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Several space mission projects, such as LUVOIR, Arago, PolStar, and CASSTOR, plan to use a spectropolarimeter operating in the ultraviolet (UV) range. The main goals of these instruments is the study of stars and their environments, in particular their magnetic fields and magnetospheres, as well as the interstellar medium and exoplanets. However, high-resolution spectropolarimeters operating over a wide spectral range only exist on instruments on Earth and in the visible or infrared wavelength ranges. The work carried out in this thesis aims at studying prototype polarimeters in order to design and optimize them over the wavelengths of interest. Several wavelength ranges were considered, depending on the studied instruments, between 90 and 400 nm. Two prototypes were studied: one using birefringent materials and operating by transmission, and one operating exclusively by reflection. An optimization method was developed to maximize the efficiency of the polarimeters for the chosen wavelength ranges. The performance is evaluated considering both the transmission, a real challenge in the UV, and the polarimetric efficiencies. Some polarimeters have been designed with this optimization method for specific missions. Finally, three experiments were set up to test these two prototypes optically and thermally. Two experiments were designed to test the transmission polarimeter. First, it was tested in the UV and in vacuum in order to measure the polarimetric efficiencies of the prototype under its operating conditions. This experiment was subject to many technical difficulties, and real experimental expertise was gained in these wavelength ranges. This experiment does not allow us to conclude about the exact performance of the polarimeter, but it has allowed us to pinpoint many of the technical issues that will arise in the design of such an instrument. By considering all these topics, a future experiment will be able to better test the polarimeter. Then, examples of the modulator used in this polarimeter underwent a series of thermal cycles to study the resistance of molecular bonding of its plates. Indeed, molecular bonding of birefringent materials is fragile due to the anisotropic expansion of the materials with temperature. These tests showed that a vast majority of the studied prototypes resisted temperature variations well, but some bonding broke. The results do not seem correlated with the parameters of the samples and indicate a high dependence of the bonding strength on the manufacturing conditions. Some studies of the strength of molecular bonding are underway and further work should focus on optimizing and reproducing the bonding conditions to strengthen the bonding. Finally, the third experiment tests a prototype by reflection using gold mirrors. This experv Technical details on the experiments performed on the prototype by transmission
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Résumé

Plusieurs projets de missions spatiales, tels que LUVOIR, Arago, PolStar ou CASSTOR, prévoient l'utilisation d'un spectropolarimètre fonctionnant dans le domaine de l'ultra-violet (UV). Parmi les objectifs principaux de ces instruments on trouve l'étude des étoiles et leurs environnements, en particulier leurs champs magnétiques et leurs magnétosphères, ainsi que le milieu interstellaire et les exoplanètes. Cependant, les spectropolarimètres haute résolution fonctionnant sur une large gamme spectrale n'existent que sur des instruments sur Terre et dans le domaine des longueurs d'onde visibles ou infrarouges. Le travail réalisé au cours de cette thèse vise à étudier des prototypes de polarimètres afin de les concevoir et de les optimiser sur les longueurs d'onde UV d'intérêt. Plusieurs gammes de longueurs d'onde ont été considérées, en fonction des instruments étudiés, entre 90 et 400 nm. Deux prototypes de polarimètres ont été étudiés : un prototype utilisant des matériaux biréfringents et fonctionnant par transmission et un prototype fonctionnant exclusivement par réflexion. Une méthode d'optimisation a été développée pour maximiser l'efficacité des polarimètres pour les gammes de longueurs d'onde choisies. La performance est évaluée en prenant en compte la transmission, véritable challenge de l'UV, ainsi que l'efficacité polarimétrique. Quelques polarimètres ont été conçus avec cette méthode d'optimisation pour des missions spécifiques. Enfin, trois expériences ont été mises en place pour tester ces deux prototypes sur les plans optique et thermique. Deux expériences ont été conçues pour tester le polarimètre par transmission. Tout d'abord, il a été testé dans l'UV et sous vide afin de mesurer l'efficacité du prototype dans ses conditions de fonctionnement. De nombreux problèmes techniques sont venus compliqués cette expérience, et une réelle expertise expérimentale a été acquise sur les expériences dans ces domaines de longueur d'onde. Cette expérience ne permet pas de conclure quant aux performances exactes du polarimètre mais a permis d'identifier de nombreuses questions techniques qui se présenteront dans la conception d'un tel instrument. En prenant en compte tous ces sujets, une prochaine expérience pourra permettre de mieux tester le polarimètre. Ensuite, des exemplaires du modulateur utilisé dans ce polarimètre ont été soumis à une série de cycles thermiques pour étudier la résistance de l'adhésion moléculaire de ses lames. En effet, l'adhésion moléculaire de matériaux biréfringents est fragile en raison de l'expansion anisotropique des matériaux avec la température. Ces tests ont montré qu'une grande majorité des exemplaires étudiés résistaient bien aux variations de température, mais certaines adhésions ont rompu. Les résultats ne semblent pas corrélés avec les paramètres des exemvii plaires et indiquent une grande dépendance de la résistance de l'adhésion à ses conditions de fabrication. Quelques études de résistance de l'adhésion moléculaire sont en cours et la suite de ce travail devra se concentrer sur l'optimisation et la reproductibilité des conditions d'adhésion pour son renforcement. Enfin, la troisième expérience permet de tester un prototype par réflexion utilisant des miroirs en or. Cette expérience permet également de mesurer les propriétés polarimétriques de certains matériaux pressentis pour de tels polarimètres par réflexion et ainsi mieux simuler les polarimètres étudiés. L'expérience n'a pour l'instant pu être réalisée que dans le visible mais a été conçue pour être par la suite insérée dans une cuve sous vide afin de faire des tests dans l'UV. L'alignement du prototype par réflexion a été identifié comme un véritable challenge technique qui nécessitera une grande attention dans le futur pour améliorer les performances de ce prototype. Les méthodes utilisées pour l'étude et la conception des polarimètres ainsi que les expériences réalisées et leurs résultats sont présentés dans cette thèse. 

Introduction to polarimetry

The history of polarization began in 1669 when Erasmus Bartholinus first observed an image duplicated by an Iceland spar [2]. This is the first known observation of what is now called birefringence (see Section 1.2.1). Huygens described this phenomenon and proposed an explanation of what would be called polarized light in 1678 [START_REF] Huygens | Traité de la lumiére, où sont expliquées les causes de ce qui lui arrive dans la reflexion, et dans la refraction: et particulierement dans l'étrange refraction du cristal d'Islande: avec un discours de la cause de la pesanteur[END_REF]. It was not until Malus, in 1808, that further work was done on this subject [START_REF] Louis | Mémoire sur la mesure du pouvoir réfringent des corps opaque[END_REF]. He observed the light reflected on the windows of the Luxembourg Palace and used an Iceland spar to see it fade with the rotation of the crystal. He had just discovered the polarization of light by reflection. He officially introduced the term "polarized light". In 1811, Arago built the first device to determine whether light is polarized: a polariscope [1]. In 1812, Brewster studied the light reflected by glass as a function of its incidence angle [5]. He observed that there was an angle of incidence for which he was able to extinguish the light with an Iceland spar and succeeded in establishing the relationship between the two: this is what is known today as the Brewster angle (see Section 1.2.3) [START_REF] Lyle | A brief history of polarimetry[END_REF]. Polarimetry was then extensively studied in the 19th century, and became a useful tool in the 20th century, in particular in astronomy and chemistry.

This Chapter is an introduction to polarization and polarimetry. Polarization is first described, then the conventions used along this thesis are defined in Section 1.1. Some useful components to study polarization are introduced in Section 1.2. Finally, methods and tools to design polarimeters are presented in Section 1.3.

Polarization

This Section defines the notion of polarization. It is mainly based on [START_REF] Pérez | Optique: Fondements et applications[END_REF].

Definition

Light can be considered as an electromagnetic wave. It is composed of an electric field E and a magnetic field B, vibrating orthogonally to light propagation axis. The direction of vibration of the electric field E is called the polarization of the light wave. If the vibration has no particular direction, it is said to be unpolarized. If the vibration occurs in a plane, it is linearly polarized. If the vibration rotates around the axis of propagation of light, it is circularly polarized. In all cases, it is possible to project this vibration in the plane orthogonal to the wave propagation. This projection forms an ellipse. If the light is unpolarized, the ellipse will have a zero radius, and will be represented by a point, as can be seen in Figure 1.1a. If the light is linearly polarized, the projection forms a line as shown in Figure 1.1b. In the case of circular polarization, the ellipse is a circle, as seen in Figure 1.1b. Finally, in the general case of polarized light, the projection is an ellipse and its characteristics (dimensions and angles) represents the polarization.

Stokes convention and Mueller matrices

There are several formalisms to describe and study polarization. In this thesis, to process the data and do the calculations, the Stokes convention has been chosen. The Stokes convention makes it possible to use matrix calculations via Mueller matrices and therefore simplifies the data processing. The Stokes parameters can be computed in several different ways. They are introduced here through the parameters of the ellipse of polarization. This definition only allows to describe 100% polarized light. However, the Stokes parameters can also describe unpolarized or partially polarized light. In these cases, the Stokes parameter should be defined from the components of the electric field. The Stokes vector computed from the ellipse of polarization is defined by:

S =       I Q U V       =       a 2 + b 2 (a 2 -b 2 )cos(2θ) (a 2 -b 2 )sin(2θ) 2abm       (1.1)
where a and b are the axis of the ellipse, θ is the angle of the ellipse, and m is the sign of the rotation of the circular polarization. The ellipse and its characteristics are illustrated in Figure 1. 2 The coefficient I corresponds to the intensity of the light. The coefficients Q and U correspond to its linear polarization (respectively along the reference axis and along an axis at 45 • from it) and the coefficient V corresponds to its circular polarization. The 4 components can thus describe all possible polarization states.

If the wave is fully polarized, the Stokes parameters verify the following equation:

I 2 = Q 2 + U 2 + V 2 . (1.2)
If the wave is totally depolarized, coefficients Q, U, and V are null:

U = V = Q = 0. (1.3)
If the wave is partially polarized, Stokes parameters verify the following equation:

Q 2 + U 2 + V 2 = I 2 p < I 2 . (1.4)
where I p is the intensity of the polarized light. We call the degree of polarization (DOP ) the ratio:

DOP = I p I . (1.5)
The important advantage of using Stokes vectors is to study polarization through matrix calculations. Indeed, each optical component, or each object interacting with light can be modeled by a matrix. For each component, its matrix defines the way the component modifies the polarization: it is called the Mueller matrix. The Mueller matrix M i of a component i is defined by: S out = M i . S in (1.6) .

Polarization components 5

If N components are in the optical path of the light, the Mueller matrices of these components are multiplied to obtain the total modification of the polarization. We obtain:

S out = M N ...M 1 . S in = 1 i=N M i . S in (1.7)
Since matrix multiplication is non-commutative, the order of the N components is important.

In addition, if we rotate a component relative to the incoming light, its effect on polarization will be different and so will be its Mueller matrix. If we call M the Mueller matrix before the rotation and M m the Mueller matrix after a rotation by an angle m, we can define M m by :

M m = R(-m).M.R(m) (1.8)
with is the rotation matrix defined by:

R(m) =       1 0 0 0 0 cos(2m) sin(2m) 0 0 -sin(2m) cos(2m) 0 0 0 0 1       (1.9)
It is important to note that all these equations are wavelength dependent. The Mueller matrices are in general different from one wavelength to another. This method can therefore easily model the impact of optical components on polarization. This technique is widely used in astrophysics in particular, and it was used in the work presented in this thesis.

Polarization components

In this Section, optical components and properties that will be used in the remainder of the thesis are presented. The majority of this Section is inspired from [START_REF] Malherbe | Optique de polarisation et ses applications[END_REF], [10].

Birefringence

Birefringence is an anisotropic property of certain transparent media. The Iceland spar mentioned in the introduction is one of them. The refractive index of the birefringent medium is not uniform and depends on the direction of polarization of the light in the material. As usual, the refractive index also depends on the wavelength λ. Birefringence is due to the structure of the material: it has a non-cubic crystal structure. This particular structure affects the speed of light in the material depending on the structure's orientation and creates a slow axis and a fast axis in the material. Light polarized parallel to the slow axis is slowed down more than light polarized parallel to the fast axis: different polarization inputs undergo different refractions in the material. This results in a splitting of the images in most cases, as can be seen in Figure 1.3. This phenomenon is called birefringence and it occurs naturally in some crystals. It can also be generated by a mechanical or thermal stress applied on a material. Some liquid crystals can also become birefringent, depending on the electric current applied to them. Birefringence is commonly used to delay one polarization with respect to the other. This property is used to produce retarders, as explained in Section 1.2.2. Birefringence is also used to physically separate the orthogonal polarizations, as it will be explained in Section 1.2.3. In Figure 1.3, a component using birefringence to separate orthogonal polarizations is illustrated. In picture 1.3a, the component is showed next to a printed text. In picture 1.3b, the same text is seen through the optical component. As one can seen, the image of the text is duplicated: the two images are formed by the two orthogonal polarizations of the light.

Retarders or waveplates

Waveplates or retarders are optical components that create a delay between the light going through the two axes of polarization defined by the fast and slow axes of the plates. These plates are made of birefringent material. Quarter-wave plates and half-wave plates are commonly used in optics. The quarter-wave plate creates a delay of π/2, i.e. a quarter of a wavelength, between the two components of polarization defined by the plate axis. In particular, the use of a quarter-wave plate can transform a linear polarization into a circular polarization and vice versa. The half-wave plate creates a delay of π, i.e. half a wavelength.

The Mueller matrix of a waveplate with an axis α versus the reference angle of polarization and inducing a delay φ at wavelength λ is:

D(α, λ) =       1 0 0 0 0 cos 2 (2α) + sin 2 (2α)cos(φ) sin(4α)sin 2 (φ/2) -sin(2α)sin(φ) 0 sin(4α)sin 2 (φ/2) sin 2 (2α) + cos 2 (2α)cos(φ) cos(2α)sin(φ) 0 sin(2α)sin(φ) -cos(2α)sin(φ) cos(φ)      
(1.10)

Polarizers

Linear polarizers

A linear polarizer is an optical component that transmits light only at a given polarization.

The light coming out of the polarizer is linearly polarized along the axis of the polarizer.

There are several types of linear polarizers, such as grating polarizers which are made of long parallel metal wires. They transmit light polarized perpendicularly to the wires and reflect the light polarized along other directions. Other polarizers work by absorption: their crystals aborb light polarized along one polarization and transmit the rest of the light.

Prisms

Another way to polarize light is to use birefringent prisms. By using the birefringence of some materials, orthogonal polarizations can be separated. The two output beams are called the ordinary and extraordinary beams. The ordinary beam corresponds to the polarization perpendicular to the optical axis of the crystal. The extraordinary beam corresponds to the polarization parallel to the plane formed by the optical axis and the direction of propagation of light. There are many different prisms, the two that are used in this thesis are the Rochon prism and the Wollaston prism. The Rochon prism does not deflect the ordinary beam but deflects the extraordinary beam. The two beams thus have different optical paths.

It is particularly useful to create a linear polarization, aligned on the optical axis. The Wollaston prism deflects both the ordinary and extraordinary beams symmetrically. When measuring the two beams, it is useful because the two beams follow optical paths of the same length, so that the measurements respect a symmetry that we do not have with the Rochon prism. Figure 1.4 presents several types of polarization splitters, including the Rochon and Wollaston prisms. 

Brewster angle

The Brewster angle θ Brewster is the angle for which the light reflected by a crystal is fully polarized. Brewster showed that this angle is defined by:

θ Brewster = arctan( n 2 n 1 ) (1.11)
with n 1 the index of the medium where the light is propagating and n 2 the index of the crystal [5]. This angle is therefore dependent on wavelength and on the optical index of the crystal. This law does not apply to metals, but a similar principle in the case of metallic mirrors will be presented in Chapter 4 of this thesis.
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Mueller matrix of a perfect polarizer

A perfect polarizer can be described by the following Mueller matrix:

P (β) = 1 2       1 cos(2β) sin(2β) 0 cos(2β) cos 2 (2β) cos(2β)sin(2β) 0 sin(2β) cos(2β)sin(2β) sin 2 (2β) 0 0 0 0 0       (1.12)
where β is the angle of the polarizer axis. The polarizer output is a light wave polarized along the axis defined by β.

Integrating spheres

An integrating sphere is an optical component mainly used for the production of a uniform light source. The inner surface of the sphere has a highly reflective and diffusive coating. The rays entering the sphere are diffused and reflected many times before exiting it. These multiple reflections destroy all spatial characteristics, including polarization. An integrating sphere can thus be used as a depolarizer to create a non-polarized source.

Other components

Many other components have an effect on polarization. Some components are very difficult to model and their Mueller matrices are not easy to compute. For example, a mirror creates both a phase shift between the components of the light and a polarizing effect: it does not reflect the components of the light with the same reflectivities. Therefore, the calculation of the Mueller matrix of a plane mirror is not straigthforward. It will be detailed in Chapter 4. Other components such as elliptical or parabolic mirrors need to be studied in detail to determine their Mueller matrices, as for instance in the article by Rodriguez-Herrera et al. [START_REF] Charles | Mueller matrix for an ellipsoidal mirror[END_REF].

Polarimetry

Polarimetry is the measure of polarization. The complexity of polarimetry lies in the fact that we can only measure the intensity of light I on current detectors. Since traditional sensors (CCD, CMOS, MCP, etc) are not sensitive to the polarization of light but only to its intensity, the information of the polarization state Q, U, or V must be encoded into I. To do this, the polarimeter creates a modulation: a variation of the intensity which unravels the polarization information. Polarimetry uses photometric measurements to find the polarization. A polarimeter is composed of a modulator and an analyzer. The modulator encodes the polarization information into the measurable intensity and the analyzer, by
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Stokes vector S in . The Stokes vector should be related to intensity measurements in order to extract its parameters.

Since only intensities are measured, only the first component of S out is useful, it gives the total intensity measured by the detector. The modulation matrix O is defined, as a matrix of dimensions 4xN, by combining every first line of the Mueller matrix of the polarimeter for each of the N modulation angles. This modulation matrix O allows us to write an equation for the measurement process:

I out =        I ′ m 1 I ′ m 2 . . . I ′ m N        = O * S in , (1.14)
where I out is the vector of the series of N intensity measurements recorded for each angle m of modulation and S in is the input Stokes vector. To retrieve the Stokes vector, the demodulation matrix D, is defined by the pseudo-inverse of the modulation matrix O [13]:

D = (O T * O) -1 * O T (1.15)
where O T is the transpose of the modulation matrix O. For a non-square modulation matrix, there is an infinity of demodulation matrices. The pseudo-inverse is the one that minimized the noise propagation. The input Stokes vector can be retrieved using equation 1.16:

S in = D * I out (1.16)
Therefore the initial Stokes vector S in can be directly computed from the N intensity measurements I out . The demodulation matrix is also used to determine the efficiency of the polarimeter as defined in the next paragraph.

Efficiencies

In order to quantify the proper operation of the polarimeter, polarimetric efficiencies are defined using equation 1.17:

ǫ i = (n. n j=1 D i,j ) -1/2 (1.17)
This equation defined mathematically in [13] gives the proportion of signal dedicated to a polarization measurement. It is the ratio between the signal to noise ratio (SNR) in the polarization parameters and the SNR in the intensity. [13] shows that these efficiencies verify 1.3 Polarimetry 13 the following equations:

ǫ I ≤ 1 ǫ 2 Q + ǫ 2 U + ǫ 2 V ≤ 1 (1.18)
We wish to have the best SNR possible for the polarization measurements, so we aim to design polarimeters with the highest possible efficiency values. Using equations 1.18, it is easy to find that the optimum efficiencies to retrieve Q, U, and V simultaneously with the same SNR is 1 √ 3 . To design polarimeters, we define an optimization parameter ∆ǫ:

∆ǫ = ( 1 √ 3 -ǫ Q ) 2 + ( 1 √ 3 -ǫ U ) 2 + ( 1 √ 3 -ǫ V ) 2 (1.19)
To approach the most efficient polarimeter, we try to minimize this parameter. ǫ Q , ǫ U , ǫ V , and ∆ǫ depend on wavelength λ.

Figure of merit

The study of polarimeters using the previously defined efficiencies does not consider the transmission of the polarimeter. Indeed, the efficiencies define the proportion of SNR used for polarimetry, but remain independent of the amount of signal transmitted by the polarimeter. In order to consider the transmission of the polarimeter in the design, a figure of merit is introduced :

κ(λ) = E(λ). T (λ) (1.20) with E = ǫ Q +ǫ U +ǫ V 3
, i.e. the mean of the polarimetric efficiencies and T is the transmission of the polarimeter. Using the square root on transmission maximizes the importance of transmission in the equation. Indeed, maximizing the flux is essential in polarimetry.

Spectropolarimetry

Spectrometry is the measurement of the intensity of light as a function of wavelength. Spectropolarimetry is the fusion between polarimetry and spectrometry, i.e. the study of the polarization of light as a function of wavelength. As a first step, the spectrometric and polarimetric parts of a spectropolarimeter can be studied separately. In particular the polarimeter can be studied independently of the spectrometer. This will be done in this thesis. The spectrometry part will not be discussed, and only the study of UV polarimeters will be treated. Nevertheless parameters of the polarimeters are studied over the spectrum, and in particular, efficiencies and figures of merit are studied as a function of the wavelength. The optimization process focuses on the average values of the spectrum.

For more details on polarimetry for astronomical use, these references are highly recommended: [11,[START_REF] Keller | Spectropolarimetry[END_REF][START_REF] Snik | Astronomical Polarimetry: Polarized Views of Stars and Planets[END_REF][START_REF] Tinbergen | Astronomical polarimetry[END_REF].

Introduction to the thesis and plan

Spectropolarimetry is burgeoning in the field of astrophysics, thanks to ground-based spectropolarimeters in the visible and infrared wavelength domains. The need for UV spectropolarimetry is clear for many astrophysical studies. To escape the terrestrial atmosphere which absorbs most of the UV waves, UV spectropolarimeters are being studied in the framework of space missions. High-resolution (HR) spectropolarimeters on a wide UV range have never been tested, and for some wavelength ranges, they have never been studied. This thesis is part of this context, with the objective of increasing the Technology Readiness Level (TRL) of UV polarimeter prototypes. Two prototypes in particular have been studied: a prototype by transmission using birefringent materials, and a prototype by reflection using mirrors.

This thesis has 5 Chapters. In this first Chapter the basic knowledge of polarization was reviewed and the methods that are used in the remainder of the thesis to study polarimetry were presented.

Chapter 2 places this thesis in its astrophysical context before getting into the heart of the thesis. Science objectives and space missions for which the polarimeters have been studied during this thesis are presented.

Chapter 3 focuses on a prototype of polarimeter working by transmission. This principle of polarimeter is already well known [START_REF] Pertenais | Spectropolarimétrie stellaire UV et visible depuis l'espace[END_REF] and the theory carried out focuses mainly on the design and optimization methods. Two experiments have been set up to test this polarimeter. The first experiment objective is to test the polarimeter optically to characterize its performance. The second experiment tests the polarimeter thermally, to see if this prototype would survive in space conditions. Both experiments and their results are presented in Chapter 3.

Chapter 4 focuses on a prototype for a reflective polarimeter. This type of polarimeter is innovative and reaches wavelengths never studied before in polarimetry (down to 90 nm in the present case). The theory of this new type of polarimeters is detailed and a test experiment has been set up. The experiment is also detailed in Chapter 4.

Finally, in Chapter 5, I summarize the results obtained in this thesis and suggests future work to continue to progress on the development of UV spectropolarimeters.

Chapter 2

Context in astrophysics

The concept of spectropolarimetry appeared thanks to Pieter Zeeman who demonstrated the existence of polarized spectral lines under the effect of magnetic fields in 1896 [START_REF] Zeeman | The Effect of Magnetisation on the Nature of Light Emitted by a Substance[END_REF]. Highresolution spectropolarimeters have been studied extensively since the 1990's, particularly for applications in astronomy. This Chapter first introduces the science achievable with UV spectropolarimetry and its use in astronomy. Then, some space missions considering UV spectropolarimeters are presented. The design and optimization of polarimeters for these missions will be addressed in this thesis.

Spectropolarimetry for astrophysics

Spectropolarimetry can be useful to study many astronomical objects. For example, planets and exoplanets reflect light from their host stars and polarize it. This polarization gives information about the (exo)planets: their atmospheres, their orbital configurations, etc. Spectropolarimetry is also particularly useful to characterize the magnetic field of stars. Indeed, under the effect of a magnetic field, the Zeeman effect is observed in stellar lines as explained in Section 2.1.1: a spectral line splits into several shifted lines with different polarizations. Magnetic fields can be computed from the measurement of these polarized lines. Some astrophysical applications of UV spectropolarimetry are detailed in Section 2.1.2.

In recent years, many spectropolarimeters have been designed. For example, on the ground, ESPaDOnS [START_REF] Manset | Espadons: an echelle spectropolarimetric device for the observation of stars[END_REF] and SPIRou [15] at the Canada France Hawaii Telescope (CFHT) make high-resolution spectropolarimetry measurements possible in the visible and infrared wavebands. (Neo)Narval [7] on the Bernard Lyot Telescope (TBL) at the Pic du Midi in France and HARPSPol [START_REF] Piskunov | Harpspol the new polarimetric mode for harps[END_REF] on the 3.6 m telescope at the La Silla observatory in Chile both work in the visible range, and SPiP will soon be installed at TBL for the infrared range [START_REF] Josselin | Spectropolarimetry at pic du midi observatory[END_REF]. A polarimetric mode was also set up at the Robert Stobie Spectrograph on the Southern African Large Telescope (SALT), and is working down to 320 nm [START_REF] Potter | Commissioning the polarimetric modes of the robert stobie spectrograph on the southern african large telescope[END_REF]. In the UV light however, it is essential to send the instruments into space to get rid of the terrestrial atmosphere. The interest of the UV range for spectropolarimetry is synthesized in Section 2.1.3. Only one

Context in astrophysics

UV spectropolarimeter studying stars have flown in space so far: the Wisconsin Ultraviolet Photo-Polarimeter Experiment (WUPPE) [START_REF] Kh Nordsieck | The wisconsin ultraviolet photo-polarimeter experiment (wuppe)[END_REF]. WUPPE flown twice for a few days only in the 90's in the space Shuttles Columbia and Endeavour. It had a 50-cm telescope and collected low-resolution (∼330) spectropolarimetric measurements for 121 objects from 140 to 330 nm. Some space missions to study specific spectral features of the Sun have also been launched. In the UV, the Chromospheric Lyman-Alpha Spectro-Polarimeter (CLASP) and CLASP2 obtained first spectropolarimetric measurements of the Sun with a 27-cm telescope on a sounding rocket [START_REF] Watanabe | Ly-alpha polarimeter design for CLASP rocket experiment[END_REF], [START_REF] Song | Optical alignment of the high-precision uv spectro-polarimeter (clasp2)[END_REF]. Their Stokes I, Q, and U measurements concentrated on a very narrow spectral band (around Ly α at 121.567 nm for CLASP and around 280 nm for CLASP2) with a resolution of 12000. No high-resolution spectropolarimeter working on a wide spectral band and measuring all polarizations (I, Q, U, and V) has been launched yet, but many projects are under study. Some of these projects have been studied in this thesis and are presented in Section 2.2.

Zeeman effect

Spectrometry consists in the decomposition of the studied light intensity according to the wavelength. The study of spectral lines gives important information on the observed subject. Spectral lines result from the excitation or de-excitation of an atom. A spectral line in emission is created by the de-excitation of an atom. A light source is composed of excited atoms. The atoms emit light energy to return to a neutral (non-excited) state. The energy released is in the form of a light wave characterized by:

E 0 = hc λ 0 (2.1)
where E 0 is the released energy, h the Planck constant, c the speed of light, and λ 0 the wavelength of the released wave. The energy levels of an atom are quantified, that means they can only take a discrete number of energy states. Therefore, a light source always emits the same energies defined by equation 2.1, with the same wavelength. In the case of an absorption spectrum, we observe a neutral gas that is illuminated by a source. The atoms of the gas absorb light energy specific to their energy quantization, with the same formula as equation 2.1. The spectrum studied is continuous with darker lines corresponding to the absorption wavelengths of the gas. The Zeeman effect, named after Pieter Zeeman (Nobel prize 1902), designates the division of an energy level specific to an atom into several energy levels in the presence of a magnetic field [START_REF] John | Observing and modelling stellar magnetic fields-1. basic physics and simple models[END_REF]. The Zeeman effect is illustrated in Figure 2.1. Without magnetic field, the levels of energy are degenerated and the released energy E 0 has a wavelength λ 0 . In the presence of a magnetic field, the degenerescence is lifted and the energy released or absorbed by an atom can correspond to several different energies leading to several wavelengths. For instance, the levels E 0 , E 1 , and E 2 in Figure 2.1 lead to the emission of light at wavelengths λ 0 , λ 1 , and

Without magnetic field

With magnetic field λ 2 . Triplets are common, but there may be more energy levels depending on the considered atomic transition. In concrete terms, this means that in the presence of a magnetic field, there will be a division of the absorption line into several lines slightly shifted in wavelength with respect to each other. Unless the magnetic field is strong, this effect is not really visible in spectrometry because the shift of the lines is very small. Indeed, the separation between the central wavelength and the external wavelengths ∆λ is given by equation 2.2:

∆λ = 4.67.10 -13 gλ 2 0 B (2.2)
where g is the Landé factor of the line, λ 0 the central wavelength, and B the magnetic field. Therefore in most cases, and especially in the UV where λ 0 is small, the Zeeman splitting will only lead to a tiny broadening of the spectral line. Most instruments do not have a sufficient spectral resolution to resolve this tiny Zeeman splitting.

However, each line resulting from a Zeeman splitting is polarized differently. In a Zeeman triplet, the central line is linearly polarized whereas the external lines are circularly polarized, each one in an opposite direction. This polarization information are used to detect the Zeeman effect.

For instance, typical profiles of Stokes I and V as a function of wavelength in the case of a Zeeman effect are presented in Figure 2.2. The spectral lines are not well separated, as can be seen in the intensity profile I. The line separation is small, and therefore difficult to measure in a noisy spectrum. The polarization signal visible in Stokes V however is easier to measure. Using the weak-field approximation, the polarization created in the lines is directly related to the magnetic field by:

B long = 2.1410 11 vV (v)dv λgc [1 -I(v)]dv (2.3)
with B long the longitudinal magnetic field, λ 0 the central wavelength, g the Landé factor of the line, c the speed of light, and v the velocity.

To summarize, measuring spectral line polarization is more sensitive than measuring a line splitting in Stokes I. This is why spectropolarimetry is a more powerful tool than spectrometry. In addition, the higher the spectral resolution, the more details can be obtained in the Stokes profiles and thus in the magnetic mapping of a celestial object. Moreover, the larger the wavelength coverage of the instrument, the more spectral lines can be studied and thus the higher the SNR can be obtained in the polarization measurements.

The measured polarization signals are generally very weak. In order to maximize the SNR, the Least Square Deconvolution (LSD) method can be used: if the electromagnetic field is weak and the lines all come from the same source under the same conditions, all spectral lines can be used simultaneously by performing a weighted sum [14]. The SNR of the Zeeman signature averaged over N spectral lines increases by √ N at first order. To this aim, it is necessary to perfectly know the intensity spectrum of the source, i.e. the position and amplitude of its lines. One then uses the Stokes profiles averaged over a spectrum rather than from a single line to determine the magnetic field. The efficiency of this method relies in measurements over wide spectral bands, making it possible to have as many spectral lines as possible used in the average. Finally, while the Zeeman effect is most commonly used in spectropolarimetry, other polarization effects exist. For example, the Hanle effect has been successfully used for the Sun, but not applied for other stars yet. In addition, polarization can appear without the presence of a magnetic field, for example through scattering. In astrophysics this is particularly relevant for any non-spherical geometry, e.g. a circumstellar disk.

Below, I present some examples of the main scientific cases from some space missions for high-resolution large-waveband UV spectropolarimetry. More details on those cases and additional ones can be found in the articles [4,[START_REF] Neiner | Uvmag: stellar formation, evolution, structure and environment with space uv and visible spectropolarimetry[END_REF][START_REF] Scowen | Polstar-an explorer-class fuv spectropolarimetry mission to map the environments of massive stars[END_REF].

Examples of sciences cases Stellar Physics

Spectropolarimetry is mainly used to measure stellar magnetic fields. As discussed above, by measuring the Zeeman effect in the spectral lines of a star, we can retrieve its magnetic field. A cartography of the magnetic field of a star can be constructed using Zeeman-Doppler imaging [START_REF] Kochukhov | Doppler and zeeman doppler imaging of stars[END_REF][START_REF] Semel | Zeeman-doppler imaging of active stars. i-basic principles[END_REF][START_REF] Semel | Zeeman-doppler imaging of active stars. 3: Instrumental and technical considerations[END_REF]. The polarization measurements are related to the longitudinal component of the magnetic field, i.e. they depend on the direction of the magnetic field with respect to the line-of-sight. When a star rotates, if the magnetic axis is not aligned with the rotation axis, the longitudinal component of the field changes with the stellar rotation phase. This rotational modulation of polarization is used to reconstruct the full magnetic field strength and configuration even if we measure only the longitudinal component of the field. This technique has already been widely used to study the field at the surface of stars in the visible domain. In addition, measuring the full Stokes vector (I, Q, U, V), i.e. linear polarization in addition to circular polarization, more details of the magnetic field of a star can be characterized..

Using UV spectropolarimetry, these magnetic field studies are not limited to the surface of the star, but can be applied to the medium and flows around the star (stellar wind, chromosphere, corona,...) which are only detectable in the UV. In particular, the UV range includes resonance lines of various highly ionized species (C IV, Si IV, Al III, N V, O VI...), that are sensitive to the stellar wind and probe different heights above the photosphere. In addition, linear polarisation and depolarisation processes in circumstellar environments, e.g. in accretion or decretion disks, will be very interesting to study.

Interstellar Medium

The interstellar medium (ISM) is the medium that composes the space between stars in galaxies. It is mainly composed of gas and dust and can be found in 3 different phases. The first phase is composed of hot ionized gas at a temperature of 10 6 -10 7 K. It is characterized by the presence of O VI (doublet at 103.19 and 103.76 nm) and C IV (many lines from 94.81 to 155.08 nm). The second phase is colder, it has a temperature between 6.10 3 and 10 4 K and is composed of neutral or ionized gas. It can be studied through the spectral lines O I (many lines from 92.20 to 135.85 nm) and N I (90.52 to 183.67 nm). The last cold phase has a temperature between 10 and 200 K and is composed of neutral gas, including H I (91.46 to 121.57 nm) and C I (94.52 to 199.36 nm) [START_REF] Kelly | Atomic and Ionic Emission Lines below 2000 Angstroms -Hydrogen through Krypton[END_REF]. The study of the ISM thus requires 2.2 Space mission projects 21

Particular interest of ultraviolet

As described in the previous Sections, the UV wavelength range is particularly important for many astrophysical studies because it is particularly rich in atomic and molecular transitions. For stellar physics, measurements in the visible are used to characterize the surface of the star and to determine its properties such as magnetic field, temperature, and rotation, while measurements in the UV give information on the environment of the star and can be used to measure the stellar wind, magnetosphere etc. It is therefore by combining observations in the visible and in the UV that we can establish a complete map of the properties of the star and its environment, and establish links between causes (spots, magnetic footpoints,...) and consequences (coronal mass ejections, disks,...). The study of the phases of the ISM is mainly done in the UV because the ionic components of the ISM radiates in the FUV. Finally, for the study of planets and exoplanets, the UV is an important domain, because the Rayleigh scattering is particularly strong at these wavelengths. It also covers the spectral lines of carbon, allowing to detect the presence of this chemical element in the atmosphere of the observed object.

Space mission projects

This thesis was conducted in the framework of a Centre National d'Etudes Spatiales (CNES) Research and Technology (R&T) study "UV spectropolarimetry" set up in 2012. This R&T has notably accompanied the Arago project, an M-class space mission proposed to ESA, and the POLLUX instrument proposed for the LUVOIR flagship mission to NASA. This thesis was built around the three polarimeters of POLLUX. The main goal of the thesis is to increase the TRL of a wide-band UV spectropolarimeter. The work done in this thesis also led to the design of the polarimeters of CASSTOR, a nanosatellite demonstrator, and PolStar, a mission proposed to NASA. All these missions are presented in this Section.

Arago

Arago is a space project imagined by the UVMag consortium to respond to ESA's calls for M-class space missions. The objective of Arago is to study the cycle of matter in the Milky Way as well as star-planet interactions via the study of magnetospheres (see Section 2.1). Arago is a Cassegrain telescope of 1.3-m diameter equipped with a spectropolarimeter operating between 119 and 888 nm with a spectral resolution of 25000 in the UV and 35000 in the visible. Both circular and linear polarizations are measured, i.e. full Stokes parameters I, Q, U, and V. The technical specifications allow for detection up to Ly α . This makes it possible to study stars and their environments as well as exoplanets. More science cases are detailed in [START_REF] Neiner | Uvmag: stellar formation, evolution, structure and environment with space uv and visible spectropolarimetry[END_REF]. Arago was studied by Martin Pertenais during his thesis, which led him to elaborate the complete optical design of the spectropolarimeter, with the help of Laurent Parès [START_REF] Pertenais | Spectropolarimétrie stellaire UV et visible depuis l'espace[END_REF]. My thesis builds on this work to study future UV space polarimeters.

Chapter 3 Transmission polarimetry

Introduction

As seen in Chapter 1, optical polarimeters usually consist of two components: a modulator and an analyzer. When working in transmission (as opposed to reflection), the birefringence of the materials used is the key characteristic to develop polarimeters. In case of a polarimeter using temporal modulation, the modulator is often a quarter waveplate, rotating around the optical axis and modulating the input polarization. The analyzer is usually a linear polarizer or a birefringent prism, permitting the measurement of the intensity for this linear polarization. In ultra-violet, few birefringent materials are available. M gF 2 and SiO 2 are the main birefringent material transmitting in ultra-violet.

A UV polarimeter has already flown on CLASP, it was made with a M gF 2 half wave plate and two reflective analyzers and was working at Lyman-alpha (121.567 nm) [START_REF] Watanabe | Ly-alpha polarimeter design for CLASP rocket experiment[END_REF]. This polarimeter has proven to work efficiently at this specific wavelength. Polarimeters working on a large waveband both in UV and optical light have been studied for X-shooter as well as for Arago [START_REF] Pertenais | Full-Stokes polychromatic polarimeter design for Arago[END_REF][START_REF] Snik | The polarimeters for harps and x-shooter[END_REF]. Experiments have shown that these prototypes work in the visible range [START_REF] Pertenais | Spectropolarimétrie stellaire UV et visible depuis l'espace[END_REF]. The work displayed in this Chapter aims at optimizing these prototypes for a wide bandwidth in the ultraviolet as well as demonstrating their performances in the ultraviolet via experiments reproducing space conditions (vacuum and thermal conditions).

First, the method used to compute this polarimeter as well as some optical design made for several space missions are presented in Section 3.2. Then two experiments are detailed. To test the polarimetric properties in the ultra-violet range of a prototype, a bench was set up to create any polarization at the input of our prototype. The experiment is presented in Section 3.3, and its results are presented in Section 3.4. Finally, the modulator underwent thermal cycles to test its thermal resistance. This experiment is presented in Section 3.5.

Transmission polarimetry

Optical design and optimization

General design

Design

The design of a transmitting polarimeter using temporal modulation is quite standard. The modulator is composed of birefringent plates which characteristics (thickness, fast axis angles) are optimized for the studied waveband. The analyzer is a Wollaston prism. The Wollaston prism has the advantage of separating the two polarizations in a symmetrical manner, transmitting both ordinary and extraordinary beams into a symmetrical optical path. The two beams can then be used together and facilitate the computation of Stokes parameters by compensating errors. The design is illustrated in Figure 3.1. The modulator takes several successive angular positions in time, these positions are called the modulation angles. Those angles can be optimized or chosen evenly distributed, as can be seen further in Section 3.2.2.

The birefringent plates in the modulator rotate the polarization of the incoming light. The Wollaston prism is equivalent to a linear polarizer and measures the linear component of the polarization at the chosen modulation angle. By combining the measurements of all the modulation angles, the incident polarization can be recovered. In practical terms, Mueller matrices are used to obtain a modulation and demodulation matrices. These matrices are explained in detail in Chapter 1 and will be recalled in Section 3.2.2. They are used to compute the input polarization state based on measured intensities, and vice versa. The greater the number of measurements, the greater the accuracy of the polarization measurement to a certain extent. The number of measurements can be increased by increasing the number of modulation or by repeating 4 optimal modulation angles [START_REF] Sabatke | Optimization of retardance for a complete Stokes polarimeter[END_REF].

The modulator is composed of several birefringent plates. The optimization of the polarimeter also consists in reducing the number of its plates in order to increase its transmission. The plates have a minimum thickness of 0.3 mm. Indeed, this 0.3 mm thickness corresponds to the thinnest plates that can be accurately polished with such materials. If plates with thicknesses smaller than 0.3 mm are required anyway, then double plates have to be used. By assembling two plates with crossed axes, we can simulate a thin plate thanks to the difference in thickness between the two plates. The phase shifts created by plates add up only if their axes are identical. It is easy to prove using the Mueller matrix presented in equation 1.10, that a plate with an axis angle of α + π 2 and introducing a phase shift φ has the same effect on the polarization that a plate with an axis angle α and introducing a phase shift -φ. The phase shift from the second plate can thus be subtracted from the first one. The phase shift is given by:

φ = 2π λ e∆n (3.1)
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with λ the wavelength, e the thickness of the plate and ∆n the birefringence of the material. Therefore, a plate with a thickness e + ∆e induces a phase shift φ + ∆φ, where φ is the phase shift created by the thickness e and ∆φ is the one created by the thickness ∆e. The double plates can thus be considered as the equivalent plate with an axis angle of α and inducing a global phase shift φ eq = φ + ∆φ -φ = ∆φ. These plates are called quasi zero-order retarder. However, double plates decrease transmission by increasing the number of diopters and thus, by adding Fresnel reflections. Many optimisations have been studied to have a single plate around 0.3mm and thus avoid these double plates, but none of them has led to suitable results. The double plates option is therefore the final solution.

Finally, in all these considerations, one must also take into account the possibility to use molecular bonding for these plates. The best way to maximize transmission is to glue these plates to avoid Fresnel reflections. As no glue could be identified that both fit space mission specifications and is transparent in the whole wavelength range, molecular bonding is considered instead. Molecular bonding is a technique of bonding of materials by simple contact of their surfaces. If the surfaces are sufficiently well polished and parallel, intermolecular bonds are formed between the two materials, and stick them together. However, this bonding can be fragile to temperature changes and is not proven to be resistant to space conditions for birefringent material. This topic will be further discussed in Section 3.5. A stack of plates which are not molecularly adhered is said to have airgaps. It is similar as if the stack included plates made of air between 2 real plates.

The only design parameter of the Wollaston prism is the output angle between the two output beams. It is determined according to the instrument studied. Indeed, the requirement on the separation induced by the prism is determined so that the separation is large enough to separate completely the ordinary and extraordinary beams, but also is small enough not to overlap with orders of the spectrometer, or to fall off the detector. The Wollaston prism is then designed outside the optimization of the polarimeter.

Materials

In the ultra-violet range, few birefringent materials are available. M gF 2 and SiO 2 are the two well-known birefringent materials transmitting in ultra-violet. M gF 2 is the main considered material as its transmission is over 90% for wavelengths larger than 200 nm (for a 5-mm plate, see Figure A.1 in Appendix A) -the main loss being the Fresnel reflection. Its transmission decreases until approximately 50% at 120 nm but its birefringence is equal to 0 at 119.5 nm (see Figure A.4 in Appendix A). Therefore M gF 2 is not suitable for a polarimeter in the FUV. However, it can be used in the MUV and the NUV. SiO 2 is also considered, but its cutoff wavelength being 185 nm (see Figure A.6 in Appendix A), it is a solution only for a polarimeter above this wavelength. Thus, SiO 2 is only considered for a use in the NUV. All information on materials can be retrieved in Appendix A.

Methods

Efficiencies computation

As seen in Chapter 1, the polarimeter can be modelled by Mueller matrices. The Mueller matrix of a plate with a fast axis α is:

D(α, λ) =       1 0 0 0 0 cos 2 (2α) + sin 2 (2α)cos(φ) sin(4α)sin 2 (φ/2) -sin(2α)sin(φ) 0 sin(4α)sin 2 (φ/2) sin 2 (2α) + cos 2 (2α)cos(φ) cos(2α)sin(φ) 0 sin(2α)sin(φ) -cos(2α)sin(φ) cos(φ)       (3.
2) where φ is the phase shift and is defined by:

φ = 2π.e.∆n λ (3.3)
with e is the thickness of the plate, λ the studied wavelength, and ∆n the birefringence at λ.

The Mueller matrix of a linear polarizer with a β axis is:

P (β) = 1 2 *       1 cos(2β) sin(2β) 0 cos(2β) cos 2 (2β) cos(2β)sin(2β) 0 sin(2β) cos(2β)sin(2β) sin 2 (2β) 0 0 0 0 0       (3.4) 
By using the rotation matrix R seen in Chapter 1, it is now possible to calculate the global Mueller matrix of the polarimeter:

M polarimeter (β, m, λ) = P (β) * R(-m) * Z k=1 D(α k , λ) * R(m) = P (β) * R(-m) * M plates * R(m) (3.5)
where m represents the modulation angles, N the number of plates, and M plates is the Mueller matrix of the combination of Z plates.

The Mueller matrix being calculated as a function of the modulation angle m, it is easy to calculate the modulation matrix O. It is constructed by taking the first row of the Mueller matrix (the intensity) for each of the modulation angles:

O(λ) =     M polarimeter (m 1 , λ)(1, 1 : 4) . . . M polarimeter (m N , λ)(1, 1 : 4)     (3.6)
with N the number of modulation angles.

Transmission polarimetry

Using this modulation matrix, the demodulation matrix and efficiencies coefficients as defined by [13] can be computed as seen in Chapter 1.

Optimization

To optimize the polarimeter, a local optimization implemented in Matlab and using a sequential quadratic programming method has been used. This optimization depends on a starting point. It was launched with random starting points as many times as possible (from 1000 to ∼ 10 000 times). The parameters used to optimize the polarimeter are the number of plates, their thicknesses, and their fast axis angles. The angular positions are generally evenly distributed around the optical axis. At first, I decided to optimize them. The optimization of these angles increases slightly the efficiencies, and breaks the symmetry of the measurements. However, in practice, these particular angles constraint the alignment of the modulator and make it more difficult to align. It was noted in particular in the experiments described in Section 3.3. It is therefore recommended to favor modulation angles evenly distributed around the optical axis. The same conclusions were found in [START_REF] Sabatke | Optimization of retardance for a complete Stokes polarimeter[END_REF]. Nonetheless, in some cases, the optimization of these angles is preferred, in particular to reduce the number of angles (to a minimum of 4) or in the case where only one polarization (the ordinary beam) is retrieved. In the first experiment presented in this Chapter, in Section 3.3, these angles were optimized.

Figure of merit

The more plates the polarimeter has, the more efficient it is but also the more absorbing it is. To include transmission in the choice of modulator, a figure of merit was introduced according to the following formula:

κ = E * √ T (3.7)
where κ is the figure of merit, E is the mean of the polarization efficiencies as defined in [13] and T is the global transmission of the modulator. This figure of merit is a criterion of selection considering both efficiency and transmission.

Polarimeters are then optimised to obtain the largest possible figure of merit. We want to have a transmission as close to 1 as possible, and efficiencies as close to 0.57 as possible. The optimisation then consists in having the largest figure of merit. In the best case it is equals to 0.57. For each studied design, the transmission for a modulator is considered both for the case with airgaps or with molecular bonding.

POLLUX NUV

The NUV polarimeter for POLLUX has to be designed to work from 180 to 400 nm. Both SiO 2 and M gF 2 are considered. Configurations with two and three plates are considered for both materials. To calculate the figures of merit, both configurations with molecular bonding and airgaps were considered. Figure 3.2 shows the figure of merit obtained for the NUV for all the studied configurations. As one can see, the figures of merit for a modulator studied with SiO 2 are significantly lower than the ones with M gF 2 . The loss of efficiency around 190nm for SiO 2 corresponds to its birefringence reaching 0. It does not reach 0 on the curve because of the wavelength resolution. With plates in molecular bonding, configurations with two and three plates are quite similar. The three plates configuration is slightly better at the edge of the waveband. Nevertheless, for configurations with airgaps, the figures of merit for a two plates modulator is higher than the one with 3 plates as the transmission is much better. The two-plates configuration is preferred as it presents less risk due to the molecular bonding and also limits spurious reflections compared to the three-plates version.

The final modulator for POLLUX's NUV channel is then a block of two M gF 2 plates with the following configurations:

• Plate 1: angle of fast axis 32.6 • and thickness 12.8 µm

• Plate 2: angle of fast axis 147.3 • and thickness 3.7 µm

The efficiencies of this polarimeter is presented in Figure 3.3. The efficiencies fluctuate around the optimal efficiency. The efficiencies of Q and U are identical because the modulation angles are symmetrical with respect to the polarization axes. 

POLLUX MUV

For the MUV channel, only M gF 2 is considered, as SiO 2 does not transmit at these wavelengths. For this wavelength range, the efficiencies obtained with 3 plates are no different than with 2 plates. The transmission with two plates is though better for both configurations with or without molecular bonding. The final modulator for POLLUX's MUV channel is a block of two M gF 2 plates with the following configurations:

• Plate 1: angle of fast axis 6.4 • and thickness 9.6 µm

• Plate 2: angle of fast axis 70.0 • and thickness 3.

µm

The efficiencies for this modulator is presented in Figure 3.4. The efficiencies drop to 0 at 119.5 nm as the birefringence is at 0: the polarimeter does not have any effect on the polarization state at this wavelength. 

CASSTOR

For CASSTOR's polarimeter, the studied wavelength range is 220 -400 nm. A two-plates solution has been found with M gF 2 . The addition of a third plate does not improve the efficiency and decrease the flux. Based on the study of the NUV polarimeter of POLLUX, the SiO 2 solution has not been explored. The parameters of these plates are:

• Plate 1: angle of fast axis 2.2 • and thickness 5.63 µm

• Plate 2: angle of fast axis 66.1 • and thickness 16.97 µm 

PolStar

As presented in Chapter 2, PolStar is a FUV spectropolarimeter measuring polarization in the range 121 -320 nm. For these wavelengths, SiO 2 is not considered. The optimization was therefore based on two parameters: two or three plates. Figure 3.6 shows the efficiency calculated for the two configurations for both plates at optical contact or with airgaps. The figures of merit are quite similar to the NUV of POLLUX. The figures of merit presented in Figure 3.6 show that a configuration with three plates is slightly preferable in the case of plates in molecular bonding. However, the two plates configuration is much better in the case of plates with air gaps which is the baseline for PolStar. Considering also that the parallel plates in the airgaps configurations will create polarized fringes as seen in Section 3.2.1, the configuration with two plates is preferable. The efficiencies are presented in plates can be either optically adhered or comports airgaps. The molecular bonding version is preferred to increase the transmission of the polarimeter, nevertheless the airgaps version might be more robust. It has been shown that SiO 2 polarimeter were less efficient. All polarimeters achieve excellent polarimetric efficiencies around the optimum efficiency. The MUV polarimeter of POLLUX does not reach a waveband down to 118 nm. For wavelength under 121 nm, reflective polarimeter should be considered.

UV optical test facilities

In order to prove that these theoretical prototypes work in the UV range, we set up an experiment to test a prototype polarimeter under UV spectropolarimetry conditions. This experiment was mounted at the entrance of a high resolution vacuum-ultraviolet spectrometer at LERMA, a laboratory of the Paris Observatory. The goal of the experiment is to make spectropolarimetric measurements to prove the efficiency of the polarimeter. In order to test the polarimeter, the polarization response of the polarimeter must be characterized and its experimental modulation matrix measured. Indeed, the experimental matrix can differ from the theoretical one, as it takes into account the instrumental polarization or the misalignment of the bench. To do this, 100% Q, 100% U and 100% V polarized light are sent successively and the output intensity is measured for all modulation angles. Then, some specific polarizations are measured across the spectrum. The VUV spectrometer used is a high-resolution Rowland spectrometer and is presented in Section 3.3.1. The modulator used for this experiment is the one optimized for the POL-LUX NUV channel. Although presented previously, its particular characteristics for this experiment are detailed in Section 3.3.2.

Test bench

The spectrometer of LERMA is a Rowland grating spectrometer: the entrance slit, the grating, and the detector are on the same circle called Rowland circle [START_REF] Overbeck | The concave grating spectrometer-rowland mounting[END_REF]. The circle of this spectrometer has a diameter of 10.6 m, for a 23-cm diameter grating and a detector of about 80 cm long. The grating is curved and creates an image of the slit on the detector. The detector consists of two photosensitive sheets placed side by side on a curved detector holder.

The measured spectrum has a 20 nm long bandwidth with a resolution up to R = 200.000. Figure 3.8 shows a graphic of this spectrometer. This experiment has been achieved with the great help of Norbert Champion, the engineer in charge of the spectrometer.

The polarimeter test bench must be designed to fit at the entrance of the spectrometer and create an image on the entrance slit of the spectrometer. The spectrometer can be seen in the background of the picture in Figure 3.9. It is the big green vacuum chamber. At the the experiment and in view of Section 3.4.2, this choice can be reconsidered.

The final test bench is shown in Figure 3.10. The optical design of the bench has been greatly constrained by the mechanics of the spectrometer. Indeed, the spectrometer being very closed, no solution permitting the measurement of both the ordinary and extraordinary beams simultaneously was found. The two beams are then measured one after the other. Therefore, the beams cannot be used together but should be considered as independent measurements. Also, the needed components were difficult to find and compromises were made. Indeed, by working under vacuum and in the UV range, a large number of components had to be tailor-made or vacuum-adapted.

Here is a list of the components used in the experiment:

• Source: Deuterium H2D2 Light Source L15094 from Hamamatsu. Spectral distribution from 115 to 400 nm, with an optimum from ∼ 130 to ∼ 170 nm. The spectrum of the source is presented in Appendix A. The study focuses on the 143-163 nm wavelength range as this is inside the brightest part of the H2 spectrum.

• Electronic rotator: URS50BPPV6 from Newport, vacuum compatible. The repeatability of the rotator is 0.003 • , and the accuracy is 0.02 • .

• Vacuum chamber: it was designed by Youssef Younes (GEPI, Observatoire de Paris) and built partly by an external supplier and partly by Vartan Arslanyan and Claude Collin at the LESIA workshop. The mechanical part of the bench was not an easy task as it had to be vacuum compatible and allow the polarimeter to be controlled from outside. Indeed, in order not to break the vacuum too often, the modulation angles as well as a translation of the polarimeter had to be controllable from the outside of the chamber. The modulator is therefore mounted on a rotary motor, which can be controlled with a computer. Therefore, the modulator rotation is performed even when the chamber is under vacuum. The entire polarimeter, i.e. the modulator in the rotator and the analyzer, is mounted on a translation axis. This axis -controllable from outside the chamber -had to be created in order to make light intensity measurements without the polarimeter: they are the intensity calibration measurements.

• Grating -Aluminum concave grating with a curvature radius of 10.685 m and 3600 grooves/mm

• Detector: Photostimulated luminescence screen IPTR2040, fujifilm

• Image Scanner Starion FLA9000N, fujifilm. 

Polarimeter

The NUV modulator, although not optimized for these wavelengths, was used for this experiment. However, the modulation angles were re-optimized for the wavelengths of the experiment. As the optical bench does not transmit both ordinary and extraordinary beams, the beams were measured independently. Therefore, the acquisitions are considered as independent measurements, making the modulation and demodulation matrices twice as large.

The optimization of the modulation angles also reduced the number of angles to 4. This choice was important because the lifetime of the mirrors of the experiment was very limited (see Section 3.4.2). Each modulation angle represents 9 full days of measurements. The modulation angles used are: 125.9 • , 13.9 same: 10 minutes of calibration, 1h30 of measurement, 10 minutes of calibration, 1h30 of measurement, 10 minutes of calibration for the ordinary beam, and 1h of calibration, 3h of measurement and 1h of calibration for the extraordinary beam. Between each measurement, it takes only a few minutes, the time to make the necessary changes in the bench. After each acquisition, the vacuum is broken in order to extract the detector and change the optical configurations not accessible from the outside. The vacuum takes about 5 hours to recover an acceptable value (∼ 10 -6 mbar), so only one acquisition is made per day.

Loss due to the darkening of a mirror

After a few weeks of experiments, we noticed a great decrease of flux in our measurements. The observation of the optics lead to the discovery of a dark stain on the first mirror, close to the source, at the place where the flux hits it, as one can see in Figure 3.13. This stain seems to be the source of the flux loss. Two explanations were considered for this darkening: color center or contamination.

Contamination:

The darkening of the mirror might have been caused by the burning of a deposit on the surface of the mirror resulting from a contamination of the chamber from other objects (mounts, motor...) or an unsuccessful cleaning process after the manufacturing of the mirror.

Color centers:

The color centers are produced by an absorption of light in a material with punctual imperfections. Indeed, contrary to a perfect material, a material containing imperfections will capture or give up electrons more easily. It is this phenomenon that will color the material.

It has been shown that annealing can eliminate color center, though the temperature of annealing has to be adapted to the material. We asked our supplier about the temperature we could use without damaging the mirror: 100 • C. The mirror was heated at 82 • C for 48 hours to see if the darkening disappeared. Unfortunately, this did not bring any change to the mirror. Based on this study, no conclusion can be made on the nature of this darkening. Indeed, it should be noted that the temperature of 82 • C does not damage the mirror but is not necessarily the right temperature to remove eventual color centers in the materials of this mirror. The right temperature depends on materials, their structures but as seen in [9], a suitable temperature to remove color centers for Terbium Gallium Garnet crytals (known as TGG crystals) is 900 • C. The order of magnitude of temperature required to remove the color centers is likely well above the conceivable temperatures for this mirror. The mirror was then sent to a private laboratory specialized in material analysis. Three kind of analysis were performed. First a spectromolecular analysis was performed in order to analyze a potential contamination dissolved in dichloromethane. This revealed a very low presence As no conclusion could be made from the analyses carried out, this effect could not be removed. A new intensive cleaning of the vacuum chamber and all components was made. New mirrors were ordered, and the goal was to perform the experiment before observing the mirror darkening. The darkening appeared again with the new mirrors. The use of mirrors seemed obvious for reasons of flux optimization. However, in view of the problems encountered during this experiment, the use of high quality M gF 2 lenses for intense light flux should be considered in the future. In Figure 3.15, a standard acquisition is shown as an example: 5 spectra and two photosensitive sheets are measured for each acquisition. The sensors are next to each other and measure different part of the spectrum. The photosensitive sheet "R", for red, is the one with the longest wavelength and the "V", for violet, is the one with the shortest wavelength. Each detector records a spectrum with a bandwidth of 10 nm. The two detectors together measure a 20 nm bandwidth spectra. In each acquisition, several spectra can be made in the height. The two sensors with several spectra are called an acquisition. A spectrum inside one acquisition is called a measurement.

Spectrum extraction and spectral calibration

The extraction of the five spectra from the image as well as the formatting of the spectra requires some processing. The method is detailed in the following paragraphs. First, we need to detect the beginning and end of each spectrum for each column of the image. The spectra being very noisy in the violet, the detection is not always correctly done. Then, a fit is used to extract the edges of the spectrum based on the edges detected for each column of the spectra. The detection of the edges is presented in Figure 3.16. Once the spectra are detected, it is easy to extract and rotate them. One detected spectrum is shown in Figure 3.17. The image is distorted to emphasize the misalignments produced by the extraction method. Indeed, the slightly curved spectra could not be unwind with this extraction method. The curvatures are less than 1 • and thus are considered negligible. Following the extraction of this spectrum, the edges are cut, to avoid considering non-complete lines over the entire spectrum. Then the lines are correlated one by one to ensure the verticality of the spectral lines and not to lose resolution. As the spectral distortion is not perfectly linear, the correlation was not done on the entire spectrum but by bins of 100 pixels. The spectra are now ready to be vertically summed. All spectra have been summed over 600 pixels. All spectra are calibrated in wavelength to the same reference spectrum before being processed. The reference undergoes a polynomial spectral calibration based on 32 (resp. 58) spectral line references for the "R" photosensitive sheet (resp. "V") converting pixels to nanometers. The resolution achieved is 5.10 -3 nm. The continuum is the level of the flux outside the spectral lines. The continuum is not homogenous over the spectrum depending on the transmission of the bench and on the source. Its extraction is presented in Figure 3.18. 

Calibrations

During the experiment, for the ordinary beam (resp. extraordinary beam) spectra 1, 3 and 5 (resp. spectra 1 and 3) are calibrations and spectra 2 and 4 (resp. spectrum 2) are measurements. Calibrations are exposed 10 minutes (resp. 1h) and are taken without polarimeter. They depend on the polarization components present in the chamber and are be studied. It defines the linearity in intensity and exposure time, but also the repeatability of the measurements.

Transmission

The transmission of the polarimeter is shown in Figure 3.19. This transmission takes into considerations the analyzer (and the loss of 50% of the flux) and the modulator. Transmission was measured as the ratio of a spectrum with a polarimeter to a spectrum without a polarimeter. The measurement of this transmission incorporates several problems. First, to make this measurement, the incoming intensity should be unpolarized. However, even if the polarization optics have been removed from the optical path for these measurements, there is no guarantee that the light leaving the lamp and after reflection from a mirror is unpolarized. Furthermore, when the polarization optics are added to the optical path, the optical path is slightly modified, and the transmission is impacted. The measured transmission was re-evaluated with the measurements obtained during the experiments to better fit our theoretical model. These measurements were made only for the ordinary part of the experiment. The transmission could not be measured during the extraordinary part of the experiment, it was simulated to fit our theoretical model. The re-evaluated ordinary transmission and the extraordinary transmission are identical. The re-evaluation of the transmission has no impact on the polarization measurement.

The experimental transmission is between 0.02 and 0.2 whereas the theoretical transmission is between 0.3 and 0.4. This can be explained partly by the alignments. We also have
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suspicions about the condition of the optics used for the polarimeter. Indeed, by observing the effect that the radiation from the source had on the first collimation mirror 3.4.2, one can wonder about the impact it has on all our optics.

Linearity

During the experiment, several integration times were used to adapt our acquisition to some very low intensity measurement as well as the decrease of intensity due to the darkening of the mirror. To control these changes, a calibration with different integration times was acquired. 5 spectra without polarimeter were measured with the following integration times: 

6 hours

To exploit the results of our experiment, it is important to determine a linearity between these measurements. Almost all the measurements last 1h30 (respectively 3h) and the calibrations 10 minutes (respectively 1h) for the ordinary beam (respectively the extraordinary beam).

The linearity of the measurement was studied both in time and in intensity.

• Linearity in time

The first idea is to check if a measurement lasting 1h30 is the same as the sum of 9 measurements of 10 minutes. In Figure 3.20, the 5 spectra are displayed normalized to a 1h30 exposition. This means the spectrum of 10 minutes has been multiplied by 9, the one of 20 minutes by 4.5, the one of 1h30 by 1, the one of 3 hours by 0.5 and the one of 6 hours by 0.25. As one can see, the spectra do not match each other. Therefore, the multiplying coefficients are not linear in time. In Figure 3.21, one can see a superposition of the 5 spectra normalized by their continuum. As one can see, the superposition is much better than in Figure 3.20, even though notable differences can still be observed in the spectral lines. There are two possible reasons for this problem: variation in the intensity of the source and variation in the response of the photostimulated screen. The linearity of the screen response will be studied in the next Section . For more visibility, Figures 3.20 and 3.21 show a little part of the spectrum, it has been observed that the study is similar over the full spectrum.

This study shows that even though ratios between the spectra are not linear, they do follow a relationship between exposure time and intensity. In between spectra and the spectrum of 1h30 are computed. It is clear that the spectrum do not follow a linear variation in time. The tricky part is that the continuum and the full intensity of the spectrum do not vary similarly: the intensity seems to increase more rapidly at high intensity. The linearity in intensity is studied in the next Section.

To counter this problem, only continuum variations will be studied to compute the polarization. The spectra of different integration times will be normalized using the curve presented in Figure 3. [START_REF] Ishikawa | Birefringence of magnesium fluoride in the vacuum ultraviolet and application to a half-waveplate[END_REF] •

Linearity in intensity

The previous Section finds a good correlation between the integration time and the average intensity of the continua, but raises questions about the linearity in intensity: indeed, when the continuum is set to the same level once the spectra are calibrated, the more intense lines still have glaring differences in intensity. In Figure 3.24, one can see the ratio between spectra normalized to their continuum and the normalized 6-hour spectrum as a function of the intensity of the non-normalized studied spectrum. All spectra were normalized by their continuum. If acquisitions were linear in intensity, the ratio would be around 1 whatever the intensity of the studied original spectrum.

The curves detect some spurious lines in the spectrum of 10 and 20 minutes: indeed, sometimes an artifact creates a false detection of signal, especially for the short exposure times it reaches the same intensities as the recorded spectral lines. Nevertheless, these false lines are less significant on the 6 hours spectrum, this is why it has been chosen as the reference of this study. When spectra are normalized by their continuum, when false lines appear in the short exposure time, the normalized 6hours spectra is at 1, while the studied normalized spectra is above. This creates a line at y=x. These errors do not appear in the 1h30 and 3h00 spectra. However, another problem appears in these spectra: some points are close to 0. These points are continuum detection errors. Some points are considered as continuum in the 1h30 and 3h spectra, but not in the one of 6h. Normalized points near 1 are then divided by the lines of the 6h spectrum, making a near 0 value. Apart from these problems, we see that the curves follow a straight line close to y=1, no non-linearity in intensity is detected statistically. However, an important spreading of the data points shows the errors caused by the noise are up to 100%.

Repeatability

The repeatability of the measurements is studied here: if the same measurement were performed several times, will they be the same? The repeatability or continuity is the ability to measure the same spectrum when reproducing the same condition on the same photosensitive sheet. We have several sets of data to study the repeatability:

• Each acquisition includes 3 calibrations measurements (spectra 1, 3, and 5 as seen before). Calibrations can be compared within each acquisition.

• Two acquisitions were obtained with two identical spectra to study the repeatability (spectra 1 and 2). In one acquisition, two spectra of 1h30 were recorded. In the other one, 2 acquisitions of 3h were obtained.

We have 10 acquisitions with 3 identical measurements at positions 1, 3, and 5 of the detectors "R" and "V". The measurements differ from one acquisition to another, and only the variation within one acquisition needs to be studied. For this purpose, the measurements are normalized to the first spectrum within each acquisition. The variations for these intensities are shown in Figure 3.25. The data are shown for both plates "R" and "V" in the same colors, R as a solid line and V as a dashed line. Unfortunately, even though we can clearly see that there is a large variation of intensity inside one acquisition, there is no clear tendency on how the intensity changes. This shows the importance of calibrations inside one acquisition. Indeed, within each acquisition the variations seem slow enough to be considered as linear. This shows that our measurements can be calibrated in intensity with these calibrations spectra. The dates of acquisition have been added in the legend to investigate a potential effect of time. A slight correlation seems to appear: the variations seem to decrease as the date increases, even though the correlation is not perfect. This could be explained by the darkening of the mirror which got stronger as the measurements were taken. Normalized intensity November (V) November (V) November (V) October (V) October November November November (V) November November (V) November (V) November November November November (V) November (V) November November November (V) November In Figure 3.26, one can see two intensity ratios between two identical spectra. The ratio is constant along the spectrum, with an average around 0.9. The black lines represent the linear fits of the two ratios. Noise is up to 20% on the intensity of the spectrum. On the orange ratio, one can notice an important error around 153 nm up to 60%. This area is between the two detectors "R" and "V", and can therefore be considered as an edge effect. This error is not systematic and will be excluded if appearing on measurement spectra.

Results

(De)modulation matrices and efficiencies

The intensity measured at the polarimeter output is a linear combination of the input Stokes parameters:

I out (λ) = T (λ) * (I in (λ) + α Q (λ) * Q in (λ) + α U (λ) * U in (λ) + α V (λ) * V in (λ)) (3.8)
where I out is the intensity measured by our experiment, T is the transmission of the polarimeter, I in is the intensity going inside the polarimeter thus, the calibration. α Q/U/V is the coefficient of modulation we want to measure to create our modulation matrix and Q, U and V are the elements of the Stokes vector of the polarized source. In conventional polarimetry, the beams are combined to retrieve polarimetric information by overcoming nominal intensity problems. The combination of the beams is described in [START_REF] Pertenais | Spectropolarimétrie stellaire UV et visible depuis l'espace[END_REF]. In our case, as the beams were measured months apart and with different optical alignments, the conventional method cannot be used. In addition, the nominal intensity entering the polarimeter varies with the lamp and the polarization components, so calibrations must be taken into account. Ordinary and extraordinary beams are considered independent. The methods used for the two beams are slightly different:

• Ordinary beam

For the ordinary beam, the modulation matrix can easily be extracted. The calibrations are a measurement of I in . The transmission was measured. In case of a 100% Q input,

U in = V in = 0 and I in = Q in then I out = T * (I in + α Q I in ).
The corresponding modulation coefficient can be extracted directly by using the measured transmission and the calibrations.

α Q (λ) = I out (λ) T (λ)I in (λ) -1 (3.9)
• Extraordinary beam In the case of the extraordinary beam, the extraction of the coefficients is less direct as the calibrations could not be done without the polarimeter. Indeed, the extraordinary beam being deviated by the polarimeter, the bench was aligned with this deviation.

Removing the polarimeter misaligned the bench. Thus, no measurement of I in could be made for each polarization measurements. The calibrations in that case were made with the polarimeter at a specific position, which is designed as the reference position.

The calibrations were therefore a polarization measurement. A final measurement was made to "calibrate all the calibrations" together: the calibration measurements were recorded again at the same time as I in : this makes it possible to reintroduce I in with the right calibration made by the polarized measurement I ref .

For instance, for U in = V in = 0 and I in = Q in we have

I out (λ) = T (λ) * (I in (λ) + α Q (λ) * Q in (λ)) (3.10) α Q (λ) = I out (λ) T (λ) * I in (λ) -1 = I out (λ) T (λ) * I ref (λ) * I ref (λ) I in (λ) -1 (3.11)
In Figures 3.27 and 3.28, the experimental modulation and demodulation matrices are illustrated superimposed on the theoretical matrices. The experimental results have been fitted with polynomials in red. The first column of the modulation matrix is not displayed because it is the normalized intensity i.e. constant and equal to 1. Quite strong differences are visible between the experimental results and the theory for some coefficients, especially on the first angles of V, where the experimental measurements differ from the theory by more than 1. However, the coefficients follow a trend very close to the theory. The differences observed between theory and practice can be explained by many factors. First, the experimental matrix takes into account the instrumental polarization. This instrumental polarization is created by the components of the experiment and is not simulated in the theory. The determination of the experimental matrix should improve the polarimetric results by considering this instrumental polarization. It is also observed that in many measurements, especially in the extraordinary beam measurements, the noise is very high. This is explained by the low intensity of the measurements due to the many technical problems that occurred during the experiment. Moreover, as seen previously, the uncalibrated measurements showed intensity variations of up to 50%. It is difficult to estimate the intensity errors on the calibrated measurements. Finally, the matrix can differ from the theory due to some alignment errors. Indeed, an error in the alignment of the polarization creates a wrong polarized signal. These errors can easily be estimated but are insignificant compared to the error of intensity measurements. We also observe that some coefficients, notably the first Q coefficients, are greater than 1 around 160 nm. These measurements have no physical meaning, they correspond to a combination of all the errors cited before. Figure 3.29 shows the comparison between the theoretically calculated efficiencies and those measured in the experiment. It is observed that for the longest wavelengths, when the intensity is highest, the difference between the theoretical and experimental efficiencies are smaller. 

Results of polarization measurements

In order to validate the measurements described above, specific polarizations should be measured to check if they are retrieved when using the experimental demodulation matrix and if we can identify the precision of the polarization measurements. Three polarizations were measured that we call polarizations A, B, and C. As these measurements were made at the end of the experiment, when the mirror was damaged, the intensity is very low. The data between 142 and 147 nm were discarded because the signal was not high enough. For polarizations B and C, only the ordinary beam could be measured. Therefore, only the ordinary modulation matrix was used to demodulate the intensity. In Figures 3.30, 3.31, and 3.32, the polarization measurement results are displayed (polarizations A, B, and C). Since the intensity measurements were a bit biased by the transmission measurement, and the measured polarization has a polarization degree of 1, the results are normalized to

Q 2 + U 2 + V 2 ,
which should be equal to the intensity I (see equation 1.4). I is forced to 1 and is then not presented. In blue, the Stokes vector found with our experimental demodulation matrix is shown. In orange, the theoretical demodulation matrix was used. In yellow, the theoretical input polarization is shown. For the three measurements A, B, and C, the measurements show better results using the theoretical matrix in orange than the experimental one in blue. This means that the intensity errors are higher than the instrumental polarization and alignment errors. Using the theoretical matrix, the main components of polarization are retrieved. Significant errors are present in the experimental measurements. The measurement of polarization A, made with both the beams of ordinary and extraordinary light, is better than the measurements of polarizations B and C. Unfortunately, we cannot determine a satisfactory measurement accuracy based on this experiment. However, in all three measurements, the dominant polarization and an approximation of the input polarizations are retrieved. 

Conclusion

An experiment putting a UV spectropolarimeter in an existing high-resolution spectrometer has been performed. The aim of the experiment was to test the performances of a UV spectropolarimeter in real conditions: under vacuum, in the UV, and with an HR spectrometer. The experimental modulation matrix was measured, and the experimental demodulation matrix was deduced. Then, measurements of particular polarizations have been performed with the polarizations called A, B, and C. These measurements were performed in very poor photometric conditions and do not establish a polarimetric measurement accuracy. The experimental setup underwent many obstacles: the optical design had to be adapted with many constraints to meet the specifications of the spectrometer, the luminous flux was very low due to an obscuration of the collimation mirror creating very noisy spectra in spite of a long exposure time, and an analysis of the results showed a repeatability error of the measurements likely due to the type of detector used in the spectrometer. Although the obtained accuracy is far from the desired one, and despite these (non-exhaustive) obstacles, the dominant polarizations are retrieved. These results are encouraging and should be consolidated by further experiments, building on the valuable expertise gained here. These new tests should be carried out with a spectrometer adapted to the polarimeter. This means the construction of a bench measuring both ordinary and extraordinary beams simultaneously on a CCD or CMOS detector. The use of coated mirrors is discouraged near a UV source, and the use of high quality lenses without impurities is recommended instead.

Thermal Test

The work presented in this Section was published in the SPIE proceeding by Le Gal, Neiner, Louvel De Monceaux, et al: Thermal tests of birefringent plates in molecular bonding for spatial ultra-violet polarimetry. In: Advances in Optical and Mechanical Technologies for Telescopes and Instrumentation IV. International Society for Optics and Photonics, 2020. p. 1145132.

Definition of the study

As M gF 2 is a birefringent material, it is expected to expand or contract with thermal changes in privileged directions corresponding to the axes parallel and perpendicular to its fast axis. Each of the plates of the modulator having a different fast axis angle, the plates will expand (or retract) in different directions with thermal changes. These plates movements create stress on the molecular bonding. To test the resistance of molecular bonding in space, the polarimeter has to be studied thermally. To take potential changes of design into account and include all possible future polarimeters in our study, we consider the plates in a configuration that will create the most stress to the molecular bonding: 4 M gF 2 plates with their birefringence axes crossed with respect to the adjacent plates. The plates are square with a size of 15 mm and a thickness of 0.3 mm. This is shown in Figure 3 

Thermal testing standard

In order to qualify our prototype for a space mission, we test the modulator respecting JPL [START_REF] Kin F Man | Jpl thermal Testing Standards[END_REF] and ECSS [16] standards. It was determined that the polarimeter should be validated over a temperature range [-25 • C; +55 • C] over at least 8 thermal cycles with a slope lower than 5 • C/min. The prescribed cycling is described in Figure 3.34. The behaviour of the mechanical support on this temperature range has been studied and is presented in Section 3.5.3. Two experiments were performed. The first experiment, at LESIA at the Paris Observatory, followed one sample of M gF 2 plates in real time with interferometry and is described in Section 3.5.4. Second, we put 7 samples of M gF 2 plates in a thermal vacuum chamber at CNES through 10 thermal cycles. We measured them optically after the cycling using an interferometer and a Shack Hartmann wavefront sensor. This second experiment is described in Section 3.5.5.

Impact of the mechanical mount

The stack of plates is inserted in a mechanical mount provided by B. Halle. The plates are square and maintained in all directions with thin foil acting as spring. The regular mount has one spring in one direction. Some mounts were made especially for the second experiment described below and have two springs (in the two lateral directions). In addition, some mounts also have a hole to better evacuate the air when placed in vacuum (those are identified as "vacuum mounts" in Figure 3.45). A study was made by a thermal engineer, N. Nguyen Tuong to ensure that the plates were not constrained by the strength of the springs and that the space available around the plates in the mount was large enough to absorb the dilatation of the plates with the thermal changes. This study concludes that the mechanical mount should not interfere with the plates in the range [-20 • C, +20 

Monitoring of the plate interferences during thermal cycling

The first experiment was performed at LESIA using a thermal enclosure and a real time tracking measurement of the plates. The concept of this experiment is to create interference between the plates and a plane surface -in our case a mirror -and to watch the possible change of the interference figures with the thermal changes. If all plates are at optical contact, the surfaces are perfectly parallel and create fringes with equal inclination (i.e. rings). If a molecular bonding of the stack breaks, the plates are not perfectly parallel anymore and the fringes become of equal thickness (i.e. lines). In addition, if a molecular bonding breaks, the transmitted flux decreases. Another tracking method would thus be to measure the possible loss of flux during thermal cycling. However, due to the unstable flux of the laser used in our experiment, this method was not exploited. The experiment is schemed in Figure 3.35. The pictures in Figure 3.36 show the experiment. On the picture 3.36a, the thermal chamber is located on the left of the image. The plates can be seen through the window. In the foreground, the laser and the beam splitter cube are visible. On the picture 3.36b, the beam splitter cube and the laser are seen on the left of the picture, from another point of view.

Thermal cycle of the plates at molecular bonding

Now that the experiment has shown that the mechanical parts should not affect our measurement during the thermal cycling, our plates with molecular bonding can be measured. The thermal cycling is presented in Figure 3.39 and the corresponding interferences are shown in Figure 3.40. Between the first rise in temperature (from 30 to 55 • C) then cooling down to 18 • C, the rings remain fairly stable as one can see in panels 1 to 4 in Figure 3.40. The contrast of the fringes fluctuates slightly during the first rise of temperature. During this first phase, it is suggested that the plates remains unaffected. From 7 • C to -10 • C, corresponding to panels 5 to 7 in Figure 3.40, the rings are strongly deformed. Indeed, linear fringes are superimposed on the rings: fringes of both equal inclination and equal thickness are visible. This suggests that the plates are deformed under the effect of stress imposed by temperature. However, no anomalies were detected upon visual inspection of the plates, which suggests that at this point the plates were still in molecular bonding. At -22 • C (panel 8 in Figure 3.40) the rupture is clear: the rings turn into hyperbola, which means that at least one molecular bonding broke. Visual inspection of the stack of plates confirms this conclusion: fringes are visible as one can see in Figure 3.41. During the last phase of the cycle, when the temperature rises again, we do not retrieve the original fringes. This suggests that the break of bonding is permanent. been studied and approved to not harm the plates, so the mount can be excluded a priori as the culprit. The most obvious explanation is that the break could be due to the strength of the molecular bonding, which may not be equal for all 3 molecular bonding. However, the break could also be due to the non-homogeneity of the temperature in the vacuum chamber. Indeed, the temperature in the chamber was set by thermal conduction, which is not easy to perfectly control. Thermal probes follow the temperature changes in various points in the chamber during the cycling and indeed suggest slight differences in temperature between different parts of the chamber. However, two thermal probes broke during the test, making difficult the full comprehension of the thermal homogeneity.

Blind thermal cycling with multiple samples

To complete this first result, and investigate further the resistance of the molecular bonding in better conditions of temperature homogeneity, another experiment was performed at CNES in a thermal vacuum chamber ensuring thermal homogeneity. Several thermal cycles were carried out in order to test various bonding samples and thus determine the cause of the failure. The cycles were carried out in a conventional thermal chamber without real time monitoring. The optics were checked visually before and after the cycles. The temperature was controlled with several thermal probes and ensure the homogeneity of the chamber. Samples with different parameters were tested. Samples with only 2 plates instead of 4 were produced to check if they would be more resistant. Samples with an additional spring in the mount were produced to see if the way we maintain the sample was causing mechanical stress. In addition, samples without any mount were tested to see the influence of the mounts. The samples are listed in Figure 3.42. 10 cycles were performed in the range -25 to 55 

Cycle #1

Given the results obtained with the previous test described in Section 3.5. 

Cycle #2

As all the samples survived the thermal cycle #1, it was decided for cycle #2 to test a new mount with 2 springs instead of 1 spring, i.e. to add samples E and F: a sample of 4 plates with a mount with 2 springs and a sample of 2 plates with a mount with 2 springs. The temperature cycle was -25 • C to +55 • C with a slope of 1 • C/minute and 20 minute steps. A visual inspection after the cycle determined that no bonding had broken during the cycle. 

Cycles #3 to #10

As all the samples survived the thermal cycles #1 and #2, it was decided to add the sample G, namely a sample of 4 plates with a regular mount (one spring) identical to the one that

Discussion and conclusion

The work presented here has improved the optimization technique of transmissive modulator. Using this optimization, it is now possible to consider polarimeters with only two birefringent plates for ultraviolet prototypes. This work has led to the design and optimization of polarimeters for LUVOIR, CASSTOR and PolStar space missions with excellent efficiencies. The first experiment carried out shows encouraging results. The first broadband polarimetry measurements in UV has been performed with our transmission prototype. The main components of polarization were retrieved but no conclusion on the accuracy of the measurements can be done for now. Indeed, many technical problems unrelated to the polarimeter have impacted the photometry of our measurements. Moreover, the spectrometer used with photosensitive sensors does not guarantee a repeatability of the measurements. The problems of mirror darkening also suggests the use of M gF 2 lenses may be more appropriate than mirrors to improve the lifetime of this experiment and the quality of the measurements. Finally, the modulator with molecular bonding has been tested at temperature for the first time, and important results have shown weakness at low temperature. This weakness is not repeatable, and its origin is not yet fully understood, however the quality of the molecular bonding is affected. Further work on the strength of molecular bonding as a function of temperature and the molecular bonding manufacturing process will need to be carried out to identify a repeatable process. Thanks to the expertise gained from the experiments performed in this Chapter, a new experiment to test the accuracy of the polarimeter and a study to strengthen the prototype with molecular bonding with temperature variations will be conducted. These steps are essential to spatialize our polarimeter.

Chapter 4

Reflection polarimetry 4.1 Introduction

Commonly, polarimeters use birefringent materials like magnesium fluoride, as the polarimeter studied in Chapter 3. Even though magnesium fluoride can be used for waveplate almost near its transmission cutoff around 115 nm [START_REF] Ishikawa | Birefringence of magnesium fluoride in the vacuum ultraviolet and application to a half-waveplate[END_REF], its small and variable birefringence at these wavelengths makes it challenging to use for a polychromatic polarimeter. Therefore, below ∼123 nm preferably [START_REF] Pertenais | Full-Stokes polychromatic polarimeter design for Arago[END_REF], and below 115 nm in any case, one needs to find another way. To measure polarization in the FUV, and as low as 90 nm for POLLUX, one must resort to reflection rather than the usual transmissive methods. Each reflection introduces a phase shift between orthogonal polarizations, as well as a change in the total rate of polarization thanks to the different reflectivities. This makes it possible to use reflection for both the modulator, and the analyzer functions.

A polarimeter made of four reflecting surfaces is studied. Three surfaces are at a fixed position with respect to each other but free to rotate together around the optical axis, they make the modulator. It is made with three surfaces as it is the minimum number that permits not to change the optical axis when rotating the modulator while maximizing the flux. This three-mirror modulator is also called a K-mirror. The analyzer is made of a single reflecting surface (a dielectric crystal or a metal at Brewster angle1 ), which polarizes the incoming light. Contrary to transmissive polarimeters which can use dual-beam polarizers [START_REF] Ishikawa | Strategy for Realizing High-Precision VUV Spectro-Polarimeter[END_REF][START_REF] Watanabe | Ly-alpha polarimeter design for CLASP rocket experiment[END_REF], the use of the Brewster angle in this reflective polarimeter implies a single beam output. This reflective polarimeter is studied, simulated, and optimized in Section 4.2.

One of the major difficulties in this study was to find the optical indices (n,k) of the reflective surface at the considered wavelengths. An experiment was set up to measure these optical properties necessary for the study of polarimeters for the identified materials. The principle of the experiment is to measure the polarization of light before, and after refection on a material sample under study. A reflective polarimeter was built for the first time using 80 Reflection polarimetry gold reflection. This experiment is introduced in Section 4.3, and the results are presented in Section 4.4.

Theory

As a first step, it is necessary to identify materials that can be used for a reflective FUV polarimeter. These materials must be available, their (n,k) data must be known, and they must have a good reflectivity in the FUV. The materials identified are presented in Section 4.2.1. In order to simulate the polarimeter, following the same method as presented in Section 1.3.3, it is necessary to be able to calculate the Mueller matrix of a reflection. This issue is discussed in Section 4.2.2. Finally, the polarimeter can be simulated. Initially, only the analyzer is simulated in order to obtain the best possible efficiency. The simulation of the analyzer is presented in Section 4. 

Materials

The study of this FUV polarimeter requires the complex optical data (n,k) of materials with good reflectivity in the FUV domain. The GOLD team in Madrid has published numerous papers on materials in the FUV. In particular, papers [6,[START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF][START_REF] Larruquert | Reflective and transmissive broadband coating polarizers in a spectral range centered at 121.6 nm[END_REF] highlight the high reflectivity of materials such as a Tetrahedral Amorphous Carbon (ta-C), Boron carbide (B 4 C), or Silicon carbide (SiC) in the FUV. Other papers, such as [START_REF] Hass | Reflection polarizers for the vacuum ultraviolet using Al + MgF2 mirrors and an MgF2 plate[END_REF][START_REF] Larruquert | Multilayer coatings with high reflectance in the extreme-ultraviolet spectral range of 50 to 1216 nm[END_REF][START_REF] Rodriguez-De Marcos | Advances in far-ultraviolet reflective and transmissive coatings for space applications[END_REF], show the advantages of using aluminium (Al) with a M gF 2 coating. In theory, bare aluminium would be a perfect metal for the design of a reflective polarimeter. Unfortunately, its oxydation is so rapid that it is very difficult to use without coating. Other materials such as M gF 2 , Calcium fluoride (CaF 2 ), silicon dioxide (SiO 2 ), or gold (Au) were also simulated, and their data at the required wavelengths were taken from the Palik database [START_REF] Edward | Handbook of optical constants of solids[END_REF]. Data for some materials are available in several literature sources but with different values of the complex indices. This difference is interpreted as a high dependence of the optical indices on the manufacturing process of the optics, measurement techniques, and conditions. All optical components used in this Chapter are presented in Annex B.

Simulating a reflection as a Mueller matrix

Mueller matrix of a reflection

To simulate, and optimize a reflective polarimeter, its modulation, and demodulation matrices should be computed from the Mueller matrices of the components, i.e. with Mueller 4.2 Theory 81 matrices of a reflection. The Mueller matrix of a reflection M R at an incidence angle θ, and for a wavelength λ is given by [8]:

M R (θ, λ) =       χ(θ, λ) 2 + 1 χ(θ, λ) 2 -1 0 0 χ(θ, λ) 2 -1 χ(θ, λ) 2 + 1 0 0 0 0 2χ(θ, λ) cos(τ (θ, λ)) 2χ(θ, λ) sin(τ (θ, λ)) 0 0 -2χ(θ, λ) sin(τ (θ, λ)) 2χ(θ, λ) cos(τ (θ, λ))       (4.1)
with χ 2 = r 2 /r 2 ⊥ the squared ratio of Fresnel amplitude reflection coefficients, and τ the difference of phase shift between p and s polarizations. Both components depends on (n,k), the complex optical indices of the considered material(s). To study the modulation and efficiency of the reflective polarimeter, these two parameters must be known. This matrix is obviously dependent on the angle of incidence θ and the wavelength λ, but also on the material used (optical indices of the substrate, of the coating and of its thickness).

Three cases are presented below, depending on the surface used to reflect (absorbing or not), and with or without a coating. The case of multi-layer coatings were not considered.

Phase shift and amplitude of a reflection on an absorbing surface with a nonabsorbing coating

A reflection on an absorbing material creates a phase shift in addition to the polarizationdependent reflectivities. As shown in Figure 4.1, 1 the environment of the instrument is called 1 (vacuum in our case), the one of the coating is called 2, and, the one of the substrate of the surface is called 3. The indices of all the parameters in this Section will refer to this notation. One may notice that the calculation of the refraction angle using Snell-Descartes equations should use the complex optical index to take the absorption into account, and may provide mathematical complex refraction angles [START_REF]Descartes-Snell law of refraction with absorption[END_REF].

The rate of reflectivities χ and the phase difference τ in this case can be directly found in [3]. Explicitly, they are calculated using the reflection coefficient r:

r = r 12 + ρ 23 e i(φ 23 +2β) 1 + r 12 ρ 23 e i(φ 23 +2β) (4.2)
with β = 2πn 2 h λ cos(θ 2 ). r 12 is the reflection ratio at the interface between 1 and 2. ρ 23 and φ 23 are the amplitude ratio and phase change at the interface between 2 and 3. The amplitude and phase of this reflection coefficient gives the reflectivities and phases for p or s polarizations, using the appropriate expressions.

Using Born & Wolf equations [3], it is possible to calculate χ and τ , and to retrieve the Mueller matrix of a reflection in the case of a coated reflecting surface.

Theory
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there is no phase shift between the polarizations. Indeed, at each reflection of light coming from vacuum into the crystal, the phase shift is 0, unless the crystal is finite with width d and transparent enough so that multiple reflections occur [START_REF] Salatino | Modeling Transmission and Reflection Mueller Matrices of Dielectric Half-Wave Plates[END_REF]. Total reflections impose another different phase shift, used in Fresnel rhombs, but this is beyond application in our present study. Therefore, non-absorbing media cannot be used for the modulator but can make a good polarizer.

For any given wavelength, it is indeed possible to find an angle for which the reflected beam is 100% polarized: the Brewster angle θ B = arctan(n). Such a Brewster angle is wavelength dependent, and this complicates its use in a broadband polarimeter if the available materials have very chromatic optical indices. In addition, even if the reflection at the Brewster angle is 100% polarized, the actual reflectivity may be too small, jeopardizing the throughput of any polarimeter based upon it. This has been studied further in Section 4.2.3.

Simulating the analyzer Polarization contrast and figure of merit

Usually, above 123 nm, beamsplitters are used as transmissive analyzers as they separate the incoming beam into two linear polarization states. This has the advantage of using all the incoming flux, and to have a perfect polarizer, with two 100% polarized beams. Using a reflection is more complicated. First, this FUV analyzer only reflects one linear polarization, so we lose some flux, which is precious in the UV domain. Also, the efficiency of the polarimeter decreases as the output beam is not 100% polarized.

Our goal is to simulate and then optimize the analyzer in order to restrict these two drawbacks. This means to both maximize the degree of polarization and the transmission. Optimizing the degree of polarization means to accentuate the ratio of one linear polarization with respect to its orthogonal polarization. Optimizing the transmission means to retain a sufficient signal-to-noise ratio. Two parameters are going to help us quantify their efficiency. First, we define a contrast as the ratio between p and s polarizations:

C = | R -R ⊥ R + R ⊥ | (4.7)
where R , and R ⊥ are the reflectivities of the polarizations for which the electric field is perpendicular or parallel to the plane of incidence. The contrast can help us determine the degree of polarization of the reflection, which is linked to the efficiency of the polarimeter. This is however not sufficient to characterize a good analyzer, since the reflection can be fully polarized but with an extremely low reflectivity. Thus reflectivity should be part of our characterization. To combine both parameters -reflectivity and contrast -a figure of merit
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is introduced [17]:

ǫ = C. max(R , R ⊥ ) = | R -R ⊥ R + R ⊥ | max(R , R ⊥ ) (4.8)
The figure of merit helps us quantify and compare analyzers according to both their efficiencies and reflectivities. The square root is used on the reflectivity to minimize its variation and give a larger weight to contrast. Now that we have a way to quantify the quality of a polarizer, we can study different solutions and compare them. The study is divided in two parts: first, the solutions including only one material (no coating) with only one parameter to study: the incidence angle. Second, the study of a coated substrate, for which there are then two parameters: the incidence angle and the thickness of the coating.

Uncoated surface

For a reflection made with a material without coating, there is just one parameter to consider: the angle of incidence. For a given material and a given wavelength, a particular angle of incidence can be computed that optimizes polarization contrast or transmission or, ideally, both. However, the values of the optimal angle of incidence are very chromatic, and at best, for a given material, a compromise can be found. The previously defined figure of merit in equation 4.8 will help us define that optimal solution, but it will also be used to compare different materials. The contrast alone has also been studied to underline the benefit of the defined figure of merit.

For the spectral range of POLLUX in the FUV and MUV, CaF 2 , M gF 2 , SiO 2 , Au, B 4 C, ta-C, and SiC have been studied. The contrast as a function of incidence angle and wavelength is shown in Figure 4.2 for all considered materials. The figure of merit as a function of incidence angle and wavelength is given in Figure 4.3.

Figure 4.2 shows that the contrast is sufficiently high for some materials such as CaF 2 , M gF 2 , SiO 2 , Au, and ta-C to consider them further. Moreover, the variation of the contrast with wavelength is acceptable in the considered wavelength range. However, in Figure 4.3, one can see that in spite of the good contrast, the reflectivity is not very high and is mostly responsible for the degradation of the efficiency of these polarizers.

To compare our solutions, the mean contrast (Figure 4.4), and figure of merit (Figure 4.5) averaged over the considered wavelength range are plotted as a function of incidence angle. On those graphs, one can see very clearly that even though ta-C is not the best analyzer based on contrast, reaching almost 0.7, it is the best choice when based on the figure of merit for which it hits 0.6. CaF 2 and SiO 2 seem to be good back-up solutions since they have good figures of merit almost reaching 0.6. One may notice that they also have a very good contrast, around 0.9 for CaF 2 and 0.8 for SiO 2 . The figure of merit helps us to choose ta-C reflection as the analyzer for POLLUX, as it is the best compromise between 

M modulator = R(-m) * M 3 * R(m) = R(-m) * M R (θ m , λ) * M R (2θ m - π 2 , λ) * M R (θ m , λ) * R(m) (4.10)
However, as seen previously, we cannot find a perfect analyzer. The solution found for POLLUX polarizes light but not completely, and in the case of ta-C we even expect a retardance phase to appear between the reflected orthogonal polarizations. In other words, the analyzer may not just be polarizing, but also transforming, rotating one polarization into another, a role which in theory we reserve to the modulator. Because of this, we cannot study or optimize the modulator alone. We must consider the whole polarimeter made of the rotating 3-reflections modulator plus the non-perfect analyzer.

Optimizing the polarimeter

To study and optimize the modulator, we must also study the analyzer, i.e the Mueller matrix of the complete polarimeter must be studied. We can easily compute the Mueller matrix for the whole polarimeter from the modulator Mueller matrix computed above. The Mueller matrix for the whole polarimeter is

M polarimeter = M analyzer (θ a ) * R(-m) * M 3 * R(m) = M analyzer (θ a ) * R(-m) * M R (θ m , λ) * M R (2θ m - π 2 , λ) * M R (θ m , λ) * R(m) (4.11)
Choosing a set of modulation angles m, and keeping only the intensity of the resulting Stokes vector for each one of those angles, we can build the modulation matrix O as described in Section 1.3.3, which relates the incoming Stokes vector to the actual series of intensity measurements. An example of this modulation matrix is shown in Figure 4.8.

To quantify the performances of the whole polarimeter, and optimize it, we use the same polarimetric efficiencies introduced in equation 1.17. Optimizing the modulator consists in picking the material, incidence angle θ m , and set of modulation angles m, that maximize these efficiencies ǫ i . The need for a good reflectivity limits the materials available for the modulator to the same ones as those studied for the analyzer, i.e. SiC, ta-C, Al + M gF 2... Crystals cannot be used for a reflective modulation because they do not introduce any phase shift between polarizations. The incidence angle θ m and modulation angles m have been optimized to minimize the difference between their computed efficiencies and the maximum theoretical one. The maximum theoretical efficiency is 1 √ change of 0.1 degree in the incidence angle on the first mirror implies a change up to 0.04 in the polarization efficiencies. The theory of reflection polarimetry has been detailed and applied to the method for designing and optimizing UV polarimeters. A polarimeter operating in the FUV has been successfully designed and optimized. The results of the simulations are very encouraging and open the door to polarimetry in the FUV.

Testing equipment

As seen in the previous Section, complex indices have to be well known at every studied wavelength to optimize this polarimeter. Indeed, the equations in Section 4.2 show that the parameters of the modulation of the polarimeter are complex indices, wavelength, and incidence angles. At the present time, B 4 C, SiC, and ta-C are being considered for POL-LUX. Unfortunately, the indices found in the literature are not coherent between different sources, due to the dependence of the optical indices to the tested sample and measurement conditions. To measure indices at short wavelengths ourselves, it has thus been decided to set up a gold reflective polarimeter. The polarimeter has the same design as the one studied above and is composed of pure gold. Gold has been chosen as it is a well-known material, and a gold polarimeter can then be precisely simulated. Moreover, the parameters of gold are constant with the supplier and process. The reflectivity is low, but since this is only for tests and material characterization, it is not important and can be compensated by long exposure times. Thanks to this experiment, a first prototype of a FUV reflection polarimeter is built and tested.

The experiment has been designed and built for tests in the FUV. However, only tests in the visible range have been performed so far. The experiment is presented in Section 4.3.1. The FUV polarimeter is presented in Section 4.3.2. The experiment and components for the FUV are introduced in Section 4.3.3 whereas the preliminary experiment carried out in the visible and its components are presented in Section 4.3.4. The challenging optical alignment is discussed in Section 4.3.5. Finally, the results of the experiment are presented in Section 4.4.

Experiment

The principle of measurement is the same as the polarimeter described for the FUV channel of POLLUX. The gold modulator rotates around the optical axis and modulates the light while a fourth gold mirror at the analog of the Brewster angle polarizes the light. The studied material sample is placed at the entrance of the gold polarimeter, and the Stokes vector is measured before and after reflection on the sample for several incidence angles. Knowing the Stokes vector before and after reflection enables us to retrieve the sample's complex indices.

It is very difficult to create polarization in the FUV in the same way as in the visible: quarter-wave plates or linear polarizers are not available. In order to change the incoming polarization on the sample without adding many reflections, it has been decided to rely on the instrumental polarization created by the monochromatic source. Indeed, the monochromatic source is obtained by using a windowless FUV source, a monochromator, and a collimator. These components are presented in Section 4.3.3. This set up creates instrumental polarization through the reflection on these components. As it is difficult to rotate the polarization of the incoming light, the optical bench was mounted on a rotating motor: the reference polarization axis rotates around the axis created by the incoming flux and thus simulates a rotation of the incoming polarization.

Our bench includes several rotations: the rotation of the modulator around the optical axis, the rotation of the sample on itself to change the angles of incidence and thus the tilt of the polarimeter around the sample in order to maintain the optical alignment, and the rotation of the whole bench around the axis created by the monochromatic source. The principle of the experiment is illustrated in Figure 4.10. 

Gold Polarimeter

The gold polarimeter was designed following the theoretical model explained in Section 4.2. First, the analyzer was optimised to find the angle that maximizes the contrast between the two orthogonal polarizations. The contrast is illustrated in Figure 4.11 as a function of the angle of incidence and the wavelength. The maximum average contrast over the considered wavelength range is 61 • . Based on this analyzer, the modulator could be optimised to maximize polarimetric efficiencies. The angle of incidence on the first mirror of the modulator that maximizes the efficiencies is 70 • . The most efficient gold polarimeter in the 90 -120 nm wavelength range consists of a 3-mirror modulator with the first mirror angle at 70 • and an analyzer at 61 • . The optimisation of this polarimeter resulted in 4 modulation angles: 30 It can be seen that a very good extraction efficiency is obtained for the linear polarization Q, a very good one for the linear polarization U, and a rather poor one, less than 0.1, for the circular polarization V. The figure of merit for this polarimeter is shown in Figure 4.13.

It is above 0.3 at 90 nm and almost reaches 0.4 at 130 nm.

Material test means for the visible tests

For the visible experiment, the mechanical bench, the polarimeter, and the samples remain unchanged. However, the light source and detector were replaced by components adapted to visible light. The realization of the visible experiment also made it possible to carry out the first tests with controlled polarizations thanks to birefringent components. The visible bench follows the same principle as the bench set up for the UV transmission polarimeter (see Chapter 3). The light source is sent into an integrating sphere, which creates a depolarized source. This source is collimated by a lens. The collimated beam passes through a filter to obtain monochromatic light. The beam is then polarized by a linear polarizer and quarterwave plate. The polarized beam then enters the polarimeter inside the mechanical structure described above. The components used specifically for this bench in the visible range are:

• Source: Fiber-Coupled Light Sources OSL2 from Thorlabs

• Integrating sphere: IS200 from Thorlabs

• Lens: singlet from Melles Griot, focal length 25 mm, diameter 1"

• Spectral filter: Thorlabs FL632.8-1 filter creating monochromatic light at 632.8 nm. The bandwidth is 1 nm.

• Linear polarizer: 1" diameter achromatic grid polarizers from Thorlabs

• Quarterwave plate: MgF2 achromatic plates from Bernhard Halle Nachfolger GmbH

• Camera: Edmund Optics camera EO-1312M

The pictures in Figures 4.17a and 4.17b show the experimental bench. At the front, the silver mechanical structure holds the polarimeter. In Figure 4.17a, the bench is in a direct polarization measurement, without reflection on a sample. The optical axis is not tilted. It is also the position in which the experimental modulation matrix is measured. In Figure 4.17b, the bench is in a position of measurement of a polarization after reflection on a sample, the bench is bent along the optical axis. In the background, an optical breadboard is visible. It is on this table that the visible source, the linear polarizer, and the quarter-wave plate are set up for the experiment.

Optical alignment

In order to align the optical bench, the rotation axis of the modulator, the axis of the light beam, and the optical axis created by the mirrors must coincide. In addition, these axes must pass through the center of the sample in order to be aligned at any reflection angle. A method has been developed and carried out, to perform a first non-perfect alignment. This method and the errors it generates are explained in this Section. A method achieving an 

A -Alignment of the source axis with the mechanical axis:

The alignment of the bench requires the use of a laser source, which is the only source powerful enough to use reflections on the components. In order to align the axis of the light beam with the mechanical axis of rotation, the laser is centered on the diaphragms present on the mechanical structure. Then, a mirror is stuck at the output of the mechanical structure. The laser beam is reflected by the mirror. By confusing the laser beam with its reflection from the mirror, the tilt of the mirror is adjusted. This relies on the precision of the mechanics and induces small errors in the alignment.

B -Alignment of the analyzer and measurement of the polarimetric reference axis:

Once the light axis is set, the analyzer can be installed without the modulator. M4, the analyzer mirror, is adjusted so that the beam is centered on the detector. The analyzer defines the polarization axis of the experiment. The polarization optics (linear polarizer and quarter-wave plate) must therefore be adjusted before adding the modulator. The laser being linearly polarized, it cannot be used for this alignment. The laser source is replaced by a non-polarized source (a polychromatic source and an integrating sphere, as described in the previous Section). By rotating the linear polarizer, a change in intensity is observed. When the light flux goes out, the linear polarizer and the analyzer are crossed. If the analyzer sets the zero axis, the linear polarizer is then at 90 • . The quarter-wave plate is placed between the crossed linear polarizer and analyzer. A rotation of the quarter-wave plate also creates a change in intensity. The light flux is maximised when the plate is at 45 • away from the reference axis. The optics (polarizer and quarter-wave plate) that we will use during
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the experiment are now aligned to the analyzer. The analyzer can be removed to align the modulator.

C -Alignment of the modulator: Now that the analyzer and the polarization axis are set, the modulator can be aligned. A laser source should be used again, in order to see the reflections on the components. First, the middle mirror of the modulator, M2, is aligned using a cube beamsplitter. The beamsplitter is aligned without M2, using the reflection on its first side. Then M2 is added and the reflection of the laser is used to align it: the M2 mirror is then parallel to the optical beam and to the axis of rotation of the modulator. The last mirrors, M1 and M3, are adjusted together. The addition of M1 and M3 should not alter the axis of the light beam. Two methods are implemented to check the tip and the tilt of the axis. Before mounting M1 and M3, an auto-collimation mirror is mounted. The reflection of the laser source should be colinear with the light source. A screen with a target is mounted on an optical rail: the image spot must not move from the target. The screen is mounted on a rail so that it can be removed and replaced without misaligning it. M1 and M3 are then mounted. By going back and forth between the target and the reflection on the mirror, they can be adjusted so that the reflection of the laser source is still colinear to the laser source, and that the laser is still in the target. These 3 steps for the modulator adjustment are illustrated in Figure 4.3.5.

Once M1 and M3 are set, the alignment can be checked by rotating the modulator: the light axis should not be modified. With the modulator now adjusted, the analyzer can be placed again. The optical bench is ready to be used. However, we stress that this alignment is not perfect. Indeed, relying on mechanical alignment is never sufficient for an optical setup. Moreover, having to change the light sources during the adjustment introduces errors, since one is unlikely to place the source back at exactly the same place.

The intensity modulation is not extremely sensitive to the incidence angles on the mirrors. If the alignment is not done correctly, the risk is to have different mirror angles for each modulation angle. For angular errors of less than 3 degrees, numerical simulations give polarization measurements with errors of less than 10 -12 . However, different incidence angles depending on the modulation angle also means that the beam is not at the same location on the detector for all modulation angles. The optical beam follows an epicycloid as the modulator rotates, which is visible on the detector. As the detector pixels do not have the same response, it will produce a signal detection error depending on the modulation angle. These photometric errors can have a great impact on the polarization errors but are difficult to estimate. Flat-field images have been acquired to reduce these errors, however these errors cannot be considered negligible. Finally, the misalignment of the optical bench makes it more difficult to measure polarization after reflection on the materials. Indeed, since the position of the sample is not adjustable, a prior misalignment is accentuated by the reflection on the sample. 4.19. The center C moves because the mechanical axis is misaligned with the optical axis. The complete characterisation of this epicycloid determines the mechanical axis, and thus can be used to merge it with the optical axis. To fully determine the epicycloid, two point sources are sent into the K-mirror. Using both sources, the rotations (centers and angles) can be precisely determined. Finally, to adjust the mirrors of the K-mirror simultaneously, several view points are required. In the case of the MICADO team, the M1 and M3 mirrors of the K-mirror are a single optical part: a prism. Therefore, they have two components to align: the prism and the M2 mirror. They are using two double sources, with two cameras at different distances (preferably one very close and one very far). Using these two optical paths and the two cameras, and by going back and forth, they can simultaneously align both components. Before running the experiment in the UV, it will be necessary to proceed with this almost perfect alignment. In the UV, the detector is not a CDD but a photon counter; thus, a shift on the detector would greatly distort the measurement. Furthermore, this alignment is necessary to make reliable polarization measurements after reflection on material samples.

Acquisitions and measurements in the visible

The first results obtained in the visible range are presented in this Section. The tests were carried out at the wavelength λ = 632.8 nm. In Subsection 4.4.1, the visible gold polarimeter is simulated and experimentally characterised. Its modulation is measured. Then, in Subsection 4.4.2, polarization measurements after reflection on samples are performed.

Gold polarimeter test Modulation

In order to see how the polarimeter works, a measurement of intensity versus modulation angle was made for a linear polarization of 100% Q. These measurements are shown in Figure 4.20. A sinusoidal curve is clearly visible. For a non-polarized light, no variation of intensity was observed. This intensity variation for polarized light shows that the polarimeter creates a polarization modulation in intensity. This proves the working principle of the polarimeter. To test the polarimeter further, the experimental modulation matrix must be measured. Then, known polarizations are sent into the polarimeter, and the measured intensities are demodulated to verify the correct functioning of the polarimeter. First, the procedure to process the measured intensities is explained. Then, the experimental modulation matrix is compared with the theoretical one. Finally, the polarization measurements are presented.

Processing of measurements

For each incoming polarization and for each modulation angle, 50 images with an integration time of 2 seconds were recorded. All images are summed. Each stack of images is processed with a dark and a flat-field correction.

The dark is obtained by taking images in the same conditions on the camera (integration times, frame rate, etc) without any input light. It is the noise of the camera.

The flat-field is obtained by taking images of a uniform source. The global normalized flat-field T is then computed using N images following the equation:

T = N n=1 F lat n -N n=1 Dark n < N n=1 F lat n -N n=1 Dark n > (4.12)
The intensity measurement of a polarization I mes are processed from the measurement Image following:

I mes = (x,y)∈C R N n=1 Image n -N n=1 Dark n T (4.13)
where C R is the circle of radius R around the beam image center, (x,y) are the coordinates of the pixel on the image, and N is the number of images. In our case, N=50 images were considered and the signal was summed on a circle of radius R=200 px.

For this experiment, calibration measurements were not performed. The source is considered stable and is not switched off during the time necessary for the experiment (∼1 day). The polarization measurements Q, U, and V are consistent with each other, only the level of intensity is unknown. Since the light is 100 % polarized, the formula 1.2 can be used to find the intensity I of the measured Stokes vector. As a reminder, the equation is:

I 2 = Q 2 + U 2 + V 2 . ( 4.14) 
Error bars can be given for each measurement due to the large number of recorded images. The errors are found statistically. For each polarization measurement, demodulations are performed 1000 times using 25 random images out of the 50 recorded ones. Each demodulation gives a different result and the standard deviation of these results gives the statistical error on the measurement. This technique is used to compute error bars in the following paragraphs.

Modulation matrix

The UV performance of the polarimeter was studied in Section 4.3.2. Using the theory developed in Section 4.2, the modulation matrix and efficiencies are calculated at 632.8 nm.

The theoretical modulation matrix O th is as follows:

O th =      
1 -0.0446 -0.1486 -0.0010 1 0.0928 -0.0320 -0.0006 1 0.0926 0.0295 0.0006 1 -0.0382 0.1493 0.0010

      (4.15) 
The theoretical polarization extraction efficiencies are :

ǫ Q,th = 0.06700 ǫ U,th = 0.03503 ǫ V,th = 0.00027 (4.16) 
These efficiencies are extremely low, especially for V. Indeed, the polarimeter was not designed for the visible light and is not optimal in this range. By sending 100%Q, 100%U, or 100%V polarized light, the experimental modulation matrix can be determined, similarly to what was done in Chapter 3. As the unpolarized intensity was not measured, an intensity was numerically estimated from the theoretical modulation matrix to obtain results. As seen in Chapter 3 in equation 3.9, in order to obtain the coefficients of the matrix α Q/U/V , the intensity measurement I out,Q/U/V for a polarization 100%Q, U, or V, must be normalized by the input intensity I in and the transmission, then 1 must be subtracted:

α Q/U/V = I out,Q/U/V T.I in -1 (4.17) 
The intensity I in was estimated numerically using the theoretical matrix:

I in = mean m,QU V ( I out,Q/U/V α th,Q/U/V + 1 ) (4.18) 
where m are the modulation angles. This estimate leads to errors in the degree of polarization and in the determination of the parameter I of the Stokes vector. However, the coefficients Q, U, and V must each be found in the correct proportions. Parameter I can then be calculated using equation 4.14.

The experimental modulation matrix O exp is:

O exp =      
1 -0.187 ± 0.002 -0.260 ± 0.002 -0.014 ± 0.002 1 0.240 ± 0.002 -0.114 ± 0.002 0.049 ± 0.002 1 0.281 ± 0.002 0.122 ± 0.002 -0.006 ± 0.002 1 -0.082 ± 0.002 0.185 ± 0.002 -0.046 ± 0.002

      (4.19)
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Experimental polarimetric efficiencies are:

ǫ Q,exp = 0.0750 ǫ U,exp = 0.0756 ǫ V,exp = 0.0117 (4.20)
The experimental matrix is quite similar to the theoretical matrix, without taking into account the level of the intensity. The coefficients of V are very low, they cannot be compared because they are inside the instrumental errors. By looking only at the ratio between the values of the Q, U, and V coefficients, corresponding to the second, third, and fourth columns, the proportions between the coefficients seem to be similar to what is expected from the theoretical modulation matrix (4.15). For example, for the parameter Q (second column), the coefficients from modulation m2 and m3, corresponding to the second and third lines, have close values that are higher than the coefficient from modulation m1. The coefficient from modulation m4 is much lower. For the third column, we find the same effect: parameters 1 and 4 are larger than parameters 2 and 3. In addition, all the signs of columns Q and U are identical in the theoretical and experimental matrices.

The experimental polarimetric efficiencies ǫ Q , ǫ U , and ǫ V are slightly higher than those calculated theoretically. Nevertheless, they are of the same order of magnitude. Based on this experimental matrix, polarization measurements can now be performed. The obtained polarization results should be normalized by the intensity calculated using equation 4.14.

Polarization measurement

Several polarization measurements were performed. Firstly, measurements of 100% Q, 100% V, and 100% U polarizations used in the matrix were demodulated. For this purpose, out of the 50 collected images, only 20 were randomly selected to compute the modulation and demodulation matrices, and another 20 were used as measurements. This test estimates the photometric errors that we obtain on our measurements. Indeed, no optics has been moved between the determination of the matrix and the measurements, so the alignment errors are negligible. These errors quantify the minimal errors that can be obtained with our polarimeter. These tests are called Q, U, and V, and are presented in Figure 4.21.

These results show the correct operation of the polarimeter. Indeed, all the polarizations Q, U, and V are retrieved as expected. However, the errors vary a lot depending on the input polarization. Indeed, one should note in particular a large error of 0.12 on V, likely due to the very low efficiency of the polarimeter for this parameter.On all other polarization measurements, the maximum error observed is 0.02.

Next, three particular polarizations, named A, B, and C, were sent to the polarimeter and then demodulated to check that the input polarization was found. These measurements have both alignment errors and photometric errors. The results are shown in Figure 4.22. The photometry errors are of the same level as the ones observed for the previous measure- 

Tests on material samples

The gold polarimeter being characterized, it is now possible to make polarization measurements of material samples to characterize them. To this aim, polarizations before and after reflections from materials should be measured. The materials we tested so far are SiC and ta -C. Two samples of each are shown in Figure 4.24. In addition to being excellent candidates for our UV reflection polarimeters, SiC and ta-C can be compared to the recent data measured in [START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF] and [START_REF] Juan I Larruquert | Self-consistent optical constants of sic thin films[END_REF]. The measurements were made after a reflection at a 63 • incidence angle on two samples of SiC, two samples of ta-C, as well as one sample of Au similar to the ones used for the polarimeter. The input Stokes vector before reflection was 100% Q. Based on the measurements made in Section 4.4.1, the errors on these measurements will be at least 0.5. The errors could be higher as the addition of the sample increases the optical misalignment. Moreover, the flux reflected by SiC and ta-C are very low in visible light. The photometric errors should thus also be higher than the ones detected in the previous Section. The results of polarization measurements after reflection on five samples are presented in Figure 4.25. For each sample, the theoretical Stokes vector is presented. The differences obtained between the measured and calculated polarizations can be explained by all the reasons listed above, but also by the difference in optical indices between the samples and the theoretical optical indices. It is interesting to note that the two SiC samples we tested give very different results, with notably opposite Stokes V parameters, but we recall that the polarimeter has a very low efficiency in V in the visible light. On the other hand, the two samples of ta-C give similar measured polarizations with a maximal difference of 0.06. It would be interesting to investigate whether ta-C is less sensitive to the sample processing conditions than SiC, as this could be an advantage in favour of the selection of this material. Of course, further measurements with more samples, various input polarizations, more incidence angles, and in the UV, will be needed to conclude on the properties of the material and stability of the [START_REF] Edward | Handbook of optical constants of solids[END_REF]. If the database is Larruquert, the optical indices are from [START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF] and [START_REF] Juan I Larruquert | Self-consistent optical constants of sic thin films[END_REF]. material with respect to samples.

By measuring the polarization before, and after reflection, S in and S out , a system of four equations with two unknowns according to the following equation is achieved:

S out = M ref lection (n, k) * S in (4.21)
with M ref lection (n, k) the Mueller matrix of the reflection determined in Section 4.2. This Mueller matrix depends only on the complex optical indices n and k of the sample. This system can be resolved numerically.

Conclusion of the experiment

The experiment developed during this thesis enabled to design and build a gold reflective polarimeter operating in the FUV. The bench includes 3 rotations and 5 reflections which results in a real technical challenge in terms of alignment. Initial alignment methods were developed, but this slowed down the development of the experiment considerably. As a consequence, the tests carried out could only be done in the visible range so far. However, the modulation test and the polarizations measured during these first tests in the visible range serve as a proof of the polarimeter's operation. The accuracy of the polarimeter is currently limited by the errors induces by photometry and misalignment, as the bench was not designed for use in the visible. Polarization measurements after reflection on material samples have been performed using this experiment, as a proof of concept. In the future, we will perform a more accurate alignment, following the methods developed by the team working on the MICADO instrument. This alignment will enable the next steps of the material tests to be carried out. Once this alignment has been completed, the instrument can also be transferred to the test vacuum chamber and measurements in the FUV will be performed. These FUV measurements will be much more reliable than the ones performed in the visible domain.

Conclusions and prospects

First, the Mueller matrices of a reflection are presented in this Chapter, as well as the method to fully calculate them. Then, a FUV polarimeter was designed based on the theory presented. However, in order to improve the design of these reflection polarimeters, more information is needed on the optical indices of materials in the FUV. Indeed, it was noted that published information on materials in the FUV is often contradictory or unreliable. Thus, the material data seems to be highly dependent on its manufacturing and characterizing conditions. By testing the polarimetric efficiencies of selected materials, more realistic simulations of reflective polarimeters can be carried out.

To overcome this lack of information, an experiment using a gold reflective polarimeter was developed. This experiment measures the polarimetric properties of materials thanks to polarization measurements performed before and after a reflection. Moreover, a reflection polarimeter operating in the FUV has been built and tested in visible light for the first time thanks to this experiment. The progress of this experiment was greatly slowed down by the very complex optical alignment. The first measurements in the visible range are presented, and they demonstrate the operation of a reflective polarimeter. Measurements of known polarizations were performed as well as polarization measurements after reflection on material samples. The precision of these measurements was degraded by the imperfect alignment of the experiment.

In the future, a precise alignment of the optical bench will be necessary. Indeed, as it stands, the alignment makes it impossible to accurately measure polarization after reflection on materials and thus to select the best material for FUV polarimeters. Moreover, it seems unthinkable to make UV measurements with a polarimeter that is out of alignment. Indeed, if measurements can be adapted in the visible range by noting the misalignment, it will be impossible to do the same in the FUV. Once this better alignment has been achieved, the gold polarimeter can be characterized in the UV and the polarimetric properties of the material samples can be properly measured. Finally, once the materials are better known in the FUV, the reflective polarimeters can be simulated more accurately, and FUV polarimeters can be optimised for space missions.

Chapter 5

Conclusions and prospects

Spectropolarimetry is a booming technology for astronomical instrumentation. Many infrared and visible spectropolarimeters have been deployed in recent years on ground-based telescopes, and many space mission projects are considering UV spectropolarimeters. However UV spectropolarimetry comes with many technical challenges such as the efficiency of detectors or materials. The subject of my thesis is the study of polarimeters for UV spectropolarimeters, a key part of the spectropolarimeter, still not easily accessible in the UV. My thesis focused on two types of polarimeters: transmissive polarimeters and reflective polarimeters. Both types of polarimeters use temporal modulation. My thesis was carried out in the context of the development of several space instruments such as POLLUX for LUVOIR, CASSTOR, and PolStar. Each polarimeter required for the development of these instruments was simulated according to one of these tw concepts. Both concepts have been first studied and simulated numerically, and then experiments were set up to test prototypes in real conditions.

Transmission

Chapter 3 of this thesis deals with the transmission polarimeter. This polarimeter is composed of a modulator and an analyzer, both made of birefringent material. The study in this Chapter highlights the use of M gF 2 for a polarimeter in the UV, down to 123 nm. An optimization based on polarimetric efficiency calculations was set up to design the modulator. This optimization aims at the best extraction of the polarization components from the measured intensities. The modulator is composed of thin M gF 2 plates, whose fast axis angle and thickness is specific to each plate. Each thin plate is doubled in order to be built by the supplier. The second plate of each pair is crossed to the first one so that only the difference of the thicknesses influences the polarization. The optimization of a transmission modulator consists in finding the parameters of the plates (number of plates, angles of the fast axis, thickness) which maximizes the extraction efficiencies for all polarizations: linear (Q and U) and circular (V). The analyzer is a birefringent prism also made of M gF 2 . Since prisms are

Conclusions and prospects

perfect polarizers, separating physically orthogonal polarizations, only the output angle of the beams needs to be studied according to the optical design of the instrument. This part is not treated in this thesis. The work done on this prototype has improved the modulator optimization method and modulators made with only two double birefringent plates are now considered for our prototypes. The POLLUX NUV and MUV polarimeters, as well as the CASSTOR and PolStar polarimeters were designed using this technique.

Two experiments have been developed to test this transmission polarimeter. First, an optical experiment was set up to determine the polarimetric accuracy of a prototype in the UV. The tests were conducted with an existing high-resolution UV spectrometer. Unfortunately, many technical constraints were encountered, notably the tremendous loss of flux due to the degradation of the collimating mirror in front of the source. The cause of this degradation has not been clearly identified, but the formation of color centers is strongly suspected. Moreover, the non-stability of the lamp over the duration of the experiment, as well as the non-linearity of the response of the photosensitive detector generated significant errors in the measurement of the intensities. Finally, the extraordinary and ordinary beam measurements had to be done separately due to the optical configuration of the spectrometer. The separate treatment of the ordinary and extraordinary beams greatly complicated the data processing and added instrumental and photometric errors to the results. Nevertheless, all these difficulties are not in vain because they brought valuable lessons about the process of UV spectropolarimetry. New tests will have to be performed with a spectrometer built specifically for this polarimeter and where both beams can be measured simultaneously. A digital detector should be used to better process the data with flat-fields and darks. Finally, I advise not to use a mirror with a coating too close to the UV source. At the wavelengths considered in the NUV, high quality M gF 2 or LiF lenses can be considered instead. All these modifications should allow us to overcome the problems of non-linearity as well as photometry encountered during the experiment. The simultaneity of the ordinary and extraordinary measurements should facilitate the treatment of the results, in particular it will not be necessary to have measurements of non-polarized intensities.

Finally, a thermal study has been carried out on the modulator. Indeed, in order to improve the transmission of the polarimeter, it is considered to use molecular bonding between the thin plates. Molecular bonding optically "glues" the elements in order to avoid Fresnel reflections at the diopters. The plates being composed of an anisotropic material, and each plate having a different axis, the structure is sensitive to thermal variations: each plate will expand or shrink in a different direction and thus create a stress on the molecular bonding. The purpose of the thermal study is therefore to observe the resistance or rupture of the bonding to thermal changes. Several modulators were thermally cycled between -20 and +55 • C. The first test carried out included a real time monitoring of the bonding thanks to interferometry. The bonding of the tested plates broke down between -10 and -22 • C. Then, several plates with different parameters (bonding numbers, presence or absence of optical mount) underwent 8 identical cycles in a thermal chamber, without optical monitoring. During these thermal tests, one bonding of a plate out of the 7 tested broke. This set of plates was in an optical mount and included 4 plates and 3 bonding. These tests showed a weakness in molecular bonding. Moreover, the results of the tests are not repeatable, as a set identical to the one that broke in the first cycle survived the second series of tests. The origin of the resistance or not of the molecular bonding is not yet fully understood, however the quality and strength of the bonding should be studied. Further work including the strength of the molecular bonding as a function of various parameters, such as temperature and humidity, and the molecular bonding manufacturing process, such as the level of polishing and cleanliness, will need to be conducted to identify a repeatable process. If it turns out that 4 plates (2 double-plates) models are too fragile, then molecular bonding between the plates of a doublet only can be considered. Finally, it will also be necessary to check if the plates are distorted during temperature variations. A distortion of the plates would cause the light beam to pass through an inhomogeneous thickness of the plate and thus create an unwanted spatial modulation.

This prototype is the baseline for most space polarimeter projects. Before sending it in space, it will be necessary to qualify this prototype for measurements in the UV and for space conditions. Based on this thesis work, UV spectropolarimetry measurements can be made to demonstrate the expected accuracy of the measurements. Finally, thermal studies focusing on the manufacturing processes of molecular bonding will be conducted. The next step in the spatialization of this prototype will be the launch of CASSTOR, which will perform the first UV spectropolarimetry measurements with the prototype presented here. CASSTOR will also serve as a scientific demonstrator and will measure magnetic fields of hot stars in the UV. With all these technical advances on UV polarimeters, projects like POLLUX, PolStar, or other future UV polarimeters will give access to important astrophysical advances.

Reflection

Chapter 4 of this thesis discusses the prototype by reflection. Such polarimeters are less efficient than polarimeters by transmission but they are the only ones available in the FUV domain. First, the Mueller matrices of a reflection are presented, as well as the method to fully calculate them. Then, a FUV polarimeter was designed and optimized for the first time based on the presented theory. The optimization method is similar to that of the transmission polarimeter, but the parameters differ. Indeed, here the optimization parameters are the properties of the materials, the incident angles on the mirrors, and the modulation angles. The polarimeter optimized for the POLLUX FUV channel is composed of several materials: the modulator is made with two B4C mirrors and one SiC mirror, and the analyzer is made with one ta-C mirror. This polarimeter allows to reach an efficiency around 0.3 at 90 nm and around 0.5 at 130 nm using 4 modulation angles. These results are very encouraging and allow us to consider polarimetry measurements in the FUV. However, in order to improve the design of these reflection polarimeters, it is necessary to have more information on the optical properties of materials in the FUV. Indeed, it was noted that the published information on materials in the UV is strongly dependent on the samples studied and on their manufacturing conditions. To overcome this problem, an experiment using a gold reflection polarimeter was developed. This experiment measures the optical indices (n,k) or the polarimetric properties (reflectivity and phase shift) of selected materials thanks to the measurement of the polarization before and after a reflection on the material. Characterizing the samples of promising materials would help us to design a realistic polarimeter with the considered materials. Moreover, thanks to this experiment, a broadband reflection polarimeter operating in the FUV was built for the first time. This polarimeter was built in gold in order to use a very well-known material. The progress of this experiment was strongly slowed down by the very complex optical alignment. A poor alignment was achieved but was sufficient to test the gold polarimeter in the visible. Intensity modulation with incoming polarization was confirmed and polarization measurements were performed. This experiment demonstrated the proper operation of the reflection polarimeter. The accuracy of the polarimeter could only be measured in the visible where the parameter extraction efficiencies are very low. The polarization errors in the visible range reach 0.5 for some measurements.

In the future, an accurate alignment of the optical bench will be necessary. Indeed, in the current state of alignment, UV measurements could not be performed. While the measurements can be adapted in the visible range by noting the misalignment, it will be impossible to do the same in the FUV. This accurate alignment method has been identified, but could not be implemented in this thesis due to lack of time. Once this alignment is achieved, the gold polarimeter can be characterized in the UV and the polarimetric properties of the material samples can be measured accurately. Finally, once the properties of the selected materials are better known in the UV, the reflection polarimeters can be optimized more precisely.

Conducting this UV experiment will greatly increase our knowledge on UV materials, making it much easier to simulate reflective polarimeters. Once the best materials are chosen, the POLLUX FUV and MUV reflection polarimeters will be designed and tested as well, using the methods employed in this thesis. These tests will characterize the efficiency of the POLLUX polarimeter in the FUV and measure its accuracy. Finally, the study of the polarimeter presented here was limited to 90 nm in the FUV because of the bandwidth of LUVOIR, but the theory of reflective polarimeters can be applied to all wavelengths. This study is the first step in the development of FUV polarimetry and shows that such instruments can be achieved and will open a new door for many scientific topics.

UV polarimeter studies have progressed thanks to the work done during this thesis. Indeed, broadband high-resolution spectropolarimetric measurements were performed for the first time in the UV using the transmissive prototype. Moreover, an innovative reflective prototype for the FUV domain has been studied and built. The first experiment performed in visible light proves its operation. Using this reflective prototype, an experiment to measure polarimetric properties of material samples was set up and carried out in the visible, with the goal to select the best materials for FUV polarimeters. Many technical difficulties and their solutions have been identified to continue further investigations on UV polarimeters. Relying on this background, the next part of the adventure should focus on improving the current setups and implementing the proposed way forwards presented in this thesis. This will allow us to design the best UV polarimeters for high-resolution, wide spectral range spectropolarimeters onboard space missions. This is crucial as several mission projects including UV spectropolarimetric capabilities have already been proposed to ESA, NASA, and CNES. 

A.2 Additional technical information of some components used for the experiment testing the polarimetric efficiencies

This Section describes some components used during the experiment described in Section 3.3. In particular, the spectrum of the lamp, the reflectivity curves of the mirrors, and the 

Spectrum of the source

The lamp source used for the experiment is a deuterium lamp from Hamamatsu referenced L15094. It is a VUV light source with high-performance. It has an air-cooled system. The window is in M gF 2 . The relative spectrum of the lamp is presented in Figure A.7. The maximum intensity of the source is between 120 and 170 nm with a maximum peak at 160 nm.

Mirrors reflectivity curves

The parabolic mirrors are off-axis parabolic mirrors from Thorlabs, with an angle of 45 • , a diameter of 3", and a focal length of 12". The reference of the mirrors is MPD3124-P01. These mirrors were delivered without silver protection to our two suppliers, eSource Optics and Teledyne, in order to coat them with their UV coatings with Al/MgF2. The reflectivity of the coating from eSource Optics is presented in Figure A.8 whereas the one of Teledyne is presented in Figure A.9. The mirrors with eSource Optics coatings were used for the ordinary beam measurements. After the degradation of the coating was noted, as explained in Section 3.4.2, the Teledyne mirrors were used. The same effect was observed. The cause of this darkening has not been fully identified yet but is likely due to the too close proximity of the mirrors with the bright UV source. [START_REF] Edward | Handbook of optical constants of solids[END_REF], Larruquert [START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF], and [START_REF] Larruquert | Reflective and transmissive broadband coating polarizers in a spectral range centered at 121.6 nm[END_REF] are the sources of the displayed values. General principle of a polarimeter using temporal modulation.

Optical indices used for the simulation of the reflective polarimeters

a waveplate almost near its transmission cutoff around 115 nm [7], its small and variable birefringence at these wavelengths makes it challenging to be used for a polychromatic polarimeter. Therefore, below ∼123 nm [4], one needs to find another way. To measure polarization as low as 90 nm, one must resort to reflection rather than the usual transmissive methods. Each reflection introduces a phase shift between p and s polarizations as well as a change in the total rate of polarization thanks to the different reflectivities. This makes it possible to use reflection for the modulator and analyzer functions. Here, we study a polarimeter made of four reflecting surfaces. Three surfaces are at a fixed position with respect to each other but free to rotate together around the optical axis; thus, they make the modulator. We choose to have three surfaces, as it is the minimum number that permits not to change the optical axis while maximizing the flux. The analyzer is made of a single reflecting surface (a dielectric crystal or a metal at a Brewster angle, which we define as the incidence angle at which the reflected beam is optimally polarized, though seldom polarized at 100% contrary to dielectrics), which polarizes the incoming light. Contrary to transmissive polarimeters, which can use dual-beam polarizers [8,9], the use of the Brewster angle in this reflective polarimeter implies a single beam output. A scheme of this polarimeter is shown in Fig. 2. The alignment of such a device is tricky: the rotation of the modulator is likely to wobble the beam if not aligned exactly. In order to qualify for a space mission, the alignment should resist the vibration of a launch or be corrected in space. Thus, the accuracy and stability of the alignment are a major issue that will be studied later for the case of POLLUX.

C. Matrix Calculations/Mueller Calculus

In what follows, we study polarimetry using Stokes parameters and Mueller calculus. The simulation of polarimeters and the data processing involve Mueller matrices. We recall that a Mueller matrix is a 4 × 4 matrix that characterizes how a component, C , affects the polarization: the input Stokes vector S in and the output Stokes vector S out are linked by 

out =    I ′ Q ′ U ′ V ′    = M C * S in = M C *    I Q U V    , (1) 
where M C is the Mueller matrix of the optical component C . The four lines and four columns of the matrix correspond to the Stokes parameters I , Q, U , and V and show how the component changes the polarization among the four parameters. Each optical element has its own characteristic Mueller matrix. In particular, both the modulator and the analyzer are represented by such matrices. The Mueller matrix of the modulator can be computed with the Mueller matrix of each reflection as well as by using the rotation matrix, a 4 × 4 matrix that encodes the rotation of a component with respect to the optical axis.

Mueller matrices form a group under matrix multiplication; therefore, the global Mueller matrix of the polarimeter can easily be obtained from Eq. ( 1) as

S out =   i∈[C ] M i   α * S in = M polarimeter α * S in , (2) 
thus

M polarimeter α = i∈[C ] M iα , (3) 
where M iα is the Mueller matrix for a component in the ensemble of components [C ] in the system, and M polarimeter α is the Mueller matrix of the whole polarimeter for the position of the modulation α. Since we measure only intensities, we are only interested in the first component of S out , which gives the total intensity measured on the detector. We define the modulation matrix O, which is a matrix of dimensions 4 × N formed by combining every first line of the polarimeter Mueller matrix for each of the N modulation angles (we shall often have N = 6 in the rest of this work). This modulation matrix O allows us to write an equation for the measurement process:

I out =      I ′ α 1 I ′ α 2 . . . I ′ α N      = O * S in , (4) 
with I out the vector of the series of N intensity measurements made for each angle α of modulation and S in the Stokes vector we want to measure. To retrieve the Stokes vector, we need the demodulation matrix D, which is the pseudo-inverse of the modulation matrix O [10]:

D = (O T * O) -1 * O T . ( 5 
)
We then have S in = D * I out (6) to retrieve directly the initial Stokes vector from the N intensity measurements. The demodulation matrix also allows us to determine the efficiency of the polarimeter (see Section 4).

Research Article

After fully studying the reflection in Section 2, we first simulate and optimize the analyzer independently using the contrast and figures of merit in Section 3. Using the results obtained for the analyzer, we finalize the polarimeter by optimizing the modulator according to the global polarimetric efficiency in Section 4.

SIMULATING A REFLECTION AS A MUELLER MATRIX A. Mueller Matrix of a Reflection

To simulate and optimize a reflective polarimeter, we need to calculate its modulation and demodulation matrices from the Mueller matrices of the components, i.e., with Mueller matrices of a reflection. The Mueller matrix of a reflection M R at an incidence angle θ and for a wavelength λ is given by [11] 

M R (θ, λ) =     X (θ, λ) 2 + 1 X (θ, λ) 2 -1 X (θ, λ) 2 -1 X (θ, λ) 2 + 1 ... 0 0 0 0 0 0 0 0 2X (θ, λ) cos(τ (θ, λ)) 2X (θ, λ) sin(τ (θ, λ)) -2X (θ, λ) sin(τ (θ, λ)) 2X (θ, λ) cos(τ (θ, λ))    (7) with X 2 = r 2 /r 2
⊥ the squared ratio of Fresnel amplitude reflection coefficients and τ the difference of phase shift between p and s polarizations. To study the modulation and efficiency of the reflective polarimeter, these two parameters must be known. This matrix is obviously dependent on the angle of incidence θ and the wavelength λ but also on the material used (optical indices of the substrate, of the coating, and of its thickness).

We present below three cases, depending on the surface used to reflect (absorbing or not) and with or without a coating. We did not consider the case of multilayer coatings.

B. Phase Shift and Amplitude of a Reflection on an Absorbing Surface with a Nonabsorbing Coating

A reflection on an absorbing material creates a phase shift in addition to the polarization-dependent reflectivities. As shown in Fig. 3, we call 1 the environment of the instrument, vacuum in our case; 2 the coating; and 3 the substrate of the surface. The indices of all the parameters in this section will refer to this notation. One may notice that the calculation of the refraction angle using Snell-Descartes equations should use the complex optical index to take the absorption into account and may provide mathematical complex refraction angles [12].

The rate of reflectivities χ and the phase difference τ in this case can be directly found in [13]. Explicitly, they are calculated using the reflection coefficient r :

r = r 12 + ρ 23 e i(φ 23 +2β) 1 + r 12 ρ 23 e i(φ 23 +2β) , (8) 
with β = 2π n 2 h λ cos(θ 2 ), where r 12 is the reflection ratio at the interface between 1 and 2, and ρ 23 and φ 23 are the amplitude ratio and phase change at the interface between 2 and 3. The amplitude and phase of this reflection coefficient give the reflectivities and phases for p or s polarizations, using the appropriate expressions.

Using Born and Wolf equations [13], it is now possible to calculate χ and τ and retrieve the Mueller matrix of a reflection in the case of a coated reflecting surface.

C. Phase Shift and Amplitude of a Reflection on an Absorbing Surface Without Coating

Although a particular case of a coated surface, it is worth to recall here also the case of an uncoated substrate, which, obviously, can be computed with simpler expressions. These can also be found in [11]:

χ 2 =
f 2 + g 2 -2 f * sin(θ 1 ) * tan(θ 1 ) + sin 2 (θ 1 ) * tan 2 (θ 1 ) f 2 + g 2 + 2 f * sin(θ 1 ) * tan(θ 1 ) + sin 2 (θ 1 ) * tan 2 (θ 1 ) (9) and tan(τ ) = 2g * sin(θ 1 ) * tan(θ 1 ) sin 2 (θ 1 ) * tan 2 (θ 1 ) -( f 2 + g 2 ) (10) with θ 1 the angle of incidence, and where In the particular case of a nonabsorbing medium, such as crystal, where k is considered null, the expressions for reflectivities reduce to the well-known expressions. We stress that, in this case, there is no phase shift between the polarizations. Indeed, at each reflection of light coming from vacuum into the crystal, the phase shift is 0, unless the crystal is finite with width d and transparent enough so that multiple reflections occur [14]. Total reflections impose another different phase shift, used in Fresnel rhombs, but this is beyond application in our present study. Therefore, nonabsorbing media cannot be used for the modulator but can make a good polarizer.

f 2 = 1 2 (n 2 -k 2 -
For any given wavelength, it is indeed possible to find an angle for which the reflected beam is 100% polarized: the Brewster angle θ B = arctan(n). Such a Brewster angle is wavelength-dependent, which complicates its use in a broadband polarimeter if the available materials have chromatic optical indices. In addition, even if the reflection at the Brewster angle is 100% polarized, the actual reflectivity may be too small, jeopardizing the throughput of any polarimeter based upon it. This will be studied further in Section 3.

SIMULATING THE ANALYZER A. Polarization Contrast and Figure of Merit

Usually, above 123 nm, beam splitters are used as transmissive analyzers, as they separate the incoming beam into two linear polarization states. This has the advantage to use all the incoming flux and to have a perfect polarizer, with two 100% polarized beams. Using a reflection is more complicated. First, this FUV analyzer only reflects one linear polarization, so we lose some flux, which is precious in the UV domain. Also, the efficiency of the polarimeter decreases, as the output beam is not 100% polarized.

Our goal is to simulate and then optimize the analyzer in order to restrict these two drawbacks, i.e., to maximize the degree of polarization, the ratio of one linear polarization with respect to its orthogonal polarization, and the transmission, i.e., to retain a sufficient signal-to-noise ratio.

Two parameters are going to help us quantify their efficiency. First, we can define a contrast as the ratio between p and s polarizations:

C = R s -R p R s + R p . ( 13 
)
The contrast can help us to determine the degree of polarization of the reflection, which is linked to the efficiency of the polarimeter. This is, however, not sufficient to characterize a good analyzer, since the reflection can be fully polarized but with an extremely low reflectivity. Thus, reflectivity should be part of our characterization. To combine both parameters, reflectivity and contrast, we introduce a figure of merit (as found in a presentation of S. Fineschi at the workshop Polarimetric Techniques & Technology in March 2014):

ǫ = C * max(R s , R p ) = R s -R p R s + R p * max(R s , R p ). ( 14 
)
The figure of merit helps us to quantify and compare analyzers according to their efficiencies and reflectivities. The square root is used on the reflectivity to minimize its variation and give a larger weight to contrast. Now that we have a way to quantify the quality of a polarizer, we can study different solutions and compare them. The study is divided in two parts: first, the solutions, including only one material (no coating) with only one parameter to study, i.e., the incidence angle; second, the study of a coated substrate, for which there is then two parameters, i.e., the incidence angle and the thickness of the coating.

B. Uncoated Surface

For a reflection made with a material without coating, we have just one parameter: the angle of incidence. For a given material and a given wavelength, a particular angle of incidence, which optimizes polarization contrast or transmission or, ideally, both, can be computed. However, the values of the optimal angle of incidence are chromatic; at best, for a given material, we can find a compromise at the price of some trade-offs. The previously defined figure of merit in Eq. ( 14) will help us to define that optimal solution, but it will also be used to compare different materials. The contrast alone has also been studied to underline the benefit of the defined figure of merit.

For the spectral range of POLLUX in the FUV and MUV, we have studied the following materials: calcium fluoride (CaF 2 ), magnesium fluoride (MgF 2 ), silicon dioxide (SiO 2 ), gold (Au), boron carbid (B 4 C), tetrahedral amorphous carbon (ta-C, a diamond-like carbon), and silicon carbide (SiC). We identified those materials in the literature, as they seem to have good reflectivity in the considered wavelength range [15][16][17]. The contrast as a function of incidence angle and wavelength is shown in Fig. 4. The figure of merit as a function of incidence angle and wavelength is given in Fig. 5.

Figure 4 shows that the contrast is sufficiently high for some materials such as CaF 2 , MgF 2 , SiO 2 , Au, and ta-C to consider them. Moreover, the variation of the contrast with wavelength is acceptable in the considered wavelength range. However, in Fig. 5, one can see that, in spite of the good contrast, the reflectivity is not very high and is mostly responsible for the degradation of the efficiency of these polarizers. To compare our solutions, the mean contrast (Fig. 6) and figure of merit (Fig. 7) averaged over the considered wavelength range are plotted as a function of incidence angle. On those graphs, one can see clearly that, even though ta-C isn't the best analyzer based on contrast, reaching almost 0.7, it is the best choice when based on the figure of merit, where it hits 0.6. CaF 2 and SiO 2 seem to be good backup solutions since they have good figures of merit almost reaching 0.6. One may notice that they also have good contrast, around 0.9 for CaF 2 and 0.8 for SiO 2 . The figure of merit helps us to choose ta-C reflection as Fig. 6. Contrast of a polarizer (averaged across the spectrum) made with a reflection on various materials as a function of angle of incidence. At 1, the beam after reflection is fully polarized. At 0, the beam is not polarized. Fig. 7. Figure of merit of a polarizer (averaged across the spectrum) made with a reflection on various materials as a function of angle of incidence. At 1, the beam after reflection is fully polarized. At 0, the beam is not polarized. the analyzer for POLLUX, as it is the best compromise between reflectivity and contrast, but this decision could be modified for a CaF 2 or a SiO 2 plate to improve the contrast and thus the efficiency of the polarimeter if the global signal-to-noise ratio obtained with POLLUX permits it. These figures show that, at maximum contrast, a tolerance of 1 deg in the incidence angle creates a loss of contrast of less than 1%.

Considering the reflectivity, we conclude that the best polarizer for the 90-130 nm wavelength domain is a plate of ta-C at 74.3 • with a mean of 0.599 for the figure of merit and 0.6762 for the contrast. Nevertheless, if there were spectral lines at specific wavelengths of particular scientific interest, the choice of the polarizer could be reconsidered by adding weights to those particular wavelengths. In addition, to study particularly bright objects, a plate of CaF 2 or SiO 2 could be a better choice, as those materials improve overall efficiency, even though they decrease reflectivity.

C. Study on Coated Materials

To simulate the use of a coated material, the thickness of the coating is another parameter to consider. Thicknesses between 5 and 90 nm are considered and cover the usual values. We decided to study a reflection on aluminum coated with MgF 2 [18], as it is a well-known combination to study UV light. To analyze the two relevant parameters (incidence angle and thickness), we plot the contrast averaged over wavelength as a function of incidence angle in Fig. 8 for several thicknesses. Thicknesses were studied from 5 to 90 nm with a 1 nm step, but fewer values are displayed for clarity. A maximum contrast of 0.12 is obtained for a thickness of 32 nm, which is much lower than contrasts found for noncoated materials, which are up to 0.9. This case is therefore discarded for the analyzer of POLLUX.

Other combinations of materials for the substrate and coatings may be considered in the future, if an efficient combination appears from the current LUVOIR R&D studies. Fig. 8. Mean of contrast on wavelength of a reflective polarizer made with an aluminium mirror coated with different thicknesses (h) of MgF 2 as a function of angle of incidence. At 1, the beam after reflection is fully polarized. At 0, the beam is not polarized.

POLARIMETER MODULATION A. Mueller Matrix of the Modulator

As mentioned in Subsection 1B, the modulator is formed by three reflections, so that the beam is not deviated from the optical axis, and the output beam does not move with the rotation of the modulator. The first and third reflections are then symmetrical with respect to the second one, which has its normal perpendicular to the optical axis of the instrument. The three reflections are studied as a whole and not independently, since it is the total change of phase that is of interest. To that effect, the Mueller matrix of the modulator must be computed. The studied parameter is the incidence angle θ m on the first surface, as denoted in Fig. 2. The incidence on the other surfaces can be computed from θ m .

The Mueller matrix of the modulator is easily built up as the product of the matrices of these three reflections. Following the notation from Fig. 2 

   . ( 15 
)
The measurement of polarization with our present design consists in choosing a set of N angular positions for the modulator that differently encode polarization into intensity variations. Each one of the N measurements is differentiated by α, the rotation angle; further, the resulting Mueller matrix for the full modulator is 

However, as seen in previous sections, we cannot find a perfect analyzer. The solutions found for POLLUX polarizes light but not completely; in the case of ta-C, we even expect a retardance phase to appear between the reflected orthogonal polarizations. In other words, the analyzer may not just be polarizing but also transforming, rotating one polarization into another, a role that, in theory, we reserved to the modulator. Because of this, we cannot study or optimize the modulator alone. We must consider the whole polarimeter made of the rotating three-reflections modulator plus the nonperfect analyzer.

B. Optimizing the Polarimeter

To study and optimize the modulator, we must also study the analyzer, i.e., the Mueller matrix of the complete polarimeter must be studied. We can easily compute the Mueller matrix for the whole polarimeter from the modulator Mueller matrix computed in Section B. The Mueller matrix for the whole polarimeter is 

Choosing a set of modulation angles α and keeping only the intensity of the resulting Stokes vector for each one of those angles, we can build the modulation matrix O, as described in Section C, which relates the incoming Stokes vector to the actual series of intensity measurements. An example of this modulation matrix is shown in Fig. 9.

To quantify the performances of the whole polarimeter and optimize it, we define, following [10], a polarimetric efficiency as

ǫ i =   N N j =1 D 2 ij   -1/2 (18) 
of a given demodulation scheme made of N measurements and represented by matrix D, the pseudo-inverse of the modulation matrix O, for every Stokes parameter i ∈ [I , Q, U , V ]. It is important to stress that the three efficiencies for Q, U , and V obey the relationship

Q,U ,V ǫ 2 i ≤ 1. ( 19 
)
Our work in optimizing the modulator has been to pick the material, incidence angle θ m , and set of modulation angles α, which maximize these efficiencies ǫ i . The need for good reflectivity limits the materials available for the modulator to the same ones as those studied for the analayzer, i.e., SiC, ta-C, Al + MgF2... Crystals cannot be used for modulation because they do not introduce any phase shift between polarizations.

The incidence angle θ m and modulation angles α have been fixed through a Marquardt-Levenberg iteration scheme with the constraint to minimize the difference between their value and the maximum theoretical one. The maximum theoretical efficiency is 1/ √ 3 in our case, since we choose to measure the three Stokes parameters with identical efficiency. This can be changed to highlight a particular Stokes parameter to satisfy scientific specification. The incidence angle and modulation angles have been optimized for all combinations of materials for the three reflections, including mixing and matching different materials in order to find the best polarimeter.

The actual number of measurements N, however, has been fixed by simple comparison of the best solutions obtained in each situation. A minimum of N = 4 is required to retrieve the four Stokes parameters, but increasing the number of measurements will improve the signal-to-noise ratio attributed to each Stokes vector. This may improve overall efficiency. To compromise between redundancy and convenience, we chose N = 6 for our polarimeter.

This optimization on the materials, incidence angle, and modulation angles has converged to one efficient modulator working from 90 to 130 nm. The first reflection is in B 4 C and the two others are in SiC. The incidence angle is θ m = 86.8 • . The modulator takes six angular positions: 15.8 • , 48.4 • , 66.0 • , 114.0 • , 131.6 • , and 164.2 • . Figure 10 shows the efficiencies in the three Stokes parameters Q, U , Fig. 10. Polarimetric efficiencies of a polarimeter by reflection with a B 4 C and SiC modulator and a ta-C analyzer. The black dotted line is the optimal efficiency at 57.7% we try to achieve. and V as a function of wavelength for this modulator and a ta-C analyzer. The black dotted line is the optimal efficiency to measure the three Stokes parameters with the same efficiency. The efficiencies are around 0.3 at 90 nm and increase with wavelength to obtain a satisfying result around 0.55 at 130 nm. The sensibility of the modulator is thinner than the one of the polarizer. Indeed, a change of 0.1 degree in the incidence angle on the first mirror implies a change up to 0.04 in the polarization efficiencies.

CONCLUSION

We have studied and optimized, for the first time to our knowledge, a new polarimeter design using only reflection on different surfaces and working in the FUV on a large spectrum. The modulator is made with three surfaces, fixed with respect to one another, and rotating as a block to create a temporal modulation of the polarization. The analyzer is the critical part of the design, as one has to make a trade-off between efficiency and reflectivity. A plate at the Brewster angle or a reflecting surface at a similar angle can play the role of the analyzer. This design has the benefit of not deviating the optical axis with the rotation of the modulator. The optimal polarimeter for the wavelength range 90-130 nm calculated for POLLUX is made of one reflection in B 4 C and two reflections in SiC for the modulator. The analyzer has several options, the one maximizing the flux is a reflection in ta-C. A plate of CaF 2 or Si O 2 , increasing the efficiency but decreasing the reflectivity of the polarimeter, can be used for bright sources. In the case of POLLUX, we need to maximize the flux; thus, the choice of a ta-C reflection has been made, decreasing a bit the efficiency but increasing a lot the reflectivity. To confirm those theoretical results, an experiment has been set up to measure complex optical indexes for the considered materials. This experiment should be conducted in the coming year and will be the subject of a subsequent paper.

DATA

For calculations, the optical indexes used to compute CaF 2 , MgF 2 , SiO 2 , Au, B 4 C , and SiC are from Palik and to compute ta-C are from Juan Larruquert.
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 13a Polarization Unpolarized electromagnetic wave. (b) Linearly polarized electromagnetic wave. (c) Circularly polarized electromagnetic wave.

Figure 1 . 1 :Figure 1 . 2 :

 1112 Figure 1.1: Three states of polarization are represented. 1.1a illustrates an unpolarized electromagnetic wave. 1.1b illustrates a linearly polarized electromagnetic wave and 1.1c illustrates a circularly polarized electromagnetic wave.
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 13 Figure 1.3: Picture 1.3a displays an optical component made of M gF 2 , a birefringent crystal, next to a text printed on a paper. On picture 1.3b, the same text is seen through the optical component. The light is split in two orthogonal polarizations by the optical component and two images can be observed.

Figure 1 . 4 :

 14 Figure 1.4: Several types of polarization splitters are presented. Credit: Bernhard Halle Nachfl. GmbH (https://www.b-halle.de/products/polarizers.html).
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 21 Figure 2.1: Representative scheme of the Zeeman effect. On the left, the energy released by an excited atom without a magnetic field follows the energy quantization, and only one energy is released. On the right, under the effect of a magnetic field, the energy levels are divided and several energies are released. Credit: Martin Pertenais.
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 22 Figure 2.2: Stokes I and V profiles as a function of wavelength in case of a spectral line in absorption in the presence of a magnetic field. Credit: Martin Pertenais.
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 3233 Figure 3.2: Figure of merit of all the configurations studied for the NUV channel of POLLUX.
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 34 Figure 3.4: Efficiencies for the 2-M gF 2 -plates modulator chosen for the MUV channel of POLLUX. Q and U have the same efficiency curve.
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 335 Figure 3.5 shows the efficiencies found for this polarimeter. The efficiencies are very closed to the optimal efficiency all over the spectrum.
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 3736 Figure 3.6: Figures of merit for the studied modulators for PolStar.
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 37 Figure 3.7: Efficiencies for the 2-M gF 2 -plates modulator chosen for PolStar. Q and U have the same efficiency curve.
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 39 Figure 3.9: Picture of the spectrometer with the test bench at the input. The spectrometer is the green chamber, the test bench is the aluminum chamber in the foreground.
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 3 Figure 3.11 shows a top view of the open chamber. All the components are represented inside the vacuum chamber.
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 312 Figure 3.12: Efficiencies for the NUV modulator adapted to the experiment from 143 to 163 nm.
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 313 Figure 3.13: Picture of the dark stain on the first mirror. The stain is encircled in red.The contrast has been optimized in order to make the spot more visible. In real light, the spot is slightly less visible.
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 5315 Figure 3.15: Scheme of the photosensitive sensors. The proportions are distorted to make the drawing more readable.
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 316 Figure 3.16: Extraction of the five spectra from an acquisition. The image is stretched vertically to be more visible. Only one sensor is presented here. The contrast is enhanced in order to make the five spectra visible at the expense of spectral line visibility.
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 319 Figure 3.19: Transmission of the polarimeter. The blue line corresponds to the experimental transmission. The red line corresponds to the theoretical transmission.
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 321 Figure 3.21: Superposition of spectra of 10 minutes, 20 minutes, 1h30, 3h, and 6h normalized in intensity. Each spectra is normalized by its continuum.
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 322323 Figure 3.22: Summary of the ratio between the studied spectra and a spectrum of 1h30 in time and in intensity.
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 324 Figure 3.24: Ratio of the spectra of 10 minutes (A), 20 minutes (B), 1h30 (C), or 3h (D), and of a spectrum of 6h as a function of the intensity of the considered spectrum (A, B, C, or D). The orange line equals to 1.
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 325 Figure 3.25: Variation of the mean intensity of the continuum as a function of its number on the detector. Each line corresponds to a different acquisition thus a different date.
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 326 Figure 3.26: Ratios between two identical spectra on the same acquisition over the spectrum.
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 327328 Figure 3.27: Experimental modulation matrix. The blue line is the experimental matrix computed from the measurements. The red line is the fit of the experimental matrix. The yellow line is the theoretical matrix.
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 329 Figure 3.29: Efficiencies calculated from the experiment and compared to the theoretical ones. The solid lines are the experimental measurements. The dotted lines are the theoretical simulations. The blue lines are the efficiencies for Stokes Q. The red lines are the efficiencies for Stokes U. The yellow lines are the efficiencies for Stokes V.
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 330331332 Figure 3.30: Stokes parameters measured and theoretical for measurement A. The blue line corresponds to the data demodulated with the experimental matrix. The red line corresponds to the data demodulated with the theoretical matrix. The yellow line corresponds to the theoretical polarization input.
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 333 Figure 3.33: Exploded view of the stack of plates at molecular bonding.
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 334 Figure 3.34: Variation of temperature during a thermal cycle.
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 339341 Figure 3.39: Thermal cycling performed in the experiment described in Section 3.5.4. The numbers 1 to 12 correspond to the interference patterns shown in Figure 3.40.
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 342 Figure 3.42: Description of the 7 samples tested in the thermal cycling experiment described in Section 3.5.5.
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 343 Figure 3.43: Thermal temperature of the second cycle of the experiment described in Section 3.5.5. The temperature slope of this cycle is 1 • C/minute.
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 344 Figure 3.44: Picture of the thermal chamber with the samples ready for thermal cycling.
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 44 Figure 4.4: Contrast of a polarizer (averaged across the spectrum) made with a reflection on various materials as a function of angle of incidence. At 1, the beam after reflection is fully polarized. At 0, the beam is not polarized.
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 45 Figure 4.5: Figure of merit of a polarizer (averaged across the spectrum) made with a reflection on various materials as a function of angle of incidence. At 1, the beam after reflection is fully polarized. At 0, the beam is not polarized.
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 49 Figure 4.9: Polarimetric efficiencies of the polarimeter for the FUV channel of POLLUX. It is made by reflection with a B 4 C, and SiC modulator, and a ta-C analyzer. The black dotted line is the optimal efficiency at 57.7% we try to achieve.

Figure 4 . 10 :

 410 Figure 4.10: Experiment using a gold polarimeter in order to retrieve the complex indices of samples of materials.
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 4 Figure 4.17: 4.17a: Picture of the reflection polarimetry bench in position to measure the Mueller matrix. 4.17b: Picture of the reflection polarimetry bench in position to measure the polarization after reflection on a sample.
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 419 Figure 4.19: Tracking the center of the image beam on the detector as the modulator rotates. The dimensions of the detector are 6.79 x 5.43 mm. The curve is drawn over an image of the detector. This image was taken without spectral filter, i.e. with polychromatic light.
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 420 Figure 4.20: Variation of intensity as a function of the modulation angles. The spectral filter was not included for this measurement.
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 422 Figure 4.22: Measurements of A, B, and C polarizations, and their errors. S th is the theoretical input polarization, and S exp is the measured polarization. The column photometry results gives the results of the statistical demodulation. ∆S is the difference between the theoretical input Stokes vector and the one measured.
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 423 Figure 4.23: Measurements of 100% Q, U, and V polarization, and their errors with optical misalignment with respect to the modulation matrix. S th is the theoretical input polarization, and S exp is the measured polarization. The column photometry results gives the results of the statistical demodulation. ∆S is the difference between the theoretical input Stokes vector and the one measured.
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 424 Figure 4.24: Samples of SiC, and ta-C are presented. Samples presented in subfigures 4.24a, and 4.24b are made in SiC. Samples presented in subfigures 4.24c, and 4.24d are made in ta-C.

Figure 4 . 25 :

 425 Figure 4.25: Measurements of polarizations after reflexion on samples of Au, SiC and ta-C. S th is the theoretical polarization computed from the database written, and S exp is the measured polarization. If the database is Palik, the optical indices used are from[START_REF] Edward | Handbook of optical constants of solids[END_REF]. If the database is Larruquert, the optical indices are from[START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF] and[START_REF] Juan I Larruquert | Self-consistent optical constants of sic thin films[END_REF].

A. 1 Figure A. 2 :

 12 Figure A.2: Transmission of a SiO 2 -plate of 5 mm as a function of wavelength. Credit: Thorlabs.

Figure A. 3 :Figure A. 4 :Figure A. 5 :

 345 Figure A.3: Index of M gF 2 as a function of wavelength.The blue line represents the ordinary optical index of M gF 2 extracted from Palik. The red corresponds to the extraordinary optical index of M gF 2 extracted from the Palik. The yellow line represents the ordinary optical index of M gF 2 extracted from Larruquert.

A. 2 Figure A. 6 :

 26 Figure A.6: Birefringence of SiO 2 as a function of wavelength.

Figure B. 1 :

 1 Figure B.1: Optical index n as a function of wavelength for various materials: CaF 2 , M gF 2 , SiO 2 , Au, B4C, ta -C, and SiC. Palik[START_REF] Edward | Handbook of optical constants of solids[END_REF], Larruquert[START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF], and[START_REF] Larruquert | Reflective and transmissive broadband coating polarizers in a spectral range centered at 121.6 nm[END_REF] are the sources of the displayed values.

Figure B. 2 :

 2 Figure B.2: Same as Figure B.1 but for the optical index k.

Fig. 1 .

 1 Fig. 1.General principle of a polarimeter using temporal modulation.

Fig. 2 .

 2 Fig. 2. Scheme of the reflective polarimeter.
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 3 Fig. 3. Reflection on a coated absorbing surface.
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 12 help to simplify the expressions, and k is defined by n = n + ik. Other terms use the same notations as in Section B. D. Phase Shift and Amplitude of a Reflection on Nonabsorbing Material (k = 0)

Fig. 4 .

 4 Fig.4. Contrast after reflection on various materials as a function of wavelength and angle of incidence. At a contrast of 1, the beam after reflection is fully polarized. At a contrast of 0, the beam is not polarized.

Fig. 5 .

 5 Fig. 5. Figure of merit after reflection on various materials as a function of wavelength and angle of incidence. At a figure of merit of 1, the beam after reflection is fully polarized and with no loss of flux. At a contrast of 0, the beam is not polarized and/or the flux is lost.

  , we haveM 3 = M R (θ m , λ) * M R (2θ m -π 2 , λ) * M R (θ m , λ). The three reflecting surfaces are allowed to rotate around the optical axis, and the combined Mueller matrix is then modified by the rotation matrix of the angle of this rotation α:

M

  modulator = R(-α) * M 3 * R(α) = R(-α) * M R (θ m , λ) * M R 2θ m -π 2 , λ * M R (θ m , λ) * R(α).

M

  polarimeter = M analyzer (θ a ) * R(-α) * M 3 * R(α) = M analyzer (θ a ) * R(-α) * M R (θ m , λ) * M R 2θ m -π 2 , λ * M R (θ m , λ) * R(α).

Fig. 9 .

 9 Fig. 9. Modulation matrix of a polarimeter made with one surface of B 4 C and two surfaces of SiC and a ta-C analyzer.

table 3

 3 Superposition of spectra of 10 minutes, 20 minutes, 1h30, 3h, and 6h exposure. Each spectra is normalized by its time exposure.

	.22, ratios

  . One can see the relationship between exposure times and average intensities of their continuum. Even though, the relation is not linear, they obey a perfect polynomial equation. Nevertheless, this study lacks of calibrations: it does not consider the variation of intensity over a detector photosensitive sheet.

	Integration time Time ratio Continuum ratio Intensity ratio
	T	T /1h30	C/C 1h30	I/I 1h30
	10 minutes	0.11	0.09	0.07
	20 minutes	0.22	0.19	0.17
	1h30	1	1	1
	3h	2	2.20	2.40
	6h	6	5.16	6.31

  4, the aim of this first cycle was to test a sample with only 2 plates and a single bonding, which should be more resistant than 4 plates with 3 bonding because it undergoes less stress. In addition, we decided to test samples without mounts, to see if the bonding survived better without mechanical stress. It was therefore decided during this first cycle to use plates A, B, C, and D, i.e. 2 samples of 2 plates without mounts, 1 sample of 2 plates with a regular mount (1 spring), and 1 sample of 4 plates without mount. The temperature cycle was from -25 • C to + 55 • C with a slope of 3 • C/minute and steps of 20 minutes. A visual inspection was carried out at the end of the cycle in order to check the samples. No bonding break was observed on visual inspection.

  2.3. Lastly, the whole polarimeter is simulated in Section 4.2.4. The special case of the POLLUX FUV polarimeter is treated in this Section. Sections 4.2.2, 4.2.3, and 4.2.4 are largely inspired by Le Gal, Ariste López, Neiner, et al: Simulation, and optimization of a broadband reflective far ultraviolet polarimeter. Applied Optics, 2020, vol. 59, no 30, p. 9320-9327.

  • , 74 • , 105 • , and 149 • . The extraction efficiencies of this polarimeter are shown in Figure 4.12.

  sin 2 (θ 1 ) + (n 2k 2sin 2 (θ 1 )) 2 + 4n 2 k 2

Context in astrophysics

A Brewster angle for a metal is defined as the incidence angle at which the reflected beam is optimally polarized, though seldom polarized at 100% contrary to dielectrics.

in our case, since we choose to measure the Stokes Q, U, and V parameters with identical efficiencies. This can be tuned to highlight a particular

(a) (b)
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ments of Q, U and V with a maximal error of 0.1. Nevertheless, other errors are introduced. Indeed, when aligning the linear polarizer and the quarter wave plate to create the polarization, the alignment accuracy is expected to be ±1 • . The error of alignment of the optical components creates a small change of the optical path inside the modulator, and thus the input polarization undergoes a different modulation than the one used to demodulate the signal. This induces errors in the polarization measurements. The difference between the theoretical polarizations and the measurements is given by ∆S = |S th -S exp |. The maximal error is 0.26 in the measurement of polarization A. This error should decrease with a better alignment of the modulator.

Finally, Q, U, and V polarizations were performed again, after manipulation of the optics. In these measurements, both photometry and alignments errors are expected. These measurements are presented in Figure 4.23, as Qbis, Ubis, and Vbis. For the measurements of Qbis, Ubis, and Vbis, the errors ∆S are up to 0.5 and we see that there is a lot of crosstalk from linear polarization to circular polarization.

These tests have shown that the polarimeter works well. However, the photometry errors reach 0.12, and the alignment errors reach 0.5. The alignment errors should decrease significantly with a better alignment of the modulator. Alignment errors can be significant as the demodulation is done with a different matrix than the modulation. Despite these errors, all the injected polarizations were globally retrieved. The results are very encouraging and constitute the first measurements of reflection polarimetry in the visible.

Appendix A Technical details on the experiments performed on the prototype by transmission

This appendix includes additional technical data to the work presented in Chapter 3. Section A.1 presents the optical indices used for the simulations. Section A.2 presents specificities of some components used for UV spectropolarimetric tests.

A.1 Data used to simulate the polarimeters Transmission

Optical transmission is a key element in the study of UV polarimeters. In 

Optical indices and birefringence

The optical indices and the birefringence of the materials are essential to simulate the effect of the modulator on the polarization and calculate the polarimetric efficiencies. Depending on the data source, the optical indices differ up to 0.1. In Figure A.3, we can see different sets of indices for M gF 2 . The first data set comes from Palik [START_REF] Edward | Handbook of optical constants of solids[END_REF]. They can be compared with the data measured by Juan Larruquert [START_REF] Juan | Far ultraviolet optical properties of mgf2 films deposited by ion-beam sputtering and their application as protective coatings for al[END_REF]. The curves are very similar, but there is a difference of about 0.1 between the two data sets. Both ordinary and extraordinary indices are plotted from the Palik data. Only the ordinary index is plotted from the Larruquert data.

For the birefringence, we make a comparison between the birefringence calculated with

Appendix B Optical indices used for the simulation of the reflective polarimeters

This appendix includes additional technical data to the work presented in Chapter 4.

Complex optical indices used for the reflection polarimeter simulations are presented. Figures B.1 and B.2 illustrate, respectively, the real n and complex k optical indices for different materials studied in Chapter 4. Data for the materials CaF 2 , M gF 2 , SiO 2 , Au, B4C, ta -C, and SiC, used in the theoretical study of the polarimeter are presented as a function of wavelength. Some data come from the Palik database [START_REF] Edward | Handbook of optical constants of solids[END_REF], others from papers produced by the GOLD team and directed by J. Larruquert [START_REF] Larruquert | High reflectance ta-C coatings in the extreme ultraviolet[END_REF][START_REF] Larruquert | Reflective and transmissive broadband coating polarizers in a spectral range centered at 121.6 nm[END_REF]. The origin of the data is indicated in the legend. One can observe the differences between the two databases for the materials M gF 2 , SiC, and B4C. For the real indices n, the data from the two databases are quite different. The difference between the indices of SiC is up to 0.2. The difference between the values of B4C reaches 0.1 and that of M gF 2 reaches 0.25. For the complex k indices, the B4C data are very similar. On the other hand, the data on SiC reaches a difference of 0.2 and that of M gF 2 reaches 0.4. These differences are due to the great dependence of the optical index of the sample, of its manufacturing conditions but also of the measurement conditions. As a consequence, for accurate simulations, one must measure its own optical indices from its own samples.