its understanding. The current model Λ-CDM predicts a property hidden inside the Cosmic Microwave Background, the B-mode polarisation, a witness of the early universe inflation. For this purpose, we need a high-sensitive instrument capable of accomplishing full-sky surveys. This is only reachable by space instruments with detectors cooled down continuously at very low temperatures (100 mK or below). We will explore the various ways of producing cooling power in space, from 300 K to 50 mK.

The second part is dedicated to the dilution refrigerator, where the theory about dilution refrigerators is presented. The following chapter introduces the Open-Cycle Dilution Refrigerator, an adaptation of a technology that appeared in the 1950s. Using a mixture of 3 He and 4 He, this system already flew on the space mission Planck in 2009, and the onboard amount of helium limited the mission's duration. The next missions will require more cooling power for longer durations, making the use of an OCDR impossible. An evolution of the OCDR, the Closed-Cycle Dilution Refrigerator, can fulfill the requirements for future missions but remains unable to work in a microgravity environment. Chapter 5 presents an in-depth survey of the existing solutions to make the CCDR work without gravity.

Finally, the last part of this manuscript is devoted to the development of the Structural and Thermal Model of the CCDR. The STM is the skeleton that will host the different subsystems of the CCDR. The STM, a compact hexapod, must fulfill several thermal requirements and support the high level of vibrations during the spacecraft's launch. I first review the various instrumental developments and equipment I have developed at IAS, followed by several chapters justifying the various design choices for the STM. Finally, the latest STM-related results are presented. The final chapter outlines future developments.

During my Ph.D., I have had opportunities to contribute to additional research activities not presented in this manuscript. I participated in the preparation of the 3 th flight of the balloon-borne project PILOT. I help perform a meticulous verification of the detectors' performances to ensure the proper operation of the instrument. I participated in the cool-down at 300 mK of the detectors and the disassembly/reassembly of the photometer multiple times. I also prepared all the materials for the flight campaign at Timmins, CANADA. Then, I spent two months in Timmins for the PILOT launch campaign.

I participated in a test campaign for bolometer irradiation. This bolometer was installed on the cold plate of DRACuLA, our dilution cryostat. I prepared DRACuLA for this test and the interface between the beamline and the cryostat. Then, I managed the moving of the entire facility to the ALTO Tandem accelerator at Orsay, FRANCE. The bolometer was cooled down at 100 mK, and was hit by particles to simulate the cosmic rays. This experiment prepared DRACuLA to test the next generation of detectors for astrophysics.

une étude approfondie des solutions existantes pour faire fonctionner le CCDR sans gravité.

Enfin, la dernière partie de ce manuscrit est consacrée au développement du modèle structurel et thermique de la CCDR. Le STM est le squelette qui accueillera les différents sous-systèmes de la CCDR. Le STM, un hexapode compact, doit répondre à plusieurs exigences thermiques et supporter le niveau élevé de vibrations pendant le lancement du vaisseau spatial. Je réalise dans un premier lieu une revue des différents dévelopements instumentaux et les équipements que j'ai développé à l'IAS, s'en suivront plusieurs chapitres justifiant des différents choix de design pour le STM. Finalement, les derniers résultats en lien avec le STM sont exposés. Le dernier chapitre présente le plan des développements futures.

Au cours de mon doctorat, j'ai eu l'occasion de contribuer à des activités de recherche supplémentaires qui ne sont pas présentées dans ce manuscrit. J'ai participé à la préparation du 3 ème vol du projet de ballon-sonde PILOT. J'ai aidé à effectuer une vérification méticuleuse des performances des détecteurs pour assurer le bon fonctionnement de l'instrument. J'ai participé au refroidissement à 300 mK des détecteurs et au démontage/remontage du photomètre à plusieurs reprises. J'ai également préparé tout le matériel pour la campagne de vol à Timmins, au Canada. J'ai ensuite passé deux mois à Timmins pour la campagne de lancement de PILOT.

J'ai participé à une campagne de test pour l'irradiation d'un bolomètre. Ce bolomètre a été installé sur la plaque froide de DRACuLA, notre cryostat de dilution. J'ai préparé DRACuLA pour ce test ainsi que l'interface entre la ligne de faisceau et le cryostat. Ensuite, j'ai géré le déménagement de l'ensemble de l'installation vers l'accélérateur ALTO Tandem à Orsay, en France. Le bolomètre a été refroidi à 100 mK, et a été bombardé par des particules pour simuler les rayons cosmiques. Cette expérience a préparé DRACuLA à la caractérisation de la prochaine génération de détecteurs pour l'astrophysique.

1. From the very beginning ...

"
The Universe is under no obligation to make sense to you. "

Neil deGrasse Tyson

While Hindu people build up a picture of the world carried by a turtle's back (fig 1.1a), Norse people imagine that Earth is part of a wider universe where all the worlds are on a giant tree (fig 1.1b). Both these old cosmogonies tend to explain how our Universe was born and show the human willingness to understand the world. At the beginning of the 20 th century, scientific advances in mathematical models and astrophysics observations led to our understanding of the Universe. Einstein proposed the general relativity theory in 1916 [START_REF] Einstein | Die Grundlage der allgemeinen Relativitätstheorie[END_REF] to describe gravity. Friedmann [START_REF] Friedmann | Über die Möglichkeit einer Welt mit konstanter negativer Krümmung des Raumes[END_REF] and Lemaitre [START_REF] Lemaître | Un Univers homogène de masse constante et de rayon croissant rendant compte de la vitesse radiale des nébuleuses extra-galactiques[END_REF] proposed a geometrical description of our Universe at a large scale (galactic scale) using the general relativity theory. From the equations, Lemaître predicted that an expanding universe is possible. Consequently, our Universe began with a hot and dense state called the "primordial atom" by Lemaître. The expansion phenomenon was observed in 1929 by Hubble [START_REF] Hubble | A relation between distance and radial velocity among extragalactic nebulae[END_REF] when he discovered a linear relationship between the relative velocity of nearest galaxies and their relative distance, known as the Hubble-Lemaître law.

Robertson [START_REF] Robertson | Kinematics and World-Structure[END_REF] and Walker [START_REF] Walker | On Milne's Theory of World-Structure *[END_REF] fortified the theory of Friedmann and Lemaître, leading to the FLRW * metric that described a homogeneous and isotropic universe. It followed the Big Bang theory and conducted the current cosmological model: the Λ -CDM model.

In this chapter, we address the history of the primordial Universe according to Λ -CDM.

Origin of the Universe

Throughout centuries, several cosmological models have attempted to describe our Universe and, sometimes, its origin. However, the roots of our current model come from the 20 th century.

This model is called Λ-CDM model (for Lambda Cold Dark Matter) [START_REF]Planck 2018 results. VI. Cosmological parameters[END_REF][9], usually called The cosmological model. This model is a parametrization of the well-known Big Bang theory combined with the hypothesis of dark energy existence. It can explain observed phenomena like the accelerating expansion of the Universe or also the existence of the Cosmic Microwave Background (usually called CMB).

As proposed by Lemaître in 1927 [START_REF] Lemaître | Un Univers homogène de masse constante et de rayon croissant rendant compte de la vitesse radiale des nébuleuses extra-galactiques[END_REF], our Universe began with the Big Bang, a substantial space and time expansion 13.8 billion years ago, the inflation. Λ -CDM suggests that this primordial Universe has gone through several periods and led to our current observable Universe.

The "Planck epoch" took place 10 -43 seconds after the Big Bang, when all energy and matter were condensed into a hot and dense state, where gravity is as strong as other fundamental forces. This entity reached a temperature of 10 15 K. Due to the expansion of space, the density dropped and left the door open for a new stage in the Universe's evolution.

Quarks, Hadrons, and Leptons epoch [START_REF] Steigman | Cosmology Confronts Particle Physics[END_REF] lasted less than ten seconds and emblematized the birth of the elementary bricks of the matter. These generated the first atomic nuclei (mostly elements lighter than Lithium) as the temperature was still too high to make atoms. This phenomenon is called The Big Bang nucleosynthesis.

With the density decreasing due to expansion, our Universe gradually cooled down. 380 000 years after the Big Bang, the hot plasma left room for neutral gas (elections combined with nuclei). This period is called The Recombination, marking the primordial Universe's end.

* FLRW stands for Friedmann-Lemaître-Robertson-Walker.

After the Recombination, the photons emitted by the matter were free to leave. These photons, enclosing the characteristics of the Universe at this moment, produced the oldest picture we can observe: the Cosmic Microwave Background.

As a consequence of the Big Bang theory, Alpher and Herman [START_REF] Alpher | Evolution of the Universe[END_REF] predicted the existence of the CMB in the late 1940s. Our current cosmological model suggests temperature fluctuations of the CMB induced by the Universe's structure before the Recombination. This makes the temperature anisotropies a formidable probe for constraining cosmological parameters.

CMB ground-based observations 1.2.1 1964: First confirmed observation

In May 1964, Penzias and Wilson [START_REF] Penzias | A Measurement of Excess Antenna Temperature at 4080 Mc/s[END_REF] detected an isotropic and homogeneous noise using a horn antenna. Dicke, Peebles, Roll, and Wilkinson brought a theoretical explanation [START_REF] Dicke | Cosmic Black-Body Radiation[END_REF] to this detection. This noise has proved to be the Cosmic Microwave Background and was landmark evidence of the Big Bang theory. From this observation, the CMB temperature was estimated to be around 3.5 K. Gaining precision, later measurements assessed a temperature of 2.726 K [START_REF] Mather | Measurement of the cosmic microwave background spectrum by the COBE FIRAS instrument[END_REF].

Because the CMB is at thermodynamic equilibrium, it follows a black-body law at 2.726 K.

According to the Planck law, its spectral density is predictable (fig 1 .3). From ground, atmospheric opacity constraints CMB observations. Because Penzias and Wilson were working on an antenna prototype for satellite communication from the ground, they avoided the frequency bands where atmospheric opacity was an issue. The CMB was observed at f = 4.08 GHz (λ ≈ 74 mm). At this frequency, the atmospheric transmission is almost 100% (see fig. 1.3).

Several measurements of the CMB at multiple frequencies corroborated this assessment.

Ground telescopes for CMB observations

The atmospheric opacity greatly impacts the signal intensity when observing the CMB with a ground telescope at a frequency ranging from GHz to THz. Figure 1.3 illustrates the CMB power spectrum curve superimposed to the atmospheric opacity. We observe that the atmosphere absorbs a substantial part of the signal. [START_REF] Hunter | Python package "analysisUtils[END_REF]. Few sites on the ground benefit from ideal observation conditions (low PWV † and stable atmospheric condition over time, negligible interference from human activities). The most recent CMB telescopes are implanted in the South Pole, Antarctica (BICEP3, Keck Array, SPTPol) and Chajnantor plateau, Chile (ACTPol, POLARBEAR, Simons Array).

The ground also offers options such as a better angular resolution or bigger telescopes † Precipitation Water Vapor: Depth of liquid water (in mm) that would result if all the water vapor in the line of sight is condensed.

(compared to space telescopes). Even if the observation conditions are exceptional, the atmosphere becomes a serious point above 300 GHz.

The atmospheric opacity can be reduced by gaining altitude and thus decreasing the atmospheric thickness. For this reason, balloon-borne instruments are more suitable, as they provide a high-altitude observation platform and are more affordable than space instruments.

Balloon-borne telescopes for CMB observations

At the altitude of 40 kilometers, the atmospheric pressure is only 3 mbar, making the use of balloon-borne experiment for the study of the CMB a relevant alternative between ground-based and space telescopes. Balloon-borne projects offer serious benefits, such as:

• a limited cost, in comparison to a space mission • compact planning (5-10 years) • a payload recovering for a future campaign • an opportunity for technology demonstration Nevertheless, they suffer from several disadvantages, such as the flight duration (usually 3-5 days, up to 30 days for polar flight) or the observation stability conditions (day/night changeover, cannot access full sky, residual atmosphere), while a spin satellite can produce a full scan of the sky in 6 months.

From the early 1980s, around 20 balloon-borne missions aimed at studying the CMB (list of missions gathered by NASA/GSFC ‡ ), providing additional data and discoveries. In 1996, PRONAOS first detected the Sunyaev-Zel'dovich effect on the CMB spectrum [START_REF] Lamarre | First Measurement of the Submillimeter Sunyaev-Zeldovich Effect[END_REF]. In 2000, BOOMERanG [START_REF] De Bernardis | Detection of Anisotropy in the Cosmic Microwave Background at Horizon and Sub-Horizon Scales with the BOOMERanG Experiment[END_REF] performed the first measurement of the CMB temperature anisotropies.

Archeops [START_REF] Benoît | Archeops: a high resolution, large sky coverage balloon experiment for mapping cosmic microwave background anisotropies[END_REF], a balloon-borne instrument, was designed to prepare a future CMB mission (prototype of one instrument of the Planck Space Telescope, brought up later in 1.5.4). Archeops was launched five times (Trapani, Sicily, in 1999 for flight tests and Kiruna, Sweden, in 2001 and 2002 for scientific exploitation). The detectors were sensible to four frequencies (143 GHz,217 GHz, 353 GHz, and 545 GHz) and were cooled down to 100 mK by an Open-Cycle Dilution Refrigerator, widely discussed in this thesis. Archeops was dedicated to the measurements of the CMB anisotropies, offering valuable data to constrain the cosmological parameters. ‡ https://lambda.gsfc.nasa.gov/product/expt/ Figure 1.4: Map of the data from the last flight of Archeops in 2002 centered on the Galactic anti-center, from [START_REF] Tristram | The CMB temperature power spectrum from an improved analysis of the Archeops data[END_REF]. A galactic mask (light blue) was applied to the Archeops coverage (annular multi-color region). The surface covered by Archeops provided valuable information on the Universe's density when the CMB was emitted (red: very dense regions / blue: less dense regions).

When flying at 40 km of altitude, instruments are still impacted by the atmosphere, though. To minimize this impact even more, instruments need to go even higher. Before committing to a full space mission, rocket-borne missions appeared as a relevant alternative to continue investigating the first picture of our Universe.

Rocket-borne instrument for CMB observations

Starting from 1978 [START_REF] Gush | Rocket Measurement of the Cosmic Background Submillimeter Spectrum[END_REF], multiple rocket-borne experiments were launched [START_REF] Matsumoto | The Submillimeter Spectrum of the Cosmic Background Radiation[END_REF] [START_REF] Duband | Flight performance of a rocket-borne 3He refrigerator[END_REF], taking the opportunity of the thin atmosphere during the parabolic flight to observe the CMB with radiometers or spectrometers, and providing complementary results with ground instruments.

The COBRA [START_REF] Gush | Rocket measurement of the cosmicbackground-radiation mm-wave spectrum[END_REF] instrument was launched in New Mexico, USA, in January 1990 for a 5 minute observation time. The COBRA spectrometer compared the signal from a given part of the sky § to an internal black-body calibrator at 2.7 K. This spectrometer was cooled down with liquid helium. During the flight, data from the CMB spectrum were collected and fitted with the Planck law (see fig. Yet, a 5 minute flight cannot permit embarked instruments to perform a full-sky survey, and their precision is limited. Space missions remain a must-have for an exhaustive study of the CMB at large frequency-range or specific frequencies.

Space telescopes for CMB observations

Four generations of satellites have succeeded each other from the beginning of the space program.

1983 -RELYKT-1

RELYKT-1 [START_REF] Strukov | Deep-space measurements of the microwave background anisotropy -First results of the Relikt experiment[END_REF] was launched in 1983 by the Soviet Union to study the CMB anisotropies, using a spin scan (2 minute period) to perform an intensity mapping of the full sky at 37 GHz. RELYKT-1 owned two horn antennas, one dedicated to observing a fixed point (anti-solar direction), the other receiving the light from any direction (depending on the satellite's attitude). The output values are proportional to the difference between the two horn antennas' inputs. Additional knowledge on embarked electronics should be considered to use these relative data. After six months of observation, RELYKT-1 provided measurements on the CMB dipole. The CMB dipole is a Doppler effect on the CMB measurements due to the proper motion of the galaxy against the CMB.

After the successful first mission, two successors were planned (RELIKT-2 and RELIKT-3). They were canceled after the USSR collapsed in 1991. On the other side of the Iron Curtain, the USA initiated its own mission to surpass the results of RELIKT-1.

1.5.2 1989 -COBE COBE (COsmic Background Explorer) was the first NASA mission for the study of the CMB. It was launched in 1989 and designed for a six months lifespan. This space telescope was placed in a polar orbit. COBE was quite versatile, including three instruments that successfully fulfill their tasks:

• Differential Microwave Radiometers (DMR) mapped the CMB anisotropies.

• Diffuse InfaRed Background Experiment (DIRBE) observed in far infrared the first galaxies, the Cosmic Infrared Background (CIB) and the dust emission. • Far InfRared Absolute Spectrophotometer (FIRAS) measured the fluctuations in the CMB spectrum (corresponding to density structure in the early Universe).

FIRAS and DIRBE instruments were cooled down by a Dewar filled with liquid helium (650 liters) at 1.6 K. After 10 months, the helium tank was empty, making the instruments warming-up, so they stopped operating. DMR and DIRBE (for the near-infrared bands) do not require cooling, performed until the final shutdown 4 years after the beginning of the mission.

Figure 1.7: Preliminary CMB spectrum (after 9 minutes of observation), from the COBE FIRAS instrument, fitted with the Planck law (for T = 2.735 ± 0.06 K), from [START_REF] Mather | A Preliminary Measurement of the Cosmic Microwave Background Spectrum by the Cosmic Background Explorer (COBE) Satellite[END_REF].

COBE confirmed the black-body nature of the CMB according to the Planck law with FIRAS (see figure 1.7). DMR produced a map of the CMB anisotropies, leading to an accurate calculation of the cosmological parameters, a keystone of the Λ-CDM model. Finally, DIRBE detected ten new far-infrared galaxies and brought valuable data on interplanetary dust, galactic disk, and zodiacal light.

Observing the CMB with a 7 • angular resolution, COBE FIRAS measured a black-body temperature of 2.7277 ± 0.002 K. FIRAS observed tiny deviations (10 -5 K). For an in-depth study of the CMB, future detectors must be sensitive enough to observe these temperature fluctuations. This mission led to a Nobel prize in 2006 for Mather and Smoot. Planck was designed to perform spin scans (1 rotation per minute -rpm) and was planned to work for two years. HFI did five full-sky surveys during its 2.5 years, while LFI did seven full-sky surveys during its 3.5 years. Due to the very nature of the HFI 100 mK cooling chain, the duration of this mission was limited by the amount of helium embarked in the satellite. Some of Planck's detectors were sensible to the CMB emission polarization. This made it possible to plot a map of a specific polarisation: the E-modes generated by the density fluctuations of the early universe.

No instruments can isolate the CMB spectrum from other contributions along the line of sight. Nevertheless, knowing the frequency dependence of the main components Planck observed at different frequencies, signals can be disentangled to provide intensity mapping of every independent contribution. Planck provided not only a map of the CMB anisotropies (figure 1.10) but also intensity mapping of every contribution mentioned in figure 1.9, fuelling the scientific community (Galactic, Interstellar medium, ...) for many years. 

Future CMB observations: legacy

The CMB's scientific landscape comprises multiple ground-based (Simons Array, BICEP, SPTPol, POLARBEAR,...), balloon-borne (SPIDER, BOOMERanG,...), and space (COBE, WMAP, Planck) instruments so far. Each instrument performed specific measurements aiming at studying specific characteristics of the CMB. Still, some of its properties remain to be observed. This thesis fits within the scope of CMB polarisation detection. The cosmological model predicted two types of polarization:

• E-modes (scalar), which are supposed to be generated by the density fluctuations of the primordial Universe • B-modes (tensor), which are supposed to be generated by the primordial gravitational waves from inflation Various missions have already measured the E-modes power spectrum (first by DASI [START_REF] Halverson | Degree Angular Scale Interferometer First Results: A Measurement of the Cosmic Microwave Background Angular Power Spectrum[END_REF] in 2002).

Photons originating from the CMB cross the entire universe before reaching any instrument. Their properties could be affected by, e.g., galaxy clusters (generating gravitational lensing) impacting their polarization. More specifically, their polarization can switch from E-modes to B-modes. There is a ratio r between primordial spectral tensor (B-modes) and scalar (E-modes) [START_REF] Tristram | Planck constraints on the tensor-to-scalar ratio[END_REF]. This indicates that the temperature fluctuation of E-modes is higher than that of primordial B-modes with a factor of r, which is currently unknown. The lower the r is, the lower the polarisation fluctuations are. An expected value of r = 0.01 will correspond to tens of nK on the 2.726 K CMB spectrum. To be able to detect primordial B-modes, instruments should be as sensible as possible to tiny temperature fluctuations, assuming that this ratio could be extremely low. We can characterize past missions' instruments with their ability to detect primordial B-modes until one lower limit of r. Past missions could not detect primordial B-modes, implying their lower assumption on r was too high compared to its actual value.

Another parameter limiting the instrument's sensitivity (lower reachable r) are the systematic effects, called "systematics". Systematics refer to errors of biases that are introduced into observations. These systematics can come from the instrument itself (design or calibration) [START_REF] Maffei | Effects of quasi-optical components on feed-horn co-and crosspolarisation radiation patterns[END_REF], or cosmic rays [START_REF] Stever | Simulations of systematic effects arising from cosmic rays in the LiteBIRD space telescope, and effects on the measurements of CMB B-modes[END_REF]. Particular attention must be given to systematics to detect the primordial B-modes accurately.

Figure 1.12 illustrates all past missions' instruments capabilities, including BOOMERanG [START_REF] De Bernardis | First results from the BOOMERanG experiment[END_REF],

BICEP [START_REF] Keating | BICEP: a large angular scale CMB polarimeter[END_REF], BICEP2 [START_REF] Ogburn | The BICEP2 CMB polarization experiment[END_REF], Keck Array [START_REF] Ade | BICEP2/KECK ARRAY V: MEASUREMENTS OF B -MODE POLARIZATION AT DEGREE ANGULAR SCALES AND 150 GHz BY THE KECK ARRAY[END_REF], POLARBEAR [START_REF] Adachi | A Measurement of the Degree Scale CMB B-mode Angular Power Spectrum with POLARBEAR[END_REF], SPIDER [START_REF] Gualtieri | SPIDER: CMB polarimetry from the edge of space[END_REF] and BI-CEP3 [START_REF]BICEP / Keck XV: The BICEP3 CMB Polarimeter and the First Three Year Data Set[END_REF]. This shows that ground telescopes mainly focus their observations on a small fraction of the sky (raster scan), while spun balloon-borne instruments cover a wider part of the sky. Also, we can observe that the number of detectors per instrument increases over time, making instruments more sensitive to tiny temperature fluctuations. Based on their capabilities to detect tiny temperature fluctuations, these missions have allowed for gaining precision on the value of r, lowering its empirical upper value.

Currently, three instruments are in operation:

• Simons Array [START_REF] Suzuki | The Polarbear-2 and the Simons Array Experiments[END_REF] • BICEP Array [START_REF]BICEP / Keck XV: The BICEP3 CMB Polarimeter and the First Three Year Data Set[END_REF] • QUBIC [START_REF] Mele | The QUBIC instrument for CMB polarization measurements[END_REF] In a few upcoming years, the Simons Observatory [START_REF] Xu | The Simons Observatory: The Large Aperture Telescope (LAT)[END_REF] and CMB-S4 [START_REF] Abazajian | CMB-S4: Forecasting Constraints on Primordial Gravitational Waves[END_REF] will be commissioned, but they won't be able to reach multipoles lower than 30.

A space mission dedicated to the CMB observation, specifically the B-mode polarisation of the CMB light, is crucial to continue investigating the Λ-CDM model. [47]. For now, only LiteBIRD has been selected [START_REF] Hazumi | LiteBIRD: A Satellite for the Studies of B-Mode Polarization and Inflation from Cosmic Background Radiation Detection[END_REF].

Future missions must take care of three challenges:

• Foreground: remove the contaminants from B-modes signal • Systematic: instrument itself can produce parasitic polarisation • Sensitivity: avoid photon noise

There are already existing solutions to address the first two of these challenges. In the following chapters, we focus on how to cool down the detectors to a very low temperature (sub-kelvin) to produce a continuous and stable temperature that will increase the instrument's sensitivity. Scientific satellites usually carry one or more instruments, usually called "payload". Sometimes, instruments need to be cooled down. Cooling down an instrument means lowering its thermal energy. However, one of the tenets of thermodynamics states that energy cannot be created or annihilated. Therefore, reducing one instrument's temperature involves transferring internal heat to somewhere else. While this is already a strive on Earth, it becomes a true challenge in space, considering that the instrument is integrated into an isolated satellite.

Year
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Type of mission

Type of detector

Number of detectors

Three fundamental mechanisms are involved in heat transfer:

• Convection: heat transfer from one place to another due to fluid movement • Conduction: heat transfer from temperature differences between adjacent body parts • Radiation: heat transfer by exchange of electromagnetic radiation To drain the heat out of an instrument, we need to take advantage of all these fundamental mechanisms, as each has a restricted efficiency scope. Conduction and convection can be used to transfer the heat originating from the instrument to the structure of the satellite. Within the space, neither conduction nor convection is efficient. Only radiative transfer can be used to cool down the satellite's structure.

The gathering of these processes results in a temperature gradient inside the satellite. The highest temperature of this gradient is reached outer the satellite (facing the sun), and the lower one is reached in the instrument's heart. The assembly of all these sub-systems used for making this cool down possible along this gradient is called a cryogenic chain.

The development of such technologies also addresses technical requirements, e.g., they need to work in a zero gravity environment, handle vibration from launch, a limited volume, and mass or reasonable power consumption.

The InfraRed Astronomical Satellite (IRAS) is the first spacecraft equipped with cryogenic instrumentation [START_REF] Low | Cryogenic Telescope On The Infrared Astronomical Satellite (IRAS)[END_REF]. IRAS was launched in 1983 and performed a survey at infrared wavelengths with a 2 K instrument. Ever since, more than 30 cryogenic missions (scientific, meteorological, military) [START_REF] Rando | Cryogenics in space[END_REF] took place. Some technologies were preferred depending on the targeted lowest temperature and constraints (fig. 2 Adapted from [START_REF] Rando | Cryogenics in space[END_REF].

Note that this chapter won't consider the NIS chip refrigeration since this technology only produces a few pW of cooling power [START_REF] Pekola | NIS chip refrigeration[END_REF].

Passive radiative cooling

Radiative heat transfer does not require a medium; it reaches a maximal efficiency in the vacuum of space for an isolated system. A substantial amount of heat can be removed passively using large panels (radiators) that face the deep space. Besides cooling instruments, radiative cooling helps dissipate the heat from electronics.

As the radiator is considered a black body, the heat involved in this mechanism follows the Stefan-Boltzmann law.

P = εSσ T 4 (2.1)
Parameters:

P : The emitted power [W] T : The temperature of the surface emission [K] ε : The surface emissivity [1] S : The emission surface area [m 2 ] σ : The Stefan-Boltzmann constant [W.m -2 .K -4 ]
This technology is vibration-free, reducing its impact on instruments. It has no moving parts, making its structure less complex (low impact on instruments), without moving parts (limiting the risks of failure), and making reliable. Radiators also shade the instruments from the Sun (and other light or heat sources).

Multiple radiators could be stacked to reach better performances. For example, the Vgroove radiator composed of 5 layers of aluminum-coated Kapton on the recent James Webb Space Telescope [START_REF] Lightsey | James Webb Space Telescope: large deployable cryogenic telescope in space[END_REF] passively cooled the instruments to a temperature below 50 K (figure2. Some parameters could be adjusted to improve the performances of the passive radiative cooling:

• The number of layers: Depending on your design, an optimal number exists that is a trade-off between the mass/volume and the request performances. • The surface area: The power expelled is proportional to the surface area (equation 2.1). Increasing the surface will increase the mass, the radiation pressure (leading to orbital corrections), and the probability of being damaged by micrometeorites. • The angles: Different angles are used to progressively redirect photons to the cold space after a few reflections, where parallel layers could trap photons. • The composition and coating: The thermal conductivity and the emissivity (equation 2.1) could be design to gain performances [53] [54].

Thankfully, this technology is efficient in reaching temperatures above 40 K. Active systems are required to go below.

Cryogens

Using liquid or solid cryogens, cooling power can be produced by the latent heat of vaporization/sublimation. Some missions have been designed to work with one cryogen (solid CO2: 126 K, liquid helium: 1.6 K) or two cryogens (Methane: 65 K/Ammonia Solid: 152 K, Neon: 17 K/Methane Solid: 75 K). Cryogens are stored in tanks; depending on the wanted temperature, an appropriate cryogen is chosen. Opening the tank to the vacuum of space reduces the lower temperature reachable (e.g., at 1 bar, liquid 4 He is at 4.2 K but is at 1.6 K at 3 mbar).

The use of solid cryogens is relevant because the cooling power-density ratio is higher than liquid cryogens. The lowest reachable temperature using solid cryogens is 10 K with solid hydrogen, requiring precautions due to this element's high chemical reactivity [START_REF] Duband | Space Cryocooler Developments[END_REF].

Technological adjustments must be made in a microgravity environment (phase separation) when using a liquid. Porous media proved to be efficient, as well as active phase separators [START_REF] Yuan | Active phase separation of He II using porous media[END_REF]. The phase separation problem is evoked later in this manuscript.

This technique produces hundreds of mW of cooling power. The required quantity of cryogens depends on the required cooling power and the mission lifetime. A trade-off between cost and mission duration will define the amount of required cryogens. Cryogens are relevant for fast missions because the cost and development time are reduced.

An alternative to cryogens are mechanical coolers for longer lifespan missions.

Mechanical coolers

Mechanical coolers were used before cryogens. Back in 1969, Mariner 6 and 7 missions cooled down the instruments at 22 K with an open-cycle Joule-Thomson cooler on a mixture of N 2 /H 2 [START_REF] Hughes | Mariner Mars 1969 infrared spectrometer: Gas delivery system and Joule-Thomson cryostat[END_REF]. This system worked for 59 minutes (12 minutes to cool down from 238 K to 22 K). This was a one-shot performance because the stored gas was released into space. Ever since progress has been made, and a wide range of technologies have been included in the concept of mechanical coolers:

• Stirling coolers • Pulse tube coolers • Reverse turbo-Brayton cooler • Joule-Thompson cooler
They are offering a longer time mission but brought new challenges:

• A power consumption challenge: The electrical power available on a satellite is limited. • A mass challenge: The redundancy increases the cryogenic equipment's total mass. • A low-impact challenge : The vibrations produced by the moving parts can impact the instruments.

Stirling coolers

While a classical Stirling engine produces a work using a hot and a cold point, a reverse Stirling engine can produce a cooling power. Single-stage can reach 2 W at 60 K, or a two-stage cooler can reach 200 mW at 15 K, for less than 10 kg and 100 W power consumption. Helium is mainly used as a working fluid. Stirling coolers have proven to be very reliable in space, with more than 100,000 hours of operation [START_REF] Narasaki | Lifetime test and heritage on orbit of coolers for space use[END_REF]. A Stirling cooler needs a compressor, producing vibrations from 30 Hz to 60 Hz. This has been identified as a critical integration issue [START_REF] Ross | Vibration suppression of advanced space cryocoolers: an overview[END_REF]. Developments are in progress to limit the vibrations levels and improve the performances [START_REF] Otsuka | Improvement of micro-vibration of a two-stage Stirling cryocooler[END_REF].

Pulse tube coolers

Stirling coolers use a physical piston to produce the cooling power. Pulse tube coolers use thermoacoustics to generate a virtual piston, making it simpler, cheaper, and more reliable (no moving parts). As the Stirling cooler, the pulse tube cooler can be a single (down to 80 K), double (down to 15 K), or even triple stage (down to 10 K) [START_REF] Prouvé | Demonstration of a 3-Stage Pulse Tube Cooler for Space Applications[END_REF], depending on the requested performances. Developments are in progress to make it work at a higher frequency, limiting the impact on the instruments [START_REF] Dang | Development of high frequency pulse tube cryocoolers for space applications[END_REF].

Reverse turbo-Brayton cooler

Reverse turbo-Brayton coolers can provide significant cooling power (5 W) at 65 K, using a working fluid (nitrogen, neon, or helium). The fluid is compressed and then expanded through a turbine. Unlike most mechanical coolers, this technology is vibration-free (for frequencies below 1,000 Hz) thanks to very high speed (from 100,000 rpm to 600,000 rpm) turbo-machines [START_REF] Tanchon | A Turbo-Brayton Cryocooler for Future European Observation Satellite Generation[END_REF].

A reverse turbo-Brayton cooler was installed to cool down the Near Infrared Camera and Multi-Object Spectrometer of the Hubble Space Telescope. This system was set up in 2002 during a servicing mission by the Columbia Space Shuttle and performed for 7 years [START_REF] Swift | Developments in Turbo Brayton technology for low temperature applications[END_REF].

New developments pushed the temperature down to 35 K, and 4 K is expected in the foreseeable future [START_REF] Zagarola | High-capacity turbo-Brayton cryocoolers for space applications[END_REF].

Joule-Thompson cooler

Joule-Thompson (J-T) coolers use the Joule-Thompson expansion of gas to produce cooling power. Since the Mariner missions, the Joule-Thompson cooler has been upgraded to a closed-cycle system. Closed-cycle J-T coolers using hydrogen have been used on the Planck Space Telescope (cooling from 50 K to 18 K) [START_REF]Planck early results. II. The thermal performance of Planck[END_REF]. Using 4 He as gas can lower the temperature to 4 K [52] while using 3 He gas lowers it to 1.7 K. Some recent developments around J-T coolers [START_REF] Liu | Development of a compact 2.17 K hybrid 4He JT cryocooler for space applications[END_REF] tend to get higher cooling power, lower base temperature, and high reliability while minimizing the power consumption, weight, and vibrations from the compressor.

The consequent development of mechanical coolers for space has been done to raise the reliability of this technology. Increasing the TRL * of these coolers offered prospects for scientific purposes.

Sub-Kelvin coolers

Neither cryogens nor mechanical coolers can provide a temperature below 1.7 K. Currently, 3 technologies are used to reach sub-Kelvin temperatures on spacecraft.

2.4.1 3 He sorption cooler 3 He sorption coolers use the latent heat of vaporization of 3 He to produce a cooling power.

The typical performance of a compact 3 He fridge is a few tens of µW at 300 mK. 4 He can be used, but the lowest temperature will be around 900 mK. This system has the benefit of being compact, recyclable, and can reach 70 hours of autonomy (depending on the design).

A single 3 He fridge cannot produce continuous cooling power but a setup with multiple 3 He fridges could, increasing the complexity of the cryogenic chain. The design of a 3 He sorption cooler is simple:

• The evaporator (2.3 -E) is a still where liquid 3 He is located and where the cooling power is produced. • The pump (2.3 -P) is a container filled with active charcoal that will pump on the liquid 3 He from the evaporator. • The heater (2.3 -Th) used to heat the pump and desorb the 3 He trapped inside the charcoal.

• The condenser plate (2.3 -C) is the interface with the upper stage of a cryogenic chain (usually 1.6 K to 4.2 K) used to condense the 3 He.

The evaporation of the liquid 3 He produces cooling power. When there is no more liquid 3 He inside the evaporator, it must be cycled. First, the heater will make charcoal desorb the gaseous 3 He trapped inside the pump by heating. The gaseous 3 He will be liquefied by the condenser plate and flow into the evaporator. The heater is turned off when all the charcoal has desorbed the 3 He. The charcoal regains its ability to absorb the 3 He pumping on the evaporator. This process produces a cooling power.

This system needs gravity to work properly, making this technology suitable for ground or balloon-borne missions [START_REF] Torre | Test flight results of a balloon-borne He-3 cryostat[END_REF]. When the fridge face accelerations, as is the case for rocket-borne [START_REF] Duband | Flight performance of a rocket-borne 3He refrigerator[END_REF] missions, or without acceleration, as it is for satellites [START_REF] Duband | Space-borne 3He refrigerator[END_REF], it needs some adjustments.

The localization of the liquid 3 He phase is a recurrent issue for negative or zero gravity experiments. Adaptations have been made to confine the liquid inside the evaporator. A sintered copper sponge filling the evaporator has been used on the 3 He sorption cooler [START_REF] Duband | Space-borne 3He refrigerator[END_REF] for a rocket-borne experiment in 1989. More recently, an alumina sponge (a porous material composed of 91% Al 2 O 3 / 9% SiO 2 ) has been used in the 3 He fridge of the Herschel/PACS instrument [START_REF] Sauvage | Operations and performance of the PACS instrument 3He sorption cooler on board of the Herschel space observatory[END_REF]. Both these solutions used capillary forces to confine the liquid.

Adiabatic Demagnetisation Refrigerator

Adiabatic Demagnetisation Refrigerators (ADRs) use the properties of magnetocaloric effect on paramagnetic materials. The entropy of paramagnetic material in a magnetic field is lower than no magnetic field. Adjusting the magnetic field intensity can reduce the inner temperature of the paramagnetic material. The design of an ADR is simple:

• A paramagnetic material used for its paramagnetic properties • A magnet that produces a magnetic field inside the paramagnetic material • A heat switch between the paramagnetic material and the thermal bath (a) There is no cooling power available. (b) A magnetic field is generated inside the paramagnetic material. This will generate heating that will flow into the thermal bath. (c) The heat switch is opened when the magnetic field is at its maximum intensity, and no more heat is generated. (d) The magnetic field is slowly reduced. The temperature of the paramagnetic material and the focal plane decrease. A heat switch between the paramagnetic material and the focal plane can be installed to avoid consequent temperature fluctuations.

When the entropy of the paramagnetic material reaches a maximum, ADRs cannot provide cooling power anymore (fig. ADR technology successfully reached 65 mK on the X-ray satellite ASTRO-E II [START_REF] Aristides | Performance of the XRS/ASTRO-E engineering model ADR[END_REF] in 2005 (after the failure of the launch vehicle of ASTRO-E in 2000).

Due to the operation principle, this system cannot produce constant cooling power. Also, the autonomy of ADR is limited, defined by a trade-off between base temperature and cooling power. Some research program aims at making ADR a continuous cooling system, using an assembly of multiple ADRs in parallel and serial.

Also, for ADR technology, magnetic fields are generated, involving a design with shielding for the detectors, further increasing the mass budget.

Regarding the next space missions, a total of 7 ADR will be used on LiteBIRD to provide 2.2 µW of cooling power at 100 mK [START_REF] Duval | LiteBIRD Cryogenic Chain: 100 mK Cooling with Mechanical Coolers and ADRs[END_REF], representing a consequent mass budget that is critical for a space mission. Athena X-IFU will be cooled down at 50 mK by a single ADR pre-cooled by an 3 He sorption cooler [START_REF] Pajot | The Athena X-ray Integral Field Unit (X-IFU)[END_REF].

Open-Cycle Dilution Refrigerator

Open-Cycle Dilution Refrigerator (OCDR) was embarked first in the ARCHEOPS balloonborne [START_REF] Benoît | Archeops: a high resolution, large sky coverage balloon experiment for mapping cosmic microwave background anisotropies[END_REF] (see section 1.3) in 1999 as a prototype, then on the Planck space mission (see section 1.5.4) in 2009. Planck OCDR successfully cooled down the detectors of HFI at 100 mK, producing 180 nW of cooling power during 2.5 years. Dilution Refrigerators exploit the properties of 3 He, 4 He, and 3 He - 4 He mixture. The dilution principle is detailed in chapter 3, and chapter 4 is dedicated to the OCDR.
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This technology requires a 1.7 K stage as base temperature (generated by the J-T expansion of the 3 He - 4 He mixture in the context of Planck). Since the system is an "open cycle", the mission is limited by the amount of embarked 3 He and 4 He. This technology needs adjustments to work in a space environment. This will be broadly discussed in chapter 5, introducing the Closed-Cycle Dilution Refrigerator. This is the main topic of this thesis.

Thermal requirements for primordial B-modes detection

In the context of the primordial B-modes observation by space telescopes, the cryogenic chain have to fill the followings requirements: The current development around the LiteBIRD 100 mK stage by DSBT † at Grenoble, France [START_REF] Duval | LiteBIRD Cryogenic Chain: 100 mK Cooling with Mechanical Coolers and ADRs[END_REF] proved that all these requirements could be met with a cryogenic chain. This cryogenic chain is composed of the following: This proposed design is non-redundant to reduce cost and complexity (10.2 kg of mass between 1.7 K to 100 mK). The design will surely be improved with the maturation of the LiteBIRD project. This remains a development and does not bar the door to alternatives.

The development of the Closed-Cycle Dilution Refrigerator is also a viable option for future B-modes missions, but not only. The versatility of this system could fit any mission requiring 100 mK or lower. Further developments will tend to push the CCDR limit temperature down to 50 mK. † 

Previous achievements on the CCDR developments

This part is dedicated to the dilution refrigerators.

The history and the principle of the dilution process are discussed in the chapter 3.

Classical dilution refrigerators cannot operate in space. That is why the Open-Cycle Dilution Refrigerator has been invented. The OCDR is developed in the chapter 4.

The next space missions will require a longer observation time and a larger cooling power. OCDR needs to be upgraded to fulfill these requirements: the CCDR. The chapter 5 reviews the existing solutions to make CCDR works. The premise of extracting cooling power by diluting 3 He in 4 He was proposed first by London in 1951 [START_REF] London | Proceedings of the International Conference on Low Temperature Physics[END_REF]. With the discovery of the 3 He - 4 He phase separation below 0.867 K in 1956 by Walters and Fairbank [START_REF] Walters | Phase Separation in He 3 -He 4 Solutions[END_REF], theoretical improvements have been proposed to take advantage of the dilution process [START_REF] London | Osmotic Pressure of He 3 in Liquid He 4 , with Proposals for a Refrigerator to Work below 1[END_REF]. The first working dilution system by Das et al. [START_REF] Das | A Realization of a London-Clarke-Mendoza Type Refrigerator[END_REF] reached 220 mK in 1965, and then Hall et al. [START_REF] Hall | A helium-3 dilution refrigerator[END_REF] proposed an improved dilution refrigerator (DR) design that maintained a continuous temperature below 100 mK. Frossati et al. [START_REF] Frossati | OBTAINING ULTRALOW TEMPERATURES BY DILUTION OF 3 He INTO 4 He[END_REF] reached 2 mK in 1978.

Principle of the dilution refrigerators

With this technology, the current world record is held by Cousins et al. [START_REF] Cousins | An Advances Dilution Refrigerator Designed for the New Lancadter Microkelvin Facility[END_REF] for reaching a temperature of 1.75 mK in 1998.

Dilution refrigerators are widely used for scientific purposes (e.g., condensing matter, superconductivity, quantum computing, or astrophysics), and commercial DR has emerged. Oxford Instruments produced the first one in 1967, and now a few companies are selling a wide range of customizable DR. Requiring a 1.7 K stage, the first "wet" DR cryostats used pumped liquid 4 He. Now the 4 He bath is replaced by mechanical coolers (Pulse Tube Coolers or Gifford-McMahon Coolers), making DR cryogen-free (dry).

Principle of the dilution refrigerator

Phase diagram

At Standard Temperature and Pressure (STP), the liquefaction temperature of 4 Heis 4.13 K and 3.19 K for 3 He. A mixture of liquid 3 He - 4 He is perfectly homogeneous. Below 2.177 K, 4 He becomes superfluid, a state of matter where 4 He carries no entropy, has zero viscosity, and its thermal conductivity is 10 3 higher than the thermal conductivity of the best metal heat conductor [START_REF] Franco Bassani | Encyclopedia of condensed matter physics[END_REF].

We note x the 3 He concentration in the mixture. x is calculated using the molar flow rate of 3 He ( ṅ3 ), and the molar flow rate of 4 He ( ṅ4 ) following the equation 3.1. x 3 referring to the 3 He concentration in the mixture and x 4 referring to the 4 He concentration in the mixture.

x 3 = ṅ3 ṅ3 + ṅ4 and x 4 = ṅ4 ṅ3 + ṅ4 = 1 -x 3 (3.1)
Parameters:

x 3 : The 3 He concentration of the 3 He - 4 He mixture [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] x 4 : The 4 He concentration of the 3 He - 4 He mixture [ 4 He mixture at a pressure of 1 bar. 4 He, which is a boson (nuclear spin = 0), obeys the Bose statistics. Below 2.17 K, a quantum state called "Bose condensation" occurs, corresponding to the superfluid transition. 3 He, which is a fermion (nuclear spin = 1 2 ), obeys the Fermi statistics. When superfluid, 4 He acts as an "inert background" for 3 He, changing the properties of 3 He [START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF]. Inside liquid 4 He, 3 He acts as a normal liquid. Surrounded by superfluid 4 He, 3 He acts as a Fermi liquid. The properties, such as the enthalpy or the entropy, are well known for these two kinds of 3 He behaviors.

The molar enthalpy of the mixture

At a given temperature, the molar enthalpy of the 3 He - 4 He mixture is defined by the two components following properties: the molar Gibbs free energy G m and the molar entropy S m . The subscript m refers to the 3 He - 4 He mixture.

H m = G m + T S m (3.2)
Parameters:

H m : The molar enthalpy of the 3 He - 4 He mixture [J.mol -1 ] G m : The molar Gibbs free energy the 3 He - 4 He mixture [J.mol -1 ] T : The temperature of the 3 He - 4 He mixture

[K] S m : The molar entropy of the 3 He - 4 He mixture

[J.mol -1 .K -1 ]
The molar Gibbs free energy of the mixture can be expressed with the chemical potential of 3 He and 4 He, as well as the entropy (see equation 3.4).

G m = xµ 0 3 + (1 -x 3 )µ 0 4 (3.3)
Parameters:

G m : The molar Gibbs free energy the 3 He - 4 He mixture [J.mol -1 ] x 3 : The 3 He concentration of the 3 He - 4 He mixture S m : The molar entropy of the 3 He - 4 He mixture [J.mol -1 .K -1 ] x 3 : The 3 He concentration of the 3 He - 4 He mixture Depending on the location in the phase diagram (figure 3.1), either 3 He and 4 He are both normal liquids or 3 He is a Fermi liquid and 4 He is a superfluid. Their properties (chemical potential and entropy) are different.

In figure 3.2, we can observe a bump of the mixture enthalpy along the superfluid transition line in figure 3.1. This can be seen as an expansion of the liquid 3 He when migrating into the superfluid 4 He. 4 He mixture against the 3 He concentration for various temperatures based on data from [START_REF] Chaudhry | Thermodynamic Properties of Liquid 3He-4He Mixtures Between 0.15 K and 1.8 K[END_REF].

Irreversible dilution

When components are added independently (figure 3.3), the excess molar enthalpy H E is the enthalpy difference between the mixture enthalpy H m (T ) and the two weighted enthalpies H 0 3 (T ) and H 0 4 (T ) of pure 3 He and 4 He. H E can be expressed following the equation 3.5. 3 He and pure 4 He are separated by a wall, at a temperature T 0 and a pressure P 0 . (b) The wall is removed, and the two isotopes are mixed to form a homogeneous 3 He - 4 He mixture at a temperature T 1 and a pressure P 1 . This is the principle of irreversible dilution.

Because this process is isotherm (T 0 = T 1 ) and isobar (P 0 = P 1 ), a determined amount of heat Q is exchanged with the environment, normalized by the total amount of moles involved, we have:

H E = H m (T, x) -x 3 H 0 3 (T ) -(1 -x 3 )H 0 4 (T ) = Q ṅ3 + ṅ4 (3.5) 
Parameters:

H E :
The molar excess enthalpy of the 3 He - 4 He mixture [J.mol -1 ] H m : The molar enthalpy of the 3 He - 4 He mixture [J.mol [mol.s -1 ] x 3 : The 3 He concentration of the 3 He - 4 He mixture [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] At this moment, the dilution process can only produce a cooling power for a finite time.

Reversible dilution

In 1956, the discovery of the 3 He - 4 He phase separation below 867 mK was a gamechanger [START_REF] Walters | Phase Separation in He 3 -He 4 Solutions[END_REF]. A saturation phenomenon due to the finite solubility of 3 He in 4 He appears. Depending on the temperature and the 3 He concentration, the 3 He - 4 He mixture starts to separate into two phases:

• A "heavy" dilute 3 He phase, mostly 4 He.

• A "light" concentrated 3 He phase, mostly 3 He.

Following the phase diagram in figure 3.4, the concentration of both dilute and concentrated phase can be estimated depending on the temperature (e.g., at 100 mK, the concentrated 3 He phase is almost 100 % of 3 He, while the dilute 3 He phase is only 7.2 % of 3 He) [START_REF] Kuerten | Thermodynamic properties of liquid 3He-4He mixtures at zero pressure for temperatures below 250 mK and 3He concentrations below 8%[END_REF].

Liquid 3 He in liquid 4 He Liquid 3 He in superfluid 4 He Phase separation region S u p e r f l u i d t r a n s i t i o n l i n e

3 H e d i l u t e p h a s e In figure 3.4, we can see 3 different regions:

• Liquid 3 He in liquid 4 He where 3 He - 4 He mixture is a single phase.

• Liquid 3 He in superfluid 4 He where the proportion mixture is high on 4 He. In that region, 4 He is superfluid, and 3 He acts as a Fermi liquid. • Phase separation region where the mixture saturation occurs and induces two coexisting phases: a 3 He concentrated phase and a 3 He dilute phase. This phenomenon happens below 0.867 K at saturated vapor pressure.

As soon as the mixing chamber reaches a temperature below 0.867 K, the coexistence of a rich 3 He phase and a poor 3 He phase makes the design of a continuous dilution cryostat possible. A molar flow rate ṅ3 of 3 He is injected inside the concentrated 3 He phase, while the same amount of mole is removed from the dilute phase, making the process steady (see figure 3.5).
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100% of 3 He 6.6% of 3 He

Phase boundary

Concentrated phase
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• n 3 • n 3 Figure 3
.5: Design of a mixing chamber where the phase separation occurs. Injection of 3 He feeds the concentrated phase, while 3 He is removed from the dilute phase. The migration of 3 He from the concentrated phase to the dilute phase produces a cooling power. The 3 He concentrations are given for temperatures below 10 mK.

Dilution refrigerators

A depletion of 3 He from the dilute phase is required to make DR work. The saturated vapor pressure of 3 He is higher than the saturated vapor pressure of 4 He (see figure 3.6), meaning that pumping on the mixture will naturally decrease the 3 He concentration. This pumping can be done in a new chamber, the still, connected to the mixing chamber's dilute phase. The still is at a higher temperature (0.8 K to 1.2 K) to have access to the vapor phase without an oversize pumping system, leading to the design presented in figure 3.7. Except for the compressor, every part is placed inside a vacuum chamber. The (almost) pure 3 He is injected inside the cryostat through the injection line. The 3 He is liquefied by the 1 K pot, pre-cooled by the heat exchangers, and injected into the mixing chamber's concentrated phase. A tube connects the mixing chamber's dilute phase to the still. The dilute 3 He pre-cools the injected 3 He. The still's vapor phase, mainly 3 He, is pumped by the compressor through the pumping line and then re-injected. Adapted from [82][87].

Inside the still, a liquid phase ( 3 He - 4 He mixture with 1 % of 3 He) and a gaseous phase (99% of 3 He) coexist. Gaseous 3 He is pumped out by a circulator, then re-injected inside the mixing chamber, closing the cycle. The resultant pressure is between 0.1 mbar and 3 mbar, leading to a local production of cooling power by the 3 He latent heat of vaporization inside the still.

Inside a conventional DR, 4 He is static, and only 3 He is circulating. The performances can be estimated using equation 3.6, neglecting the 4 He contributions.

In a steady state, the molar flow rate ṅ3 of 3 He is constant along the circulation line. The cooling power Q is proportional to the difference between the molar enthalpies of dilute 3 He (H d 3 ) and concentrated 3 He (H c 3 ). Approximations could be made below 50 mK on the 3 He molar enthalpy inside the dilute and the concentrated phase (see equation 3.7). H d 3 is proportional to the temperature of the mixing chamber (T mc ). H c 3 is proportional to the temperature of the fluid entering the mixing chamber (T mc ).

Q = ṅ3 [H d 3 (T ) -H c 3 (T )] (3.6 
H d 3 (T ) ≈ 95T 2 mc H c 3 (T ) ≈ 11T 2 in (3.7)
Parameters:

H d 3 :
The molar enthalpy of 3 He inside the dilute phase [J.mol -1 ]

H c 3 :
The molar enthalpy of 3 He inside the concentrated phase [J.mol -1 ]

T mc : The temperature of the mixing chamber [K]

T in :

The temperature of the fluid entering the mixing chamber

[K]
Consequently, the cooling power value is driven by the 3 He flow ṅ3 , the temperature of the mixing chamber T mc , and the temperature of the incoming 3 He T in . To have the highest cooling power, T in should be as close as possible to T mc (note that T in > T mc ). Due to the finite solubility of 3 He inside 4 He, there is always a minimum of 6.6% of 3 He inside the dilute phase. This ensures a cooling power as long as 3 He can be extracted from the dilute phase, resulting from the osmotic pressure. The cooling power is getting lower and lower with the temperature decreasing, according to equation 3.8. With this process, the temperature could theoretically reach extremely low values, but actual limitations arise from conduction losses, viscous heating, or the Kapitza resistance. These phenomena are discussed later in this manuscript.

Q ≈ ṅ3 [95T 2 mc -11T 2 in ] ≈ 84 

Osmotic pressure

Driving 3 He out of the liquid phase inside the still decreases the concentration of 3 He. 3 He diffuses along the circulation line from the mixing chamber to the still. This diffusion is driven by a gradient in the Gibbs free energy, also called "free enthalpy". Gibbs free energy is a quantity that will characterize the spontaneous changes inside the system. Since 4 He is static, its chemical potential µ 4 is constant along the circulation. 3 He is not, which makes it able to restore the equilibrium of G.

Inside the mixing chamber, the phase boundary can be seen as a membrane. An osmotic pressure (see equation 3.9) drives 3 He from the concentrated phase to the dilute phase.

P os = 0.4x 3 RT F V 0 4 (3.9)
Parameters:

P os : The osmotic pressure [Pa] x 3 : The 3 He concentration of the 3 He - 4 He mixture

[1] R : The gas constant [J.mol -1 .K -1 ] T F : The Fermi temperature [K] V 0 4 : The molar volume of pure 4 He [m 3 .mol -1 ]
The osmotic pressure is defined with the Fermi temperature T F , expressed in equation 3.10.

T F = h2 2m * k B ( 2π 2 N A x 3 V m ) 2 3 
(3.10)

Parameters: The osmotic pressure inside a 3 He - 4 He mixture for various temperatures against 3 He concentration. If 3 He is pumped from the still, the 3 He concentration of the dilute phase inside the still decreases. A concentration gradient between the still's liquid phase and the mixing chamber's dilute phase generates an osmotic pressure that drives 3 He into the still. The same phenomenon will drive 3 He from the concentrated phase to the dilute phase inside the mixing chamber. From [START_REF] Kuerten | Thermodynamic properties of liquid 3He-4He mixtures at zero pressure for temperatures below 250 mK and 3He concentrations below 8%[END_REF] [START_REF] Radebaugh | Thermodynamic properties of helium3 -helium4 solutions with applications to the helium3+helium4 dilution refrigerator[END_REF].

T F : The Fermi temperature [K] h : The reduce Planck constant [m 2 .kg.s -1 ] m * : The 3 He effective mass [kg] k B : The Boltzmann constant [m 2 .kg.s -2 .K -1 ] N A : The Avogadro constant [mol -1 ] x 3 :
By pumping, the still gaseous phase is 3 He-depleted. Due to the saturated vapor pressure of 3 He and 4 He (figure 3.6), 3 He preferentially fills the vapor phase. This decreases the 3 He concentration inside the still liquid phase. A 3 He concentration gradient is generated between the mixing chamber's dilute phase and the still liquid phase.

Fountain pressure

Even if 4 He becomes superfluid below 2.17 K at Saturated Vapor Pressure (SVP), a fraction of normal 4 He remains inside the superfluid 4 He. Below the superfluid transition, the 4 He cannot be consider a single fluid, but two interpenetrating fluids [START_REF] Landau | Theory of the Superfluidity of Helium II[END_REF]:

• A normal component, with density ρ n , dynamic viscosity η n (carrying entropy)

• A superfluid component, with density ρ s , zero dynamic viscosity η s (carrying no entropy)

The concentration of normal 4 He and superfluid 4 He along the circulation from the mixing chamber to the still vary (see figure 3.9 and figure 3.7). Therefore, a temperature gradient will tend to drive superfluid 4 He towards the still and the normal 4 He away from it. This introduces the fountain pressure P f (figure 3.10) calculated with the chemical potential of pure 4 He by equation 3.11. 2.17 K Normal 4 He Superfluid 4 He Figure 3.9: Concentration of normal 4 He and superfluid 4 He against the 4 He fluid temperature. From [START_REF] Brooks | The calculated thermodynamic properties of superfluid helium-4[END_REF]. Note: Normal 4 He has a non-zero dynamic viscosity η n . Depending on the temperature, friction between normal 4 He and 3 He could slow down the 3 He flow, thus generating heating.

P f = µ 0 4 (0) -µ 0 4 (T ) V 0 4 (3.

Alternative

The conventional DR is based on the depletion of 3 He from the dilute phase, making 3 He the only circulating isotope ( 3 He DR). A design of a DR focusing on the circulation of 4 He was reported in 1971 ( 4 He DR). The "Leiden dilution refrigerator" reached 8.3 mK and produced a cooling power of 40 µW at 80 mK. In 1986, a similar system attained 3.4 mK [START_REF] Satoh | 4He-circulating dilution refrigerator[END_REF]. This system used the fountain pump effect (using the fountain pressure combined with a nanoporous material, discussed in section 5.5) to make 4 He circulates (see figure 3.11). The performances of the 4 He DR could challenge the performances of the 3 He DR. However, the design of an 4 He DR is more complex and expensive as it requires a heat sink at 600 mK.

Road to space

Commercial DRs use the circulation of 3 He and can reach temperatures down to 8 mK. They can provide a cooling power of up to 0.5 mW at 100 mK (1 mW for the most powerful ones, e.g., BLUEFORS XLD1000 [START_REF] Bluefors | XLD Dilution Refrigerator System[END_REF] or Leiden Cryogenics CF-CS110-1500 Maglev-2PT [94]).

DRs provide a continuous, stable, high cooling power and can easily reach temperatures below 100 mK. This technology is promising but needs to be adapted for space applications since gravity is required inside the mixing chamber (phase separation) and inside the still (isotope separation).

A dilution refrigerator in space?

" Please, I'm Rodney McKay, difficult takes a few seconds. Impossible, a few minutes. "

by Meredith Rodney McKay

A dilution refrigerator must be compact, lightweight, reliable, and have low electrical power consumption to be used for space applications. Also, it must fill two fundamental assessments:

• works in a zero-gravity environment • sustains a high level of vibrations (during the launch)

This chapter presents the developments of a DR insensitive to gravity. This started in the 1980s both in the U.S. (section 4.1) and in France (section 4.2) to respond to the need for astrophysical missions.

Developments in the USA

In 1983, the U.S. government funded phase I (50,000 $) of a feasibility study proposed by Hendricks. This study phase led to the funding of phase II (500,000 $) in 1986. This funding concerned the development of a 3 He - 4 He dilution cryocooler for operation in zero gravity for future space missions.

This funding led to a preliminary report in 1988 [START_REF] Hendricks | A HELIUM-3/HELIUM-4 DILUTION CRY-OCOOLER FOR OPERATION IN ZERO GRAVITY[END_REF] and a final report in 1991 [START_REF] Hendricks | 3HELIUM/4HELIUM DILUTION CRYOCOOLER FOR SPACE[END_REF]. The first report provides a state of the art of the existing dilution refrigerators. None of them can operate in a zero-gravity environment:

• conventional 3 He dilution refrigerator covered in section 3

• alternative 4 He dilution refrigerator covered in section 3.1.8

• 4 He dilution refrigerator called ACE Inc. cycle, evolution of the Leiden dilution refrigerator discussed in appendix A.2

Hendricks also mentioned a "solution refrigerator" that uses the circulation of 4 He while the movements of 3 He is restricted. This system does not rely on gravity and can only provide a cooling power above the phase separation temperature (0.87 K). This technology is discussed in appendix A.1.

At that time, the reference is the ADR for an operating temperature of 100 mK in space (see section 2.4.2). Based on the ADR specifications, the system must provide a cooling power of 10 µW at 100 mK and a heat sink at 1.5 K to 1.8 K. The main concern of this program was the operation of a 3 He - 4 He dilution refrigerator in a zero-gravity environment.

The still and the mixing chamber must work without gravity to operate a DR in space. On the ground, all DR models use gravity as a phase separator. Providing artificial gravity could theoretically make DR works in a microgravity environment. Generating centrifugal forces to constrain the phase location can be achieved by rotating the sub-systems requiring gravity.

Another approach is the use of an electric field [START_REF] Israelsson | Liquid/vapour phase separation in 4He using electric fields[END_REF]. The relative permittivity of 3 He and 4 He are different (see figure 4.1). An electrical potential inside a mixing chamber would distribute the isotopes along the gradient. It was experimentally confirmed in 1990 for a DR mixing chamber [START_REF] Israelsson | Dilution refrigeration for space applications[END_REF]. A patent application by Jackson [START_REF] Woodrow | Continuously operating 3He-4He dilution refrigerator for space flight[END_REF] was submitted the same year using this process for the mixing chamber and the still. Relative permittivity [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] 3 He 4 He

.1: Relative permittivity of 3 He and 4 He against the fluid temperature. This property can discriminate 3 He from 4 He inside the mixing chamber, generating a concentrated phase and a dilute phase. From [START_REF] Henrya | Dielectric constant and molar volume of saturated liquid 3He and 4He[END_REF].

Since that program focused on designing a zero-gravity operation DR without an active phase separator, none of the two solutions mentioned above were selected.

Using a porous material is an alternative in which 3 He and 4 He can be separated passively.

The efficiency of the phase separator depends on the surface tension and its geometrical characteristics. The surface tension of 4 He is higher than the 3 He one (see figure 4.2), meaning that 4 He could be preferentially stored inside the porous material and generate the wanted phase separation.

This method could be used inside the mixing chamber so that the dilute phase (high 4 He concentration) is located on the pore surfaces, inducing a phase separation with the concentrated phase (high 3 He concentration). This method could also be used inside the still, where the liquid phase is trapped on the pore surfaces, and the vapor phase is located on the pore volumes. From now on, this specific porous material inside the still is referred to as "a sponge". 3 He and 4 He against their fluid temperatures. This property can discriminate 3 He from 4 He inside the mixing chamber, where the phase separator is a porous material. From [START_REF] Huang | Study on Surface Tension of Fluid Helium Three[END_REF] and [START_REF] Mulero | Recommended Correlations for the Surface Tension of Common Fluids[END_REF].

In the still, the superfluid 4 He could creep up the pumping line. This phenomenon is called a "Rollin film". This is not suitable and should be avoided by setting up a system that prevents superfluid 4 He from circulating into the pumping line and letting 3 He pass through.

The conclusions of these reports are:

• For the 3 He dilution refrigerator:

-Zero gravity 3 He dilution refrigerator is feasible.

-A high conductive porous metallic matrix can be used to confine liquid 3 He - 4 He mixture against the pull of gravity, which makes it appropriate for zero gravity environment [START_REF] Hendricks | Operation of phase separators in zero gravity[END_REF]. -A continuous cooling with a sponge as a phase separator inside the still was successfully tested. -According to the authors, a phase separation inside the mixing chamber could be generated using a porous material, but this was not tested. -Technological innovations are required for the 3 He circulator.

• For the 4 He dilution refrigerator:

-Zero gravity 4 He dilution refrigerator is not feasible.

• For the ACE Inc. cycle:

-Zero gravity ACE Inc. cycle could be feasible.

-The system has been demonstrated for higher temperatures, but more investigations at lower temperatures are needed.

For the 3 He DR, there is no mention of how the dilute phase could be connected to the still, which is critical for a zero gravity operation. Also, the experiment showed that knowing the location of the different liquid phases is complex and did not allow for a full understanding of the system's behavior.

After 1999, the US had no further updates regarding the development of a DR operating in a zero-gravity environment. However, progress was announced on a similar design [START_REF] Pat | Progress on a microgravity dilution refrigerator[END_REF], using a porous material to achieve a temperature of 60 mK even when the system is tilted at an angle of + 16 • .

Developments in France

In the early 1980s, Benoît and Pujol developed a dilution cryostat that is insensitive to gravity in order to cool down the detectors of any space instruments. This system was first installed in 1987 inside the D10 instrument, a 4-circle diffractometer requiring an operation in any orientation [105].

The design of this DR is less complex than a classical DR. Since the isotopes circulate in an open cycle (without recycling), the still becomes useless. Also, both fluids are circulating and are simultaneously injected inside the mixing chamber. Then the mixture is pumped out of the cryostat to be recycled and re-injected. This DR needs a heat sink at around 2 K ( 4 He pumped bath).

MIXING CHAMBER CRYOSTAT 3 He - 4 He mixture Pure 3 He Pure 4 He 3 He and 4 He are independently injected inside the mixing chamber, then the mixture is pumped out of the cryostat. The two isotopes are separated and re-injected into the DR. From [START_REF] Benoit | Procédé et appareillage pour l'obtention de très basses températures[END_REF].

A. Benoît and CNES submitted a patent application [START_REF] Benoit | Procédé et appareillage pour l'obtention de très basses températures[END_REF] in 1988 for the gravity-insensitive dilution refrigerator. In 1991, the first publication revealed that this DR reached 53 mK [START_REF] Benoit | A dilution refrigerator insensitive to gravity[END_REF].

To reach such temperature, 3 He was injected inside a capillary at a molar flow rate of 4 µmol.s -1 , while 4 He was injected at a molar flow rate of 12 µmol.s -1 . The two injection capillaries are soldered to the 3 He - 4 He mixture capillary that constitutes a continuous heat exchanger. After mixing, the cooling power remaining inside the 3 He - 4 He mixture is used to pre-cool the incoming 3 He and 4 He flows to increase the performances of the dilution process.

In 1994, an update of such technology, which was integrated into a cryogenic chain for space application was published [START_REF] Benoît | Dilution refrigerator for space applications with a cryocooler[END_REF]. In this design, 3 He and 4 He are stored in dedicated tanks, thermalized and injected into the mixing chamber. After the dilution, the 3 He - 4 He mixture is released into space, the natural vacuum acting as a pump. This system is completely static and is, therefore, very reliable. The amount of 3 He and 4 He onboard is defined by the mission's planned duration. This is the Open-Cycle Dilution Refrigerator (OCDR).

The development updates were published in 1997 [START_REF] Benoît | Development of a 0.1 K cryocooler for space applications[END_REF] for spatialization of the OCDR, where the related problematics (e.g., vibrations, cooling power, stability, input power) are covered. A new feature was the addition of a Joule-Thompson expansion of the mixture after dilution. This produced a continuous 2 K temperature stage. The system required a heat sink at 4 K (compared with 2 K before). Coupled with a mechanical cooler (at 15 K) and a close-cycle JT (at 4 K), continuous 100 mK on space was now possible.

The Open-Cycle Dilution Refrigerator

The OCDR was installed on the balloon-borne experiment ARCHEOPS (see section 1.3) for several flights between 1999 and 2003, then on the Planck Space Telescope (see section 1.5.4) in 2009.

The principle of the OCDR is detailed in the next subsections, as it was installed on the Planck mission to cool down the HFI focal plane at 100 mK.

The injection of isotopes and 1.4 K stage

Pure gases 4 He and 3 He were stored inside dedicated tanks under the pressure of 295 bars at the start of the mission. Four tanks (three of 4 He and one of 3 He) were located on the satellite's SerVice Module (SVM) at 289 K. A total of 10,590 L of 3 He and 31,770 L of 4 He was stored inside the vessels [START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF].

Dedicated active valves were set up to decrease the pressure at around 18 bar (19 bar after a last-minute change), maintaining the 3 He flow ṅ3 at 7.5 µmol.s -1 and 4 He flow ṅ4 at 22.5 µmol.s -1 for nominal operation. During the flight, the flows were adjusted to ṅ3 = 5.4 µmol.s -1 and ṅ4 = 14.5 µmol.s -1 to reach 115 nW of cooling power.

The various elements of the cryogenic chain cooled down the isotopes at a given temperature according to [START_REF]Planck early results. II. The thermal performance of Planck[END_REF]:

• to 138 K, 92 K and 46 K by 3 V-grooves

• to 18 K by a hydrogen sorption cooler • to 4.75 K by a JT expansion cooler • to 1.4 K by a JT expansion of the mixture

The return capillary containing the 3 He -4 He mixture expanded through an impedance, producing a cooling power of 120 J.mol -1 and a stage temperature of 1.4 K [START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF]. The incoming 3 He and 4 He capillaries were pre-cooled by the mixture until its release into space.

3 He -4 He mixture The injection lines were designed to condense 3 He and 4 He between the 4 K stage and the 1.6 K stage. No JT expansion was used on the injected gases at this temperature. An expansion would generate a mixture of liquid and gas that require additional cooling power to condense the 3 He and 4 He at lower temperatures.

The counter flow heat exchanger

The counter flow heat exchanger (CFHX) was a continuous heat exchanger, as shown in figure 4.5. The two capillaries with incoming pure isotopes were soldered with tin to the capillary that contains the return 3 He -4 He mixture.

Pure 4 He 3 He - 4 He mixture Pure 3 He

• n 3 • n 4 • n 3 + • n 4 • Q 4→m • Q 3→m • Q 4→m • Q 3→m • Q 4→m • Q 3→m Figure 4
.5: The 3 He and 4 He injection capillaries are pre-cooled by the return 3 He -4 He mixture capillary. The power intercepted by the 3 He -4 He mixture became larger and larger as the temperature increased (from left to right). Between 4.5 K and 100 mK, the cupro-nickel (CuNi) capillaries have an inner diameter of 300 µm.

The cooling power of the 3 He - 4 He mixture (internal energy) was used to pre-cool the isotopes, limiting the heat input on the cold part of the dilution (i.e., the mixing chamber).

The cooling power Q available, contained in the fluids at a specific location, is given by equation 4.1. This value depends on the molar specific heat of the fluid C. For temperature below 1.5 K, the specific heat of 4 He is very low compared to the specific heat of pure 3 He and 3 He - 4 3 He, pure 4 He and a 3 He - 4 He mixture with 20 % of 3 He between 50 mK to 1.6 K. From [START_REF] Chaudhry | Thermodynamic Properties of Liquid 3He-4He Mixtures Between 0.15 K and 1.8 K[END_REF].

Q = Qvisc -ṅC dT dl ( 4 
In equation 4.1, we introduced the power dissipation by viscous heating Qvisc which is due to vortices formed when the flow is turbulent, converting mechanical energy into heating. The viscous heating phenomenon is discussed in section 5.2.1, as well as other phenomena involved here.

Knowing the properties of the fluids, the length of the continuous heat exchanger can be calculated to thermalize the fluids between 1.6 K and 100 mK. Because of their important length, capillaries should be winded to keep the design compact, creating a spring. However, this method makes the design more sensible to vibrations, which is incompatible with the OCDR specifications. For this reason, capillaries must be held in place.

The three capillaries were soldered together with tin along the entire length. Capillaries were rolled around a structure of 12 stainless steel plates held by 12 niobium-titanium struts (200 µm thickness). Thermally connected to the plate and left free between, every stage was incrementally colder (see figure 4.7). The cooling power stored in the plates was also used to thermalize the electrical harness going to the detectors and the readout, limiting the heat input on the cold stage (i.e., the focal plane). This structure was also valuable because it provides mechanical support to hold the 3.7 kg focal plane of Planck HFI. 

Various considerations inside the capillaries

A temperature gradient inside the 4 He capillary produces a diffusion of superfluid 4 He towards the higher temperatures. The fluid velocity is adjusted above the superfluid critical velocity to avoid the diffusion of the superfluid and, therefore, a thermal shortcut (thermal conductivity of superfluid 4 He is 10 3 higher than the best thermal conductor at 1 K).

Because of the zero viscosity of superfluid 4 He, 3 He can diffuse into 4 He, but is quickly slowed down by the fluid velocity. More details are given in section 5.2.1.

The temperature along the return capillary goes from 100 mK to 1.4 K. At these temperatures, droplets of 3 He keep dissolving inside the dilute phase according to the phase diagram of 3 He -4 He (figure 3.4), providing additional cooling power. Around 550 mK (x ≈ 27 %), the 3 He completely dissolved into the dilute phase.

The mixing chamber

Design

The mixing chamber (figure 4.8) is a small hollow of CuNi (70% / 30%) where pure 3 He and pure 4 He are mixed together (see figure 4.9).

Screw hole

3 He 4 He

3 He -4 He Three openings are visible (two for 3 He and 4 He inlets, one for the outlet 3 He -4 He mixture). The mixing chamber is made of CuNi (70% / 30%). From [START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF].

To solve the operation problem in a zero-gravity environment, an excess of 3 He was injected into the mixing chamber, leading to a generation of pure 3 He droplets. Due to the small dimensions of the capillary, the surface tension kept a boundary between concentrated 3 He (pure at this range of temperature) and diluted 3 He. He inside the mixing chamber. An excess of 3 He is injected into the mixing chamber leading to a generation of pure 3 He droplets that are drawn into the stream by the mixture. Adapted from [START_REF] Benoît | Dilution refrigerator for space applications with a cryocooler[END_REF].

Enthalpy balance and production of cooling power

The cooling power is defined by the enthalpy difference between the outgoing flow ( 3 He -4 He) and the incoming flows (pure 3 He and pure 4 He).

The enthalpy of pure 3 He and pure 4 He are already known. The content of the return capillary can be seen as a 3 He - 4 He mixture (following the solubility of 3 He that depends on the temperature, x(T ) is the proportion of 3 He used for the dilution process at a given temperature) plus the enthalpy of the remaining 3 He that has not been diluted (an excess of 3 He is injected).

Q(T mc ) =

Dilute phase in mixture

x ṅ3 H d 3 (T 3,out ) + ṅ4 H o 4 (T 4,out ) + Non diluted 3 He (1 -x) ṅ3 H o 3 (T 3,out ) - Pure 3 He ṅ3 H o 3 (T 3,in ) - Pure 4 He ṅ4 H o 4 (T 4,in ) (4.2) 
Parameters:

Q : The cooling power [W] T mc
: The temperature of the mixing chamber [K] x 3 : The 3 He concentration of the 3 He - 4 He mixture [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] x : The proportion of 3 He used for the dilution process Simplification of equation 4.2 is performed, resulting in equation 4.3, where the cooling power is given against ṅ4 . This is more relevant since all 4 He is used to produce a cooling power, unlike 3 He. Also, if the CFHX is perfect, the temperature of the fluid entering and leaving the mixing chamber is the same as the temperature of the mixing chamber, In 2006, the effective cooling power of the Planck HFI dilution system was experimentally determined [START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF] as following the relation 4. Approximations of the enthalpy of the concentrated phase and dilute phase are given for zero pressure. Fluid pressure significantly affects the enthalpy (see figure 4.10). The OCDR performed with an injection pressure of 19 bar [START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF], so the relation 4.4 gives an order of magnitude of the cooling power, and the amount of needed 3 He and 4 He needed for a space mission. 3 He, pure 4 He and 3 He - 4 He mixture with 7% of 3 He, against the fluid pressure, for a temperature of 200 mK. From [START_REF] Chaudhry | Thermodynamic Properties of Liquid 3He-4He Mixtures Between 0.15 K and 1.8 K[END_REF].

T mc = T 3,in = T 3,out = T 4,in = T 4,out . Q(T mc ) = x(T 3,out ) x 3 ṅ3 (H d 3 (T mc )-H o 3 (T mc )) = x(T 3,out ) x 3 1 1 -x 3 ṅ4 (H d 3 (T mc )-H o 3 (T mc )) (4.
The mixing chamber is not designed to intercept the cooling power produced by the dilution process. The exchange surface is too small, and CuNi is a poor thermal conductor.

The extraction of cooling power

Due to the Kapitza resistance (thermal boundary resistance), the lower the temperatures, the tougher the cooling power extraction. The Kapitza resistance R K is due to an acoustic mismatching between two materials (difference of phonon velocity). In this situation, helium and CuNi are involved. This is the main issue in obtaining a proper thermal coupling below 1 K. Kapitza resistance is express in equation 4.6 [START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF].

R K = ∆T Q ∝ T -3 A (4.6)
Parameters:

R K : The Kapitza resistance [K.W -1 ] ∆T : The temperature difference [K] Q : The power going through A [W] A : The interface surface area [m 2 ]
A typical value of AR K T 3 ≈ 10 -2 m 2 .K 4 .W -1 for dilute 3 He coupled with CuNi [START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF].

To minimize ∆T and maximize extractable Q, the interface surface area A needs to be incredibly large (same applies to the temperature. That surface needs to be magnified by 8 to cut the temperature in half).

To increase the surface interface between the 3 He - 4 He mixture and CuNi, two possibilities need to be considered:

• using a heat exchanger with sintered metal (e.g., silver) covering the inner part of it. This is unsuitable since it could disrupt the 3 He droplets inside the capillary. • using a large length of capillary soldered to a cold tip.

In the case of the Planck OCDR, 5 m of capillaries is wound around the cold tip (see figure 4.11). For a capillary with a 300 µm inner diameter, the ∆T between the 3 He - 4 He mixture and the cold tip would be less than 2.5 mK. 3 He - 4 He mixture Pure 3 He Pure 4 He 

Temperature stabilisation

The cooling power is produced by the dilution of 3 He from the droplets to the 3 He - 4 He mixture. The amount of diluted 3 He depends on the droplets' size, generating temperature fluctuations on the cold tip (1 mK peak to peak over 1 hour) [START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF]. To fill the sensitivity requirements (∆T/T ≈ 2x10 -6 ), a system limiting the temperature fluctuations has been included to meet the thermal stability (less than 20 nK.Hz -0.5 over the range 0.01 Hz -100 Hz on the focal plane). The cold tip is thermally coupled to the regulation plate (at the location of the 2 € coin in figure 4.11) that will handle these fluctuations.

First, an active system made of PIDs * will setup up the thermal fluctuations to an acceptable level (5 µK.Hz -0.5 over the range 0.01 Hz -100 Hz) on the regulation plate. The PIDs will compensate for the fluctuations from the dilution and the temperature drifts. The specific heat of holmium between 50 mK and 700 mK. A Schottky anomaly around 200 mK is visible. This anomaly performs a passive thermal filter on the bolometer plate (focal plane). Adapted from [START_REF] Van Kempen | Heat capacities of the metals terbium and holmium below 1[END_REF].

The temperature of the bolometer plate has been stabilized at 102.8 mK to provide a cooling power surplus (5 nW). This allows PIDs to have more room for maneuver to compensate for the various power inputs on the bolometer plate:

• the bias current of the bolometers • the astrophysics signal (background + foreground) • the heat deposition from cosmic ray hits • the heat dissipation due to micro-vibrations from the 4 K 4 He JT or the 18 K H 2 sorption cooler

Only the heating of the PIDs is adjustable to stabilize the temperature. The time constant was setup to 30 minutes. The ever-present cosmic ray hits with a short time constant would disturb the proper response of the PIDs.

In-flight performances and feedback 4.4.1 Performances

The cool-down of Planck started the 14 th of May, right after the launch with the passive radiative cooling. After 20 days, the H 2 sorption cooler was turned on.

The bolometer plate reached 93 mK the 3 rd of July. An active PID ensured temperature stabilization. 975 days after Planck's launch, the amount of helium was insufficient to maintain acceptable pressure, leading to a degradation of the dilution performances. This was the end of Planck HFI, which was performing its fifth sky survey.

Feedback from the OCDR

The downlink transponder and the four helium vessels were located on the SVM. When the antenna was ON, it dissipated 70 W, inducing a temperature rise inside the tanks. This increased the pressure and induced flow rate fluctuations, causing temperature perturbations in the dilution stage. The existing PIDs were not able to compensate for the temperature fluctuations. It was decided to keep the transponder ON all the time to avoid these perturbations [START_REF]Planck early results. II. The thermal performance of Planck[END_REF].

Liquid 4 He was produced between 4 K and 1.4 K. PIDs are designed to stabilize the temperature at these stages. An excess of liquid 4 He is produced if the 4 K stage is too cold, inducing unstable evaporation of 4 He that generates temperature fluctuations. A dedicated PID warmed up the stage to optimal operating points far from the evaporation region [START_REF]Planck early results. II. The thermal performance of Planck[END_REF].

The dilution stage was very sensitive to the micro-vibrations generated by the 4 He JT compressor. These micro-vibrations were heating the cold parts. A more careful study needs to be done to limit this heat input (observable during the 4 He JT shutdown [START_REF] Vibert | PLANCK HFI operations: lessons learned[END_REF], [START_REF]Planck early results. II. The thermal performance of Planck[END_REF])

These are three examples among the numerous "lessons learned" from the Planck mission [START_REF] Vibert | PLANCK HFI operations: lessons learned[END_REF], [START_REF] Tauber | Planck Lessons Learned[END_REF], [START_REF] Patanchon | Planck-HFI lessons learned on systematics and calibration[END_REF], and [START_REF] Pajot | Space environment and detection : lessons learned from PLANCK-/HFI[END_REF]. The next missions will be able to benefit from this experience feedback.

Bottleneck

For the next missions, such as LiteBIRD, a cooling power of 2.2 µW at 100 mK is required for a 3 years lifetime. Anticipating the selection of OCDR as a baseline for LiteBIRD, it is possible to approximate the amount of 3 He and 4 He needed.

A total of 63,000 L STP of 3 He and 234,000 L STP of 4 He would be required to perform the base temperature with the OCDR. Helium can be compressed at 295 bar and stored in vessels (4 vessels of 51 L each, for the Planck mission). For LiteBIRD, a total of 28 vessels of 51 L would be necessary.

The current price of 3 He is $2,750 per liter STP [START_REF] Niechciał | Operational Costs of He3 Separation Using the Superfluidity of He4[END_REF], leading to a cost of more than $138 million. Is there enough 3 He purchasable on Earth?

Despite the apparent advantages of the OCDR, a clear conclusion is that this technology is not suitable anymore for future missions. In this context, the Closed-Cycle Dilution Refrigerator (CCDR) offers an opportunity to fill the deficits of the OCDR. The COSMIC VISION 2015-2025 planning cycle of the European Space Agency (ESA) was established in 2005. It aimed at drafting the next space missions for this period. Among the selected candidates, some instruments required temperatures as low as 50 mK.

• BLISS [START_REF] Prouvé | SPICA/BLISS cryo-chain demonstrator[END_REF] and SAFARI [START_REF] Duband | SPICA sub-Kelvin cryogenic chains[END_REF] on SPICA

• XMS [START_REF] Pajot | The Athena X-ray Integral Field Unit (X-IFU)[END_REF] on IXO (that later became Athena X-IFU)

Providing 1 µW of cooling power at 50 mK for a few years was better achievable by ADR, an open dilution being too costly. Developments made by Florian Martin during his Ph.D. thesis [START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF] demonstrated that a Closed-Cycle Dilution Refrigerator is feasible, leading to a patent application [START_REF] Benoit | Refrigerator, and method for producing very low temperature cold[END_REF] in 2008.

A collaboration between CNRS, Air Liquide, and CNES in 2009 aimed at increasing the TRL (Technology Readiness Level -appendix B.2 for more information) of the CCDR to level 4. Technological improvements needed to be made on the:

• phase separation inside the still • 4 He circulator • 3 He circulator • counter-flow heat exchangers and the heat interceptor • the structure to host the different sub-systems Many years of developments have made the CCDR operation possible in a laboratory environment (TRL 4). The mixing chamber used on Planck HFI is compatible with CCDR usage (this is not discussed here). This chapter focuses on the CCDR subsystems that make continuous operation in zero-gravity possible.

Isotopes separation

The key concept of the CCDR is its ability to recycle the 3 He and 4 He isotopes through separation. Identifying a location where we can extract them separately is crucial.

Depending on temperature and pressure, the 3 He - 4 He mixture has different thermodynamic properties. Leaving the mixing chamber, the mixture (27% 3 He and 73% of 4 He) becomes homogeneous after reaching 550 mK (all the excess 3 He is diluted in 4 He). While the mixture is released into space when using OCDR, the mixture is injected inside the still and recycled when using CCDR.

The mixture is injected inside the still, a box at a temperature ranging between 1 K and 1.2 K. According to the phase diagram (figure 3.4) of the 3 He - 4 He mixture, a 3 He - 4 He mixture with 27% of 3 He is perfectly homogeneous.

This reuses the concept of the classical 3 He dilution refrigerator (see section 3.1) in which 3 He is purified by distillation. On Earth, a phase separation happens thanks to gravity. The heavier liquid phase (the dilute phase) is below a much lighter gaseous phase (mostly 3 He due to the saturated vapor pressure, see figure 3.6). A pumping system is recovering mainly 3 He from the gaseous phase.

Therefore, this concept can not be used for space operation as it requires gravity, which is unsuitable for a zero-gravity environment (discussed in section 5.1.1). Also, it recovers only 3 He, 4 He cannot be recycled (discussed in section 5.1.2 and section 5.1.3).

Phase separation

This manuscript has already highlighted multiple ways to generate a phase separation:

• Centrifugal forces to simulate gravity • Separation by the difference of dielectric permittivity • Separation by the difference of magnetic susceptibility • Separation by the difference of surface tension

The first three items are active systems, while the last one is passive. This makes the separation by the surface tension difference a good candidate for space operations using CCDR.

Using centrifugal forces requires spinning off some parts of the dilution. There are multiple reasons not to use this way for generating a phase separation. For example, having moving and static parts inside the system is unsuitable as it makes the design of the interfaces more complex. Also, spinning some parts of the dilution would generate vibrations. This solution is often brought up without real interest as it raises new issues.

The permittivity of 3 He and 4 He are different (see figure 4.1), so an electrical potential inside the still would distribute the isotopes along a gradient. It has been experimentally confirmed for a phase separation inside a mixing chamber [START_REF] Israelsson | Dilution refrigeration for space applications[END_REF], and a patent application was submitted in 1991 [START_REF] Woodrow | Continuously operating 3He-4He dilution refrigerator for space flight[END_REF] for a space flight DR. Electrodes performed the phase separation with an applied voltage of a few kV. This technique is not recommended for low vapor pressure because it generates electric arcing.

As Israelsson mentioned [START_REF] Israelsson | Dilution refrigeration for space applications[END_REF], the difference in magnetic susceptibility between the two phases is sufficient to propose a phase separation using a magnetic field. On Earth, a 2 T magnetic field is required to change the position of the liquid/gas interface by 0.1 cm while a 0.2 T magnetic field is sufficient to change the interface by 1 cm on 10 -3 g acceleration.

The different parts need to be shielded to make this system work, making it heavier.

The last option, using the difference of surface tension, is more suitable for a space application. Without moving parts or an active process, phase separation can be easily achieved using a porous material called "sponge". Due to the surface tension of the liquid phase, the sponge will confine the liquid on its surface while the gaseous phase will remain in the volume. 3 He have been successfully confined by using a porous material made of sintered copper (10 µm pore diameter, 35% void volume) during a rocket-borne experiment [START_REF] Duband | Flight performance of a rocket-borne 3He refrigerator[END_REF]. Note that the 4 He on-board, providing the heat sink of the 3 He sorption cooler, was also confined with a bronze sponge. To confine 3 He inside the evaporator of the 3 He sorption cooler of Herschel PACS [START_REF] Duband | Herschel flight models sorption coolers[END_REF], an alumina sponge made of 91% Al 2 O 3 / 9% SiO 2 was used. This specific material is called Procelit 160.

3 He- 4 He mixture Pure 3 He Figure 5.1: Schematic drawing of a transverse section of the sponge behavior. Thanks to the capillary forces, the liquid phase, mainly composed of 4 He is driven to the porous material surfaces. The gaseous phase, 99% of 3 He, will fill the voids of the pores.

The following characteristics define a porous material:

• The pore diameter, which is the average diameter of the pores within the structure • The porosity, which is the percentage of void space • The permeability, which is the porous material's ability to allow fluids to pass through • The specific surface area, which is the total surface area per unit of volume • The mechanical properties, which is its ability not to crumble with vibrations • The thermal properties, in particular its thermal conductivity • The thermo-mechanical properties, in particular the thermal expansion Ideal sponge pore diameter

We need this sponge to confine the liquid phase. For that, the pore diameter is critical. If the pore diameter is not small enough, the sponge will not be able to retain the liquid.

A network of parallel canals can approximate the sponge. Jurin's law expressed in equation 5.1, can estimate the height that a given liquid can climb inside this capillary.

h = 4γcos(θ ) ρgD (5.1)
Parameters:

h : The height [m] γ : The surface tension [N.m -1 ] θ : The contact angle [rad] ρ : The liquid density [kg.m -3 ] g : The acceleration [m.s -2 ] D : The capillary diameter [m]
The surface tension of 3 He and the surface tension of 4 He are known against the temperature (see figure 4.2), and measurements of the 3 He - 4 He mixture surface tension are sum up in [START_REF] Edwards | Chapter 4 The Free Surface of Liquid Helium[END_REF]. We consider the extreme situation with only a pure 3 He liquid phase for the lower bound and a pure 4 He liquid phase for the upper bound.

The contact angle θ defines the wettability * of a solid surface by a liquid. The contact angle depends on various parameters such as the surface quality or the temperature, and 45 • is a mean value for pure 4 He (bubble of pure 4 He at 1.4 K on a copper plate) [START_REF] Balibar | Wetting by solid helium, a model system[END_REF]. The same angle was taken for pure 3 He due to the lack of data.

The acceleration due to gravity g depends on the experiment's location: 9.80665 m.s -2 for ground conditions, close to 0 m.s -2 on the L 2 point, and something between these two extreme values for a spun satellite. The capillary forces counterbalance gravity. The worst-case scenario is the ground, meaning that if the sponge can confine liquid on Earth, it will necessarily work in space.

The calculated height h defines the maximum height the liquid can climb under a g acceleration. The approximation of parallel straight capillaries is not representative of the effective height inside the porous material. A new parameter is the tortuosity ω, defined by the ratio between the hydraulic path height and the effective height. This ratio needs to be evaluated but will be set to 1 for this scenario.

* Wettability is the ability of a liquid to maintain contact with a solid surface 3 He liquid and the effective height of 4 He liquid around a temperature of 1 K using the Jurin's Law (equation 5.1). The surface tension of 3 He comes from [START_REF] Huang | Study on Surface Tension of Fluid Helium Three[END_REF] and the surface tension of 4 He comes from [START_REF] Mulero | Recommended Correlations for the Surface Tension of Common Fluids[END_REF]. The contact angle is taken as 45 • for both 3 He and 4 He [START_REF] Balibar | Wetting by solid helium, a model system[END_REF].

From figure 5.4, a rough estimate of the pore size gives that 100 µm diameter pore is the bare minimum for a proper operation of lifting the liquid to 1 cm height on the ground, and this value will therefore depend on the volume of the sponge.

The liquid distribution within the sponge must be homogeneous. The ideal configuration is a sponge with a uniform distribution of various pore diameters. The smaller the diameter, the stronger the capillary forces. The liquid preferentially fills the pores from the smallest to the largest.

The various pores need to be interconnected together for proper sponge operation. Without interconnected pores, some sponge parts would remain unavailable for the liquid and the gas ("dead volumes").

Ideal sponge permeability

The void volumes are interconnected to constitute a network of canals where gaseous 3 He is located. The permeability characterizes the pressure drop of a flow between the two ends of these canals. If the permeability is too low, the pressure drop is too high. The 3 He circulator extracts the 3 He from the sponge. An elevated pressure drop requires a more powerful 3 He circulator, increasing its mass.

The permeability is related to the pore diameter. Starting with Darcy's law (equation 5.2). ṅRT ). For this application, the sponge is a porous media of 1x1x1 cm 3 . The pressure outside the porous is 1 mbar, and the pressure inside is 2 mbar. The pore diameter is 50 µm. The viscosity of 3 He is given by [START_REF] Huang | Viscosity of liquid and gaseous helium-3 from 3mK to 500K[END_REF].

P = - Ak ηL dP ⇒ -ṅηRT L Ak = P out P in PdP ⇒ k = 2 ṅηRT L A(P 2 in -P 2 out ) (5.
Remark: The inner surface of the sponge is filled with a given thickness of the liquid film. This film reduces the pore diameter and, therefore, the available volume for the 3 He gas.

Reducing the pore diameter increases the pressure drop.

Ideal sponge porosity

The porosity is the ratio between the void volume and the sponge's total volume. Equation 5.5 evaluates the porosity of a unidirectional porous material, which is the hypothesis here. This equation links the permeability k, the porosity ε and the pore diameter D. The porosity has been plotted against the permeability in figure 5.4. The higher the permeability, the higher the porosity. Knowing the porosity and the pore diameter, equation 5.5 provides an estimate of the permeability. The porosity can be easily measured by knowing the porous material's weight, size, and density.

k = εD 2 32 ⇒ ε = 32k

Others properties

The sponge needs to fulfill specific mechanical properties. P160, used on the evaporator of the Herschel 3 He sorption cooler, is very friable. This is an issue when the sponge is coupled to another sub-system. This could shatter the P160 and possibly disrupt the proper operation of other systems inside the dilution.

The thermal expansion between the sponge and the various interfaces is also a criterion. Depending on the thermo-mechanical properties of the two materials, an unwanted gap or strong tension could be generated. If they have a similar thermal expansion, nothing happens.

One last criterion is the thermal conductivity of the sponge. Thermal gradient inside the porous material could generate a counter-flow of normal and superfluid 4 He (already presented in section 3.1.7) that could disrupt the proper passive operation of the sponge. A homogeneous temperature, meaning a high thermal conductivity, would prevent this phenomenon.

3 He recovery

The gaseous phase, mostly 3 He, fills all the available volumes inside the still, mainly the volumes of the pores sponge. A way to extract the 3 He from the still is using a pumping system. The pump's output is connected to the 3 He injection at a given pressure, closing the circuit, as it can be done for ground DRs (see figure 3.7).

The requirements for this kind of circulator are:

• a circulation rate of 30 µmol.s -1 (driven by the dilution performances)

• a pumping pressure of 5-10 mbar (imposed by the still condition)

• an discharge pressure of 500 mbar (imposed by the liquefaction of 3 He at 1.7 K)

As well as the constraints regarding the space environment, such as the TRL of the circulator. Few compressors have been envisioned but remain in development [START_REF] Camus | Status of the Closed-Cycle Dilution Refrigerator Development for Space Astrophysics[END_REF] [126].

4 He recovery

Inside the still, the liquid phase on the sponge surfaces is mainly composed of superfluid 4 He. Among the great properties of the superfluid, its zero viscosity provides us with a way to extract it.

A temperature gradient (explained in section 3.1.7) can drive the superfluid from the superfluid tank to the heating source. A nanoporous is located between the tank and the heating source. A nanoporous material is a porous material with small pore diameters (less than 10 nm). The pores are so small that it is difficult for fluids to get through them due to their viscosity. The superfluid 4 He has no viscosity, meaning that the nanoporous is not an obstacle for the superfluid. After reaching the heating source, a part of the superfluid 4 He becomes normal. The normal 4 He is unable to return to the tank (normal 4 He viscosity is not zero). Suppose the heating source is placed inside a limited volume, called the "chamber", the pressure increases and generates a flow of 4 He. This is the principle of the fountain pump.

The flow-rate of 4 He is expressed in equation 5.6, following [START_REF] Chaudhry | A closed-cycle dilution refrigerator for space applications[END_REF]. The nanoporous used inside the fountain pump is called "superleak", a porous media with very low permeability (k < 10 -15 m 2 ), small pore diameter (d < 50 nm), and ideally a low thermal conductivity (to avoid thermal bridge between the fountain pump chamber and the still). The fountain pump's global performances depend on the superleak's quality. A compacted Al 2 O 3 powder (alumina) or Vycor [START_REF] Wilson | Construction of Vycor Glass Superleaks[END_REF] is commonly used as superleak.

Q f p T f p + ṅ4 s 4,in = ṅ4 s 4,out (5.6 
Various pressures are involved in driving the 4 He flow:

P still : The pressure inside the still will retain the 4 He. P f p : The fountain pump pressure will drive out the 4 He. P os : The osmotic pressure in the still will drive out the 4 He.

Finally, the 4 He out of the fountain pump chamber flows inside a small diameter capillary called "vortex capillary". This capillary forces a turbulent flow (Reynolds > 2000) to generate a proper thermal gradient, ensuring a low thermal shortcut between the fountain pump chamber and the 1.7 K stage (where the 4 He is thermalized next).

The design of a fountain pump connected to the sponge of the still is presented in figure 5.5. The fountain pump is in contact with the 3 He - 4 He mixture located on the pore surface of the sponge. A heating power Q f p produces a lifting of the superfluid 4 He into the chamber through the superleak. A thermometer monitors the temperature of the chamber. The 4 He flows through the vortex capillary. The turbulent flow protects the fountain pump from a thermal shortcut.

Heat Exchangers

The return 3 He - 4 He mixture capillary, containing a cooling power in the form of internal energy, will pre-cool the incoming pure 3 He and 4 He. The velocity of the fluid is maintained above the critical velocity to maintain a turbulent flow and lock the superfluid 4 He component with the normal 4 He and the 3 He.

Heat Exchangers model

The following model presented was developed by Rasul Gazizulin and myself, based on the literature, and in particular the article of G. Frossati in 1992 [START_REF] Frossati | Experimental techniques: Methods for cooling below 300 mK[END_REF]. This model is marked as the CFHX model.

Energy balance

The different power fluxes will define the final temperature of the fluid inside a capillary dl section. Power escaping will cool down the liquid, and a power input will heat it. The molar-specific heat c contains information on the energy inside a fluid's mole and depends on the temperature. A variation of the internal energy will generate a temperature variation. This is represented in equation 5. Heat transfers Equations 5.9 represent the amount of heat intercepted by the outgoing 3 He - 4 He mixture that coming from the 3 He and 4 He fluids . The transmitted power is limited by the Kapitza boundary resistance between the fluids and the walls [START_REF] Staas | Surface efficiency of various types of heat exchangers in an He3-He4 dilution refrigerator[END_REF]. An efficiency coefficient c K is added to characterize the heat transfer efficiency between the two materials. This coefficient depends on the two considered materials and the temperature.

c K values between CuNi (70%/30%) and a dilute solution, as well as pure 3 He and copper, are available in [START_REF] Siegwarth | The Kapitza Resistance between Cu(Cr) and 4He(3He) Solutions and Applications to Heat Exchangers[END_REF]. Values for superfluid 4 He and copper are available in [START_REF] Gerald | Kapitza Resistance[END_REF].

Equations 5.9 (1) and ( 2) represent the power between the 3 He and 4 He fluids to the capillary walls.

Because the capillaries are soldered together, the material is assumed homogeneous and has an infinite thermal conductivity, so no thermal gradient is expected. Equation 5.9 (3) describes the power between the capillary wall and the 3 He -4 He mixture.

(1)

d Qtr, 4→w dl = π D 4 c K (T 4 (l) 4 -T w (l) 4 ) (2) d Qtr, 3→w dl = π D 3 c K (T 3 (l) 4 -T w (l) 4 ) (3) d Qtr, w→m dl = π D m c K (T w (l) 4 -T m (l) 4 )
(5.9)

Parameters:

Qtr, 4→w : The power from 4 He fluid to the capillary wall over dl [W] Qtr, 3→w : The power from 3 Power dissipation by viscous heating is a self-generation of heat. Vortices are induced by the turbulent regime, converting mechanical energy into heat when evaporating.

Power dissipation by viscous heating Qvisc is given by the molar flow rate ṅ, the molar volume V and the pressure drop ∆P, by the equation 5.10 from [START_REF] Frossati | Experimental techniques: Methods for cooling below 300 mK[END_REF]: 

dl T 3 (l ) T 4 (l ) T m (l ) T 3 (l + dl ) T 4 (l + dl ) T m (l + dl ) T 3 (l -dl ) T 4 (l -dl ) T m (l -dl ) • n 3 + • n 4 • n 4 • n 3 D m D 4 D 3 (1) (3) (2) 
T 3 (l + dl ) T 4 (l + dl ) T m (l + dl ) T 3 (l -dl ) T 4 (l -dl ) T m (l -dl ) • n 3 + • n 4 • n 4 • n 3 D m D 4 D 3 (4) (6) (5) 
• The pressure drop ∆P inside a dl section due to the power dissipation by viscous effects is proportional to the Darcy friction factor f D † , the density of the fluid ρ, the fluid velocity u and the tube's diameter D. This is the Darcy-Weisbach equation 5.11 from [START_REF] Howell | Aerospace Fluid Component Designers' Handbook[END_REF]: 

Q visc,3 • Q visc,4 • Q visc,m
dP dl = f D ρ 2 u 2 D ( 5 
f is possible. f = f F 2 = f D f D = 8[( 8 R e ) 12 + 1 
(A + B) 3 2 
] 1 12

with:

A = [2.457ln( 1 
( 7 R e ) 0.9 + 0.27ε D )] 16 B = ( 37, 530
R e ) 16 (5.12)

Parameters: Leading to the expression of the viscous heating per unit of length: 

∆ Qvisc = ṅV f D ρ 2 u 2 D ∆l u = ṅV S = 4 ṅV πD 2 d Qvisc dl = 8 f D ρ ṅ3 V 3 π 2 D 5

Others contributions Axial conduction

The heat exchange between the fluids through the capillary walls neglects the thermal conductivity of the capillaries and the tin/silver used to braze the capillaries together.

Assuming that the outer diameter of the capillaries is the same, the mean thickness e of the braze can be estimated by dividing the braze surface S braze by the half-perimeter P hal f of the capillaries: Tin is a poor thermal conductor at this temperature range due to its superconducting state below 3.7 K [START_REF] Goodman | The Thermal Conductivity of Superconducting Tin below 1 K[END_REF], while silver is one of the best [START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF]. Given the involved power (10 -5 W < Q < 10 -7 W), the braze thickness is not significant to generate an excessive thermal gradient.

S braze = D 2 out - πD 2 out 4 P hal f = πD out 2 e = S braze P hal f = 2D out π (1 - π 4 ) (5 
At 500 mK, a power of 1 µW through a 50 µm of Sn braze generates a ∆T = 0.9 mK while the same thickness of Ag generates a ∆T = 0.016 mK. Multiple interfaces (CuNi/braze) generate a temperature gradient due to the Kapitza boundary resistance.

Tin is usually preferred to silver because it is easier to braze. This is because the fusion temperature of tin is 232 • C, the fusion temperature of silver is 962 • C, and the fusion temperature of CuNi is around 1200 • C. With silver, we are closer to the melting point of CuNi. This can deteriorate or damage the capillaries.

Longitudinal conduction

Between two successive sections dl along the three capillaries, heat exchange occurs through the walls and the fluids due to thermal conduction.

The thermal conductivity of the CuNi is known [START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF]. Through the wall capillaries, a section dl of 1 mm, between 500 mK and 501 mK, will generate a flux of 90 nW. This contribution must not be overlooked. CuNi is relevant since we want the best thermal coupling between the fluids. This could be a source of parasitic heat at a lower temperature.

Superfluid 4 He has a very high thermal conductivity due to its low viscosity. As a result, superfluid helium is an excellent conductor of heat and can transfer heat over long distances very efficiently. The second sound inside superfluid 4 He is associated with the flow of heat through the fluid [START_REF] Peshkov | Second Sound in Helium II[END_REF] Inside the capillaries, the velocity of the fluids is less than 1 m.s -1 , meaning that the phonons will travel way faster than the fluid itself. The turbulent regime (R e > 10 5 ) in the capillaries must reduce this propagation, but a more profound study might be needed to estimate this contribution correctly.

(l -dl Thermal power can come from the capillary walls [START_REF] Walker | On Milne's Theory of World-Structure *[END_REF]. Equations 8 to 10 represent the thermal conduction of the fluids.

) • n 3 + • n 4 • n 4 • n 3 D m D 4 D 3 (8) (7) (9) (10) 

Temperature evolution

Given the specific heat of the 4 He at this temperature (compared to the pure 3 He and the 3 He -4 He mixture), the 4 He fluid can be neglected. However, the viscous heating occurring inside the 4 He capillary is not negligible.

As an approximation, the 4 He capillary is not considered. Only the 3 He and 3 He -4 He mixture capillaries are modeled. The viscous heating materializing in the 3 He - 4 He mixture capillary is doubled to counteract the missing 4 He viscous heating.

Also, axial and longitudinal thermal conduction is not considered in this model. The pressure and the chemical potential are assumed to be constant along the stream, which is inaccurate. 4 He mixture capillary cools down the incoming 3 He capillary. At lower temperatures, the temperature difference between the two fluids becomes higher due to the increase in the viscous heating contribution.

A more in-depth modelization of the counter-flow heat exchangers might be required. The model development has not been carried further due to the lack of experimental data.

Cooling power production

For a perfect superleak, the fountain pump will generate a pure 4 He flow. The 3 He circulator will provide a flow of 99% 3 He purity if the still is at 1 K. The concentrations are constant along the injection capillaries, and the cooling power equation is slightly different.

If the CFHX is perfect, the fluids' inlet and outlet temperatures are equal. Pure 4 He is injected at a flow rate of ṅ4 . For the 3 He injection capillary, there is a mixture composed of 99% of 3 He and 1% of 4 He. At 100 mK, a concentrated pure 3 He phase and a dilute phase of 7.2% of 3 He . The 1% of 4 He is located inside the dilute phase. The amount of 4 He is relatively small, and the associated dilute phase barely impacts the enthalpy balance. The cooling power equation is the same as the OCDR equation. Q(T mc ) = 6.52 ṅ4 T 2 mc (5.17 

What about a space CCDR?

Martin et al. [START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF] and Chaudhry et al. [START_REF] Chaudhry | A closed-cycle dilution refrigerator for space applications[END_REF] demonstrated the proper working of the CCDR concept. An update on the gravity-independent CCDR performances in 2012 offers us some results. A cooling power of 1 µW at 45 mK has been attained. The setup used was the CCDR described below without the sponge to separate the phases inside the still; the gravity did. The fountain pump superleak was dipped into the still's liquid phase. Some results have been extracted from [START_REF] Chaudhry | A closed-cycle dilution refrigerator for space applications[END_REF] and are in table 5.1. 

P still [mbar] T still [K] ṅ3 [µmol.s -1 ] ṅ4 [µmol.s -1 ] T load [

Development of the CCDR-EM

This part is dedicated to the developments to increase the TRL of the CCDR to the level 5.

An overview of the project and the Structural and Thermal Model is given in chapter 6.

Chapter 7 reviews the various facilities that support the development of the CCDR.

Chapter 8 is dedicated to the thermal stage interfaces of the STM.

Chapter 9 will talk about the different struts used to support the various elements of the STM.

Chapter 10 is devoted to the Heat Exchangers Crowns and the method used to reduce the parasitic heat arriving at the cold parts.

The thermal performances of this STM are presented in chapter 11. First, a reduced STM is tested, then a full STM is.

The last chapter is dedicated to future work around the development of the space CCDR.

Overview of the project

" Things are only impossible until they're not. "

Captain Jean-Luc Picard

After the development of the OCDR (by CRTBT * , Air Liquide, and IAS), Institut Néel carried out research to make CCDR a real opportunity for future cryogenic missions. The program has provided keystones to make CCDR operational in a zero-gravity environment (as seen in chapter 5).

Institut Néel worked on a Demonstrator Model (DM) of the CCDR for the Athena X-IFU instrument. At this time, CCDR was one of the sub-Kelvin cooler options to provide the required 50 mK. This program led to the design presented in figure 6.1. This program aimed to demonstrate that CCDR can work in a zero-gravity environment without considering the spatialization requirements (TRL 4). The Institut Néel team comprises Gerard Vermeulen, Sébastien Triqueneaux, Ariel Haziot, Pierre-Frederic Sibeud and Mathilde Heigeas for the DM development. The isotope separation is done inside the still, where the 4 He is extracted by the fountain pump, and the 3 He is extracted by pumping (pump not represented). A pumped 4 He bath generates the 1.7 K plate temperature (1.7 K pot). From [START_REF] Vermeulen | Closed Cycle Dilution Refrigerator. CCDR for LiteBIRD[END_REF].

In 2016, the PIXIE mission was submitted to NASA MIDEX, a call for medium-mission class proposals. The PIXIE telescope targeted the measure of the CMB B-modes and spectral distortions with detectors cooled down to 100 mK [START_REF] Kogut | The Primordial Inflation Explorer (PIXIE)[END_REF]. To ensure continuous and stable cooling power with low magnetic perturbations, the CCDR was one of the sub-Kelvin cooler options.

From a previous effort to develop the CCDR to a zero-gravity operation (chapter 5), it was decided to push this technology further.

CNES funded in 2017 an R&T for the development of the dilution stage (below 1.7 K, without the 3 He circulator) to the TRL 5, leading to the furniture of an Engineering Model of the CCDR (CCDR-EM). A collaboration was initiated between Institut Néel (managing the cryogenics) and IAS (managing the spatialization) to carry out this research program.

Unfortunately, the Pixie mission was not selected in 2016 by NASA, followed by other unsuccessful attempts. Even if this project was funded within the framework of PIXIE, the outcome of this research program could benefit future missions such as Pristine, Fossil, ... The development of the CCDR-EM will include the different subsystems needed to produce the required cooling power. All these subsystems are positioned inside a structure able to fulfill the thermal and mechanical requirements. The full system must fit inside a cylinder of less than 350 mm in diameter, less than 250 mm in height, and weigh less than 6 kg [START_REF] Rouillé | WP2: Development of the CCDR Engineering Model for the PIXIE Mission[END_REF] [START_REF] André | Cahier des Clauses Techniques et Particulières du développement et tests du modèle d'ingénierie d'un système cryogénique à dilution en boucle fermée pour le projet PIXIE[END_REF].

The CCDR-EM must propose two intermediate thermal stages at 300 mK and 400 mK to thermalize the future harness going to the focal plane, between the 100 mK plate and the 1.7 K thermal anchoring stage.

It has to survive the classical vibration level of a typical space mission launch.

A structure to support the various CCDR subsystem is called an STM (Structural and Thermal Model). At IAS, this project is carried out by Nabila Aghanim, Anne Philippon , Bruno Maffei , Mehdi Bouzit (mechanical and design engineer), Clémence de Jabrun (thermal and mechanical engineer), Bruno Crane (AIT), Rasul Gazizulin, Gerard Rouillé (cryogenics engineer) and myself.

6.1 Overall STM concept 123

Overall STM concept

New cryogenic chains for space applications can provide a stable temperature of about 2 K to 1.7 K with a cooling power of a few mW (i.e., Athena X-IFU [START_REF] Charles | Preliminary thermal architecture of the X-IFU instrument dewar[END_REF][144], Lite-BIRD [145][146]). Providing enough cooling power at 100 mK requires substantial thermal decoupling from the "high" temperature 1.7 K stage, which could cause severe cooling power losses if not properly designed. Moreover, this structure must sustain the high vibrations produced during a space mission launch. In this section, we propose an optimized design meeting both thermal and structural requirements that is intended to be very modular. Each part can be dismantled, changed, and reassembled. The research presented here is part of an ongoing work that will lead to a fully developed and tested STM, of which various parts are shown in figure 6 .4: Schematic representation of the STM with the various elements required for cooling power production and isotope separation. The two isotopes are injected inside the mixing chamber. The heat extractor, connected to the 100 mK plate, intercepts the cooling power from the mixture capillary. The mixture fluid pre-cools the two incoming fluids through the CFHX. The mixture cools down HEC2 and HEC1. The mixture is then injected inside the still. The fountain pump extracts the 4 He, which is thermalized by the 1.7 K stage and then by still. The circulator pumps the 3 He out of the still. The 3 He is then thermalized by the 1.7 K stage and then by the still. Both pure isotopes are re-injected into the CFHX.

The main struts

The keystone of this design comes from the main struts (Fig. 6.3 -(d)), which will be able to handle mechanical stress while providing thermal decoupling between the two thermal stage interfaces (1.7 K and 100 mK) that they are connecting. Carbon Fiber-Reinforced Polymer (commonly called CFRP) is lightweight, stress-proof, and known for its low thermal conductivity [START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF]. Following a comparison between common materials, CFRP seems to be the ideal candidate for this application. However, CFRP struts will only work on tension-compression along the length. We adopted a hexapod isostatic structure (Fig. 6.3) that can maximize the lowest resonance frequency (first mode) while minimizing the volume. More information is given in chapter 9.4.

Thermal stage interfaces

The CCDR will sit on the cryogenic chain providing the 1.7 K temperature. This thermal stage interface is the 1.7 K stage (Fig. 6.3 -(k)). The future focal plane will be supported by the 100 mK stage (Fig. 6.3 -(c)) of the CCDR.

The 100 mK stage comprises two elements:

• The 100 mK crown (Fig. 6.3 -(b)), where the upper part of the main struts and the small struts are connected. • The 100 mK cold plate (Fig. 6.3 -(a)) hosted by the 100 mK crown. The mixing chamber that will produce the cooling power will be attached below (not shown here as not part of the STM). For the best thermal performances, the 100 mK cold plate is made of gold-plated OFHC † copper.

The 1.7 K stage and the 100 mK crown must be from the same material since a different thermal contraction during cool down could induce a variation in the orientation of the main struts, thus potentially impacting the structural integrity through stress. Al6061-T6 is the perfect candidate since this material is lightweight (compared to other metals), has the right mechanical properties (stiffness, manufacturing), and is a superconductor below its critical temperature T c , which is around 1.1 K. More information is given in chapter 8.

Heat Exchangers Crowns

Even a tiny amount of heat from the 1.7 K stage reaching the 100 mK stage could deteriorate the dilution performances. CFRP is a poor thermal conductor, but a residual power flow still exists. This residual power flow can be intercepted by using the remaining cooling power of the dilution contained in the 3 He -4 He mixture capillary.

The cooling power available in the 3 He - 4 He mixture capillary is also used to pre-cool the incoming 3 He and 4 He flowing inside their dedicated capillaries (the cooling power produced by the dilution depends on the injection temperature of the two isotopes) by using a Counter-Flow Heat eXchanger [START_REF] Chaudhry | A closed-cycle dilution refrigerator for space applications[END_REF]. A sufficient length of about 1 m of CFHX is brazed on two gold-plated OFHC copper crowns, called HEC1 (Fig. 6.3 -(f)) and HEC2 (Fig. 6.3 -(e)) (for Heat Exchanger Crown). Note that capillaries are not represented in Fig. 6.3. Those two heat exchangers crowns are connected to gold-plated OFHC copper collars (Fig. 6.3 -(h)), that will intercept heat at two specific locations along the struts (the position of collars in Fig. 6.3 is not relevant), by a copper braid (Fig. 6.3 -(j)). HEC1 will intercept most of the heat from the 1.7 K stage, while HEC2 will intercept most of the residual heat. The temperature of HEC1 and HEC2 will depend on the system's dynamic behavior (between 250-350 mK for HEC2 and 350-450 mK for HEC1).

The goals and the modeling of the Counter-Flow Heat Exchangers (CFHX) have been developed in section 5.2. A few meters of capillaries are required to cool down the † Oxygen-Free High Conductivity incoming fluids arriving at the mixing chamber. Also, the cooling power production is significantly affected by the amount of power arriving at the 100 mK plate through the main struts.

The two HECs are installed inside the hexapod, where small struts support them.

The CCDR has two types of CFHX, depending on the goal.

Between the mixing chamber and HEC2, CFHX remains "free" since the lower S over L ratio is required to reduce the amount of power arriving at the 100 mK plate. Also, a minimum surface exchange is required to pre-cool the incoming fluids. For the same reason, the CFHX are left "free" between HEC1 and HEC2, and between the still and HEC1.

On the two HECs, the goal is the interception of a large amount of cooling power. This is why CFHX are brazed on the HECs. The CFHX is called "anchored", as visible in figure 6.5. To the mixing chamber To the still A solution to maintain the "free" capillaries without thermal shortcuts is currently under study. More information in chapter 10.

The small struts

The two heat exchanger crowns are supported by the small struts (Fig. 6.3 -(i)), also made of CFRP (for the same reasons). HEC2 is connected to the 100 mK crown, and HEC1 is connected to HEC2 by six small struts. The design is discussed in chapter 9.5.

This chapter presented the overall STM concept. Numerous constraints frame the design of this STM. We will discuss in the next chapters the design justifications of the various elements of the STM. But first, a review of the testing facilities is necessary for a global understanding of the project.

Facilities and equipments

" It's the job that's never started as takes longest to finish. " by J.R.R. Tolkien

The development of the CCDR required experimentation at very-low temperatures (below 100 mK). At IAS, we have at our disposal two cryostats. DRACuLA, a dilution system, and Pikachu, a 4 He bath system.

DRACuLA was purchased to study the impact of cosmic rays on detectors for future space missions. DRACuLA is shared between its primary purpose and the development of the CCDR. Pikachu was purchased to support the development of the CCDR. This cryostat will be used as a 1.7 K stage temperature required for the CCDR. Figure 7.2: The Cryomech CPA1110 and the Vulcanic chiller side by side in a service room to keep the heat and the noise away.

Features

This cryostat has features such as a low micro-vibrations frame. The cryostat is connected to the frame using four air cushions. Also, the PTC generating vibrations is thermally connected by large copper braids visible in picture 7.3, without the mechanical transmission of vibrations. ). The vacuum can, the 50 K, 4 K, and 1 K shields also have these portholes to have a line of sight from outside to the mixing chamber plate. This cryostat was designed to allow detectors' irradiation while cooling down at 100 mK.

DRACuLA has large cooling power and a large experiment volume at 100 mK. The classic configuration provide a 1 K radiative environment on the cold plate. The 1 K shield is connected to the still.

The entire system has been installed at IAS and maintained by myself since 2018. A remaining unknown is the calibration of the flow meter integrated into the GHS of DRACuLA, nor the type of fluid configuration (pure 3 He, pure 4 He or 3 He -4 He mixture).

DRACuLA can steady the temperature up to 1.2 K with dilution. To reach higher temperatures, the 3 He from the mixture can be extracted. In this configuration, the mixing chamber becomes a 4 He pot, and the temperature can be steady up to 2 K.

Features

To carry out experiments installed on the cold plate, wiring is required to read and control the instrumentation from the top flange to the cold parts. DRACuLA was not provided with wiring, so I installed 16 channels of 4 wires each. On the top flange, four Amphenol 19 pins manage 4 channels each. 64 wires of 127 µm constantan wire for a length of 7 m are installed inside the cryostat. The wires are twisted together to reduce the interference between them. Each wire associated with an Amphenol connector is placed inside a sleeve (Nomex tubular braid from Glenair). At every temperature plate (50 K, 4 K, 1 K, and 100 mK), around 1 m length is thermalized on dedicated aluminum or copper block. This aims to minimize the heat input in the lower stages. All wires are then soldered to a Lemo 4 pins connector. A gold-plated copper bracket with 16 Lemo connectors is installed on the mixing chamber plate (details are visible in pictures 7.5). 

Pikachu

Regarding Pikachu, I took part in the CCTP * constitution, installed it at IAS, and commissioned it.

Overview

Pikachu (it is yellow, like Pikachu) is a 4 He bath cryostat model DRY ICE 1 K from the ICE Oxford company. This cryostat can provide a continuous temperature of 0.9 K. A circulation of 4 He is condensed on a bath, then a pump lowers the pressure of this bath, and the temperature is regulated between 0.9 K and 4 K. With a large cold plate of 415 mm, this cryostat was bought to host the future CCDR as a heat sink at 1.7 K (picture 7.7). I also built a cold trap that I installed on the injection line because we had recurrent blockages on the cold parts.

Injection line

Injection line 

Cold trap

Thermometers calibration

The temperature is the key physical quantity in cryogenics. The use of an appropriate thermometer and the constraints related to temperature measurements are essential. 12 thermometers are used for this project.

• 5 x Cernox CX-1010 packing CU -from 100 mK to 420 K • 5 x Ruthenium Oxide RX-102A packing CD -from 50 mK to 40 K • 2 x Ruthenium Oxide RX-102B packing RS -from 10 mK to 40 K These thermometers are, by default, un-calibrated. The thermometer installed on the mixing chamber plate of DRACuLA was calibrated in situ by BLUEFORS against a magnetic noise thermometer from PTB against the PLTS-2000 from 7 mK to 100 K (reference R10376). This thermometer has been used to calibrate the new thermometers.

A Lakeshore 370 acquires the 12 thermometers. No physical filter is used. This is an issue when going lower to 50 mK, as visible in figure 7.9 for ROx-102B. Also, using thermometers out of their range of operations is not recommended, as figure 7.10 for ROx-102A illustrates. Installing filters on the thermometer reading channel is a future task, not critical for the project's progress. All thermometers are calibrated from their lowest temperature to 100 K.

There are two methods to measure the thermometer resistance:

• A current is injected inside the thermometer, and the voltage at the ends of the thermometer is measured. This is the current excitation. • A voltage is applied at the ends of the thermometer, and the generated current is measured. This is the voltage excitation.

The excitation value needs to be adjusted for the current or voltage excitation. The excitation is critical for temperature measurement. If the excitation is too low, the signal is noisy. If the excitation is too high, the self-heating will heat up the thermometer. In this situation, the measured resistance is not representative of the environment (easily visible at low temperatures when the thermal contact is less effective).

To perform the calibration, the method is simple.

• STEP 1: The thermometers are thermally connected to the cold plate with appropriate torque (see appendix B.1 for more information) • STEP 2: A temperature step is generated by the DRACuLA PID for 2 hours.

• STEP 3: The Lakeshore 370 obtains the resistance of the 12 thermometers (around 30 seconds to get the resistance of a thermometer).

• STEP 4: The mean of the measured resistance over the last 1.5 hours is taken as the true resistance, like the temperature. The multiple thermal cycling can alter the properties of the material used as resistors, so I perform a calibration every year. 

hours

The thermal stage interfaces

" Avec ton jeu, je prends une garde sans. "

by myself

As said in the overall presentation of the STM, the 1.7 K stage and the 100 mK crown must be from the same material since a different thermal contraction during cool down could induce a variation in the orientation of the main struts, thus potentially impacting the structural integrity through stress.

This choice of constraint is justified by the fact that the CCDR is intended to be versatile and is therefore compatible with a "hot" launch (space mission) and a "cold" launch (balloon-borne mission) without major design modifications.

Also, the 100 mK crown is designed to isolate the 100 mK cold plate, meaning that the thermal conductivity of this material below 0.5 K must be as low as possible. Inversely, the 1.7 K stage needs a decent thermal coupling with the cryogenic chain, so a "not so bad" thermal conductivity is expected.

Aluminum 6061-T6 is the perfect candidate since this material is lightweight (compared to other metals) and has good mechanical properties (stiffness, manufacturing). With every aluminum, a superconductor state below its critical temperature T c * is expected, around 1.1 K.

Al6061-T6 has been used on Planck HFI, and its thermal conductivity has already been determined over 4 K to 300 K [START_REF] Marquardt | Cryogenic Material Properties Database[END_REF], and over 4.2 K to 70 K [START_REF] Barucci | ALUMINIUM ALLOYS FOR SPACE APPLICATIONS: LOW TEMPERATURE THERMAL CONDUCTIVITY OF A6061-T6 AND A1050[END_REF] by two different groups.

No data below 4 K is available. We decided to complete the data by measuring the thermal conductivity of this alloy down to 100 mK.

* The material switch between the normal and the superconducting state at the critical temperature T c 8.1 Thermal conductivity of Al6061-T6

Theory of the thermal conductivity

Thermal conductivity κ is a physical quantity characterizing the ability of a material to conduct heat. κ represents the amount of power Q required to generate a thermal gradient of 1 K along a given material when the ratio section S over length L is 1 m. Thermal conductivity is expressed in W.m -1 .K -1 and depends on the temperature T .

Knowing the thermal conductivity of a material allows for calculating the power Q involved in a thermal gradient T 2 to T 1 along a length L through a cross-section S. This is represented in equation 8.1. The thermal conductivity κ of a material is given by the additive contributions:

Q = S L T 2 T 1 κ(T )dT ( 
• the lattice vibrations, also called phonons • the conduction of electrons (only for electric conductors)

The thermal conductivity of phonons κ p is expressed in equation 8.2, where a is a coefficient depending on the material.

κ p = aT b (8.2)
Parameters:

κ p : The phonon thermal conductivity [W.m -1 .K -1 ] a : A coefficient [W.m -1 .K -b ] T : The temperature [K] b : A coefficient [1]
The thermal conductivity of electrons κ e is expressed in equation 8.3, where a, b, c, and d are coefficients that depend on the material. In the case of a superconducting material, pair of electrons start to bounds together below a critical temperature T c , reducing the contribution of electrons to the thermal conductivity. For a normal state, the contribution of electrons is described in equation 8. 

W.m -1 .K -1 ] a : A coefficient [W.m -1 .K -b ] T : The temperature [K] b : A coefficient [1] κ e,s
: The superconducting electron thermal conductivity Simultaneously measuring the two temperatures and the injected power could lead to the calculation of the thermal conductivity of this material.

[W.m -1 .K -1 ] c : A coefficient [W.m -1 .K -1 ] d : A coefficient [K]
Heating Q is provided by a precision metal film resistor of 10 kΩ, in which injected power is measured by a 4-wires method. A Keithley 2000 measures the current passing through the resistor i, while a Keithley 196 measures the voltage U at its ends. Below 95 mK, the injected power is of the same magnitude as the uncertainties (parasitic heat, power flow through wires). We, therefore, choose to consider only measurements above this temperature.

A range of currents is injected into the resistance to generate heating, as represented in figure 8.2. Al6061-T6 is a poor thermal conductor, so small power increments generate a sufficient thermal gradient. The choice of logarithmic scale is motivated to maximize the number of measurements at low temperatures without increasing the total number of points (and gaining time). Steps of 2 hours are done to reach the steady state.

Friday Saturday Sunday To acquire these data, the thermometers are two Lakeshore RX-102A calibrated from 45 mK to 100 K and monitored by a Lakeshore 370 (more information about the calibration in section 7.3).

The steady state is reached quickly (less than 15 minutes after the power setpoint). The high and the low temperatures are represented in figure 8.3. The more measurement points, the more efficient the adjustment method. The thermal conductivity equation is expressed against various parameters. These parameters are adjusted to reduce the absolute error.

Friday

Because Al6061-T6 is a superconductor, the equation needs to be customized since the thermal conductivity equation above T c is different than the thermal conductivity equation below T c . We note the thermal conductivity is κ n above T c (n for normal), and κ s below T c (s for superconductor). 

κ n : The normal state thermal conductivity [W.m -1 .K -1 ] a : A coefficient [W.m -1 .K -b ] T : The temperature [K] b : A coefficient [1] c : A coefficient [W.m -1 .K -1 ] d : A coefficient [K] κ s : The superconducting state thermal conductivity [W.m -1 .K -1 ] α : A coefficient [W.m -1 .K -b ] β : A coefficient [1] γ : A coefficient [W.m -1 .K -1 ] δ : A coefficient [K]
We can inject equation 8.4 into equation 8.1, leading to equation 8.5

Normal electrons : Q = S L T 2 T 1 (aT b + cT d )dT Superconductor electrons : Q = S L T 2 T 1 (αT β + γTe δ T )dT (8.5)
Parameters:

k n : The normal state thermal conductivity [W.m -1 .K -1 ] a : A coefficient [W.m -1 .K -b ] T : The temperature [K] b : A coefficient [1] c : A coefficient [W.m -1 .K -1 ] d : A coefficient [K] k s : The superconducting state thermal conductivity [W.m -1 .K -1 ] α : A coefficient [W.m -1 .K -b ] β : A coefficient [1] γ : A coefficient [W.m -1 .K -1 ] δ : A coefficient [K]
Even if the integral inside the normal state equation is analytically solvable, the integral for the superconductor state is not. The use of numerical integration is required. The python function scipy.integrate.quad() is helpful in this situation.

Furthermore, a new parameter is added, Q0 , which corresponds to the parasitic heat (coming from the radiative environment and other sources). This Q0 is mostly constant during the experiment, and the parasitic heat contribution is not negligible at very low temperatures. The value of Q0 corresponds to the heat necessary to generate a gradient inside the material when the injected power Q = 0. The fitting function adjusts the Q0 parameter.

Normal electrons

: Q = S L T 2 T 1 (aT b + cT d )dT + Q0 Superconductor electrons : Q = S L T 2 T 1 (αT β + γTe δ T )dT + Q0 (8.6)
Parameters:

k n : The normal state thermal conductivity [W.m -1 .K -1 ] a : A coefficient [W.m -1 .K -b ] T : The temperature [K] b : A coefficient [1] c : A coefficient [W.m -1 .K -1 ] d : A coefficient [K] k s : The superconducting state thermal conductivity [W.m -1 .K -1 ] α : A coefficient [W.m -1 .K -b ] β : A coefficient [1] γ : A coefficient [W.m -1 .K -1 ] δ : A coefficient [K] Q0 : The parasitic heat [W]
Then, with the function scipy.optimize.curve_fit(), the measurement results are fitted regarding the equation 8.6. Since the function scipy.optimize.curve_fit() uses the least square method (relative error) to adjust for the different parameters, this is not suitable for the low power injected inside the function. Using the logarithm of the power numpy.log( Q) solves this issue. The fitting performances are represented in figure 8.5. The fitting error is represented in figure 8.5. A bump error is visible around 800 mK. This is due to the switch between the two equations 8.6 that append at the critical temperature T c , which is not precisely known for this alloy (around 1.1 K for pure aluminum). A precise determination of T c can reduce the fitting error.

The thermal conductivity obtained can be compared by the previous work from Barucci et al. [START_REF] Barucci | ALUMINIUM ALLOYS FOR SPACE APPLICATIONS: LOW TEMPERATURE THERMAL CONDUCTIVITY OF A6061-T6 AND A1050[END_REF], and Marquardt et al. [START_REF] Marquardt | Cryogenic Material Properties Database[END_REF] (see figure 8.6) down to 4 K. This is the first time the thermal conductivity of this alloy has been measured below 4 K. No comparison with existing data is possible.

The results agree with the work of Barucci et al., but the difference with the work of Marquardt et al. is visible. Since we all used the same alloy, a possible explanation could be the variation of the Resistivity Residual Ratio (RRR) that can alter the thermal conductivity. Finally, the thermal conductivity is expressed as a series of Chebyshev. Coefficients are given in tabular 8.1. Note that for the extracted coefficients, the input parameter is the logarithm of the temperature, while the output result is the log of thermal conductivity, as expressed:

numpy.exp(numpy.polynomial.chebyshev.chebval(numpy.log(temperature),[a 1 ,...,a 9 ])) a 1 2.39703410e-01 a 2 1.88576787e+00 a 3 -4.39839595e-01 a 4 9.53687043e-02 a 5 2.05443158e-03 a 6 -2.89908152e-03 a 7 -1.33420775e-04 a 8 1.14453429e-04 a 9 -8.72830666e-06 Table 8.1: Chebyshev series coefficients for the calculation of the thermal conductivity of Al6061-T6, valid from 0.095 K to 20 K

Design of the thermal interfaces

Al6061-T6 has a thermal conductivity of about 4 W.m -1 .K -1 at 1.7 K and thermal conductivity of 4×10 -6 W.m -1 .K -1 at 100 mK, confirming the pertinence of the use of this alloy for the 1.7 K stage (figure 8 In the heart of the 100 mK crown is located the 100 mK plate. Since this plate is, for now, not designed to host detectors, this is simply a gold-plated OFHC copper plate with thread. The mixing chamber that will produce the cooling power, as well as the heat extractor, will be attached below (not shown here as not part of the STM). The fact that two different materials have been chosen helps the thermal decoupling between the 100 mK plate and the 100 mK crown. The contact surface between the 100 mK crown and the 100 mK plate is reduced to the minimum (defined by mechanical constraints). This will contribute to the thermal insulation of the 100 mK plate.

Conclusion

The first bricks of the STM are the thermal stage interfaces.

The base of the STM is a crown of Al6061-T6, which is the interface with the element of the cryogenic chain that provides the 1.7 K temperature.

The 100 mK stage is composed of two parts. The first part is the 100 mk plate, which is the interface between the CCDR and the focal plane. The cooling power generated by the dilution process is produced below this plate. The second part is the 100 mK crown, which aims to thermally isolate the 100 mK plate from various input sources (mainly from the struts). The 100 mK crown also mechanically maintains the 100 mK plate. Now that we have our two interfaces, we need to connect them together. For this, two aspects must be considered, the thermal aspect and the mechanical aspect. This is the purpose of the next chapter. 

Material choice for the struts

The CCDR must support a hypothetical future focal plane of 750 g, thermally and mechanically coupled to the 100 mK plate. Below the 100 mK plate will be located the mixing chamber that provides a 2 µW of cooling power to the focal plane at 100 mK. The amount of parasitic heat must be reduced to maximize the useful cooling power.

The main source of unwanted power will come from the 1.7 K stage (≈ 1.7 K) and the Heat Exchanger Crown 2 (between 250 mK and 350 mK), as represented in figure 9.1. The need for pillars that will support the 100 mK stage (meeting the mechanical requirements brought up earlier) but also thermally isolate the 100 mK stage from the "hot" thermal stages (1.7 K stage and HEC2) is vital to maximizing the cooling power available.

From the 1.7 K stage

From the HEC2 We need a material able to meet these two functions. Some common materials are known for these properties, such as niobium-titanium (NbTi), aluminum alloys (Al6061-T6), stainless steel (SS316), or CFRP. The thermal conductivity of these materials is compared in figure 9.2. The mechanical properties are usually known at room temperature but rarely for very low temperatures. The thermal conductivity of CFRP [START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF], NbTi [START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF], Al6061-T6 [START_REF] Sauvage | A new thermo-mechanical structure design for space qualified close-cycle dilution refrigerator[END_REF] and SS316 [START_REF] Barucci | Measurement of thermal conductivity of the supports of CUORE cryostat[END_REF] compared over the temperature range 100 mK -1.7 K.

Because these struts will join the 1.7 K to the 100 mK, thermal conductivity must be considered along this temperature range. Even if Al6061-T6 shows interesting performances at 100 mK, this is not the case at 1.7 K. CFRP is a better option, offering the best compromise.

The CFRP is a composite material made of carbon fibers embedded in a polymer matrix (epoxy resin). The carbon fibers provide the strength of the CFRP. The properties of the CFRP depend on these two elements. Also, the fibers' orientation will affect the CFRP's properties. A CFRP tube with fibers oriented along the length (0 • ) will generate a higher stiffness (tension-compression) and higher thermal conductivity than a 30 • orientation.

CFRP is a good material candidate for the struts connecting the two thermal stages. Depending on the orientation of the fibers inside the matrix epoxy, we can optimize to a certain degree the compromise between the mechanical properties or insulation. Unfortunately, lowering the thermal conductivity deteriorates the mechanical characteristics of the CFRP. Maximizing the mechanical characteristics consist in increasing the S L ratio, while minimizing the heat transfer consists in decreasing the S L ratio. A trade-off is therefore needed between thermal and mechanical properties.

To represent the mechanical performances, the second moment of area is representative of the strut stiffness, calculated with equation 9.1. Note that a higher outer diameter D out is preferred for an identical cross-section (maximizing the second moment of area). The thermal performances are representative of the power through the struts. 

Thermal characterisation

For this temperature range, Runyan et al. [START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF], and Martin thesis [START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF] provide measurements of the CFRP's thermal conductivity. [START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF] and Martin [START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF].

Because the phonons are the only contribution to the thermal conductivity, the solid lines can be reasonably extended (dash lines).

Properties of CFRP, such as fiber orientation and manufacturing, may vary from one production batch to another. Mechanical properties provided by Van Dijk Pultrusion Product (DPP), combined with a typical range of CFRP thermal conductivity from literature [START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF], constraint the required S L ratio for our rods. We acquired from DPP a few meters of CFRP tubes from the same batch ( out = 7.8 mm and in = 6.8 mm for the main struts, out = 3 mm and in = 2 mm for the small struts) to stick to the same material and batch for future use and limit the characteristics variations.

I have used the method detailed in section 8.1 to determine the thermal conductivity of CFRP. I present here the experimental setup and the results. CFRP is an electrical insulator, so there is no conduction from electrons. The equation 8.1 is valid, and the thermal conductivity depends only on the phonons contribution, following equation 8.2. According to the fitting, k(T ) = 0.016 T 1.19 , valid between 100 mK and 2 K.

The thermal conductivity of the CFRP from DPP, as well as the thermal conductivity of the literature, are represented in figure 9.6. ) and with the CFRP of Decathlon (Martin thesis [START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF]).

We observe a difference between our measurement and the CFRP's thermal conductivity from the literature. DPP's CFRP is more conductive than the two others. Because CFRP is not a normalized material, every manufacturer has their recipe. Various parameters can change the thermal conductivity, e.g., the amount of carbon fibers, their orientation, and the epoxy resin used. For now, we will use the CFRP from DPP, but it is not excluded to change the CFRP manufacturer to improve the STM design.

With the chosen CFRP, the power forecast per strut is summarized in table 9.1.

From

To As intended, the main contribution comes from the main struts, and the power arriving the 100 mK is around 8.3 µW. This is colossal and needs to be reduced. The strength of this STM is its modularity. Later, the main struts could be swapped with new optimized struts. For now, understanding the STM behavior is more critical than its optimization.

T 1 [K] T 2 [K] D in [m] D in [m] L [m] Q [µW]

Mechanical considerations

The mechanical characteristics of this CFRP are given in table [START_REF] Dpp Van Dijk | Specifications standard product range[END_REF] of the composite "standard carbon fiber".

On traction-compression stress, the carbon fibers are the main contributor to the tube stiffness, and the epoxy resin is the only counter to radial stress. DPP's CFRP tubes can handle high tensile and compressive stresses but are fragile in the radial direction. To avoid radial stresses, we have used a hexapod, making the assembly isostatic and reducing tension in the structure.

The main struts

From the CFRP specifications provided by DPP (table 9.2), Clémence de Jabrun performed simulations of the STM using the Siemens NX 12 software, essential for pre-sizing the CFRP struts. The simulation provides information such as the first frequency resonance, called "first mode", where significant deformations are observed.

The goal is to push the first mode above 140 Hz, according to the mission specifications (table 6.1).

The higher the first mode is, the better it is, which limits the number of modes below 2 kHz [START_REF] De | Exchange about the vibration specification for space missions[END_REF]. Also, the first mode frequency comes from a simulation and is not necessarily representative of reality. So every Hz of margin is suitable to have.

Clamped junctions on main struts

Only a simplified STM is considered, comprising the six main struts and the two stages interfaces. The ideal scenario is to have clamped junctions between the main struts and the stage interfaces. The simulation is shown in figure 9.7. Significant deformations are expected at 533.8 Hz (figure 9.9), AKA the first mode. This represents a 370% margin (relative to 140 Hz).

Ball joints junctions on main struts

To ensure that the stress distribution in the CFRP tubes is homogeneous, these must have an identical orientation. To make this possible, we add ball joints to the CFRP tubes.

Simulations have been performed (figure 9.8) and showing that significant deformations are expected at 458.6 Hz (figure 9.9), a loss of 16% compared to the clamped main struts, but still with a 310% margin (relative to 140 Hz). The design of the ball joints for the main struts presented has here an interesting feature. When the screw (figure 9.11 -h) is not tightened, the junction act as a ball, keeping two free degrees of rotation. This is compatible with the hexapod constraints. During the assembly of the STM, screws are progressively tightened, leading to the definitive position of the struts. The angles formed by the main struts in relation to the 1.7 K stage are equal to ensure the stiffness of the STM. When the main struts' final position is reached, the screws are tightened with the appropriate tightening torque (see appendix B.1), making the ball joints a classical clamped junction after the assembly. The first mode is pushed back to 533.8 Hz.

T x T y T z R x R y R z
T x T y T z R x R y R z

Measurement of the thermal performances

The power through the strut depends on the temperature at its ends. According to the previous calculations (table 9.1), a total of 1.34 µW of power should come from the 1.7 K to the 100 mK. A simple experimental setup is presented in figure 9.13 to estimate Q against the temperature at one end of the strut and the other at a fixed temperature of 100 mK.

Power Q is injected through the strut by a heater (figure 9.13 -a) connected to one end of the strut, side by side with the hot thermometer (figure 9.13 -b). The other end of the strut is connected to the mixing chamber cold plate, set up to 100 mK. The temperature of the cold plate is monitored by a thermometer (figure 9.13 -c).

A Keithley 2000 monitored the injected power for the current and Keithley 196 for the voltage. Both thermometers were monitored by a Lakeshore 370. The heater and the "hot" thermometer are connected to the top of the main strut by a gold-plated CuC2 pad. The "cold side" of the strut (c) is at fixed 100 mK monitored by a thermometer (d). Variation of the "hot side" temperature measured by the thermometer (b) depending on the power going through the strut generated by the heater (a). The radiative environment is around 1 K.

A range of power is injected into the strut, leading to a thermal gradient along it. The "cold temperature" was maintained at 100 mK. The "hot temperature" depends on the injected power. The results are presented in figure 9.14. An estimation of the theoretical "hot temperature" is also represented in this figure (green diamonds), considering the CFRP's thermal conductivity and the Al6061-T6 only. A difference between the measured and the theoretical high temperature is visible at low temperatures, meaning that another phenomenon generates the thermal gradient. Figure 9.15 gives the relative difference between the two temperatures. The phenomenon is amplified as either the injected power or the strut temperature decreases. This may be assimilated as a thermal boundary resistance, AKA the Kapitza resistance. Relative temperature difference [START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] Figure 9.15: The relative temperature difference between the measured and the theoretical high temperature (reference is the measured temperature). The lower the injected power is, the larger the difference.

From previous calculations (see table 9.1), the power through the strut was supposed to be 1.34 µW for ends at 1.7 K and 100 mK. From the measurements, Q ≈ 1.31 µW, which is good news since we want these struts to be as low thermal conductors as possible. As expected, any additional interface boundary will decrease the thermal conduction of the ensemble.

The small struts

For the same reasons, small struts tubes need to keep identical orientations. Using the same ball joints for the same purpose as the main struts would not be practicable as they cannot be machined accurately due to their size. The strut diameter being 3 mm only. We opted for the use of flexible blades (figure 9.16) at the tube's ends, leading to a new kind of ball joint and, thus, reducing the stress on the heat exchanger crowns (figure 9.17 

Modeling vibration of the whole STM

As seen, introducing ball joints inside the STM design lowers the first mode. The best case is clamped joints on every junction, which is irrelevant for the hexapod design.

We now evaluate the necessity of either ball joints or clamped junctions for the small struts.

First, as a reference, every junction is clamped. The first mode is 328.9 Hz (simulation in figure 9.18).

Figure 9.18: Vibration simulation of clamping on the main and the small struts. The first mode is at 328.9 Hz for this configuration. The color scale represents the absolute displacement. Blue is minor displacements, red is major displacements. Simulation performed by Clémence de Jabrun with Siemens NX 12.

The hexapod structure requires balls on junctions during assembly to keep a constant angle between the struts. This specificity makes the hexapod a stiff structure. Earlier was presented the versatility of the main strut ends (loosen screws → balls / tighten screws → clamp). For the small struts, flexible blades only act as ball joints and do not act as clamped junctions while tightened.

The first mode for clamped joints on main struts and flexible blades on small struts is at 323.2 Hz, a 2% loss compared to the reference (simulation in figure 9.19). With this design, the structure's stiffness is barely affected by the junctions. The first mode is at 323.2 Hz, leading to a 230% margin.

Conclusion

For now, the STM is composed of the two interface stages (justification in chapter 8). These interfaces are connected together by 6 main struts made of CFRP with Al6061-T6 ball joints at their ends. This CFRP tube has an outer diameter of 7.85 mm and an inner diameter of 6.85 mm. Their length is 20 cm.

The measured power arriving at the 100 mK crown through a main strut (between 1.7 K and 100 mK) is 1.31 µW. The ball joints tend to lower the first mode. The design of a ball joint is conceived in such a way that the junction is clamped when the main strut is tightened.

The small struts are CFRP tubes with titanium blades that are supposed to have a minor contribution to the power arriving at the 100 mK crown (22 nW per small strut). A titanium blade acts as a ball joint. The first mode is little affected by the type of junction used for small struts.

The thermal performances are reviewed in chapter 11. The vibration simulations will be compared to the vibration tests on the IAS facility (not in this manuscript).

HECs and CFHX

" A vaincre sans péril on triomphe sans gloire. "

by Corneille, Le Cid

The goals and the modeling of the Counter-Flow Heat Exchangers (CFHX) have been developed in section 5.2. A few meters are required to cool down the incoming fluids arriving at the mixing chamber. A part of the cooling power is collected to cool down the Heat Exchangers Crowns. These crowns will be connected to the main struts to intercept heat and reduce the parasitic heat at the 100 mK plate.

Between the still and the mixing chamber, two types of CFHX are visible (figure 10.1).

Between two temperature stages, the CFHX is left "free" since a thermal shortcut would increase the unwanted power flux. This is the case for CFHX between the mixing chamber and HEC2 (section 5), between HEC2 and HEC1 (section 3), and between the HEC1 and the still (section 1).

CFHX is "anchored" (brazed) on HEC1 (section 2) and HEC2 (section 4) because a certain amount of heat needs to be intercepted.

The inner diameter can be adjusted for free and anchored capillaries.

The Kapitza resistance is kept constant (c K = 20 W.m -2 .K -4 ), but is significantly affected by the two materials involved and their temperature [START_REF] Gerald | Kapitza Resistance[END_REF].

Because the model works with iteration, the only initial conditions are the temperature of the incoming 3 He, and the outgoing 3 He - 4 He mixture.

• T 3 [0] = 1.2 K • T m [0] = 0.65 K
To calculate the fluid temperatures, the strategy consists of calculating the next (lower) temperature using equations defined in section 5.2. The temperatures are calculated for every dl (here, dl= 10 µm).

There are no additional constraints for the free CFHX (sections 1, 3, and 5). For the anchored CFHX (sections 2 and 4), the 3 He fluid temperature is maintained at the temperature of the related HEC. In this situation, the 3 He fluid temperature is fixed. Only the temperature of the 3 He -4 He mixture is evolving. /HQJWK>P@ 7HPSHUDWXUH>.@ 6HFWLRQ 6HFWLRQ 6HFWLRQ 6HFWLRQ 6HFWLRQ
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.2: Evolution of the temperature along the counter-flow heat exchanger. The 3 He - 4 He mixture capillary cools down the incoming 3 He capillary. At lower temperatures, the temperature difference between the two fluids becomes higher due to the increase in the viscous heating intensity. The CFHX is separated into five sections. The capillaries in sections 1, 3, and 5 are "free" and "anchored" in sections 2 and 4.

In figure 10.2, we can see in sections 1 and 3 that the length of capillaries is sufficient since the two fluids are at the same temperature after 50 cm of CFHX. In section 5, the length is insufficient and dominated by viscous heating.

In sections 2 and 4, the length of CFHX will be defined by the amount of cooling power required on each HEC. The cooling power is proportional to the temperature difference visible at length = 2 m or length = 4 m. Another option to have more cooling power is to increase the temperature of the HECs.

Anchored CHFX and HECs

On HECs, the three capillaries are "anchored" (brazed on a given length), so the fluids are well thermalized. Also, a sufficient amount of heat from the HECs is intercepted by the 3 He - 4 He mixture, so the HECs are cooled-down. HEC1 will be at a temperature between 350 mK and 450 mK. HEC2 will be at a temperature between 250 mK and 350 mK. A trade-off between various parameters defines the HEC temperatures, such as:

• the thermal performances of the STM that will define the heat load on the HEC • the heat load by CFHX • the required cooling power at each HEC The two HECs are thermally connected to the main struts by gold-plated copper braids. One side of the copper braid is a collar to reach the main strut. No glue is used, only a supposed good thermal contact due to the perfectly adjusted collar's inner diameter with the CFRP tube's outer diameter. The collars are not glued to keep the modularity of the design.

The other side of the copper braid is a copper shoe used to connect the braid to the HECs. The section of the braid (4 mm 2 ) and the length (70 mm for HEC1 and 60 mm for HEC2) have been chosen to limit the thermal gradient between the collar and the shoe. A flexible copper braid was also chosen instead of a rigid strut to limit the radial stress on the main struts.

.3: The heat interceptor before the silver brazing of its three sub-parts. The collar (blue), the copper braid (green), and the shoe (yellow) are silver brazed, then gold-plated.

The collar is the interface with the main strut, and the shoe is the interface with the Heat Exchanger Crown.

The silver brazing is a perfect way to ensure proper thermal coupling between the parts. However, the liquid silver diffused into the copper braid, reducing the flexible length.

Crimping the different elements to avoid this issue has been considered, knowing that the thermal performances will be degraded. An experiment has been carried out to study this feasibility 11.25.
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Free CFHX

Between the two HECs, the total length of the CFHX needs to remain "free" of interaction.

A thermal gradient will be generated along the CFHX. A sufficient length is required to limit the amount of heat arriving at the cold parts ( Q ∝ S L ). A thermal shortcut over the CFHX length would increase the power arriving at the cold parts.

The CFHX is shaped like a spring (the easiest way to maximize the length over the volume). Inside a cryostat on the ground, a long free CFHX this not a real issue. For space applications (particularly during the launch), the CFHX must be held securely.

Kevlar is a good material since its thermal conductivity at low temperatures is negligible. Also, Young's modulus is high compared to classical materials [START_REF] Duband | Helium Adsorption Coolers for Space[END_REF]. For now, the CFHX holder design is not yet defined.

With the development of a fab lab at IAS, a new opportunity using 3D printable resins could solve this problem. The resins are usually poor thermal conductors, and a 3D printer can shape the CFHX holder with optimized thermal paths for sufficient stiffness.

3D printing resin properties investigations

3D printing technology allows for complex geometries to be manufactured with resins or metals. Some of these resins appear to have interesting properties for our needs. Our laboratory has invested in a 3D printer (Formlabs Form 3L), so I decided to investigate these resins.

Preliminary study

I first conducted an experiment to evaluate the thermal conductivity of a specific resin (Resin rigid 10K from Fromlabs [155]) used in 3d printing below 2 K to assess the potential low-temperature applications of this material.

The experiment was carried out inside the cryostat DRACuLA on a cylindrical sample of 8 mm diameter. The two thermometers were spaced by 95 mm. The technique used is the same as the one presented earlier in this manuscript. The sample was printed with the model Form 3L from Formlabs. The Formlabs Form 3L uses stereo-lithography, exposing a resin to a laser to polymerize it (250 mW at 405 nm). The sample is printed slice by slice.

Here, the slices are perpendicular to the sample length.

Runyan [START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF] proposed an equation shape for polymer materials, expressed in equation 10.1.

κ(T ) = α T β -γ T n (10.1) 
Parameters: The thermal conductivity of this resin, from 0.25 K to 4.5 K, is given by equation 10.2. κ(T ) = 0.035 T 1.83-0.06 T 1. 25 (10.2)

κ : The thermal conductivity [W.m -1 .K -1 ] T : The temperature [K] α : A coefficient [W.m -1 .K -b+γ T n ] β : A coefficient [1] γ : A coefficient [K -n ] n : A coefficient [1] 0.
Parameters: κ : The thermal conductivity [W.m -1 .K -1 ] T : The temperature [K]
We compare the thermal conductivity of this resin with the thermal conductivity of Kevlar 29 and our CFRP in figure 10.6. 2) and Kevlar 29 (from [START_REF] Duband | Helium Adsorption Coolers for Space[END_REF]) against the temperature.

The thermal conductivity of the resin Formlabs rigid 10K is encouraging. Printable resins might be relevant, and a dedicated study has been performed on 5 Formlabs resins, in which various properties were extracted from experiments.

Extended study

Goal

This work was done with Yassine Latigui-Devienne during its 6-month internship at IAS whom I co-supervised with Clémence de Jabrun.

This internship aimed to explore the feasibility of 3D-printed elements inside the CCDR. Thermal conductivity is the main reason we are investigating polymers materials.

As the OCDR was first tested in a balloon-borne experiment (Archeops, section 1.3), it is not excluded to test the CCDR the same way (e.g., BISOU [START_REF] Maffei | BISOU: a balloon project to measure the CMB spectral distortions[END_REF]). Different from space missions, balloon-borne experiments requiring instruments at cryogenics temperatures are launched "cold". In this situation, the mechanical properties are critical information for estimating the CCDR mechanical behavior regarding shocks.

The goal of this internship was to get access to:

• the thermal conductivity between 2 K and below 100 mK, and if it is possible, pushing up to 300 K. • the Young modulus at room temperature, 77 K, and a temperature between.

• the tensile strength at room temperature, 77 K, and a temperature between.

• the elongation at break at room temperature, 77 K, and a temperature between.

Thermal conductivity measurements have been described in chapter 8 and chapter 9.

To determine the mechanical properties, a tensile test is required. Then, one end of the sample is held in place while the machine pulls the other end. A dynamo meter returns the pulling force, and an extensometer will provide the sample strain. The test is performed until the sample breaking. A tensile test is done over a minute (depending on the speed, here 1 mm.min -1 ). The machine provides the absolute elongation of the material ∆L and the related pulling force F on the sample. From these data, we calculate the stress σ against the strain ε. After conversion, the stress against the strain can be plotted, as shown in figure 10.9. The elastic region of figure 10.9 is defined by the linear behavior of the plot, up to the elastic limit. The slope of this linear zone is the Young modulus. The material does not experience any permanent deformation. Then, the material starts to deform irreparably, this is the strain hardening region, until it reaches maximum stress: the ultimate stress.

Moving jaw

Static jaw

The material undergoes a necking until its fracture.

From the tests, we will extract the following material properties:

• The Shimadzu AGS-X also has a climatic chamber where the temperature can be adjusted (down to -70 • C) using liquid nitrogen. Tests at room temperature and at -60 For reproducibility, we choose to print three samples of each combination.

Results

We present here the results on the resin clear. Appendix C gives the results of the four other resins.

First, we performed a tensile test on the samples. Each orientation has three samples. The test is performed at room temperature (figure 10.12) and at -60 • C (figure 10.13). The tests at 77 K have not been performed yet.

Some data are missing, meaning the measurement failed because the sample broke into the machine jaws, usually at -60 • C. This phenomenon occurred especially for resins rigid 10K and high temp. One hypothesis would be that brittleness appeared in the material during the cool-down because of the thermal contraction. Clamping the sample in the machine's jaws highlighted these brittlenesses. To cool down the samples, they are placed inside the climatic chamber of the tensile test machine. A slower cool-down might prevent this effect *

The various properties are then deduced from these measurements. Rigid 4000: The Young modulus depends only slightly on the orientation at room temperature. At -60 • C, the Young modulus is higher (figure C.8).

High temp: There is no significant amount of result for this resin to compare. Even at room temperature, the sample broke into the machine's jaws (figure C.15).

Model:

The Young modulus depends only slightly on the orientation at room temperature. The Young modulus is 250% higher at -60 

Model:

The ultimate stress depends only slightly on the orientation at room temperature. The ultimate stress is affected by the orientation at -60 Rigid 4000: The strain at fracture depends only slightly on the orientation at room temperature and at 60 • C. The strain at fracture is significantly affected by the temperature. The strain at fracture at room temperature is above the strain at fracture at -60 Table 10.4: The strain at fracture [%] for the five resins at room temperature and at -60 • C, compared with the ultimate stress provided by Formlabs [158]. The maximum value is taken from the five orientations.

Conclusion regarding the 3D printing materials

As expected, we observe that the material properties are affected by the slicing orientation and the temperature. We also observe that the plastic behavior disappears when the material is cooled down. Only an elastic behavior is visible. The Young modulus is generally higher at -60 • C than at room temperature. This is a normal behavior observed for most of the materials.

For now, the resin clear, rigid 4000, and model seem the most promising ones. A preliminary conclusion about the resin rigid 10K and high temp is that both resins are unsuitable for mechanical solicitations at low temperatures. For a more in-depth study of these two resins, a study with a slower cool-down will be required.

In future work, we need to develop an experimental setup to propose a tensile test at 77 K to complete the values at lower temperatures. We also have to determine the thermal conductivity of the resins and the impact of the orientation of the slice on the thermal properties.

Conclusion

This chapter was dedicated to the CFHX management inside the STM. The CFHX joins the 100 mK stage to the still. The CFHX is decomposed into different sections depending on their destination.

The CFHX is also used to generate two intermediate thermal stages. To aims, the CFHX is anchored on two Heat Exchanger Crowns. These HECs are thermally connected to the main struts to intercept heat, reducing the fluxes from the 1.7 K stage to the 100 mK crown.

A model has been developed to optimize the length and the diameter of the capillaries.

Between these different temperature stages, the CFHX remains free to reduce the thermal load through the capillaries. A study is in progress to maintain these free sections, incompatible with a space application.

Results on STM

" I don't care that they stole my idea . . I care that they don't have any of their own. "

by Nikola Tesla

The previous chapters were dedicated to the design justifications of the various elements of the STM. A model of the thermal performances and the mechanical performances were performed.

In this chapter, we experimentally verified the STM thermal performances. This has been done in two steps.

• First step: A reduced configuration composed of the six main struts connected to the 1.7 K stage and the 100 mK stage. We report this configuration as the "reduced STM". • Second step: A full configuration composed of the reduced STM, the twelve small struts, and the two heat exchanger crowns. We report this configuration as the "full STM".

At the end of step 2, the full STM will be shaken according to the parameters defined by the mission (6.1). Then, the thermal performances of the full STM will be reevaluated to isolate potential malfunctions.

Since the reduced STM is a simple configuration, the mechanical simulations are usually accurate. This is the reason why only the full STM will be shaken.

Reduced STM

The reduced STM is only composed of 6 main struts, the 1.7 K stage, and the 100 mK stage. This experiment aims to measure the power flow from the 1.7 K stage to the 100 mK plate through the main struts. This study is not limited to a single scenario (1.7 K / 100 mK) but also surveys the behavior of the reduced STM for multiple combinations of temperatures.

We present in figure 11 

Experimental design

The reduced STM was mounted inside DRACuLA, where the cold plate of the cryostat mimics the future cooling power of the CCDR.

A thermometer (ROx-102A) was connected to the 100 mK cold plate to monitor the temperature. The PID of DRACuLA was used to steady the temperature (STM 100 mK cold plate temperature as input). The regulation was made with a Lakeshore 372 with a 120 Ω heater installed on the DRACuLA cold plate.

The 1.7 K stage will be regulated to 1.6 K, 1.7 K, 1.8 K, and 1.9 K. The 100 mK plate will be regulated to [START_REF] Brooks | The calculated thermodynamic properties of superfluid helium-4[END_REF] We can extract two valuable pieces of information from the forecast presented in figure 11.2. First, the power arriving at the 100 mK stage is dominated by the temperature of the 1.7 K stage. The temperature of the 100 mK stage has little effect.

Secondly, the power involved will not exceed 15 µW. This is useful to size the experimental setup. On a steady state, the amount of power injected on the 1.7 K stage is constant and equal to the amount of power that goes through the six main struts. The measurement of the injected power is critical.

The PID of the Lakeshore 336 will define the current to be injected following the measurement of the temperature. The current is measured by a Keithley 2000 before injection into the heaters. The voltage u is measured between the first and the third resistor by a Keithley 196 (schema in figure 11.4). The total amount of injected power P = Q = u × i. The three thermometers and the heater have wires connected to the bracket of DRACuLA's cold plate (see section 7.1). During the test, a temperature gradient between the probe (1.6 K to 1.9 K) and the connector (90 mK to 300 mK) induces a power escape through the wires.
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Each thermometer/heater has 40 cm of quad-lead wires made of phosphor-bronze. The diameter of each wire is 127 µm. The thermal conductivity of phosphor-bronze is known above 1 K [START_REF]Cryogenic Wire/technical-specifications[END_REF], and represented in figure 11.5. An estimate of the upper and lower limit of the phosphor-bronze's thermal conductivity is proposed to temperatures below 1 K in [START_REF] Woodcraft | Thermal conductance at millikelvin temperatures of woven ribbon cable with phosphor-bronze clad superconducting wires[END_REF]. An extrapolation below 1 K is performed according to the measurement points and the thermal conductivity limits. Given the reduced STM forecast performances (figure 11.2), the wire contribution is not negligible (10% of the total power involved). This has been taken into account.

1.7 K stage cool-down

Without heat switch

The main goal of this structure is its strong thermal decoupling. The STM is cooled down by the 100 mK plate. The 1.7 K stage, an Al6061-T6 crown of 585 g, remains thermally connected to the 100 mK cold plate by the six main struts designed to isolate it thermally. From the measurements of the heat switch's parasitic heat, we can estimate the residual power for a couple of temperatures.

For example, between 1.6 K and 1.65 K, the residual power is 2.7 µW. This is the same order of magnitude as the power injected. This makes the use of this heat switch not relevant. A system with a PID at the top and the bottom of the heat switch to ensure that there is no thermal gradient along the heat switch would prevent the power from escaping by the switch (no temperature gradient means no power escaping). The measurements of the heat switch's parasitic heat can provide the amount of power escaping through the heat switch, even if a small temperature gradient is observed.

Experimental setup for the reduced STM

The reduced STM was installed inside DRACuLA. The 100 mK cold plate was connected to the mixing chamber plate. An interface piece was designed to connect the STM to the cryostat's mixing chamber plate, avoiding any thermal shortcut between the 100 mK crown and the mixing chamber plate. This piece is a gold-plated CuC2, and a cross-section of this interface is represented in figure 11. The 800 mK shield (temperature of the still) was removed to allow enough space for the reduced STM. The radiative environment is now around 3 K (temperature of the PTC's second stage).

A CuC 2 rod of 380 mm length and 20 mm diameter is connected to the still plate of DRACuLA. A copper pad is connected to the bottom end of this rod. The heat switch base is connected, as well as a thermometer (R0x-102A) and a heater (9 kΩ). The thermometer is handled by the Lakeshore 336, and the Lakeshore 336's PID controls the heater. No need to know precisely the amount of heat dissipated on this pad. The heat switch base and the 1.7 K stage are kept at the same temperature to avoid any power flow through the heat switch.

A gold-plated copper braid connects the top of the heat switch and the 1.7 K crown.

Three heaters are placed around the 1.7 K stage to ensure homogeneous heating (as presented in section 11.1.2). Three thermometers confirm the temperature homogeneity.

The heat switch was closed during the cool-down of DRACuLA. It was opened when the 1.7 K stage reached a temperature below 2 K. The PID of DRACuLA's mixing chamber plate was set up to steady the temperature of the 100 mK plate, using the ROx-102A thermometer connected to the 100 mK plate as input.

DRACuLA mixing chamber plate 100 mK crown 100 mK plate Thermometer Main strut .17: Temperature and power measurements of the 1.7 K stage during the configuration 1.7 K/100 mK. Thermometer 1 was used to regulate the temperature of the stage at 1.7 K. The thermometer "Base heat switch" was used to regulate the temperature of the heat switch's base at 1.7 K. The injected power is represented in the bottom subplot, together with a smoothing plot. Sample of the reduced STM measurement inside DRACuLA.

As planned, the temperature variation around the 1.7 K stage is minimal (7 mK or 0.4%). In this configuration, the temperature difference between the top of the heat switch and its base is around 5 mK (1.700 K → 1.695 K), representing 330 nW of input power on the 1.7 K stage following the measurements of the parasitic load of the heat switch (figure 11.13). This was estimated for every scenario in table 11.1. This additional power must be considered for the reduced STM's global performance. For each temperature combination, four power are involved.

For a steady temperature, the total amount of input power equals the total output power. In our situation, there is one source of input power. The injected power Qheater is the mean injected power according to figure 11.17. The power escaping through the struts Qstruts and the power escaping through the wires Qwires (figure 11.6) are two sources of outcoming power. The contribution of the heat switch depends on the temperature gradient. In this situation, the heat switch increases the amount of power injected on the 1. 

Conclusion

The amount of heat from the 1.7 K stage to the 100 mK plate characterizes the performances of the reduced STM. We performed a forecast of the reduced STM performances using only the material's thermal conduction (figure 11.2). This forecast predicted a power of 7.9 µW for the 1.7 K/100 mK scenario. Using the main strut's thermal conduction, the estimate was to be 7.20 µW, and for the direct measurements: 2.7 µW. This behavior is welcomed and could be explained by:

• the multiple interfaces in the main struts' ends (figure 9.11)

• the 100 mK crown's superconducting state • the thermal interface between the 100 mK crown and the 100 mK plate This experiment on the reduced STM delivered encouraging results, but a 2.7 µW from the 1.7 K stage to the 100 mK plate would be too high. The use of collars as heat interceptors could improve the STM thermal performances.

Full STM 11.2.1 Experimental design

The CCDR must provide a minimum of 2 µW of cooling power. The use of collars as heat interceptors is included to enhance the thermal performances of the STM, as presented in figure 6.3. HEC1, HEC2, and the small struts are added. Assuming that maintain the basic scenario of 100 mK/1.7 K for the thermal stages, 300 mK for HEC2, and 400 mK for HEC1, the thermal performances can be modeled. The braids from the collars to the HECs are supposed to be "perfect", so the temperature difference between the two sides is zero. 

• Q 1 • Q 2 • Q 3 • Q 4 • Q 5

Copper braid

The full STM will be tested inside DRACuLA the same way the reduced STM was. As they are supposed to be isolated from the 100 mK stage, a consequent time is required to cool down these two gold-plated OFHC copper crowns (each weight 120 g). Since the only heat switch is already used to help the cooling down of the 1.7 K stage, another solution is needed.

Braids will connect the HECs to the STM's 100 mK plate. Through a braid, a certain amount of power will flow (the two ends are at different temperatures). A perfect knowledge of these braids is required. We manufactured three copper braids of 20 cm length and a cross-section of 0.97 mm 2 , and then we tested them.

Also, investigation around crimped braid is motivated by the potential improvement of the STM. The thermal link between the collars and the copper shoe (connected to the HEC) is silver brazed. The advantage of using a braid is its flexibility. The silver diffused inside the braid during the brazing, lowering its suppleness. Crimping will not cause this problem.

We have three braids:

• Braids 1 & 3: One side is a copper lug, and the other is a copper shoe. Both ends are silver-brazed. • Braid 2: One side is a silver-brazed copper lug. The other side is a copper shoe crimped with 4 Tons pressure.

Finally, the three braids are gold-plated. Braid 2 is different from 1 & 3 to check if crimping is practicable at these temperatures, compared to brazing. The crimping is usually reproducible (same pressure), but brazing depends on the craftsman's skills.

A perfect knowledge of these braids' conductivity is required to characterize the full STM. The conductivity is tested inside DRACuLA. One side is connected to the mixing chamber plate at 100 mK, and the other side is left free, with a thermometer and a heater. A heating is applied, generating a temperature gradient along the braid. The power injected at one side is necessary going through the braid.

Braid 1, which results showed in figure 11.24, was characterized with a CX-1010 thermometer and a 9 kΩ heater. The current was handled by the Keithley 2000, and the voltage at the ends was measured by the Keithley 196.

Log power steps are generated, lasting 10 minutes each (the time constant is short in this situation). The three braids are tested, and the results are shown in figure 11.25. A small difference is visible between the brazed braids and the crimped braid, a 10% loss regarding the conductivity, which is expected. As said earlier, silver diffuses inside the braid when brazing, increasing the total surface exchange between the shoe/collar and the braid. 

Experimental setup implementation

The experimental setup is, in essence, the same as the one for the reduced one. This was presented in figure 11.20, and the instrumental design is justified in the following sections.

mK stage

A thermometer (ROX-102B) is connected below the 100 mK cold plate, handled by the Lakeshore 372. This thermometer is the input for the PID of DRACuLA to steady the temperature of the 100 mK plate at 100 mK.

A thermometer (ROX-102B) is connected below the 100 mK crown, handled by the Lakeshore 370. This thermometer has been added since the previous experiment on the reduced STM, as the temperature of the 100 mK crown could bring valuable information on STM behavior.

Heat Exchanger Crown 2

A thermometer (ROx-102A) is connected under the HEC2, closed to a copper shoe, and handled by the Cryocon M54. This thermometer is the input of the PID for temperature regulation.

Three thermometers (CX-1010) will be connected to 3 collars (120 o ) to observe the homogeneity of the temperature along the struts. These three thermometers will be monitored by the Lakeshore 370.

A 2 kΩ heater is installed below the HEC2 to steady the temperature. The heater is handled by the Keithley 2602B (Security at 140 µA/0.28 V to avoid excess heating).

Braid 1 is connected between the HEC2 and the 100 mK cold plate, which the behavior is well-known.

Heat Exchanger Crown 1

A thermometer (ROx-102A) is connected under the HEC1, closed to a copper shoe, handled by the Cryocon M54. This thermometer is the input of the PID for temperature regulation.

A thermometer (CX-1010) is connected to the copper shoe of an incoming braid, and a thermometer (CX-1010) is connected to the collar of this braid. This would highlight a potential thermal gradient along the braid.

A 3 kΩ heater is installed below the HEC1 to steady the temperature. The heater is handled by the Keithley 2602B (Security at 115 µA / 0.35 V to avoid excess heating).

Braid 3 is connected between the HEC1 and the 100 mK cold plate, which the behavior is well-known.

.26: The Heat Exchanger Crown 1 with its instrumentation.

K stage

Since the experimental setup of the reduced STM showed that the three heaters are generating a homogeneous temperature along the Al6061-T6 crown, a single thermometer (ROx-102A) for the temperature regulation is more than enough.

For a total of 9 kΩ, the three heaters are handled by the Lakeshore 336 for the PID. The current is monitored by the Keithley 2000, and the voltage by the Keithley 196.

Heat switch

The copper rod from the still plate ends with a pad where the heat switch is connected. A thermometer (ROx-102A) is connected to this pad, and a 9 kΩ heater is used to steady the temperature at 1.7 K. The heater and the thermometer are handled by the Lakeshore 336.

A thermometer (ROX-102) is connected to the top of the heat switch, monitored by the Lakeshore 336. This aim at estimating the power through the strut for the power balance.

Braid 2 connects the top of the heat switch with the 1.7 K stage. A larger amount of wires is present during this experiment. Their contribution has been taken into account.

Experimental results

This experiment aims to understand the behavior of the full STM and, in particular, the contribution of the two HECs to the improvement of performances. Various combinations of temperatures for HEC1 and HEC2 will be tested. The 100 mK plate will be kept at 100 mK and the 1.7 K stage at 1.7 K. HEC1 will be set up at 350 mK, 375 mK, 400 mK, 425 mK and 450 mK. HEC2 will be set up at 250 mK, 275 mK, 300 mK, 325 mK and 350 mK. The number of possible combinations becomes time-consuming since a single scenario last 2 hours. This is why we reduced the study on the impact of the HECs on the STM performances.

During the reduced STM thermal performances experiment, we observed a thermal boundary resistance that could explain the difference between the forecast and the results. This thermal boundary resistance helps isolate the 100 mK plate from the STM. The intensity of this phenomenon depends on the power that go through the interfaces (following equation 4.6). For the full STM, a smaller power arriving at the 100 mK stage is expected. The thermal boundary resistance will be less efficient to isolate the 100 mK plate. Still, values smaller than the forecast are expected. This experiment will be carried in the next few months and a publication will be dedicated to these results.

Conclusion

This chapter presented the experimental determination of the reduced STM thermal performances in the first section. As expected, the results show that a reduced STM is unsuitable for hosting the CCDR, even if the outcomes exceed the forecast performances. Adding the two Heat Exchanger Crowns as heat interceptors must reduce the load of the 100 mK stage.

While the STM needs to be validated (in the next few months), our models and experiments show that it will provide exciting performances. This STM will be shaken at IAS to confirm its ability to handle the vibrations of launch. Then, the STM's thermal performances will be re-qualified to approve the design.

This project is well underway, and this STM is a promising design to host the different parts of the CCDR. There is still a lot of development to achieve a functional dilution. The final chapter presents the preparations for the next development phase.

12. Preparation for next developments 

Sponge development

Even if the isotope separation using Procelit 160 is successful, a concern about the pertinence of keeping the P160 as a sponge has been raised. The P160 is friable, and the coupling with the superleak of the fountain pump is not guaranteed. A new sponge material needs to be found. The criteria have already been listed in section 5.1.1. A permeability measurement can tell us a lot about the porous media.

The measurement of its permeability

A key parameter for the porous material is its permeability. The Hagen-Poisseuille law (equation 12.1) gives: With a limited number of measured parameters, the permeability of a porous can be estimated.

k = 2 ṅηRT L A(P 2 in -P 2 out ) ( 

Experimental setup

Measuring the volumetric flow rate Vin and the pressure P in upstream is sufficient to determine the permeability. The downstream could flow on the room, so P out = 101,325 Pa. Knowing A, L (two geometrical parameters), and the dynamic viscosity η (here is helium 5.0), the permeability is accessible.

A prerequisite to exploit the Hagen-Poisseuille law is the laminar flow, meaning a Reynolds number R e < 2000. The Reynolds number can be calculated thanks to equation 12. [START_REF] Friedmann | Über die Möglichkeit einer Welt mit konstanter negativer Krümmung des Raumes[END_REF].

R e = L V ρ ηA (12.3)
200 bar, except for the cold trap and for the sample holder (limited to 3 bar because of the EPDM O-rings, future improvement is incoming).

Another pressure sensor is added (up to 100 bar) for a different application (measuring capillaries diameter). An empty space remains for another flow meter with a different range.

The output of the instrumentation is a 4-20 mA signal. An output of 4 mA means the lowest range, 20 mA is the highest range, and the signal evolves linearly (in this situation).

The real advantage of this method is the troubleshooting because 0 mA means "no signal" and not "lowest range". 12.2 The fountain pump

The fountain pump

The 4 He is separated from the 3 He -4 He mixture by the fountain pump thanks to the fountain effect. As presented in section 5.5, the design of the fountain pump is, basically, a mass at the end of a tube. This becomes an issue when the design is shaken.

As seen in figure 12.4, a thin stainless steel wall tube reduces the thermal flux between the still and fountain pump chamber (where heating is applied). The power leakage is proportional to S L . Clémence De Jabrun has performed a finite element simulation to forecast the modes of this design, and a scale model has been shaken to confirm the simulation. The tube was brazed with silver to a piece that mimics the interface with the still (figure 12.4). The simulation predicted a first mode at 338 Hz, but it was at 150 Hz in reality. The tube broke after random solicitations near the brazing. A hypothesis put forward was a local change in the stainless steel properties while brazing. The experience was repeated, but the tube was glued to the interface. The first mode was at 330 Hz. The main concern is about the superleak that takes place inside the stainless steel tube. The superleak is a compacted Al 2 O 3 power, where only friction maintains the cohesion of the particles.

An old fountain pump built by Angela Volpe during her Ph.D. at Institut Néel was perfect for investigating the impact of shaking on performances.

We called "performances" the behavior of the fountain pump when heating is applied inside the chamber. A given heating inside the chamber will generate a specific 4 He flow rate. Heating steps are generated until the fountain pump chamber reaches 2.17 K, the 4 He superfluid transition temperature. This technique provides the 4 He molar flow rate against the injected power. The performances of this fountain pump were determined in 2014 (figure 12.5: 2014-02-27).

The fountain pump was shaken at IAS, then re-tested (figure 12.5: 2018-10-10). The degraded performances conduct a full inspection of the fountain pump. The vortex capillary was partially obstructed (presumably by Al 2 O 3 power). The thermometer and heater were disconnected (broken wires). After uncorking and refurbishment, the fountain pump was again tested (figure 12.5: 2019-02-26). This fountain pump was shaken then the performances were re-determined (2018-10-10). After a full inspection of the fountain pump, the fountain pump was tested again (2019-02-26). From [START_REF] Vermeulen | Private communication[END_REF].

The feedback of these experiments are:

• The performances of the fountain pump are different before and after the shaking, which is an issue for a piece of space-qualified equipment. • The performances of the fountain pump are better after shaking (and cleaning).

• A compacted Al 2 O 3 powder can obstruct the vortex capillary after shaking.

A substantial study of a space-qualified fountain pump is required to push CCDR to the next TRL.

Coupling between the sponge and the fountain pump

The fountain pump's superleak needs to be in contact with the sponge to generate a flux of 4 He, as presented in figure 5.5. A missing connection inhibits the superfluid 4 He film from reaching the superleak.

If the problem with the sponge's resilience against the vibrations can be solved by choosing an appropriate porous media, contact between these two elements is not necessarily ensured.

No solution has been isolated from now, but potential designs could solve this issue. A total immobilization of the fountain pump may prevent superleak displacements. We can also imagine that the sponge and the superleak are merged, composing a single porous piece with an adaptive pore diameter and permeability.

In any event, a heavy research program must be carried out to solve this. This is, in my mind, the principal concern to reach TRL 5 with the CCDR. A 6-month internship will start in March 2023 to handle this delicate question.

Modeling

Thorough knowledge of the fluid characteristics at any point in the system determines the performance of the dilution. An accurate model is necessary to optimize the design of the different sub-systems.

The CFHX model considers a limited number of parameters, namely the temperature and the molar flow rate of the fluids. This model needs to be extended to more parameters. Many physical properties vary with the temperature (entropy, enthalpy, density, ....) but also go with the pressure.

Inside the return 3 He - 4 He mixture capillary, a concentration gradient is expected [START_REF] Volpe | Développement d'un réfrigérateur à dilution en boucle fermée pour expériences d'astrophysique dans l'espace[END_REF], but the 3 He concentration was assumed constant.

A variation of the chemical potential along the 4 He capillary produces a counter flow of normal / superfluid. The same phenomenon is expected inside the 3 He -4 He mixture capillary.

The Kapitza resistance is assumed constant against the temperature and the concentration, but it is not.

Gas Handling System

When the EM of the CCDR will be ready to be tested inside Pikachu (section 7.2), a specific device needs to handle the 3 He circulation outside the cryostat. A GHS is a versatile system providing all the features needed to manage the gas properly, such as:

• pumping and injecting the gas (circulation pump) • storing the gas (tanks) • purifying the gas (cold trap) • monitoring the pressures and the flow rate (pressure gauges and flowmeter)

• directing the flow (valves) Institut Néel provided a Gas Handling System (GHS) designed for managing the gas for the CCDR. This system is shown in figure 12.6. The Pfeiffer rotary vane duo 10M circulation pump needs oil to operate. This oil diffuses into the circulation line. We swapped this pump for a dry * one (Agilent IDP-15). The entire circulation line was polluted by oil, so an in-depth cleaning was performed on the various tubes. Some pressure gauges were dysfunctional, so they were replaced. Finally, the flow meter needed re-calibration.

Cold trap

We now have an operational GHS for future experiments. This GHS is shown in figure 12 

Conclusion

To sum up, we already have DRACuLA and Pikachu, two facilities supporting the development of the EM-CCDR. A Gas Handling System is also ready to operate. An internship will start in march 2023 to develop a characterization bench for the fountain pump integrated inside Pikachu. This will lead to studying the fountain pump spatialization and its coupling with the sponge material.

We are about to reach an STM design (section 11.2) compatible with an EM-CCDR. The modeling development (section 12.4) will provide an optimized design for fluid circulation. A substitute for the sponge is currently under study (section 12.1).

Our recent developments, combined with the previous development made by Institut Néel, make us confident about the feasibility of an Engineering Model of the Closed-Cycle Dilution Refrigerator, able to operate in a zero-gravity environment.

Conclusion

The Cosmic Microwave Background is an extremely important tool for early Universe studies because it is a snapshot of the Universe from when it was just 380,000 years old. The Λ-CDM model is the leading explanation for the origin and evolution of the Universe, predicting that the CMB should have a particular pattern of temperature fluctuations. This prediction was confirmed in the 1990s with the launch of the Cosmic Background Explorer (COBE) satellite, which provided the first detailed CMB map. Its study allows us to understand the conditions and processes that occurred in the early Universe.

In 2009, Ariane 5 launched the Planck Space Telescope, aiming to study the CMB with unprecedented sensitivity. To attain this sensitivity, one of the two instruments, HFI, was continuously cooled down to 100 mK by an Open-Cycle Dilution Refrigerator for 2.5 years, lifetime limited by the onboard amount of 3 He and 4 He.

For the next missions requiring continuous temperature and more cooling power (2.2 µW at 100 mK), the OCDR needs to be upgraded. The Closed-Cycle Dilution Refrigerator is an evolution of the OCDR where the isotopes are separated and re-injected into the dilution refrigerator. From the still, the 3 He is recovered by a pumping system, while 4 He is recovered by a fountain pump. Using a porous material to separate the liquid and gaseous phases inside the still is crucial for operating in a microgravity environment. The demonstration of this technology has been achieved previously, reaching a temperature below 50 mK.

Pushing this technology to TRL 5 is the key to make the CCDR unconditional for its use in future cryogenic missions. The Institut d'Astrophysique Spatiale is developing an Engineering Model to demonstrate the proper operation of the CCDR in a space environment. The EM must fulfill several requirements, such as the mass and volume constraints, together with the vibrations' sustainability. This led to the development of a Structural and Thermal Model. This manuscript presents the progress achieved in reaching an operational EM-CCDR concept, with a particular focus on the STM development.

The STM is the skeleton of the future CCDR, filling both thermal and mechanical require-ments. It will host the different sub-systems of the dilution (mixing chamber, 100 mK plate, still, fountain pump, capillaries, ...). This STM must sustain the high level of vibrations of the launch. Moreover, thermal decoupling between the different sub-systems is crucial, which is a challenge since the design must be compact.

In the framework of the STM design development and thermal optimization, my first contribution during this Ph.D. was to characterize the thermal properties of materials below 2 K due to a lack of data. After many instrumental developments, a reduced STM was characterized, leading to especially promising results (2.7 µW of parasitic heat from 1.7 K to 100 mK). Adding heat interceptors (full STM) will provide even better results.

Subsequently, the STM will undergo a vibration test to verify its ability to withstand the rocket launch. The thermal performance will be re-evaluated to identify any potential impacts from vibrations. Our objective is to deliver an EM-CCDR that meets the necessary performance standards. Later, the design will be optimized to attain optimal performance. My second contribution was to create a physical model for most of the CCDR parts. This work will pave the way toward the development of an overall model, with which optimization of the CCDR design and operation will be achieved.

I have set up the DRACuLA facility, which plays a crucial role in two ongoing research programs. I have used DRACuLA to support the development of the EM-CCDR. In addition, DRACuLA has demonstrated its proficiency in evaluating the impact of cosmic rays on detectors during a preliminary test campaign at the ALTO facility. I have been involved in both research endeavors and have maintained DRACuLA's operational efficiency since 2018.

Moreover, I developed the Pikachu facility, a cryostat designed to provide the 1.7 K stage temperature for the EM-CCDR. I played a role in elaborating the CCTP, oversaw its commissioning, and have been responsible for its operation and maintenance since 2020.

I have also prepared the necessary equipment to ensure the next development phase of the EM-CCDR. The GHS, originally procured from Institut Néel, has undergone refurbishment for which I was responsible. I have designed and constructed a permeability bench, which is critical for selecting a sponge material. Furthermore, I have developed diverse instrumentation tools, such as monitoring programs, to support various experimental projects. Thanks to this work, all the facilities are in place for the overall EM-CCDR tests.

Lastly, my research on material properties has found applications for the future CMB space mission LiteBIRD. Indeed, the IAS being responsible for the design of the MHFT focal planes, my present and future measurement results will allow a better thermo-mechanical optimization. 

IV

Appendices

The first appendix presents two alternative systems that use the dilution process to produce cooling power.

The second appendix presents some clarifications to the elements presented in the manuscript.

The third appendix presents the outcomes of 3D printing materials. Because a phase separation inside the mixing chamber would interrupt the system's proper functioning, superfluid 4 He is required. This makes the solution refrigerator only work between 2.17 K (superfluid transition of pure 4 He) and 0.867 K (phase separation of 3 He -4 He mixture). This system can work in a zero-gravity environment.

A.2 The ACE Inc. cycle

The ACE (Alabama Cryogenic Engineering) Inc. cycle is an evolution of the Leiden dilution (see sec. 3.1.8) where only 4 He is circulating through superleaks (fountain pump).

While Leiden dilution has a phase boundary inside the mixing and demixing chamber, the ACE Inc. cycle has only a phase boundary inside the mixing chamber. This upgrade has allowed a higher temperature inside the demixing chamber above the phase separation (The Leiden cycle required a demixing chamber temperature below the phase separation temperature, usually around 600 mK). For a temperature T mc of 100 mK inside the mixing chamber, and a diameter d of 4 mm, this system can reach 6.4 µW of cooling power.

This adjustment simplifies the design (no need for a heat sink at 600 mK) but lowers the overall cycle efficiency.

B. Space stuff B.1 Tightening torques

Appropriate tightening torque is essential during the assembly of a structure to ensure proper thermal coupling and resistance to vibration and shocks. The following values guarantee the repeatability of coupling while tightening torques are well-defined.

For a classic assembly without shaking or thermal requirements, the "ground" tightening torque tabular is chosen (tabular B.1). For severe constraints such as thermal interfaces or shaking, the "flight" tightening torque tabular is recommended (tabular B. 

B.2 Technology Readiness Levels

The Technology Readiness Levels -TRLs is a scale to quantify the technology maturity. Composed of 9 levels. The lowest defined the early stages of the technology, and the highest relied on flight-proven technologies.

NASA defined the first after the Apollo program. ESA adopted the TRL scale in the mid-2000s, following the NASA one with few variations. In 2013, the International Standard Organisation published its TRL scale to standardize the different TRL scales worldwide. The ISO was adopted by major international space agencies, except NASA. 
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 11 Figure 1.1: Two representations of the Universe according to the beliefs of the Hindus and the Norse people.
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 12 Figure 1.2: Holmdel horn antenna used by Penzias and Wilson for the first detection of the Cosmic Microwave Background in 1964. From NASA.
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 113 Figure 1.3: Frequency dependence of the atmospheric opacity calculated with the plotAtmosphere function from analysisUtils python package developed by Hunter for the ALMA data reduction [15].
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 15 Figure 1.5: Intensity of the sky as a function of the wave number fitting the Planck function at T = 2.736 K, measured by the COBRA spectrometer, from Gush et al. [23]. This result was published a few months after the COBE's preliminaries results, brought up in 1.5.2.
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 16 Figure 1.6: The measured temperature map of the sky at 8 mm in ecliptic coordinates measured by RELIKT-1 instrument, from Klipin et al. [25].
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 5 3 2001 -WMAP After the undeniable success of COBE, a new mission was planned to map the CMB temperature anisotropies. The Winkinson Microwave Anisotropy Probe was a NASA spacecraft, where the main instrument consisted of a pseudo-correlation radiometer using 5-frequency bands (23 GHz, 33 GHz, 41 GHz, 61 GHz and 94 GHz). This instrument was more sensitive than COBE DMR (45 times) and provided a better angular resolution (33 times)[START_REF] Bennett | The Microwave Anisotropy Probe Mission[END_REF]). WMAP was stationed on the Lagrangian point L 2 ¶ for a planned 24 month lifespan in 2001 (9 years achieved).
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 18 Figure 1.8: Temperature fluctuations (from -200 µK to 200 µK around the black-body temperature) of the CMB, made from the 9 years of WMAP observations, from Bennett et al. [28].
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 19 Figure 1.9: Plot of the frequency dependence of the main contributions of the submillimeter sky in temperature, from the Planck collaboration [30].
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 110 Figure 1.10: Temperature fluctuations (from -300 µK to 300 µK around the black-body temperature) of the CMB, from Planck Collaboration [30].
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 111 Figure 1.11: Various (Ground, Balloon, and Space) missions able to observe the B-modes. The dashed line represents primordial B-modes. The continuous line represents secondary B-modes. Figure from the LiteBIRD collaboration [32].

Figure 1 . 12 :

 112 Figure 1.12: Past, current, and future missions for the B-mode detection for ground and balloon-borne instruments
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 21 Figure 2.1: Operating temperature range of different space coolers. Adapted from [49].
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 22 Figure 2.2: (a) -The three v-grooves, from 140 K (the hotter) to 46 K (the colder), are composed of carbon fiber honeycomb covered with aluminum. From [52]. (b) -The layer facing the Sun (bottom) is approximately 383 K while the coolest one (top) is at 39 K, passively radiating the heat into space while covering the instruments from the Sun and other heat sources. Photo: Northrop Grumman © .
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 23 Figure 2.3: Schematic drawing of the miniature 3 He refrigerator. The cryopump and evaporator chambers, P and E, respectively, are connected by a passage within the condenser plate C, mechanically and thermally anchored to the 4 He Dewar cold plate B. The cryopump included an electrical heater and thermometer Th and a thermal leak L to the 4 He bath. From Torre et al. [67].
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 24 Figure 2.4: Diagram of an ADR operation. (a)There is no cooling power available. (b) A magnetic field is generated inside the paramagnetic material. This will generate heating that will flow into the thermal bath. (c) The heat switch is opened when the magnetic field is at its maximum intensity, and no more heat is generated. (d) The magnetic field is slowly reduced. The temperature of the paramagnetic material and the focal plane decrease. A heat switch between the paramagnetic material and the focal plane can be installed to avoid consequent temperature fluctuations.
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 24 (a)). The magnet is activated, leading to a rise in temperature. The heat switch is activated to make heat flow to the thermal bath (fig.2.4 -(b)). When the paramagnetic material is thermalized (fig.2.4 -(c)), the heat switch is disabled, and the magnetic field intensity is gradually reduced (fig.2.4 -(d)) to reach the wanted temperature. Note that a heat switch can also be installed between the paramagnetic material and the focal plane.
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 25 Figure 2.5: Diagram of the Planck Open-Cycle Dilution Refrigerator. The properties of the 3 He -4 He mixture is exploited to produce a cooling power.

•

  Cool detectors (to 100 mK typically) • 2.2 µW of minimum cooling power at 100 mK (LiteBIRD mission as reference) • Continuous 100 mK (avoid loss sensitivity during the full-sky survey) • Temperature stability • 3 years of operation

  " Indeed " by Teal'C of Chulak, Stargate SG-1
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 32 Figure 3.2: Evolution of the molar enthalpy of the 3 He -4 He mixture against the 3 He concentration for various temperatures based on data from[START_REF] Chaudhry | Thermodynamic Properties of Liquid 3He-4He Mixtures Between 0.15 K and 1.8 K[END_REF].
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 33 Figure 3.3: (a) Two tanks containing pure3 He and pure4 He are separated by a wall, at a temperature T 0 and a pressure P 0 . (b) The wall is removed, and the two isotopes are mixed to form a homogeneous3 He -4 He mixture at a temperature T 1 and a pressure P 1 . This is the principle of irreversible dilution.
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 33333e34 Figure 3.4: Diagram of the 3 He -4 He mixture at a pressure of 1 bar.
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 3637 Figure 3.6: Saturated vapour pressure of pure 3 He[START_REF] Huang | A practical vapor pressure equation for helium-3 from 0.01K to the critical point[END_REF] and pure4 He[START_REF] Donnelly | The Observed Properties of Liquid Helium at the Saturated Vapor Pressure[END_REF]. Between 0.8 K to 1.2 K, the gaseous phase is mainly composed of pure 3 He.

3 : 3 :

 33 ) Parameters: Q : The cooling power [W] ṅ3 : The 3 He molar flow rate [mol.s -1 ] H d The molar enthalpy of 3 He inside the dilute phase [J.mol -1 ] H c The molar enthalpy of 3 He inside the concentrated phase [J.mol -1 ]

ṅ3 T 2 mc 3

 23 He molar flow rate [mol.s -1 ] T mx : The temperature of the mixing chamber [K] T in : The temperature of the fluid entering the mixing chamber [K]

Figure 3 . 8 :

 38 Figure 3.8: The osmotic pressure inside a3 He -4 He mixture for various temperatures against3 He concentration. If3 He is pumped from the still, the 3 He concentration of the dilute phase inside the still decreases. A concentration gradient between the still's liquid phase and the mixing chamber's dilute phase generates an osmotic pressure that drives3 He into the still. The same phenomenon will drive3 He from the concentrated phase to the dilute phase inside the mixing chamber. From[START_REF] Kuerten | Thermodynamic properties of liquid 3He-4He mixtures at zero pressure for temperatures below 250 mK and 3He concentrations below 8%[END_REF][START_REF] Radebaugh | Thermodynamic properties of helium3 -helium4 solutions with applications to the helium3+helium4 dilution refrigerator[END_REF].

4 : 4 :Figure 3 . 10 :

 44310 Figure3.10: The fountain pressure against the4 He fluid temperature. Due to the superfluid dominance at lower temperatures, the fountain pressure exponentially drops to zero. From[START_REF] Kuerten | Thermodynamic properties of liquid 3He-4He mixtures at zero pressure for temperatures below 250 mK and 3He concentrations below 8%[END_REF].

Figure 3 . 11 :Q = 5 .7 ṅ4 T 2 mc 4

 311524 Figure 3.11: Schematic of a 3 He -4 He dilution refrigerator where4 He is circulating. All parts are placed inside a vacuum chamber. Adapted from[START_REF] Pennings | The leiden dilution refrigerator[END_REF].

Figure 4 . 2 :

 42 Figure 4.2: Surface tension of3 He and4 He against their fluid temperatures. This property can discriminate3 He from4 He inside the mixing chamber, where the phase separator is a porous material. From[START_REF] Huang | Study on Surface Tension of Fluid Helium Three[END_REF] and[START_REF] Mulero | Recommended Correlations for the Surface Tension of Common Fluids[END_REF].

Figure 4 . 3 :

 43 Figure 4.3: Simplified schematic of the Benoît and Pujol's DR.3 He and4 He are independently injected inside the mixing chamber, then the mixture is pumped out of the cryostat. The two isotopes are separated and re-injected into the DR. From[START_REF] Benoit | Procédé et appareillage pour l'obtention de très basses températures[END_REF].

Figure 4 . 4 :

 44 Figure 4.4: Fluids circulation on Planck HFI cryogenic chain. Three vessels of pure4 He and one of pure3 He at a pressure of 295 bar supplied the mixing chamber. The cryogenic stage sequence thermalized the isotopes entering the dilution stage at a pressure of 18 bar.

  power dissipation by viscous heating [W] ṅ : The molar flow rate of the fluid [mol.s -1 ] C : The molar specific heat of the fluid [J.mol -1 .K -1 ] dT : The temperature difference over dl [K] dl : The section length [m]

Figure 4 . 6 :

 46 Figure 4.6: Molar specific heat of pure3 He, pure4 He and a 3 He -4 He mixture with 20 % of3 He between 50 mK to 1.6 K. From[START_REF] Chaudhry | Thermodynamic Properties of Liquid 3He-4He Mixtures Between 0.15 K and 1.8 K[END_REF].

Figure 4 . 7 :

 47 Figure 4.7: CAD model of the OCDR structure. The 12 niobium-titanium struts were combined with 12 stainless steel plates bounded with Stycast 2850FT (Cat V24) to form a structure that held the continuous heat exchanger. Between the plates, the capillaries remained free to move. The regulation plate was at the top of the structure, and the 1.4 K stage was below. Harness to the detectors and instrumentation was thermally anchored to each annular plate to limit the heat arriving at the cold part. Courtesy of Air Liquide.

Figure 4 . 8 :

 48 Figure 4.8: Design of the OCDR mixing chamber (right) compared to a 2€ coin (left).Three openings are visible (two for3 He and4 He inlets, one for the outlet3 He -4 He mixture). The mixing chamber is made of CuNi (70% / 30%). From[START_REF] Triqueneaux | Design and performance of the dilution cooler system for the Planck mission[END_REF].

Figure 4 . 9 :

 49 Figure 4.9: Injection of4 He and3 He inside the mixing chamber. An excess of3 He is injected into the mixing chamber leading to a generation of pure3 He droplets that are drawn into the stream by the mixture. Adapted from[START_REF] Benoît | Dilution refrigerator for space applications with a cryocooler[END_REF].

3 3 : 4 : 3 :

 3343 He molar flow rate [mol.s -1 ] H d The molar enthalpy of 3 He in the dilute phase [J.mol-1] T 3,in : The temperature of the incoming 3 He [K] T 3,out : The temperature of the outcoming 3 He [K] ṅ4 : The 4 He molar flow rate [mol.s -1 ] H 0 The molar enthalpy of pure 4 He [J.mol -1 ] T 4,in : The temperature of the incoming 4 He [K] T 4,out : The temperature of the outcoming 4 He [K] H 0 The molar enthalpy of pure 3 He [J.mol -1 ]

3 : 3 :

 33 T mc : The temperature of the mixing chamber[K] x 3 : The 3 He concentration of the 3 He -4 He mixture[START_REF] Craig | Hitchhiker's Guide to the Dilution Refrigerator[END_REF] x : The proportion of3 He used for the dilution process [1] ṅ3 : The 3 He molar flow rate [mol.s -1 ] H d The molar enthalpy of 3 He in the dilute phase [J.mol-1] ṅ4 : The 4 He molar flow rate [mol.s -1 ] H 0 The molar enthalpy of pure 3 He [J.mol -1 ] Similar to equation 3.8, equation 4.3 can be simplified below 250 mK, leading to equation 4.4. According to the 3 He -4 He phase diagram (figure 3.4), x = 7.2% at 100 mK. Q(T mc ) ≈ x 1x ṅ4 (95 -11)T 2 mc ≈ 6.52 ṅ4 T 2 mc (4.4) Parameters: Q : The cooling power [W] T mc : The temperature of the mixing chamber [K] x : The 3 He concentration of the 3 He -4 He mixture [1] ṅ4 : The 4 He molar flow rate [mol.s -1 ]

  5. Q(T mc ) = 2.44 ṅ4 T 2 mc -308 × 10 -9 (4.5) Parameters: Q : The cooling power [W] T mc : The temperature of the mixing chamber [K] ṅ4 : The 4 He molar flow rate [mol.s -1 ]
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 410 Figure 4.10: Enthalpy of pure3 He, pure4 He and3 He -4 He mixture with 7% of3 He, against the fluid pressure, for a temperature of 200 mK. From[START_REF] Chaudhry | Thermodynamic Properties of Liquid 3He-4He Mixtures Between 0.15 K and 1.8 K[END_REF].

Figure 4 . 11 :

 411 Figure 4.11: Cold tip of the Planck OCDR. The droplets of pure 3 He contained in the return capillary are slowly dissolved into the dilute phase. The cooling power produced by the dilution is intercepted by the cold tip and transmitted to the regulation plate by conduction.

Figure 4 .

 4 Figure 4.12: The specific heat of holmium between 50 mK and 700 mK. A Schottky anomaly around 200 mK is visible. This anomaly performs a passive thermal filter on the bolometer plate (focal plane). Adapted from[START_REF] Van Kempen | Heat capacities of the metals terbium and holmium below 1[END_REF].

Figure 4 . 13 :

 413 Figure 4.13: The cool-down of Planck started the 14 th of May, right after the launch. The bolometer plate reached 93 mK the 3 rd of July. Adapted from [52].

5 .

 5 Towards the CCDR " Never let your sense of morals prevent you from doing what is right. " by Isaac Asimov

Figure 5 . 2 :

 52 Figure 5.2: The effective height of3 He liquid and the effective height of4 He liquid around a temperature of 1 K using the Jurin's Law (equation 5.1). The surface tension of3 He comes from[START_REF] Huang | Study on Surface Tension of Fluid Helium Three[END_REF] and the surface tension of4 He comes from[START_REF] Mulero | Recommended Correlations for the Surface Tension of Common Fluids[END_REF]. The contact angle is taken as 45 • for both3 He and4 He[START_REF] Balibar | Wetting by solid helium, a model system[END_REF].

  flow rate through a single canal [m 3 .s -1 ] A : The cross section of the canal [m 2 ] k : The permeability of the canal [m 2 ] η : The dynamic viscosity of the fluid [Pa.s] L : The length of the canal [m] dP : The pressure drop [Pa] When combining Darcy's law with the time derivative of the ideal gas law resolved for V (equation 5.3), we obtain the Hagen-Poisseuille law in equation 5.4. PV = nRT ⇒ V = ṅRT of moles [moles] R : The gas constant [J.mol -1 .K 1 ] T : The temperature [K] V : The volumetric flow rate [m 3 .s -1 ] ṅ : The molar flow rate [mol.s -1 ]

2 ]Figure 5 . 3 :

 253 Figure 5.3: Sponge permeability against ṅ3 , the maximum molar flow rate of3 He at 1 K using the Hagen-Poisseuille's law (equation 5.4). For this application, the sponge is a porous media of 1x1x1 cm3 . The pressure outside the porous is 1 mbar, and the pressure inside is 2 mbar. The pore diameter is 50 µm. The viscosity of3 He is given by[START_REF] Huang | Viscosity of liquid and gaseous helium-3 from 3mK to 500K[END_REF].

Figure 5 . 4 :

 54 Figure 5.4: Sponge porosity against permeability using the equation 5.5.

  ) Parameters: Q f p : The injected power inside the chamber [W] T f p : The temperature inside the chamber [K] ṅ4 : The molar flow rate of 4 He [mol.s -1 ] s 4,in : The molar entropy of superfluid 4 He [J.mol -1 .K -1 ] s 4,out : The molar entropy of normal 4 He [J.mol -1 .K -1 ] Since the superfluid 4 He carry no entropy (s 4,in = 0), the equation 5.6 become simpler, leading to the equation 5.7. ṅ4 = Q f p T f p s 4,out (5.7) Parameters: Q f p : The injected power inside the chamber [W] T f p : The temperature inside the chamber [K] ṅ4 : The molar flow rate of 4 He [mol.s -1 ] s 4,out : The molar entropy of normal 4 He [J.mol -1 .K -1 ]

  Figure5.5: The fountain pump is in contact with the 3 He -4 He mixture located on the pore surface of the sponge. A heating power Q f p produces a lifting of the superfluid4 He into the chamber through the superleak. A thermometer monitors the temperature of the chamber. The 4 He flows through the vortex capillary. The turbulent flow protects the fountain pump from a thermal shortcut.

For a section dl

  of CFHX, every dl is characterized by local constant parameters, such as: T : The temperature of the fluid [K] P : The pressure of the fluid [Pa] V : The molar volume of the fluid [m 3 .mol -1 ] η : The dynamic viscosity of the fluid [Pa.s] l : The position of the section along the stream [m] The flow is also characterized by global constants along the stream, such as: D : The diameter of the stream [m] ṅ : The molar flow [mol.s -1 ] x : The 3 He concentration of the fluid [1]

  flow rate of the fluid [mol.s -1 ] c : The molar specific heat of the fluid [J.mol -1 .K -1 ] dT : The temperature difference over dl [

  He fluid to the capillary wall over dl [W]Qtr, w→m :The power from the capillary wall to the mixture over dl [

Figure 5 . 6 :

 56 Figure 5.6: Schematic representation of the counter-flow heat exchanger, where the heat flux from the 4 He fluid to the 4 He capillary wall (1), the heat flux from the 3 He fluid to the 3 He capillary wall (2) and the heat flux from the 3 He -4 He capillary wall to the 3 He -4 He mixture (3) are represented. The Kapitza boundary resistance is taken into account in these fluxes.

Figure 5 . 7 :

 57 Figure 5.7: Schematic representation of the counter-flow heat exchanger, where the heat generation from viscous heating takes place. The viscous heating inside4 He (4),3 He (5) and3 He -4 He mixture (6) are shown.

  of the fluid [kg.m -3 ] u : The velocity of the fluid [m.s -1 ] D : The inner diameter of the stream [m]The Darcy friction factor f D quantifies the friction losses inside the tube. This number is dimensionless. The Poisseuille law defines f D for a laminar flow (R e < 2000), and the Blasius equation defines f D for a turbulent flow (R e > 4000). Above R e = 10 5 , the Colebrook law is more accurate. Between 2000 < R e < 4000, the transition between laminar and turbulent regimes raises uncertainties on f D . Churchill proposed a single equation (equation 5.12) valid for all R e[START_REF] Churchill | Friction-factor equation spans all fluid-flow regimes[END_REF]. † A confusion between the Darcy friction factor f D , the Fanning friction factor f F , and the friction factor

  roughness of the canal [m] D : The inner diameter of the stream [m] The Reynolds number R e is introduced in equation 5.13, and ε is here the tube's effective roughness [m]. ε, characterizing the surface state of the capillaries. length of the canal [m] V : The volumetric flow rate through the canal [m 3 .s -1 ] ρ : The density of the gas [kg.m -3 ] η : the dynamic viscosity of the fluid [Pa.s] A : the cross-section of the canal [m 2 ]

4 : 3 : 4 : 3 :

 4343 flow rate through the canal [mol.s -1 ] V : The molar volume of the fluid [m 3 .mol -1 ] f D : The Darcy friction factor [1] ρ : The density of the fluid [kg.m -3 ] u : The velocity of the fluid [m.s -1 ] dl : The section length [m] S : The section of the canal [m 2 ] D : The inner diameter of the canal [m] Equation 5.14 can be manipulated to obtain the viscous heating per unit of length for the three streams of our counter-flow heat exchanger, relating to figure 5.7. The viscous heating inside the 4 He capillary over dl [W] Qvisc,The viscous heating inside the 3 He capillary over dl [W] Qvisc,m : The viscous heating inside the mixture capillary over dl [W] dl : The section length [m] f D,4 : The Darcy friction factor inside the 4 He capillary [1] f D,3 : The Darcy friction factor inside the 3 He capillary [1] f D,m : The Darcy friction factor inside the mixture capillary [1] ρ The density of the 4 He [kg.m -3 ] ρ The density of the 4 He [kg.m -3 ] ρ m : The density of the mixture [kg.m -3 ] ṅ4 : The 4 He molar flow rate [mol.s -1 ] ṅ3 : The 3 He molar flow rate [mol.s -1 ] ṅm : The 3 He -4 He mixture molar flow rate [mol.s -1 ] V 4 : The 4 He molar volume [m 3 .mol -1 ] V 3 : The 3 He molar volume [m 3 .mol -1 ] V m : The mixture molar volume [m 3 .mol -1 ] D 4 : The inner diameter of the 4 He stream [m] D 3 : The inner diameter of the 3 He stream [m] D m : The inner diameter of the mixture stream [m]

Figure 5 . 8 :

 58 Figure 5.8: Right: Schematic representation of the contact between two capillaries brazed with tin or silver. Left: Approximation of the layer thickness e of braze for calculations.

1 ]Figure 5 . 10 :

 1510 Figure 5.10: The second-sound velocity inside superfluid 4 He against the 4 He temperature. From [136] [137].

Figure 5 . 9 :

 59 Figure 5.9: Schematic representation of the counter-flow heat exchanger, where the heat flux from the adjacent sections dl are represented. Thermal power can come from the capillary walls[START_REF] Walker | On Milne's Theory of World-Structure *[END_REF]. Equations 8 to 10 represent the thermal conduction of the fluids.

Figure 5 . 11 :

 511 Figure 5.11: Evolution of the temperature along the counter-flow heat exchanger. The 3 He -4 He mixture capillary cools down the incoming3 He capillary. At lower temperatures, the temperature difference between the two fluids becomes higher due to the increase in the viscous heating contribution.

  flow rate of4 He [mol.s-1 ] 

Figure 6 . 1 :

 61 Figure 6.1: Design of the Demonstrator Model (DM) of the CCDR for Athena X-IFU. The proposed design consisted of a 1.7 K plate and a 50 mK plate connected by struts. The consequent length of Counter-Flow Heat Exchangers is wounded around the structure. The CFHX is thermally anchored to three temperature stages at 100 mK, 300 mK, and 400 mK.The isotope separation is done inside the still, where the4 He is extracted by the fountain pump, and the 3 He is extracted by pumping (pump not represented). A pumped4 He bath generates the 1.7 K plate temperature (1.7 K pot). From[START_REF] Vermeulen | Closed Cycle Dilution Refrigerator. CCDR for LiteBIRD[END_REF].

Figure 6 . 2 :

 62 Figure 6.2: The first STM design (left) proposed is an adaptation of the DM from Institut Néel. This design raised concerns about its mechanical performance. The first design evolved into the second STM design (right), where the external rings have given way to internal crowns.

Figure 6 . 3 :

 63 Figure 6.3: CAD model of the CCDR STM. The cold plate (a) is hosted by the 100 mK crown (b). (a) and (b) constitute together the 100 mK stage (c). The 1.7 K stage (k) and the 100 mK crown (b) are connected through the main struts (d). The small struts (i) support the two Heat Exchanger Crowns (HEC) (g) where HEC1 (350-450 mK temperature range) is (f) and HEC2 (250-350 mK temperature range) is (e). HEC1 and HEC2 are connected to the main struts by collars (h) and braids (j). The 100 mK stage (c) and the 1.7 K stage (k) are defined later as the thermal stage interfaces. Designed by Mehdi Bouzit.

Figure 6 .Figure 6

 66 Figure 6.3 represents the structural and thermal model of the CCDR. Since the still, the fountain pump, and the capillaries are not part of the STM yet, figure 6.4 is a schematic representation of the missing parts.

Figure 6 . 5 :

 65 Figure 6.5: Schematic view of the Heat Exchanger Crowns and the Counter Flow Heat Exchangers, separated into five sections. The CFHX in sections 1, 3, and 5 are "free" and "anchored" in sections 2 and 4. The still and other elements are not represented since the still and the fountain pump designs have not been decided. The section lengths are 1 m each since an optimization has not been performed.

7. 1

 1 DRACuLA 7.1.1 Overview DRACuLA (Detector irRAdiation Cryogenic faciLity for Astrophysics) is a dilution cryostat model LD400 from the Bluefors company. This cryostat can reach a temperature of 10 mK in less than 24 hours.

Figure 7 . 1 :

 71 Figure 7.1: The Gas Handling system, the cryostat DRACuLA and the electronic rack installed in room 05 of IAS. This dilution refrigerator can reach temperatures down to 10 mK.

Figure 7 . 3 :

 73 Figure 7.3: The two massive braids to connect the first stage of the PTC to the 50 K stage, and the second stage of the PTC to the 4 K stage.

7. 1 . 3

 13 Performances I measured the cooling power of DRACuLA at 100 mK. A cooling power of 720 µW has been attained at 100 mK, heating the still with Qstill = 40 mW. The performance at 100 mK is represented in figure 7.4.

Figure 7 . 4 :

 74 Figure 7.4: Top: Cooling power on the mixing chamber plate of DRACuLA against the measured flow rate. Bot: Heating applied to the still against the measured flow rate. The cooling power growth is due to the increase in the flow rate generated by still heating. A remaining unknown is the calibration of the flow meter integrated into the GHS of DRACuLA, nor the type of fluid configuration (pure 3 He, pure4 He or3 He -4 He mixture).

Figure 7 . 5 :

 75 Figure 7.5: The wiring from the 50 K plate to the 4 K plate (left) and from the 4 K plate to the 1 K plate (center). Each sleeve contains 8 twisted pairs of 127 µm Constantan wire. The 16 channels arrive on a bracket with 16 Lemo connectors.

Figure 7 . 6 :

 76 Figure 7.6: The circulation pump, the cryostat PIKACHU and the 4 He tank installed in room 05 of IAS.

Figure 7 . 7 :

 77 Figure 7.7: The large cold plate of Pikachu. The stainless steel 4 He bath and the mechanical heat-switch are visible to decouple the 1 K plate from the 4 K plate.

Figure 7 . 8 :

 78 Figure 7.8: Cold trap installed on the injection line to avoid blockages on the cold parts of the cryostat Pikachu.

Figure 7 . 9 :

 79 Figure 7.9: The measured resistance of the U07939 and U07940 thermometers (RX-102B) compared to the DRACuLA thermometer R10376 (filtered). The excitation of these 3 thermometers is 20 µV. Above 50 mK, no saturation phenomena occur. Below 50 mK, the tendency shows a saturation, most likely due to the lack of filters. Extract from the 2020 calibration.

Figure 7 . 10 :

 710 Figure 7.10: The resistance against the temperature of the five ROx-102A. The saturation here is a normal phenomenon since these thermometers are not designed to operate below 50 mK. The excitation current was adjusted to avoid self-heating (around 3 nA at 50 mK). Extract from the 2020 calibration.

Figure 7 . 11 :

 711 Figure 7.11: Temperature steps are generated on DRACuLA's cold plate for 2 hours. Temperature step changes were done by hand before implementing a python script. Extract from the 2020 calibration.

  conductivity [W.m -1 .K -1 ]

( 8 . 3 )

 83 3 -(a), and for a superconducting state, equation 8.3 -(b).(a) κ e,n = aT b (b) κ e,s = cTe d T Parameters: κ e,n : The normal electron thermal conductivity [

8. 1 . 2 Figure 8 . 1 :

 1281 Figure 8.1: Experimental setup for thermal conductivity measurement of Al6061-T6 inside the DRACuLA cryostat. Al6061-T6 sample (d) is connected to the cold plate. The top temperature is monitored by the thermometer (c), and the bottom temperature by the thermometer (e). Both temperatures will depend on the power flow going through the rod. The power is produced by the heater (a). (b) and (f) are additional thermometers. The radiative environment is at about 1 K inside DRACuLA and 4 K inside Pikachu.

Figure 8 . 2 :

 82 Figure 8.2: Power steps are generated. Every 2 hours, the current is increased. Extract of the thermal conductivity measurements of Al6061-T6 inside DRACuLA.

Figure 8 . 3 :

 83 Figure 8.3: Temperature steps generated by the power steps. The measurements of the "cold" (Low) and "hot" (High) thermometers are plotted against time. Extract of the thermal conductivity measurements of Al6061-T6 inside DRACuLA

Figure 8 . 4 :

 84 Figure 8.4: The mean temperatures are represented against the injected power. Extract of the thermal conductivity measurements of Al6061-T6 inside DRACuLA and Pikachu

Figure 8 . 5 :

 85 Figure 8.5: Comparison between the measurements and the fit of the thermal conductivity of Al6061-T6. The relative fitting error is also presented here. Sample of the Al6061-T6 thermal conductivity measurements inside DRACuLA.

Figure 8 . 6 :

 86 Figure 8.6: Thermal conductivity of Al6061-T6 compared with the work of Barucci et al. [149] and Marquardt et al. [148].

Figure 8 . 7 :

 87 Figure 8.7: CAD model of the 1.7 K stage (base of the CCDR). The holes (a) are dedicated to the coupling with the main struts reaching the 100 mK stage. The holes (b) are designed to connect the STM to the shaker at IAS. Designed by Mehdi Bouzit.

  The 100 mK crown has 2 different kinds of holes. The holes (c) (figure 8.8) are designed to connect the main struts that reach the 1.7 K stage. The holes (d) (figure8.8) are designed to connect the 100 mK crown to the Heat Exchanger Crown 2 at 300 mK.

Figure 8 . 8 :

 88 Figure 8.8: The 100 mK stage comprises the 100 mK plate (a) and the 100 mK crown (b). The holes (c) are dedicated to the coupling with the main struts that reach the 1.7 K stage. The holes (d) are dedicated to the coupling with the small struts reaching the Heat Exchanger Crown 2. The (e) holes are only useful during the assembly, hosting the centering pins. Designed by Mehdi Bouzit.

9 .

 9 The struts " Chaque fois que la science avance d'un pas, c'est qu'un imbécile la pousse, sans le faire exprès. " by Emile Zola, La joie de vivre

Figure 9 . 1 :

 91 Figure 9.1: Power coming from the 1.7 K stage (red arrows) and from the HEC2 (orange arrows) reduces the total cooling power.

Figure 9 . 2 :

 92 Figure 9.2: The thermal conductivity of CFRP[START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF], NbTi[START_REF] Pobell | Matter and methods at low temperatures. en. 3rd[END_REF], Al6061-T6[START_REF] Sauvage | A new thermo-mechanical structure design for space qualified close-cycle dilution refrigerator[END_REF] and SS316[START_REF] Barucci | Measurement of thermal conductivity of the supports of CUORE cryostat[END_REF] compared over the temperature range 100 mK -1.7 K.

Figure 9 . 3 :

 93 Figure 9.3: For these calculations, a strut of 20 cm length is considered. The thickness of the strut is 15% of the outer diameter D out . The power through the strut and the second moment of area is plotted against the cross-section of the strut.

Figure 9 . 4 :

 94 Figure 9.4: Thermal conductivity of CFRP provided by Runyan[START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF] and Martin[START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF]. Because the phonons are the only contribution to the thermal conductivity, the solid lines can be reasonably extended (dash lines).

The experimental setup is shown in figure 9 . 5 .Figure 9 . 5 :

 9595 Figure 9.5: Experimental setup for thermal conductivity measurement of CFRP inside the DRACuLA cryostat.

Figure 9 . 6 :

 96 Figure 9.6: Thermal conductivity of the DPP's CFRP (this work) compared with the CFRP of CST composites (Runyan et al.[START_REF] Runyan | Thermal conductivity of thermally-isolating polymeric and composite structural support materials between 0.3 and 4K[END_REF]) and with the CFRP of Decathlon (Martin thesis[START_REF] Martin | A closed cycle 3He-4He dilution refrigerator insensitive to gravity[END_REF]).

Figure 9 . 7 :

 97 Figure 9.7: Vibration simulations of the simplified STM, only composed of the six main struts and the two interface stages. The main struts are clamped. A first mode is observed at 533.8 Hz. The color scale represents the absolute displacement. Blue is minor displacements, red is major displacements. Simulation performed by Clémence de Jabrun with Siemens NX 12.

Figure 9 . 8 :

 98 Figure 9.8: Vibration simulations of the simplified STM, only composed of the 6 main struts and the two interface stages. The main struts are assembled with ball joints. A first mode is observed at 458.6 Hz. The color scale represents the absolute displacement. Blue is minor displacements, red is major displacements. Simulation performed by Clémence de Jabrun with Siemens NX 12.

Figure 9 . 9 :

 99 Figure 9.9: Relative deformation against the frequency for clamped junctions on main struts. The first mode is expected at 533.8 Hz. Noticeable deformations are expected at 966 Hz and 1180 Hz. Simulation performed by Clémence de Jabrun with Siemens NX 12.

Figure 9 . 10 :Figure 9 . 11 :

 910911 Figure 9.10: Relative deformation against the frequency for ball joints on main struts. The first mode is expected at 458.6 Hz. Noticeable deformations are expected at 831 Hz and 1121 Hz. Simulation performed by Clémence de Jabrun with Siemens NX 12.

Figure 9 .

 9 Figure 9.12: A cross-sectional drawing of a main strut set up on the 100 mK crown. Designed by Mehdi Bouzit.

Figure 9 .

 9 Figure 9.13: The "cold side" of the strut (c) is at fixed 100 mK monitored by a thermometer (d). Variation of the "hot side" temperature measured by the thermometer (b) depending on the power going through the strut generated by the heater (a). The radiative environment is around 1 K.

Figure 9 . 14 :

 914 Figure9.14: The temperature of the cold plate (constant 100 mK, blue dots) and the temperature of the strut's top (orange dots) are monitored against the power injected. The green diamonds represent the modeled "high temperature" from the CFRP (tube) and the Al6061-T6 (ball joints) thermal conductivities.

Figure 9 . 16 :

 916 Figure 9.16: An exploded view of a small strut. (a) A CFRP tube is bonded to a (d) titanium (Ti-6Al-4V) joint with a (c) thin layer of glue (Hysol 9394). Two seals (b) confine glue. Flexible blades are used to avoid constraints on the structure while tightening the (e) A2-70 nut. Designed by Mehdi Bouzit.

Figure 9 .

 9 Figure 9.17: A cross-sectional drawing of a small strut set up on the 100 mK crown. Designed by Mehdi Bouzit.

Figure 9 . 19 :

 919 Figure 9.19: Vibration simulation of the clamped main struts and the small struts with flexible blades. The first mode is at 323.2 Hz for this configuration.

Figure 10 . 4 :

 104 Figure 10.4: Picture of HEC1 and HEC2 installed into the heart of the STM. HECs are suspended from the 100 mK crown by the small struts. HECs are thermally connected to the main struts by the braids. Designed by Mehdi Bouzit.

Figure 10 . 5 :

 105 Figure 10.5: Comparison between the measurements and the fit of the thermal conductivity of the resin rigid 10K. The relative fitting error is also presented here. Extracted from the resin rigid 10K thermal conductivity measurements inside DRACuLA.

Figure 10 . 6 :

 106 Figure 10.6: Thermal conductivity of the resin Formlabs rigid 10K compared to the thermal conductivity of the CFRP (section 9.2) and Kevlar 29 (from[START_REF] Duband | Helium Adsorption Coolers for Space[END_REF]) against the temperature.

Figure 10 . 7 :

 107 Figure 10.7: Dimensions of the tensile test sample following the norm ISO 527. The two ends of the sample are maintained by jaws. The specific section of these samples is 40 mm 2 (10 mm width by 4 mm thickness).

Figure 10 . 8 :

 108 Figure 10.8: A sample of resin"clear" installed on the tensile test machine. The sample is maintained by two jaws. Only the upper jaw is mobile.

Figure 10 . 9 :

 109 Figure 10.9: Example of a tensile test result, where the stress is plotted against the strain.

  the young modulus [Pa] • The elastic limit stress [Pa] • The elongation at elastic limit [%] • The ultimate stress [Pa] • The elongation at ultimate stress [%] • The fracture stress [Pa] • The elongation at fracture [%]

10. 4 . 4 Printing

 44 Figure 10.10 provides an overview of the main steps to print samples. The samples are printed upside-down by the Formlabs Form 3L. The samples are cleaned with ethanol. A post-polymerization process is performed. The samples are placed inside a hot chamber at 60 • C, and exposed to a UV light for an hour.

Figure 10 .Figure 10 . 11 :

 101011 Figure 10.10: (Upper left) The samples are printed upside-down. (Bottom left) The samples are cleaned with ethanol. (Right) The samples are placed inside a heat chamber at 60 • C and exposed to UV lights for an hour to perfect the polymerization.

Figure 10 . 12 :

 1012 Figure 10.12: Tensile test of the resin clear at room temperature. Three samples of each orientation are tested.

Figure 10 . 13 :Figure 10 . 14 :

 10131014 Figure 10.13: Tensile test of the resin clear at -60 • C. Three samples of each orientation are tested.

Figure 10 . 15 :Figure 10 . 16 :

 10151016 Figure 10.15: The stress at the elastic limit of the resin clear against the orientation at room temperature and at -60 • C.

Figure 10 . 17 :

 1017 Figure 10.17: The ultimate stress of the resin clear against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure 10 . 18 :Figure 10 . 19 :

 10181019 Figure 10.18: The strain at the ultimate stress of the resin clear against the orientation at room temperature and at -60 • C.

Figure 10 . 20 :

 1020 Figure 10.20: The strain at fracture of the resin clear against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure 11 . 1 :

 111 Figure 11.1: Schematic view of the experimental setup to test the reduced STM inside DRACuLA. The reduced STM (f) is connected to the DRACuLA mixing chamber plate (a). The temperature of the 100 mK plate is monitored by a ROx-102A thermometer (g). The heat switch (e) is connected to a copper rod (b) from the DRACuLA still plate.The heat switch base temperature is monitored by a thermometer ROx-102A (d), and the temperature regulation is made by a 9 kΩ heater (c). The top of the heat switch is connected to the 1.7 K stage of the reduced STM by a copper braid (j). The temperature of the 1.7 K stage is monitored by three thermometers (h), and the temperature regulation is made by three 3 kΩ heaters (i). The radiative environment is around 3 K.

Figure 11 . 2 :

 112 Figure 11.2: Forecast of the power involved against the temperature of the two interface stages. The x-axis represents the temperature of the 1.7 K stage. The 100 mK stage is represented through the legend.

11. 1 .

 1 2 1.7 K stage temperature regulation The temperature of the 1.7 K stage was stabilized by three heaters of 3 kΩ each at 120 • around the stage to ensure a perfect temperature homogeneity. To confirm the homogeneity, the three thermometers (CX-1010), also located at 120 • each (following the figure11.3), are monitored by a Lakeshore 336, and one thermometer is used as input for the PID regulation.

3 :

 3 The three heaters (a) are 3x3 kΩ installed at 120 • to heat the stage. The amount of injected current is defined by the PID handled by a Lakeshore 336. The temperature of the 1.7 K stage is monitored by three CX-1010 thermometers (b).

Figure 11 . 4 :

 114 Figure 11.4: The current i, injected by the Lakeshore 336, goes through the three resistors of 3 kΩ. A voltmeter measures the voltage between the first and the third resistor (Keithley 196). The current i is measured by an ampere-meter (Keithley 2000).

Figure 11 . 5 :

 115 Figure 11.5: Thermal conductivity of phosphor-bronze against the temperature. The stars are the measurement points from[START_REF]Cryogenic Wire/technical-specifications[END_REF]. The continuous line is a fitting function applied to the measurement points. The dashed-dotted lines estimate the upper and lower limits of the thermal conductivity below 1 K proposed by[START_REF] Woodcraft | Thermal conductance at millikelvin temperatures of woven ribbon cable with phosphor-bronze clad superconducting wires[END_REF]. The dashed line represents the thermal conductivity extrapolation below 1 K.

Figure 11 . 7 :

 117 Figure 11.7: The reduced STM, composed of the 100 mK stage (100 mK crown and 100 mK plate) and the 1.7 K stage. The six main struts connect the two thermal stages.

1 ]Figure 11 . 8 :

 1118 Figure 11.8: Specific heat of Al6061-T6 from 4 K to 300 K. From[START_REF] Radebaugh | Cryogenic Materials Properties Reference List[END_REF].

1 ]Figure 11 . 9 :Q

 1119 Figure 11.9: Thermal conductivity of CFRP T300. From[START_REF] Lejdström | Simulations Thermiques de la partie instrumentation HFI du Téléscope Spatiale Planck[END_REF].

Figure 11 . 10 :Figure 11 . 12 :Figure 11 . 13 :

 111011121113 Figure 11.10: Cool-down time of the 1.7 K stage, made of 585 g of Al6061-T6 from 300 K to 4 K based only on the conduction of the CFRP.

Figure 11 . 14 :Figure 11 . 15 :

 11141115 Figure 11.14: Cross-section of the reduced STM inside DRACuLA focuses on the interface between the mixing chamber plate (a) and the 100 mK plate (c). A CuC2 gold-plated interface piece (b) connects the mixing chamber plate to the STM. The interface was designed to avoid contact between the mixing chamber plate and the 100 mK crown.

Figure 11 . 16 :

 1116 Figure 11.16: Reduced STM inside DRACuLA. A ROx-102A thermometer is connected to the STM 100 mK cold plate, which is used as input to steady the plate's temperature.
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Figure 11

 11 Figure 11.17: Temperature and power measurements of the 1.7 K stage during the configuration 1.7 K/100 mK. Thermometer 1 was used to regulate the temperature of the stage at 1.7 K. The thermometer "Base heat switch" was used to regulate the temperature of the heat switch's base at 1.7 K. The injected power is represented in the bottom subplot, together with a smoothing plot. Sample of the reduced STM measurement inside DRACuLA.

Figure 11 . 18 :

 1118 Figure 11.18: Thermal performances of the reduced STM, representing the power involved for the temperature of the two interface stages. The x-axis represents the temperature of the 1.7 K stage. The 100 mK stage is represented through the legend.

Figure 11 . 19 :Figure 11 . 20 :

 11191120 Figure 11.19: Full STM after assembly. The position of the collars is not relevant to the final design. A reduction of the braid's flexibility due to the silver braze limited the positions along the main struts (a problem already described in previous sections).

Figure 11 . 21 :

 1121 Figure 11.21: Schematic view of the full STM with the scenario 100 mK/1.7 K. Q1 is the power flow from the 1.7 K stage to the collars of HEC1. Q2 is the power flow from the collars of HEC1 to the collars of HEC2. Q3 is the power flow from the collars of HEC2 to the 100 mK crown. Q4 is the power flow from HEC1 to HEC2. Q5 is the power flow from HEC2 to the 100 mK crown.

Figure 11 . 22 :

 1122 Figure 11.22: Impact of the HEC2 temperature on the power arriving at the 100 mK stage.

Figure 11 . 23 :

 1123 Figure 11.23: Impact of the HEC1 temperature on the injected power to maintain the 1.7 K stage at 1.7 K.

Figure 11 . 24 :

 1124 Figure 11.24: On top: program of the injected power at one side of the braid 1. On the bottom: the temperature of the two ends of braid 1.

Figure 11 . 25 :

 1125 Figure 11.25: Temperature of one end of the braid when the other end is thermalized at 100 mK against the injected power.

Figure 11 . 27 :

 1127 Figure 11.27: Full STM with instrumentation ready to be installed inside DRACuLA.

"

  Keep moving forward. " Cornelius Robinson, in Meet the Robinsons Due to various delays during this research program, out of the team's control (COVID-19, collaboration), several other points need to be addressed in order to reach an operational Engineering Model of the CCDR. Here is a list of future actions

  flow rate through the sample [mol.s -1 ] η : The dynamic viscosity of the fluid [Pa.s] R : The gas constant [J.mol -1 .K -1 ] of the ideal gas law combined with the Hagen-Poisseuille gives equation 12.2. k = 2 Vin P in ηL A(P 2 in -P 2 out )

The 4 -

 4 20 mA signals are directed to a 100 Ω high precision resistor to generate a voltage, and an Agilent 34970A monitors the voltages. A dedicated electronic box to centralize the electronic input and output was built (figure 12.2), and the detailed view is presented in figure 12.3.

Figure 12 . 2 :

 122 Figure 12.2: Building steps of the electronic board and integration. The design circuit is carved on a copper plate PCB with a laser cut. The PCB is cut at the right dimension. The resistors are soldered, as well as the wire to the different connectors. The box gathers all electronic input and output for the permeability bench.

Figure 12 . 3 :

 123 Figure 12.3: Detail of the input and output of the electronic box of the permeability bench.

Figure 12 . 4 :

 124 Figure 12.4: Left: A scale model of a fountain pump (only the stainless tube and the chamber, represented by a mass) installed on the shaking pot of IAS. An accelerometer is installed at the top of the model. Right: Breakage of the tube near the brazing with the interface.

Figure 12 . 5 :

 125 Figure 12.5: Performances of the fountain pump built by Angela Volpe at Institut Néel during her Ph.D. The performances of this fountain pump are well-known (2014-02-27).This fountain pump was shaken then the performances were re-determined (2018-10-10). After a full inspection of the fountain pump, the fountain pump was tested again (2019-02-26). From[START_REF] Vermeulen | Private communication[END_REF].

Figure 12 . 6 :

 126 Figure 12.6: Gas Handling System provided by Institut Néel. This system needs a refurbishment to fit the future experiments at IAS.

  .

Figure 12 . 7 :

 127 Figure 12.7: The refurbished GHS from Institut Néel in operation. The entire system has been cleaned. The old pumps were swapped for dry pumps. Some instrumentation was replaced or re-calibrated.

  Overview A Alternative dilution refrigerators . . . . . . . . . . . . . . . B Space stuff. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C 3D printing resin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure A. 1 :

 1 Figure A.1: Schema of the solution refrigerator. The cooling power produced by the mixture of 4 He inside 3 He is used by the LOAD. Superfluid 4 He is circulating thanks to a FOUNTAIN PUMP

Figure A. 2 : 2 mc

 22 Figure A.2: Schema of the ACE Inc. cycle, similar to the Leiden dilution refrigerator, from[START_REF] Hendricks | A HELIUM-3/HELIUM-4 DILUTION CRY-OCOOLER FOR OPERATION IN ZERO GRAVITY[END_REF] 

Figure B. 2 :

 2 Figure B.1: Tightening torque for ground equipment

  According to the standard ISO 16290:2013 [166], the definition of the Technology Readiness Levels is: • TRL 1 -Basic principles observed and reported • TRL 2 -Technology concept and/or application formulated • TRL 3 -Analytical and experimental critical function and/or characteristics proofof-concept • TRL 4 -Component and/or breadboard functional verification in a laboratory environment • TRL 5 -Component and/or breadboard critical function verification in a relevant environment • TRL 6 -Model demonstrating the critical functions of the element in a relevant environment • TRL 7 -Model demonstrating the element performance for the operational environment • TRL 8 -Actual system completed and accepted for flight ("flight qualified") • TRL 9 -Actual system "flight proven" through successful mission operations C. 3D printing resin C.1 The resin rigid 10K C.1.1 The Young modulus

Figure C. 1 :Figure C. 2 :Figure C. 3 :

 123 Figure C.1: The Young modulus of the resin rigid 10K against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 4 :Figure C. 5 :Figure C. 6 :Figure C. 7 :

 4567 Figure C.4: The ultimate stress of the resin rigid 10K against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

C. 2 C

 2 The resin rigid 4000

Figure C. 8 :Figure C. 9 :Figure C. 10 :

 8910 Figure C.8: The Young modulus of the resin rigid 4000 against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 11 :Figure C. 12 :Figure C. 13 :Figure C. 14 :

 11121314 Figure C.11: The ultimate stress of the resin rigid 4000 against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

C. 3

 3 The resin high temp C.3.1 The Young modulus

Figure C. 15 :Figure C. 16 :Figure C. 17 :

 151617 Figure C.15: The Young modulus of the resin high temp against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 18 :Figure C. 19 :Figure C. 20 :

 181920 Figure C.18: The ultimate stress of the resin high temp against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 21 :

 21 Figure C.21: The strain at fracture of the resin high temp against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 22 :Figure C. 23 :Figure C. 24 :

 222324 Figure C.22: The Young modulus of the resin model against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 25 :Figure C. 26 :Figure C. 27 :

 252627 Figure C.25: The ultimate stress of the resin model against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

Figure C. 28 :

 28 Figure C.28: The strain at fracture of the resin model against the orientation at room temperature and at -60 • C compared the value provided by Formlabs [158].

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  .1).

				Radiator Earth
				Orbit
				Radiator Deep Space
				(e.g. L2)
				Peltier
		Stirling and Pulse Tube coolers
		Rev turbo Brayton cooler
	He		H2	
	Joule Thomson Cooler	
	He	H2	Ne	N2
		Cryostat		
	3 He/ 4 He sorption			
	pump coolers			
	Dilution cooler			
	NIS chip			
	Adiabatic Demagnetisation			
	Refrigerator (ADR)			

  Département des Systèmes Basses Températures

	II	
		Overview
	3	Principle of the dilution refrigerators . . . . . . . . . . . .
	4	A dilution refrigerator in space?

. . . . . . . . . . . . . . . . 5 Towards the CCDR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  The regulation plate is coupled to the bolometer plate by holmium-yttrium struts. The HoY struts are used as a thermal conductor and filter, giving a Schottky anomaly around 200 mK (see figure4.12).

	0.1	0.2	0.3	0.4	0.5	0.6	0.7
			Temperature [K]			

Table 5 .

 5 1: Results obtained by Chaudhry et al. [127] on a insensitive-gravity CCDR, no sponge was used. Gravity separated the phases inside the still. The fountain pump was dipped inside the still's liquid phase. Overview of the project . . . . . . . . . . . . . . . . . . . . . . . . 7 Facilities and equipments . . . . . . . . . . . . . . . . . . . . . .

	mK]

Volpe's thesis reports a successful running of the CCDR with a sponge (bronze sintered and Procelit 160, prioritizing the P160).

[START_REF]Planck 2018 results. VI. Cosmological parameters[END_REF] 
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Table 6 .

 6 1: Specification of the CCDR-EM

	Attribute		Specification
	Dimensions	< 350 mm	and < 250 mm height
	Weight		< 6 kg
	Base temperature		100 mK
	Intermediate temperature stage Cooling power	300 mK and 400 mK 0.5 µW at 50 mK and 2 µW at 100 mK
	Heat sink	< 5.3 mW at 1.7 K
	Focal plane mass		750 g
	Vibrations	Ariane 6 vibration levels [140]
	Shaking sustain	Highest first mode (> 140 Hz) Limit the numbers of modes below 2 kHz

The specifications of the CCDR-EM for the Pixie mission are as follows:

Table 9 .

 9 1: Forecast of the power through the different struts types according to the thermal conductivity of the DPP's CFRP. Q is for a single strut.

	100 mK stage 1.7 K stage	0.1	1.7	0.0078 0.0068 0.20	1.34
	100 mK stage	HEC 2	0.1	0.3	0.003	0.002 0.051	0.037
	HEC 2	HEC 1	0.3	0.4	0.003	0.002 0.021	0.085

Table 9 . 2

 92 9.2. 

	Fiber volume fraction Resin	± 63% Bisphenol A epoxy resin
	Glass transition temperature	120 o C
	Fiber type	Toray T700
	Tensile strength (per fiber)	4900 MPa
	Tensile modulus (per fiber)	230 GPa
	Ultimate elongation (per fiber)	2%
	Tensile strength (full composite)	2500 MPa
	Tensile modulus (full composite)	140 GPa
	Compression strength (full composite)	1600 MPa
	Ultimate elongation (full composite)	2%

: Material specification from the manufacturer datasheet

Table 10 .

 10 • C are done. The technique to perform the tests at 77 K is still under investigation.10.4.3 CandidatesFormlabs can provide various resins with a wide range of use. Some properties, such as the Young modulus or the ultimate tensile strength, are given in the datasheet. The mechanical properties provided by the datasheet vary with the type of post-processing (without, post-polymerization type 1 or post-polymerization type 2). 1: Resin properties according to the Formlabs datasheet [158].

	The five resins with the highest value of "Young modulus x Ultimate tensile strength" have
	been selected (table 10.1).	
	Resin	Young modulus [GPa] Ultimate tensile strength [MPa]
	Clear	2.8	65
	Rigid 10K	10	65
	Rigid 4000	4.1	69
	High temp	2.8	58
	Model	2.7	61

Table 10 .

 10 • C (figure C.22). 2: The Young modulus [GPa] for the five resins at room temperature and at -60 • C, compared with the Young modulus provided by Formlabs [158]. The maximum value is taken from the five orientations.

		Clear	Rigid 10K Rigid 4000 High Temp	Model
	Datasheet	2.9	10	4.1	2.8	2.7
	293 K	1.7	1.3	1.7	1.8	1
	210 K	3.5	no data	2.6	3.1	3.2

Table 10 .

 10 • C (figure C.25). 3: The ultimate stress [MPa] for the five resins at room temperature and at -60 • C, compared with the ultimate stress provided by Formlabs [158]. The maximum value is taken from the five orientations.

		Clear	Rigid 10K Rigid 4000 High Temp	Model
	Datasheet	65	65	69	58	61
	293 K	56	63	45	30	36
	210 K	39	no data	21	33	39

  • C (figure C.14). Many samples broke into the machine's jaw (figure C.21).

		Clear	Rigid 10K Rigid 4000 High Temp	Model
	Datasheet	6	1	5.4	3.2	5
	293 K	12.6	3.1	12.6	2.1	5.9
	210 K	1.9	no data	1.1	1.4	1.7
	High temp: Model: The strain at fracture depends only slightly on the orientation for both temperatures
	(figure C.28).					

  mK, 100 mK, 110 mK, 150 mK, 200 mK, 250 mK, and 300 mK. The model I developed can forecast the thermal behavior of the reduced STM. The results of this forecast are displayed in figure11.2. This forecast only considers the thermal conductivity of the materials, properties that have been determined previously in this manuscript. The thermal interface between the 100 mK plate and the 100 mK crown is not considered. Better performances are expected since a single strut (see figure9.14) showed to be less conductive than the theory.

		1e 5					
		1.00	90 mK				
		0.95	100 mK 110 mK				
	Power [W]	0.80 0.85 0.90	150 mK 200 mK 250 mK 300 mK				
		0.75					
		0.70					
		1.60	1.65	1.70	1.75	1.80	1.85	1.90
				Temperature [K]	

  Figure 11.6: Estimate of the power escaping the 1.7 K stage to the DRACuLA's cold plate. The x-axis represents the temperature of the 1.7 K stage. DRACuLA's cold plate temperature is represented through the legend.

		1e 6					
			90 mK				
		1.0	100 mK				
			110 mK				
	Power [W]	0.8 0.9	150 mK 200 mK 250 mK 300 mK				
		0.7					
		1.60	1.65	1.70	1.75	1.80	1.85	1.90
				Temperature [K]	

  7 K stage ( Qheat switch , table 11.1). The power balance is expressed in equation 11.2. The thermal performances of the reduced STM, Qstruts , are presented in table 11.18. Performances are much more affected by the temperature of the 1.7 K stage than by the temperature of the 100 mK plate.

		1e 6					
		3.6	90 mK				
		3.4	100 mK 110 mK				
		3.2	150 mK				
	Power [W]	2.8 3.0	200 mK 250 mK 300 mK				
		2.6					
		2.4					
		2.2					
		1.60	1.65	1.70	1.75	1.80	1.85	1.90
				Temperature [K]		
		Qstruts = Qheater ± Qheat switch -Qwires				(11.2)
	Parameters:					
		Qstruts Qheater Qheat switch : The power escaping through the heat switch : The power escaping through the struts : The power injected by the heater Qwires : The power escaping through the wires	[W] [W] [W] [W]

§ Region free of strong sources

* Proportional Integral Derivative

* CRTBT merged with three other labs in 2007 to become the Institut Néel.

* Cahier des Clauses Techniques Particulières

* Without oil
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Exchangers, separated into five sections. The capillaries in sections 1, 3, and 5 are "free" and "anchored" in sections 2 and 4. The still and other elements are not represented since the still, and the fountain pump designs have not been decided. The section lengths are 1 m each since an optimization has not been performed.

Temperatures profile inside the CFHX

Using the CFHX model, developed with Rasul Gazizulin, is described in section 5.2. The temperature of the two fluids can be estimated (figure 10.2).

To perform the simulation, some assumptions are made. The values given here are not the final values since no optimization has been done. Some inputs depend on the STM thermal performances.

The molar flow rates of 3 He and 4 He are fixed values. The molar flow rate of the 3 He - 4 He mixture is the sum of the molar flow rate of 3 He and 4 He.

We made the assumption of pure isotopes, meaning that only pure 3 He flows inside the 3 He capillary, and pure 4 He flows inside the 4 He capillary. This is not the case since the 3 He circulator extracts a gaseous phase composed of 99% of 3 He and 1% of 4 He. The purity of the injected 4 He is near 100%. The 4 He capillary is neglected.

The 3 He concentration inside the 3 He capillary and 3 He - 4 He mixture capillary is calculated using the molar flow rates.

The capillaries have a 400 µm inner diameter and 600 µm outer diameter along the CFHX. Inside the thin wall tube, one surface is connected to the hot end and the other to the cold end, separated by a gap. When the pump is activated (a heating release the 4 He from the charcoal), the gaseous 4 He conduct heat between the two surfaces. When the conduction is not required anymore, the heating is cut, and the 4 He is recovered by the charcoal. The two ends of the switch then become isolated.

However, there is still a residual conduction because of the remaining free gaseous 4 He and the conduction of the thin wall tube. The estimate of the parasitic heat is necessary between 1.6 K and 1.9 K.

Verification of the heat switch

To measure the performance of the heat switch, a thermometer (R0x-102A) and a heater (10,000 kΩ) were placed at the top of the heat switch, and a thermometer (CX-1010) is connected to its base. The heat switch was connected to the cold plate of DRACuLA.

When both ends of the heat switch are at the same temperature, a given heating is applied at the top to reach a certain temperature. When the steady state is reached, the total amount of power injected equals the parasitic heat (figure 11.12). For the range of targeted permeability (10 -13 m 2 < k < 10 -10 m 2 ), a flow-meter sensible to 0 -25 Nl.min -1 is pertinent.

Also, the porous material will generate a pressure drop between the input and the output.

The upstream pressure P in can be extracted from the Hagen-Poisseuille law and expressed by equation 12.4. The pressure P out is taken as 101325 Pa. The helium flow must pass through the porous, so the sample holder must confine the sample properly.

A cold trap is installed on the injection line to avoid any pollution of the porous, and a micro-particle filter is added at the end to the flow to avoid any pollution of the room atmosphere. Several valves are also added to direct the flow. The entire circuit can handle

A. Alternative dilution refrigerators A.1 The solution refrigerator

First discussed by Radebaugh in 1983 [START_REF] Radebaugh | Fundamentals of Alternate Cooling Systems[END_REF], the design of the solution refrigerator can propose a continuous cooling power using the mixing of 4 He inside 3 He (see fig. A.1). 3 He is a stationary fluid, while 4 He is circulating. A nanoporous material is used as a superleak. Only superfluid 4 He can go through the nanoporous because of its zero viscosity property. The superfluid 4 He is injected into the mixing chamber, producing a cooling power used by the load. A fountain pump is disposed on the 4 He line to make it circulate. 4 He is extracted from the mixing chamber thanks to the fountain pressure.