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I. Mars et l'électricité atmosphérique

L'atmosphère de Mars est froide, très ténue, venteuse et poussiéreuse et sa surface stérilisée par quatre milliards d'années de bombardement par les UV et rayons cosmiques ; Rien de très avenant a première vue, qui ne justifierait les cinquante sondes que l'humanité s'est acharnée à envoyer en soixante ans ou les velléités d'exploration et de colonisation. Mais il y a une raison a tout cela : l'exploration de Mars nous permet de remonter dans le temps et de voir ce a quoi ressemblait le système solaire il y a quatre milliards d'année. Cette limite correspond au moment où Mars a dramatiquement perdu sa dynamo interne et son atmosphère, la figeant dès lors dans le temps, a l'abri de la tectonique, du volcanisme et de l'érosion qui façonnent sans cesse la surface de notre planète.

Cette manière d'étudier Mars ou d'autres corps du système solaire de d'ailleurs à travers le prisme de la Terre et de leu histoire commune repose sur un paradigme : celui de la planétologie comparée, statuant que l'étude des phénomènes sur d'autres corps nous permettra de mieux comprendre celui sur lequel nous visons. Un des principes sous-jascents de cette approche est que les mêmes causes conduisent le plus souvent aux même conséquences. Sur Terre, quand les vent turbulent soulève des poussière et les faits entre en collision, des phénomènes électriques tendent à apparaitre, les plus spectaculaires étant les éclairs dans les nuages d'orages et leur contrepartie longtemps méconnue : les sylphes, farfadets et elfes, plus prosaïquement connus sous le noms de TLE (Phénomènes Lumineux Transitoires).

De ce fait, une planète poussiéreuse et venteuse comme telle que Mars est susceptible d'héberger de tels phénomènes électriques. Bien entendu, aucuns cumulonimbus ni éclairs n'ont jamais été observés sur Mars et les quelques sondes ayant atteint la surface de la planète rouge n'ont jamais été foudroyées. Néanmoins, des phénomènes électriques moins visibles ou bruants pourraient avoir lieu dans l'atmosphère martienne et si tel est le cas, ils auraient potentiellement un rôle majeur sur le climat de la planète ou la chimie ayant lieu à sa surface.
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IV. AMELIORATIONS MATERIELLES ET LOGICIELLES

II. Micro-ARES sur ExoMars 2016

Exomars 2016 est la seconde mission européenne à être lancée vers Mars -Mars Express étant la première, il y a douze ans -et également la seconde tentative d'amarsissage. C'est la toute première mission envoyée sur Mars équipée d'un instrument dédié à l'étude de l'électricité atmosphérique Martienne : Micro-ARES, le capteur de champ-électrique et de relaxation atmosphérique.

La gestation de la mission ExoMars ayant été assez longue et houleuse, plusieurs version de l'instrument ARES ont été successivement développées puis proposées. Micro-ARES est la dernières, une version réduite, dont le design a été majoritairement contraint par la réduction de masse et l'efficacité énergétique.

Ce type de capteur d'électricité atmosphérique -une sonde de potentiel -n'est pas celui produisant les données les plus simples à traiter, mais il à l'avantage indéniable d'être le plus polyvalent. Il combine en effet les capacités de mesures d'un moulin à champ, pour le champ électrique DC de large amplitude, de sonde de conductivité et d'antenne, pour mesurer le champ électrique AC jusque plusieurs kilo-Hertz ; Et ce dans moins de 300 grammes et en consomment moins de 300 milli-Watts.

Micro-ARES a quitté la surface de la Terre en mars 2016 et à atterrit -un petit peu trop brutalement -en octobre de la même année.

III. Développement des tests instrumentaux

Le développement d'un instrument spatial est jalonnée par différent tests, dont le déroulement est codifié par un ensemble de règles dépendant des agences spatiales. Pour les missions sous l'égide de ESA, l'agence spatiale européenne, cet ensemble de normes se nommes ECSS (European Cooperation for Space Standardization, la Coopération Européenne pour la Standardisation de l'Espace).

Ces tests sont assez divers : Tests fonctionnels pour vérifier que l'instrument effectue bien la mesure pour laquelle il est conçu ; Tests en vibrations afin de s'assurer s'il est bien capable d'endurer les vibration et chocs due au décollage et l'atterrissage ; Test thermiques sous vide afin d'éprouver la résistance de l'instrument aux conditions de l'espace, etc. Le dénominateur commun à tous ces tests est qu'ils requièrent que l'instrument soit placé dans des conditions proches de celles dans lesquelles il sera utilisé, en particulier vis-à-vis de ce qu'il sera censé mesurer ; des champs électriques dans notre cas, avec une atmosphère ayant une certaine conductivité.

Ce chapitre détaille le développement des équipement que j'ai développés ou améliorés pour effectuer ces tests ainsi que l'utilisation qui en a été faite, par moi ou d'autres membres de l'équipe, tout au long de ce processus de développement de l'instrument. Ces équipements ont deux objectifs principaux : reproduire les conditions physique martienne que l'instrument devait rencontrer (type de champ électrique, conductivité de l'atmosphère) ainsi que l'interface électronique à laquelle il serait connecté sur l'atterrisseur Schiaparelli.

IV. Amélioration matérielles et logicielles

Ce chapitre développe une liste non-exhaustive des modifications matérielles et logicielles que j'ai implémentées dans l'instrument Micro-ARES afin d'en améliorer le contenu scientifique

V. CALIBRATIONS ET TRAITEMENT DES DONNÉES

ix produit ou simplement de corriger les soucis existant quand je suis arrivé.

Les équipements développés et détaillés dans le chapitre précédent ont été utilisés tout au long de ce processus de maturation de l'instrument.

La principale motivation derrière les modification présentées dans ce chapitre à été la suivante : Maximiser la production scientifique de l'instrument -c'est à dire s'assurer que chaque phénomène électrique ayant potentiellement lieu du Mars soit mesurable par l'instrument et, s'ils ont lieu, mesuré -alors qu'il ne fonctionnera que trois jours et que la sélection opérée sur les données produite à un ratio de un pour quarante.

V. Calibrations et traitement des données

Plus l'instrument est simple, plus les données sont compliquées à traiter. Ce proverbe, inventé par l'auteur, siérait tout particulièrement bien à l'instrument Micro-ARES. En effet, le principe même de l'instrument -la sonde de potentiel et sonde à relaxation -produit des mesures dont les différentes valeurs clés sont entrelacés et dépendant de nombreux autres paramètres aussi bien internes à l'instrument qu'externes.

Ce chapitre détaille toute la consciencieuse procédure de calibration que j'ai développé pour l'instrument ainsi que toute le processus de traitement des données afférent. La phase de modélisation également nécessaire à ce traitement des données et plus détaillées dans le chapitre suivant.

Acronyms and abbreviations

AC Alternative current, refers to the AC channel of Micro-ARES, see § 2.3.3 and § 2.3.4. ADC Analog to Digital Converter, refer here to the AD7694 16 bits ADC used in Micro-ARES. ARES/Micro-ARES Atmospheric Relaxation and Electric Field Sensor. The instrument this thesis is discussing extensively. CAD Computer Aided Design, typically refers here to digital 3D models built with softwares such as FreeCAD, AutoCAD, CATIA, Solidworks, et cetera. CEU Refers to the DREAMS CEU, Central Electronic Unit, described in Chap. 2, § 2.1.4 and § 3.2.2. CFL The Courant-Friedrichs-Lewy condition necessary for convergence of a numerical scheme. For unconditionally stable schemes, abidance to this condition does not ensures the result is accurate and physical; Still the lower the value, the better the result. CLK The main DSP Clock, 32 MHz in the Micro-ARES configuration. CNV CoNVersion signal sent by the DSP to the ADC in order to trigger the sampling and digital conversion of the signal. CP Refers to the continuum-plasma model (see § 6.3). DC Direct Current, refers to the DC channel of Micro-ARES, see § 2.3.3 and § 2.3.4. DSP Digital Signal Processor, a type of processor optimized for signal processing (filtering, FFT, etc.) executing compiled C code. Refers here to the ADSP2189 processor used in Micro-ARES. DREAMS Dust Characterization, Risk Assessment, and Environment Analyzer on the Martian Surface, the instrument package on the Schiaparelli lander. Micro-ARES is part of this package. EC Refers to the electric-current model (see § 6.2). xi xii Acronyms EDM/EDL The Entry, Descent and landing Module, ESA's spacecraft named Schiaparelli and part of the ExoMars 2016 mission, dedicated to the Entry, Descent and Landing demonstration. It also carried the DREAMS instrument package. EIM Engineering Interface Model. The instrument board built in the early stages of development to specifically test the interface with the other electronic devices of a space system. EM Electro-magnetic. ESA The European Space Agency. FM The Flight Model built for Micro-ARES, see § 3.1.1. FS The Flight Space, rigorous copy of the FM. Build in case the Fm need to be replaced. GUI Graphical User Interface, refers to a software user interface which allows the user to interact with graphical elements such as icons and visual indicators, by opposition with text interfaces.

GCR Galactic Cosmic Rays, highly energetic radiation generated outside the solar system by violent astrophysical phenomena Mostly composed of protons and atom nuclei with energies ranging up to zetta-electronvolts.

HK Housekeeping, non-directly scientific data collected in order to monitor the health of the instrument.

LSB Least Significant Bit, the bit giving the smallest value in a binary number, usually the rightest term in a binary number written in humanly readable form. By extension, it refers here to the integer directly converted from a binary number (signed or not).

MLI Multi-layer insulator, the typical insulator used in space engineer, made of multiple superimposed layers of aluminized Kapton or Mylar sheets separated by mesh sheets.

MUX Multiplexer, takes multiple signals at the input and only outputs one according to the command sent to it, see § 2.3.3.
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VIII. Conclusions et perspectives

VII. Résultats de campagne de mesure et attentes

En juillet 2014, Micro-ARES a pu être testé pour la toute première fois en conditions dite de «terrain» dans le désert de Sahara. Ce tests avait une double visée : démontrer qu'un ensemble d'instruments représentatifs de DREAMS est bien capable de détecter des phénomènes dus à la poussières et également que Micro-ARES est capable de mener à bien sa mission, a savoir caractériser le champ électrique planétaire.

Pendant ces quatre jours de mesure Micro-ARES était censé pouvoir mesurer les phénomènes suivants : le champ électrique de beau-temps terrestre, le champ électriques de grande amplitude généré par des tempêtes de poussière (ce qui requérait le fonctionnement des fameux relais à l'entrée de l'instrument) et enfin les phénomène de résonance, transverse et Schumann.

La présence sur le site d'un autre appareil de mesure de champ électrique, un moulin a champ de type oscillant, nous a permis de corroborer les mesures effectuées par Micro-ARES. Micro-ARES a parfaitement fonctionné durant ces quatre jours, démontrant le très bien comportement des relais d'atténuation du signal ainsi que l'efficacité des algorithme de pré-traitement et de sélection des données.

Dans ce chapitre sont tout d'abord détaillés l'équipement ainsi que le traitement des données particuliers que j'ai du mettre au point afin de faire fonctionner Micro-ARES dans des conditions terrestres. Puis les excellents résultats des mesures de la campagne ainsi que leur interprétation et comparaison sont présentés. Enfin, les mesures attendues sur la planètes Mars sont exposés, aussi bien d'un point de vue qualitatif que quantitatif.

VIII. Conclusions et perspectives

Trois cent missions de mètres par secondes. Aussi impressionnant soit ce nombre, la lumière montre pourtant bien vite ces limite au sein du système solaire. Une conversation téléphonique avec un ami sur la lune, et son délai de 1,6 secondes et au pire fastidieuse. Mais les dix à trente minutes de délai entre ce qui se passe a la surface de Mars et la Terre et tout bonnement rédhibitoire. La sonde New Horizons et en leur temps les sondes Pioneer et Voyager sont encore un ordre de grandeur au delà.

En d'autres termes, le pauvres ingénieurs et scientifiques enfermés dans la salle de contrôle sont condamnés a connaitre le devenir de leur création avec un délai de quinze minutes, l'ensemble des opération sur place devant être entièrement autonomes. La moindre erreur dans ces algorithme d'automatisation et la cruelle vérité sera révélée quinze minutes mais trop tard. Une de ces erreurs a eu lieu le 19 octobre 2016, conduisant l'atterrisseur Schiaparelli à se poser délicatement à la vitesse de 600 kilomètres par heure.

Plus joyeusement, ce chapitre présente également l'ensemble des améliorations pouvant être apportées par l'avenir à l'instrument Micro-ARES ainsi qu'aux modèles d'interaction avec l'atmosphère afin d'optimiser un peu plus les mesures effectuées.

Chapter 1

Mars and Atmospheric electricity

"Very few people ever bother to find out what other people really think. They are willing to accept whatever they are told about anyone sufficiently distant."

-Kim Stanley Robinson, Red Mars

The atmosphere of Mars is cold, faint, windy and dusty, which might not seem very appealing at first. But there is a reason to explain why humanity sent with obstinacy more than fifty probes toward it during the past sixty years: Mars is a snapshot of what the Earth might have looked like three billion years ago and hence a fantastic laboratory to look at our past and the one of the Solar system. The paradigm stating that the understanding of other planetary bodies might help to understand our own, its past and its future, is named comparative planetary science. One of the principles underlying this study approach is that the same causes often lead to the same consequences. On Earth, when air currents lift particles and make them collide with each other, electrical phenomena do appear, the most majestically terrifying ones being thunderbolts and lightning -and their equally beautiful but discreet counterpart, sprites and jets. Hence a dusty and windy planet such as Mars is actually very likely to harbor electrical phenomena too. To this day, no lightning were ever observed on Mars and the few probes which reached the red planet surface safely were never thunderstruck. But still, less visible and noisy electrical atmospheric phenomena might take place on the planet and if so, they would have sprawling implications: from the atmosphere -top to bottom -chemistry to the global climate of the planet.

Table 1.1 -Earth and Mars orbital and planetary properties comparison.

Roughly half the size of our home planet (see Tab. 1.1), Mars lost its internal energy faster3 than the Earth or Venus. Without the dynamo effect and the subsequent protective magnetic field, and in combination with the smaller gravitational well, Mars' primitive CO 2 atmosphere has been stripped away by solar winds [START_REF] Dong | Multifluid MHD study of the solar wind interaction with Mars' upper atmosphere during the 2015 March 8th ICME event[END_REF] and atmospheric escape.

Mars roams just beyond the limit of the solar system habitable zone (HZ), 1,36 ua at the minimum while the HZ stops around4 1,18 ua [START_REF] Vladilo | the Habitable Zone of Earth-Like Planets With Different Levels of Atmospheric Pressure[END_REF]. The resulting solar flux, less than a half of the Earth one (see Tab. 1.1), combined with the rarefied atmosphere, made it the cold and dry world it is today, only 0,7 billion years after its formation (see Catling 2009 and Fig. 1.4).

Earth and Mars are however very similar on several aspects. The first one is the planetary obliquity: On Earth, this obliquity is accountable for the presence of seasons, the very low eccentricity effect being anecdotal. The Terrestrial and Martian obliquities being very similar, this seasons are also observed on Mars, involving characteristic climatic events (dust storm in particular, see § 1.2.4) and a complex seasonal water and CO 2 cycle (see [START_REF] Montmessin | Aspects microphysiques de l'atmosphère martienne : de la poussière aux nuages de glace d'eau[END_REF][START_REF] Listowski | Modélisation des nuages de dioxyde de carbone ( CO2 ) sur Mars : application aux nuages mésosphériques[END_REF].

However, Mars has an orbit slightly more elliptical5 than the Earth one (see Tab. 1.1) , which result on more asymmetric seasons (see Fig. 1.2). The near coincidence of the Martian perihelion and southern summer make this season significantly hotter than the northern summer, the southern seasons being in overall more pronounced than the northern ones.

The second common point is the sol duration: The Martian one is only 39 minutes and 35 seconds longer than the one on Earth6 (see Tab. 1.1). The timekeeping usually employed on Mars does not introduce a "timeslip" 7 but is rather based 24 decimal hours for each sol, for Figure 1.2 -Mars orbit around the Sun and seasons. The large eccentricity of the planet produces a seasonal asymmetry, the southern hemisphere's summer, coinciding with the perihelion, being hotter than the northern hemisphere's one. This southern hemisphere summer (between ≈ 240 °and 300 °) corresponds to the dust storms season (Credits: LMD/UPMC).

commodity reasons and similarity to the way time is dealt with on Earth. The Local True Solar Time (LTST) or Local Mean Solar Time (LMST) is usually used to timestamp scientific mission at the Martian surface. It is computed for given longitude on the Martian ground and a given solar longitude according to the Mars 24 algorithm (see Allison et al. 2000 and § 5.2.3). Indeed, the sol duration does depends on the solar longitude, due to the non-negligible eccentricity of Mars8 .

The duration of the sidereal year, however, is almost twice as long as the Earth one (see Tab. 1.1). The most common parameter used to locate the planet within a Martian year is not the Martian sol number9 but rather the solar longitude, usually referred as . It corresponds to the angle swept by the planet starting from a reference point: the vernal point 10 . Scientific missions also use their landing date as a reference for sol 0 or 1 and count from this point.

The reference date commonly taken by the Planetary Society and the planetary science community to count Martian years is the 11 th of April 1955, as defined by [START_REF] Clancy | An intercomparison of ground-based millimeter, MGS TES, and Viking atmospheric temperature measurements: Seasonal and interannual variability of temperatures and dust loading in the global Mars atmosphere[END_REF]. This peculiar date corresponds to a northern spring equinox and was designed to immediately precede a planetary dust storm that occurred in 1956, the first one ever studied (see Stooke 2012 11 ). With this reference, 2016 corresponds to the Martian Year (MY) 33.

Earth and Mars are the only rocky planets 12 in the solar system known to possess natural satellites. While the Earth-Moon system almost constitutes a binary system, Mars' satellites are negligible in size compared to the main body: Phobos and Deimos 13 . Due to their small size, respectively ∼ 22 km and ∼ 12 km in diameter, both bodies are undifferentiated and did not achieve hydrostatic equilibrium 14 , contrary to the Moon.

What happened to the canals? or the Martian surface 1.1.2.1 Geologic history of Mars

The defining characteristic of Mars, observable with the naked eye, is its distinctive red color which led to the common metonymy to name Mars: the red planet (see Fig. 1.1). It is due to the oxidation of iron compounds in the first millimeters of the regolith layer covering the planet.

Since the Mesopotamian civilizations, 4000 years ago, this red color was already associated to war and the afferent god: Nergal. This association persisted to the Greek and Roman civilizations, with the deities Ares and of course, Mars. More than any other planet, Mars kept feeding the human imagination during millennia, with its association to war and blood as we said but also for the hypothetical presence of life on its surface sometimes depicted as hostile, sometimes as benevolent.

Centuries later, the channels observed by Giovanni Schiaparelli, Camille Flammarion and Percival Lowell (see Fig. 1.3(a)) at the end of the 19 th century were thought to be the desperate attempt of a Martian civilization to counter a planetary drought. They were still popular until the mid-sixties in the science-fiction world, even if their existence and the one of a Martian civilization was infirmed at the beginning of the 20 th century thanks to the first spectral sounding of its atmosphere.

They eventually definitively vanished with first images produced by NASA's probe Mariner 4 in 1965. Just like it made the hope to meet Selenites disappear, space science and exploration transformed the search for an evolved current Martian life into an equally fascinating search for traces of past or present life on the red planet, and from there the origin of life on Earth.

Remarkable topographic features

Remote observations in the late 19 th century already unveiled the main Martian geological features, which were later revealed by orbital observations (see Fig. 1.3): The north-south dichotomy, the main mounts, basins and Valles Marineris. Indeed, Mars harbors the highest known mounts in the solar system, Olympus Mons and the Tharsis Montes: The first one is 22,5 km high (from its base), twice the highest mount on Earth, the Mauna Kea (∼ 10 km above the seabed) while the three others all culminate above 14 km. Such elevations can be 11 The fact that the International Geophysics Year was 1956 might also have played a role in the selection of this reference date.

12 Sorry Pluto ... 13 Respectively Fear and Terror, the two sons of Ares and Aphrodite (Mars and Venus). 14 Hydrostatic equilibrium is achieved for a planetary body when gravitational forces compensates the body rigidity, giving it a spherical shape.It is one of the condition to be classified as a planets, according to the IAU 2006. Figure 1.4 -Timeline of the major processes and event in the Martian history. Most of these events are concentrated in the first one and half billion years of the planet history, the magnetic field disappearance and reduction of impact frequency in the solar system leading to the Amazonian age with the dry and cold Mars known today. The Noachian and pre-Noachian ages are separated by the Late Heavy Bombardment, which formed most of the craters visible in the southern lowlands and the impact basins (Credits: inspired by [START_REF] Ehlmann | Subsurface water and clay mineral formation during the early history of Mars[END_REF].

explained by both the lower Martian gravity (one third of the Earth one, see Tab. 1.1) and the absence of tectonic movements when Mars was internally active (see [START_REF] Kieffer | MARS[END_REF].

The formation of such volcanoes stretched the Martian crust enough to lead to the formation of Valles Marineris (named after the Mariner 9 probe), a huge system of canyons which stretches over 4000 km and up to 7 km deep at some point, almost ten times the Grand Canyon. The presence of hydrated silicates at the bottom of the canyons suggests that hydraulic erosion took part in the formation of Valles Marineris [START_REF] Bibring | Mars Surface Diversity as Revealed by the OMEGA/Mars Express Observations[END_REF]. The Tharsis Montes and Valles Marineris formed during the Noachian age (see Fig. 1.4).

But the main geological feature of the Martian surface is the dichotomy, this north/south drastic terrain difference in structure and elevation: The southern highlands are in average 6 km above the northern lowlands and are highly cratered while the northern terrain, in average 3 to 4 km below the zero reference 15 , is much smoother.

Impact basins in the southern highlands were initially labeled as "seas" (mare in Fig. 1.3(a)), similarly to the dark basaltic regions of the Moon. Most of them proceed from the Late Heavy Bombardment (see Fig. 1.4), the main one 16 being Hellas. The early escapement of the atmosphere that came along with the disappearance of surface waters (see Fig. 1.4 and § 1.1.3) curtailed the erosion of craters, which persisted during the whole Amazonian era, three billion years, until today.

The Martian polar caps were not identified as such by astronomers of the 19 th century (see Thyle craters/seas in Fig. 1.3(a)). Composed of majority of CO 2 (northern and southern) and water ice (for the northern) , they are the main reservoirs which contribute to the seasonal cycles of water and carbon dioxide in the Martian atmosphere (see [START_REF] Kieffer | MARS[END_REF][START_REF] Montmessin | Aspects microphysiques de l'atmosphère martienne : de la poussière aux nuages de glace d'eau[END_REF], Listowski 2014 and Fig. 1.1). The water ice in the Martian poles is the only remnant of the water that one covered the planet's surface in the Noachian and Pre-Noachian ages, during a "Hot and wet" Mars, as opposed to the "Cold and dry" planet known today (see [START_REF] Bibring | Mars Surface Diversity as Revealed by the OMEGA/Mars Express Observations[END_REF][START_REF] Ehlmann | Subsurface water and clay mineral formation during the early history of Mars[END_REF][START_REF] Grotzinger | Deposition, exhumation, and paleoclimate of an ancient lake deposit, Gale crater, Mars[END_REF].

Martian atmosphere: CO 2 and dust

Colder and thinner

The Martian atmosphere is more than a hundred times less dense than the Earth one and mostly composed of CO 2 (see Tab. 1.2 and [START_REF] Owen | The Composition of the Atmosphere at the Surface of Mars[END_REF]. Despite the well-known greenhouse effect power of carbon dioxide, such low pressure combined with a total solar flux at the surface less than the half of the Earth one (see Tab. 1.1, [START_REF] Kieffer | MARS[END_REF][START_REF] Clancy | An intercomparison of ground-based millimeter, MGS TES, and Viking atmospheric temperature measurements: Seasonal and interannual variability of temperatures and dust loading in the global Mars atmosphere[END_REF] led to average surface temperatures almost 80 K lower than the one on Earth.

Moreover, the enhancement of radiative heat loss at night17 and low thermal capacity produce larger diurnal temperature range (60 K measured by the Viking probes, see [START_REF] Clancy | An intercomparison of ground-based millimeter, MGS TES, and Viking atmospheric temperature measurements: Seasonal and interannual variability of temperatures and dust loading in the global Mars atmosphere[END_REF][START_REF] Williams | Mars fact sheet[END_REF]. In overall, the minimum and maximum temperatures ever measured range from 120 K to 308 K (a rather pleasant temperature on Earth!), a 190 K temperature swing which is not that much larger than the 150 K delta possible on Earth18 (see Kieffer et al. The primordial atmosphere of Mars, which allowed the presence of liquid water at its surface during the Pre-Noachian and Noachian ages (see Fig. 1.4), was stripped away by the solar wind along with its volatiles and water content after the loss of the Martian magnetic field 19 . In less than 500 million years, the dense atmosphere of the "hot and wet" Mars disappeared in space, leading to conditions where the water could not even exists in its liquid form. This water either solidified in the polar caps or in the polar regions subsurface (Smith et al. 2009) or sublimated in the atmosphere, which in turn escaped to space [START_REF] Dong | Multifluid MHD study of the solar wind interaction with Mars' upper atmosphere during the 2015 March 8th ICME event[END_REF] during the Hesperian age.

The now dry surface material (either volcanic basalt of clay, see [START_REF] Bibring | Mars Surface Diversity as Revealed by the OMEGA/Mars Express Observations[END_REF] endured the aeolian erosion and meteoritic impacts during three billion years, leading to the dry powdered surface material, named regolith20 that the seven surface probes encountered.

As a result, without vegetation or water to retain it to the ground, this fine powder is easily lifted in the atmosphere, forming dust storms, dust-devils (a dust-loaded whirlwind, see below) and a more or less dense permanent haze. On Earth the blue color of the sky is driven by Rayleigh diffusion, red colors appearing during sunset and sunrise when short wavelengths are scattered by the aerosol content of the atmosphere. On Mars however, this elevated dust load 21 , composed of larger aerosols 22 , absorbs the short wavelengths during the whole day, while Mie's diffusion propagates forward short wavelengths more easily during sunsets and sunrises. The consequence is the characteristic reddish-brown color of the red planet's skies and the unfamiliar Martian sunsets (see Fig. 1.6 and Kieffer et al. 1992).

Planetary to local scale dust storms

But the role of dust in the Martian atmosphere is not limited to artistic coloration: It plays a major role in Martian radiative balance hence on its climate, due to its ability to absorb and reemit the solar radiation, block or let through the sun light and heat the atmosphere. This active role of dust in heating the atmosphere produces a runaway feedback, in which the atmospheric temperature increases the turbulence which in return enhances even more the dust lifting. The consequence is the formation of strong local and regional dust storms [START_REF] Cantor | Multiyear Mars Orbiter Camera (MOC) observations of repeated Martian weather phenomena during the northern summer season[END_REF], similar to dust storms than can be observed in desert regions of Earth (see Chap. 7).

But when Mariner 9 entered Mars' orbit in November 1971, it revealed the red planet entirely under a blanket of dust, which later appeared to be a global dust storm, the result of runaway regional dust storm (see Fig. 1.7). The increase of dust load in the atmosphere occurs annually, around = 270 °, the hotter southern summer and perihelion passage, but the oc- currence of global dust storms seems to be biennial (see Smith 2009).

Dust-storms are not the only dust events occurring on Mars: The other major events, on which this thesis focuses particularly, are dust-loaded whirlwinds know as dust-devils. These harmless and ephemeral tornadoes (a few minutes to a few hours lifetime) are regularly observed on Earth, often in hot and desert regions and sometimes in tempered ones (see [START_REF] Rennó | Electrical discharges and broadband radio emission by Martian dust devils and dust storms[END_REF][START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF][START_REF] Jackson | Electrostatic fields in dust devils: An analog to Mars[END_REF][START_REF] Metzger | In situ measurements of particle load and transport in dust devils[END_REF][START_REF] Esposito | The role of the atmospheric electric field in the dust-lifting process[END_REF]. They usually form in clear atmosphere conditions, when airborne dust present in smaller densities has less temperature-homogenization effect, leading to strong temperature gradients, prone to the trigger of upward air currents and vorticity [START_REF] Newman | Modeling the Martian dust cycle, 1. Representations of dust transport processes[END_REF].

The occurrence of the dust devils can easily be observed from the orbit thanks to the tracks they leave on the surface (see Fig. 1.8 and Cantor et al. 2006): The fine layer of red oxidized regolith covering the planet is lifted and displaced by the dust devil, revealing a sublayer with a different composition and structure 23 .

Dust devils size can vary: On Earth they are usually ten meter large and a few hundred of meter high [START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF]). On Mars however, due to the temperature and pressure conditions, turbulence related phenomena occur at larger scales (see the boundary layer height in Tab. 1.2 and [START_REF] Petrosyan | The Martian atmospheric boundary layer[END_REF]) and so happen for dust devils. Some of them have limited dimensions comparable to the Earth's ones, while others, less frequent, are more than ten orders of magnitude larger (see Fig. 1.9, Fisher et al. 2005 and[START_REF] Lorenz | Solar panel clearing events, dust devil tracks, and in-situ vortex detections on Mars[END_REF].

Unexpectedly, the Martian dust devils have proven useful since they appeared to be responsible for the "Cleaning events" which contributed the exceptionally long lifetime of both Spirit and Opportunity, which both traveled through equatorial regions with elevated dust devils oc- currences (see Fig. 1.10, Ferri et al. 2003 and[START_REF] Lorenz | Solar panel clearing events, dust devil tracks, and in-situ vortex detections on Mars[END_REF].

Four billion years under the Solar wind

On Earth, the geomagnetic field deflects most the solar wind charged particles that constantly sweep the solar system and the more violent solar eruptions charged particles flows. The remaining electromagnetic radiation coming from the sun and not deflected by the magnetic field interacts with the upper layers of the atmosphere, forming the ionosphere (see [START_REF] Volland | Atmospheric Electrodynamics. CRV[END_REF][START_REF] Witasse | Solar system ionospheres[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF]. It extends from 60 to ∼ 500 km in altitude, usually divided in three layers: D, E and F (see Tab. 1.3). They correspond to the ionization of the major atmospheric components O and N 2 by extreme UVs in the F layer, then O 2 and N 2 by extreme UVs and soft X-ray in the E layer and eventually minor molecules such as NO by UVs in the lowest D layer (see [START_REF] Chapman | The absorption and dissociative or ionizing effect of monochromatic radiation in an atmosphere on a rotating earth part II. Grazing incidence[END_REF], Chapman 1956[START_REF] Volland | Atmospheric Electrodynamics. CRV[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Witasse | Solar system ionospheres[END_REF]. Below the D layer, where the most energetic radiation has been absorbed, more classical ionization process due to radioactivity and GCRs occur (see § 6.3.1).

The Earth ionosphere is "protected" from the influence of the charged solar wind by the magnetosphere, allowing the plasma transport from the day to the night side. This protection explains the rather symmetrical day and night side of the ionosphere, where the densest F layer24 extends uniformly on both the day and night side. The D and E layers however are directly linked to the UV and X-ray flux from the Sun and therefore see their density divided by Table 1.3 -Earth and Mars ionosphere layers altitudes and electron densities on day and night sides (from [START_REF] Volland | Atmospheric Electrodynamics. CRV[END_REF][START_REF] Witasse | Solar system ionospheres[END_REF][START_REF] Haider | Lower and Upper Ionosphere of Mars[END_REF].

Layer

between the day and night sides (see Tab. 1.3).

On Mars however, the planetary magnetic field due to the Martian dynamo effect disappeared four billion years ago, at the end of the pre-Noachian age (see Fig. 1.4 and Acuña 1999), due to the large impacts of the Late Heavy Bombardment that perturbed the mantle convection [START_REF] Roberts | Giant impacts on early Mars and the cessation of the Martian dynamo[END_REF]. Mars was left with a weak and irregular residual magnetic field, engraved in the ferromagnetic components of the crust: its intensity near the equator is only ∼ 0,5 nT, 60000 less than the 30 µT measured on Earth (see [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF]). As discussed above, the main consequence was the disappearance of the major part of the atmosphere which became unprotected and blown away by the solar wind [START_REF] Dong | Multifluid MHD study of the solar wind interaction with Mars' upper atmosphere during the 2015 March 8th ICME event[END_REF].

The second consequence is the current effect on the Martian ionosphere, which can also be decomposed in layers, D, E and F 25 , but located at lower altitudes (see Tab. 1.3, Witasse et al. 2008[START_REF] Haider | Mars ionosphere: A review of experimental results and modeling studies[END_REF][START_REF] Cartacci | Mars ionosphere total electron content analysis from MARSIS subsurface data[END_REF][START_REF] Sánchez-Cano | NeMars: An empirical model of the martian dayside ionosphere based on Mars Express MARSIS data[END_REF][START_REF] Haider | Lower and Upper Ionosphere of Mars[END_REF][START_REF] Peter | The dayside ionospheres of Mars and Venus: Comparing a onedimensional photochemical model with MaRS (Mars Express) and VeRa (Venus Express) observations[END_REF]) and an additional layer (referred as M3) due to meteoric entries in the atmosphere located around 85 km (see [START_REF] Molina-Cuberos | Meteoric ions in the atmosphere of Mars[END_REF][START_REF] Witasse | Solar system ionospheres[END_REF][START_REF] Haider | Lower and Upper Ionosphere of Mars[END_REF] . Its day side ionosphere is similarly produced by Extreme UVs, soft and hard X-rays which ionize the major components: CO 2 and O [START_REF] Witasse | Prediction of a CO 2 2+ layer in the atmosphere of Mars[END_REF].

But the lack of protection offered by the residual magnetosphere leaves the solar wind directly interacting with the dayside ionosphere which, the boundary being an ionopause located around 200 km [START_REF] Witasse | Solar system ionospheres[END_REF] which forms a bow shock on the dayside but prolongs asymmetrically on the night side with the magnetotail [START_REF] Haider | Mars ionosphere: A review of experimental results and modeling studies[END_REF]. The weak and asymmetric magnetic fold does not ensure an efficient transport of the ionospheric plasma from the day side to the night side.

As a result, the night-side Martian ionosphere is mainly due to the interaction with GCRs and deviated solar-wind electrons (see [START_REF] Haider | Chemistry of the nightside ionosphere of Mars[END_REF][START_REF] Witasse | Solar system ionospheres[END_REF][START_REF] Haider | Mars ionosphere: A review of experimental results and modeling studies[END_REF][START_REF] Němec | Enhanced ionization of the Martian nightside ionosphere during solar energetic particle events[END_REF]). Its density is in average one hundred times lower than the day-side one, while the day-night density difference on Earth is only a factor of 10. The night-side is therefore significantly less dense then the day-side. In addition, the Mars ionosphere is globally more sensitive to solar activity variations [START_REF] Withers | The morphology of the topside ionosphere of Mars under different solar wind conditions: Results of a multi-instrument observing campaign by Mars Express in 2010[END_REF].

The consequences of the negligible magnetic field, weak ionosphere and thin atmosphere are multiple:

• Higher radiation levels reach the planetary surface (see [START_REF] Rontó | Solar UV irradiation conditions on the surface of Mars[END_REF][START_REF] Hassler | Mars' Surface Radiation Environment Measured with the Mars Science Laboratory's Curiosity Rover[END_REF], hence the necessity to ensure the radiation tolerance of the electronics sent to the Martian surface, not only because of the space travel, and the human habitability implications;

• Radio communications at the planetary surface on Earth highly depend on reflections on the ionosphere [START_REF] Chapman | The absorption and dissociative or ionizing effect of monochromatic radiation in an atmosphere on a rotating earth part II. Grazing incidence[END_REF], while communication with spacecraft in orbit is affected by changes in the ionosphere density 26 An asymmetric and variable ionosphere, both on shape and density has impacts on ground communications and communications with the orbit;

• The asymmetric ionosphere also has an impact on resonance phenomena, discussed further in § 1.2.6.

Life on Mars? Volatiles in the Martian atmosphere

The search for past and present life has always been the major driver for Martian space missions. Therefore the first robotic devices to land on Mars, the two Viking landers, carried a complex suite of instruments to explicitly detect the presence of present life forms in the gathered samples (see [START_REF] Levin | Recent results from the Viking Labeled Release Experiment on Mars[END_REF][START_REF] Oyama | The Viking Gas Exchange Experiment results from Chryse and Utopia surface samples[END_REF]. The three experiments unfortunately produced contradictory results, the positive results of one of them (Labeled release, [START_REF] Levin | Recent results from the Viking Labeled Release Experiment on Mars[END_REF] being attributed to the presence of geologically formed oxidants. But the search for life did not stop there and one of the main track for the search of past or present life is the detection of the simplest hydrocarbon typically produced by (simple) life forms: methane or CH 4 . It was effectively detected at the Martian surface, first through orbital observations with the PFS spectrometer on Mars Express, then through remote observations performed with telescopes and in-situ measurements (respectively see [START_REF] Formisano | Detection of Methane in the Atmosphere of Mars[END_REF][START_REF] Krasnopolsky | Detection of methane in the martian atmosphere: Evidence for life?[END_REF][START_REF] Mumma | Strong Release of Methane on Mars in Northern Summer 2003[END_REF][START_REF] Webster | Mars methane detection and variability at Gale crater[END_REF]. This detection implies a geologically "young" production since the UV flux at the planetary surface is expected to break down atmospheric methane in 500 years. Other processes which might constitute a methane sink are discussed below.

The search for methane at the Martian surface however constitutes two challenges:

• The first one is the necessary mitigation between biogenic methane and the other sources, geological or exogenic (see [START_REF] Atreya | Methane and related trace species on Mars: Origin, loss, implications for life, and habitability[END_REF]). This first issue can be resolved by measuring the isotopic signature of the detected methane, in particular the proportion of 13 C regarding the presence of other hydrocarbons (see Fig. 1.11 and Horita 1999). Detected methane can also be attributed to subsurface sources, hence endogenic, through 26 Typically, frequencies below the plasma frequency = √ 2 ∕ 0 cannot cross the ionosphere.

Figure 1.11 -Segregation between biogenic and mineral methane from the methane/propane+ethane ratio (Credits: S.Atreya from [START_REF] Horita | Abiogenic Methane Formation and Isotopic Fractionation Under Hydrothermal Conditions[END_REF].

the measurement of Radon 222, a short-lived progeny of crustal Uranium which highlights regions where soil outgassing happens(see [START_REF] Meslin | Le radon, traceur géophysique de l'environnement martien : étude de son transport, première mise en évidence et développement d'une instrumentation pour sa mesure[END_REF]);

• The second challenge is the sporadic nature of the current detection, which seems to occur mainly in the Northern hemisphere, near Terra Sabaea and Syrtis Major (see Fig. 1.3 and Mumma et al. 2009) and the very low concentrations, around tens of parts per billion by volume 27 (see [START_REF] Formisano | Detection of Methane in the Atmosphere of Mars[END_REF][START_REF] Krasnopolsky | Detection of methane in the martian atmosphere: Evidence for life?[END_REF][START_REF] Mumma | Strong Release of Methane on Mars in Northern Summer 2003[END_REF][START_REF] Webster | Mars methane detection and variability at Gale crater[END_REF]. The resolution of the methane "enigma" thus requires more and more precise instrumentation, hence the ExoMars 2016 Trace Gas Orbiter, dedicated to the detection of volatiles at the Martian surface (see § 2.1).

Twenty-three probes and counting

Forty-four missions 28 in fifty-six years, and only twenty successful (at least partially, see Fig. 1.12).

The other Earth's sister-planet, Venus, was visited by a little bit less of our robotic explorers: thirty-nine in sixty years, but twenty-two were successful. Eventhough Venus is the most accessible planet, with 0,4 km ⋅ s -1 less than Mars required to reach a capture orbit, it is half more costly to reach its surface, due to the higher gravity: 16,2 km ⋅ s -1 instead of 10,1 km ⋅ s -1 29 . Despite this higher fuel requirement and the harsh conditions of the surface (90 bar and 460 • C), ten probes landed successfully on Venus, for only twelve landing attempts 30 , among them nine Soviet and one American. In comparison, among thirteen landing attempts on Mars, only seven were successful (all American) with one Soviet and one European semi-success (both landed safely but failed after). But the potential length of a surface missions is beyond 27 The methane concentration is ten times lower in Gale carter between 0 and 100 ppbv, see Webster et al. 2015. 28 Half of them were launched before between 1960 and 1975, when space conquest was a geopolitical matter. 29 From Low Earth Orbit, all missions are equal on this point. 30 More probes never left Earth LEO or failed during cruise. compare, only a few hours at the Venusian surface against years at the Martian one. This more elevated failure occurrence on Mars despite apparently easier conditions earned it the "Mars curse", stating that half the probes sent to the red planet will fail.

Eventually, twenty-three three devices worked successfully around or at the Martian surface. This is what it took to understand the red planet a little bit more than Camille Flammarion or Giovanni Schiaparelli did, and raise more questions than humanity had one hundred years ago: Where does methane come from? Is there liquid water under the surface? Is there still life in this water? Is Olympus Mons still active? What do the mantle and core look like? Why are the northern and southern hemispheres so different? What happened to the planetary dynamo? Will we ever be able to live on its terraformed surface? Who is crashing half of our probes? et cetera.

From these twenty-three probes, eight are still active:

• Six orbiters, three American, two European and one Indian (see Fig. 1.12): Mars Odyssey, MRO (Mars Reconnaissance Orbiter), MAVEN (Mars Atmosphere and Volatile Evolu-tioN Mission), Mars Express, ExoMars TGO (Trace Gas Orbiter) and Mangalayaan (or Mars Orbiter Mission). These orbiters have a dual purpose: scientific platform for orbital observation of the planet, but also communication relay for surface landers and rovers; • Two landers/rovers: MER-Opportunity31 in Meridiani Planum and MSL-Curiosity in Gale Crater.

They will be joined soon by the NASA InSight lander mission in 2018 and during the very busy 2020 year by potentially five missions: ExoMars 2020 (European rover and lander, see § 2.1), Mars 2020 (NASA rover similar to Curiosity), Mangalyaan 2 (Indian orbiter and lander) and potentially two other missions, Chinese and Emirati.

Jupiter Tonans or Atmospheric electricity 1.2.1 Discovery in the Solar system

Electric events in the Earth atmosphere have been observable since the dawn of time without the help of any scientific instruments though it's most dramatic manifestation, imputed to divinities at first: the lightning (see Fig. 1.13). These events were not connected to electricity at first, known since antiquity through the static electricity charging of amber rods and Saint Elmo's fire 32 , until the famous kite experiment of Benjamin Franklin in the mid-18 th century.

But thunderstorms and lightning are not the only atmospheric electricity phenomena, they only appear when the electric field in the atmosphere exceeds the breakdown voltage. Indeed an electric field is always present in the atmosphere and the measurement of its spatial and time variability started as soon as 1810 (see [START_REF] Singer | Elements of Electricity and Electro-Chemistry[END_REF], the understanding of the phenomena being also necessary for the development of the electric telegraph.

Contrary to the common beliefs at the end of the 18 th century, Charles-Augustin Coulomb showed that the air is slightly conductive. The explanation came one hundred years later, when Charles Thomson Rees Wilson and Victor Franz Hess associated these conductive properties to ionization by cosmic rays and radiations (see Wilson 1921, Hess 1912 33 and § 6.3.1 and Rosen et al. 1982). The charging of aerosols and ions by cosmic rays and triboelectric phenomena (see § 1.2.3) and their separation was therefore identified as the source for these atmospheric electric fields.

With space exploration, fifty years later, other bodies of the solar system appeared to harbor electrical phenomena in their atmospheres: lightning were detected in Jupiter's and Saturn's atmospheres and the presence of, at least, atmospheric charging phenomena is highly expected on Venus, Titan and of course Mars (see [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF]. The presence of electrical activity in the atmosphere is not a scientific oddity since it might has sprawling implications:

• On planetary climate, due to the effect on charges aerosols and particles (see § 1.2.4);

• Habitability, due to potential discharge effects and subsequent electronics damage (see § 2.1). The link with the planetary ionosphere (see [START_REF] Markson | Solar Wind Control of the Earth's Electric Field[END_REF]) is also of key importance for radiation protection and communications;

• It might also play a major role in the potential discovery of past and present life forms on Mars (see § 1.1.5, § 1.2.5). Indeed, the presence of lightning was proposed as a potential energy source for the formation of complex amino-acids necessary to life (see [START_REF] Miller | A Production of Amino Acids Under Possible Primitive Earth Conditions[END_REF].

The study of electrical phenomena on other celestial bodies, Mars in the present thesis, is therefore of paramount importance to understand the points above and all the implications not listed here, due to the planetary scale of this physical quantity and its interaction with the ground, atmosphere, ionosphere and space high-energy physics, both at physical and chemical level.

The global circuit 1.2.2.1 On Earth: Powered by thunderstorms

On Earth, thunderstorm clouds (Cumulonimbus) act as charges separators, through convective movement and particle collisions (see [START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF]. The charge carriers, ice crystals and graupels34 exchange charges when the heavier falling graupels collide with lighter ice crystals being lifted up by convecting updrafts. During these collisions, the graupel acquire negative charges (electrons, see § 1.2.3) while the ice crystals are charged positively. This charge separation mechanism (see Fig. 1.14) is a simplification and actual thunderstorm clouds might present and inverted charge distribution or multiple layers of charges; it is nevertheless representative of the majority of thunderstorm clouds in terms of global polarity (see [START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF].

As a result, the thunderstorm cloud forces an electric current which goes from the ground to the ionosphere 35 , creating a potential difference between the two. Since the Earth atmosphere is conductive, as well as the ground and ionosphere36 , the consequence is an electric current flowing from thunderstorm regions through the ionosphere toward fair-weather atmosphere and flowing back through the Earth ground that discharges the ground-ionosphere potential difference (see Fig. 1.14).

This resulting electric field is known as the "fair-weather" electric field37 and is expected to be around -100 V ⋅ m -1 on Earth 38 , which corresponds to a current of 2 f A ⋅ m -2 . The fair weather electric field varies along with the atmospheric conductivity (for a constant current), while the current itself varies with planetary thunderstorm activity. The current is due to lightning which occur in average 40 times per second around the world, 78% of them in tropical regions (see NOAA 2008[START_REF] Oliver | Encyclopedia of World Climatology[END_REF][START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF]). [START_REF] Delory | Oxidant Enhancement in Martian Dust Devils and Storms: Storm Electric Fields and Electron Dissociative Attachment[END_REF].

On Mars: Which generator?

The electric current circulating at planetary scales is the so-called "global circuit". The Martian atmosphere, ionosphere and ground are also conductive39 , which is the first pre-requisite for the existence of a global circuit on the red planet. But no cumulonimbus was ever observed on Mars40 , nor any lightning; The existence of a global circuit therefore pre-supposes that another electric field "generator" exists at its surface. If no convective water cloud was ever observed on Mars, other phenomena, resulting from convection too and expected to generate large-scale potentials do exist on Mars: dust-devils and dust storms (see § 1.1.3). Terrestrial dust-devils and dust storms are known to generate electric field through dust electrification and gravitational sorting, see § 1.2.3, § 1.2.4, [START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF][START_REF] Jackson | Electrostatic fields in dust devils: An analog to Mars[END_REF], Farrell et al. 2006b, Farrell et al. 2006c, Rennó et al. 2008a, Kok et al. 2008[START_REF] Murphy | Field Measurements of Terrestrial and Martian Dust Devils[END_REF]. But due to their small scale on Earth (∼ 10 m in diameter and ∼ 500 m in height for dust devils), their contribution to the global circuit is negligible regarding the permanent thunderstorms occurring in the tropical rain belt.

On Mars however, their large scale (up to 20 km height for dust devils and regional or planetary scale for-dust storms, see § 1.1.3) and their occurrence ten times higher than on Earth (see Lorenz et al. 2015 and Fig. 1.8) would indeed make them a suitable candidate as a generator in a Martian global circuit. The expected charging process of dust grains and charges separation in dust events (see Fig. 1.15 and § 1.2.3), inferred from Earth measurements41 or models42 predict an upward electric field in the dust devil on Mars, even if downward electric fields are sometimes observed in terrestrial ones 43 .

The resulting expected fair weather, or without dust storms, electric field on Mars is variable: from ∼ 500 V ⋅ m -1 during the dust storm season (

≈ 245 °, see § 1.1.3) to 0,1 V ⋅ m -1
outside this season, only due to dust devils (see [START_REF] Grard | Solar Photon Interaction with the Martian Surface and Related Electrical and Chemical Phenomena[END_REF][START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF][START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Harrison | Applications of Electrified Dust and Dust Devil Electrodynamics to Martian Atmospheric Electricity[END_REF]). These values are of course based on the assumption that Martian dust storms and dust devils generate electric fields as large as the Terrestrial ones and assume that the atmospheric conductivity is ∼ 10 -11 S ⋅ m -1 (see § 6.3.1 [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF]. This fair weather electric field existence and variability is also dependent on the ground conductivity, unknown on Mars and expected to be rather low, with regards to the atmospheric one: less than 10 -9 S ⋅ m -1 [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF], a value comparable to the atmospheric one. Since ∕ >= 1 is a pre-requisite foe the existence of a global circuit [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF], it might actually not exist on Mars.

Atmospheric electrification on Mars

The first charging phenomena occurring in the Earth atmosphere and very likely in the Martian one is the ionization due to GCRs, ground radiations and photo-electricity (see § 6.3.1). This ionization is not responsible for any electric field generation but rather "gives" the atmosphere its conductive properties, by generating highly mobile charge carriers (positive/negative ions and electrons).

The electric fields generation is rather due to aerosols and larger particles (ice, ash or dust) and results from those phenomena: charge exchange and charges separation.

Charge generation: Tribo-electricity

The charging phenomena on Earth in cumulonimbi, volcanic plumes and dust events are attributed to tribo-electricity: A charge exchange occur when two materials of different nature, size or surface roughness are put in contact (see Fig. 1.16. The every-day life static electricity (the already mentioned amber against wool during the antiquity) is due to tribo-electricity. This phenomena is not entirely understood and most models are semi-empirical: [START_REF] Melnik | Electrostatic discharge in Martian dust storms[END_REF] and [START_REF] Desch | The Generation of Lightning in the Solar Nebula[END_REF] assumed that tribo-electric charging is due to the material difference and thus only depends on the contact potential energy ΔΦ. With these models, same material charging cannot occur. Farrell et al. (2006b) proposed a modification of the Desch 2000 model in order to take into account same-material/different grain size charging based on the mutual capacity of spheres with different sizes, a phenomenon which is indeed observed (see [START_REF] Merrison | The electrical properties of Mars analogue dust[END_REF], Forward et al. 2009b, Forward et al. 2009c[START_REF] Forward | Triboelectrification of granular materials[END_REF][START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF][START_REF] Waitukaitis | Size-Dependent Same-Material Tribocharging in Insulating Grains[END_REF][START_REF] Lee | Direct observation of particle interactions and clustering in charged granular streams[END_REF]. The model commonly used to predict the electric field in Martian dust events is composed of two populations: large silicate dust grains ((∼ 10 µm, from basaltic quartz), which tend to charge positively and small metallic-oxide bases dust grains ((∼ 1 µm), from silt and clay) which tent to charge negatively (see [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF][START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF], Farrell et al. 2006b, Farrell et al. 2006c, Rennó et al. 2008a[START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF][START_REF] Barth | Electric Fields in simulated martian dust devils[END_REF]).

The study of charging properties of Martian dust, without Martian actual electric field measurement is only possible through the comparative behavior of dust devils on Earth and experimental study on Martian regolith simulant (see § 3.1.3, [START_REF] Greeley | Sand and Dust on Mars[END_REF][START_REF] Merrison | The electrical properties of Mars analogue dust[END_REF], Forward et al. 2009c[START_REF] Merrison | Factors affecting the electrification of wind-driven dust studied with laboratory simulations[END_REF]. The model presented above is expected to produce positive electric fields and is actually observed on Earth (see below [START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF][START_REF] Jackson | Electrostatic fields in dust devils: An analog to Mars[END_REF]. But on some terrains, which slightly different dust composition, downward electric fields are observed (see Chap. 7). [START_REF] Barth | Electric Fields in simulated martian dust devils[END_REF] modeled the formation of electrified dust devils with a model, based on [START_REF] Rafkin | The Mars Regional Atmospheric Modeling System: Model Description and Selected Simulations[END_REF] PRAMS meso-scale model and Farrell et al. (2006b) charge exchange model, which takes into account the effect of the electric field on electrified dust (see § 1.2.4). This model showed a strong sensitivity on dust grains sizes and distribution, the slightest modification on these parameters producing electric fields from micro to kilo volts per meter. The measurement of the electric field in Martian dust events would therefore not only provide insights on the not-entirely-understood tribo-electric charging but also strongly constrain the regional Martian soil composition and dust grain size (see § 7.2.2) around the measurement site.

Note that photo-electricity, responsible for the ions and electrons generation, and the presence of mobile charge carriers also has a charging role on aerosols through photo-detachment and ion/electron capture (see [START_REF] Merrison | The electrical properties of Mars analogue dust[END_REF][START_REF] Michael | Dust charging and electrical conductivity in the day and nighttime atmosphere of Mars[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]). The bigger the particle, the larger its surface exposed to UVs and the larger its electron depletion: larger particles would tend to be more positively charged than small ones through photo-detachment. The charging through ions or electrons capture is more difficult to understand wince it depends on the mutual charge difference and thus the electrostatic force. In overall, during the day, aerosols tend to be positively charged by these phenomena [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF].

Electric-field generation: Charges segregation

Similarly to ionization phenomena, the charge generation presented above alone is not sufficient to generate a large-scale electric field: It indeed corresponds only to a charge exchange between dust particles, the total charge of a given atmosphere volume therefore remains the same. Charge separation phenomena are therefore necessary to create a spatial charge gradient that leads to an electric field:

⃗ ∇ ⋅ ⃗ = ∕ 0 .
In thunderstorm clouds, the gravitational sorting phenomena discussed above cause charge separation (see § 1.2.2). In Terrestrial dust-devils and dust storms and supposedly in Martian dusty phenomena, fluid dynamics show that the heavier silicate grains will tend to fall downward while lighter metallic oxide grains are lifted up by the convective movement (see Fig. 1.15, Rennó et al. 2008a, Kok et al. 2009a, Farrell et al. 2006c, (Forward et al. 2009a) and [START_REF] Barth | Electric Fields in simulated martian dust devils[END_REF].Given the charge exchange model above, a positive electric field is created, reaching kilo-volts per meters in intensity. Farrell et al. (2006c) showed that most the charge exchange between dust grains occur during the lifting phase. The dust grains are put in movement according to three schemes, which depend on the wind speed and grain size and mass (see [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF], Kok et al. 2009b, Kok et al. 2009a[START_REF] Carneiro | Midair collisions enhance saltation[END_REF]):

• Creep, which corresponds to the dust grains being rolled and dragged on the ground;

• Saltation, which occurs when dust grains are "jumping" on short distances, removed from the surface, carried by the wind and eventually transported back to the ground;

• Suspension, the final stage when dust grains are lifted during long timescales. The dust grain might eventually sediment on the ground again but long after its lifting and far from the lifting point.

The lighter the dust grain and the stronger the wind, the more easily dust grain saltate and are put in suspension. The lifting phase cited above, where most of the charging occur, correspond to the saltation phase and early phase of suspension, when the dust grains density is large enough to produce charge exchange.

On Earth, the contained size of dust events produce electric field up to tens of kilo-volts per meter (see Chap. 7, Farrell 2004 and[START_REF] Jackson | Electrostatic fields in dust devils: An analog to Mars[END_REF]. Given the low conductivity of the Earth atmosphere (∼ 10 -14 S ⋅ m -1 ), the breakdown voltage44 is not reached within dust events.

On Mars however, dust event occur at ten times larger scales and are therefore expected to produce larger electric fields through charges separation. But due to the lower pressure and higher conductivity of the Martian atmosphere, and following Paschen's law, the breakdown voltage is expected to be ten times less than on Earth: around 100 kV ⋅ m -1 (see [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF]. The breakdown voltage of the Martian atmosphere might therefore be reached within dust storms and dust-devils, producing either lightning discharges or non-glowing electrons avalanches (see [START_REF] Seon | One-dimensional solution to the stable, space-charge-limited emission of secondary electrons from plasma-wall interactions[END_REF][START_REF] Pavlů | Secondary electron emission from Martian soil simulant[END_REF][START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF]. The electric field in dust storms and dust devils might therefore be limited by these discharge phenomena. .17 -Three main forces governing the dust grain motion: Gravity ( ⃗ ), aerodynamic ( ⃗ ) and electrostatic ( ⃗ , the dust grain is considered negatively charged here, hence the upward electrostatic force). [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF] showed these three forces can reach the same order of magnitude in a dust event, hence the paramount role of atmospheric electric fields in the dust dynamics (inspired by [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF].

Electromagnetic emissions, likely produced by discharges in Martian dust storms, have been detected from Earth (see [START_REF] Rennó | Electrical discharges and broadband radio emission by Martian dust devils and dust storms[END_REF][START_REF] Ruf | Emission of non-thermal microwave radiation by a Martian dust storm[END_REF][START_REF] Rennó | COMMENTS ON THE SEARCH FOR ELECTRO-STATIC DISCHARGES ON MARS[END_REF] and are expected to be the source of resonance phenomena in the Martian atmospheric cavity (see § 1.2.6).

The magnetic field generation by dust devils will not be discussed in this thesis due to the inability of the Micro-ARES instrument to measure it (see § 2.3). But the spinning motion of dust devils which carried charged particles is expected to generated a magnetic field, measured on Earth (see [START_REF] Olhoeft | Magnetic and electrical properties of Martian particles[END_REF][START_REF] Houser | ULF and ELF magnetic activity from a terrestrial dust devil[END_REF][START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF], Farrell et al. 2006b[START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Kurgansky | A simple model of the magnetic emission from a dust devil[END_REF][START_REF] Kurgansky | Dust Devil Steady-State Structure from a Fluid Dynamics Perspective[END_REF].

Dust dynamics and electricity

Due to the electrostatic force exerted on charged dust grains, electric fields are expected to play a role in the dust dynamics. Indeed, [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF] showed that the gravitational, aerodynamic and electrostatic forces can have similar intensity (see Fig. 1.17).

Indeed, let's consider a 5 µm radius silicate dust grain ( ≈ 2400 kg ⋅ m -3 ) with a charge 1 ⋅ 10 -16 C (see Farrell et al. 2006b) in a 10 kV ⋅ m -1 electric field. The aerodynamic force follows the classical drag force according to Farrell et al. 2006c andKok et al. 2009a, the drag coefficient of rough dust grain will be approximated to 1. The gravity, electrostatic and aerodynamic forces exerted on the dust grain are:

= ⋅ ≈ 4,7 ⋅ 10 -12 N (1.1) = ⋅ ≈ 1 ⋅ 10 -12 N = 1 2   2 ≈ 8 ⋅ 10 -11 N (1.2)
The vertical motion of the particle when the wind is horizontal, which is the case when a dust grain is in the saltation layer and acquiring an charge, is governed by the electrostatic and gravitational forces with the same amplitude (see [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF], Kok et al. 2009band Kok et al. 2009a). The three dust lifting schemes (creep, saltation and suspension) are therefore highly dependent on the electric field (see [START_REF] Esposito | The role of the atmospheric electric field in the dust-lifting process[END_REF][START_REF] Murphy | Field Measurements of Terrestrial and Martian Dust Devils[END_REF][START_REF] Harrison | Applications of Electrified Dust and Dust Devil Electrodynamics to Martian Atmospheric Electricity[END_REF].

Moreover, considering that the drag force actually depends on the speed difference between air and the dust grain, which is therefore lower than the one exhibited in Eq. 1.1, the three force might indeed be of comparable amplitude when dust grains are in suspension in a dust storm or dust devil. The dynamic of the dust event can be simulated without taking into account the electric field (see [START_REF] Forget | Improved general circulation models of the Martian atmosphere from the surface to above 80 km[END_REF][START_REF] Rafkin | The Mars Regional Atmospheric Modeling System: Model Description and Selected Simulations[END_REF][START_REF] Kurgansky | Dust Devil Steady-State Structure from a Fluid Dynamics Perspective[END_REF][START_REF] Spiga | Large-Eddy Simulations of Dust Devils and Convective Vortices[END_REF] which reflects the fact that aerodynamic forces predominate over the two others.

The role of electric field in dust dynamics, local and planetary, is therefore in the dust lifting source term (see [START_REF] Barth | Electric Fields in simulated martian dust devils[END_REF][START_REF] Newman | The impact of surface dust source exhaustion on the martian dust cycle, dust storms and interannual variability, as simulated by the Mar-sWRF General Circulation Model[END_REF]. This supposed role might be part of the explanation to the sudden aspect of planetary dust storm (see Fig. 1.7). The behavior of dust in suspension (tendency to be repelled if they have the same charge or on the contrary to be attracted and agglomerate, see [START_REF] Waitukaitis | Size-Dependent Same-Material Tribocharging in Insulating Grains[END_REF]) therefore also depend on the electric field effects.

The electric field and dust load seem to be fully coupled, the charged dust creating the electric field that governs the dust load. Dust and aerosols suspended in the fair-weather atmosphere (free of dust devils and dust storms) are also expected to act on the ionization level of the lower ionosphere (D layer) and below (see [START_REF] Haider | Effect of dust storms on the D region of the Martian ionosphere: Atmospheric electricity[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]) hence on the atmospheric conductivity and thus the electric field amplitude (for a given fair weather current).

The coupling between dust dynamics and electric field is a more central question in the Martian case than in the Earth one due to the primary role of dust sand smaller aerosols in the Martian climate (see § 1.1.3). The study of the atmospheric electric field on the red planet is therefore of paramount importance in order to properly understand the Martian climate, both at planetary and local scales.

Electricity and atmospheric chemistry

As discussed, the presence of electric fields accelerates electrons through the Lorentz force. Since electrons have a larger mean free path in the Martian atmosphere, they might acquire a larger energy through this acceleration and since they are expectedly present in a larger number, they will be all the more effective in emitting secondary electrons or reacting with chemical species (see § 6.3.1). More precisely, organic species might be affected, after a chemical reactions chain, by the presence of these energized electrons. Indeed, indirectly, energized electrons are expected to enhance drastically the production of hydrogen peroxide (H 2 O 2 , see Fig. 1.18) when electric fields are above 10 kV ⋅ m -1 , the latter being an efficient organic remover (see [START_REF] Atreya | Oxidant Enhancement in Martian Dust Devils and Storms: Implications for Life and Habitability[END_REF], Delory et al. 2006[START_REF] Atreya | Methane and related trace species on Mars: Origin, loss, implications for life, and habitability[END_REF]).

One of these organics was already discussed previously: methane (see § 1.1.5), for its central role in the detection of past and present life on Mars and the enigma of its sporadic presence, both in time and space. Current physics and chemistry taken into account in order to explain the presence of methane predict a lifetime of a few centuries due to UV photo-dissociation, which is in complete opposition with the actual observed variability [START_REF] Lefèvre | Observed variations of methane on Mars unexplained by known atmospheric chemistry and physics[END_REF]. Farrell et al. (2006a), showed that the enhanced H 2 O 2 production and the dissociation power of energized electrons (effective above 5 kV ⋅ m -1 ) form a potentially extremely efficient methane destruction combination. The methane loss time obtained when taking into account large electric fields45 above 20 kV ⋅ m -1 drops from centuries to days, which supports the variability in current observations [START_REF] Lefèvre | Observed variations of methane on Mars unexplained by known atmospheric chemistry and physics[END_REF]).

More broadly, the oxidant enhancement, chemical dissociation and secondary electron emission expected in large electric fields formed in Martian dust events, which have been sweeping the planetary surface for billions of years, are expected to make them efficient removers of any organic materials. The question of the existence of Martian electric fields during fair weather and dust events, the two being complementary if the global circuit exists on Mars too, might therefore be crucial for the search for life on Mars. In addition, the potential total depletion of organic chemical at the surface makes mandatory deep subsurface investigations on Mars in this quest.

Cavity resonances

Schumann resonances: A planetary-wide indicator

On Earth, the rather symmetric ionosphere forms a conductive (regarding the troposphere, see § 1.1.4) closed cavity that surrounds entirely the terrestrial globe. The whole system can therefore be assimilated to two conductive surfaces, separated by a dielectric (at least far much less conductive). Winfried Otto Schumann was the first in 1952 to predict the existence of eigenmodes in such closed cavity: "Über die strahlungslosen Eigenschwingungen einer leitenden Kugel, die von einer Luftschicht und einer Ionosphärenhülle umgeben ist", "On the radiationless natural eigenmodes of a conducting sphere surrounded by an air layer and an ionospheric envelope". The resonances modes would be excited by atmospheric discharge such as lightning (see Fig. 1.19).

Less than ten years later these very low frequency oscillations were observed by [START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF][START_REF] Persson | Inertia-Controlled Ambipolar Diffusion[END_REF] at frequencies close to the one predicted by Schumann (see Eq. 1.3). Similar values were measured in Saharan desert and are presented in Chap. 7.

= 0 ⋅ √ ( + 1) 2 (1.3) 0 = 2 ≈ 10,6 Hz
The first mode observed by Balser et al. was actually slightly lower, 7,8 Hz, due to the noninfinite conductivity of the ground and ionosphere, conductive atmosphere, asymmetry of the ionosphere, non-perfect sphericity of the Earth or of its cavity, which induces a low quality factor46 of the resonances.

A low value shifts down the theoretical resonance frequencies according to Eq. 1.4 (see [START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF]). The quality factor of Balser et al.'s measurements would therefore be around 2,8, which confirmed the overall spherical shape of the Earth resonance cavity and contained damping of the resonances by the atmosphere (see Fig. 1.19).

′ = ⋅ √ 1 - 1 (1.4)
The phenomena acquired the name of its father: Schumann resonances (SR) and became a tool of choice to probe planetary scale values such as the ionosphere structure (shape and density), atmospheric conductivity but also surface and subsurface conductivity, with implications on the water content of said subsurface for example (see Simoes et al. 2008c andSimoes et al. 2008b). However, a closed ionosphere acts as a barrier toward lows frequency oscillations, any electromagnetic below the plasma frequency = √ 2 ∕ 0 being reflected: Even the thinnest ionosphere is therefore able to contain SRs ( ≈ 30 Hz for an electronic density = 10 m -3 ).

The resonances have therefore been studied and measured in bodies where humanity landed or a least flew a probe with the adequate equipment: Earth of course, Titan and Venus (see [START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF][START_REF] Pechony | Schumann resonance parameters calculated with a partially uniform knee model on Earth, Venus, Mars, and Titan[END_REF][START_REF] Simoes | A new numerical model for the simulation of ELF wave propagation and the computation of eigenmodes in the atmosphere of Titan: Did Huygens observe any Schumann resonance?[END_REF][START_REF] Simoes | Satellite observations of Schumann resonances in the Earth's ionosphere[END_REF][START_REF] Beghin | A Schumann-like resonance on Titan driven by Saturn's magnetosphere possibly revealed by the Huygens Probe[END_REF][START_REF] Béghin | New insights on Titan's plasma-driven Schumann resonance inferred from Huygens and Cassini data[END_REF][START_REF] Beghin | Analytic theory of Titan's Schumann resonance: Constraints on ionospheric conductivity and buried water ocean[END_REF]and Simoes et al. 2008a). Despite the amount of probes sent to Mars, none had the adequate equipment to perform direct measurements and the study of the phenomena on the red planet is mainly limited to modeling work, which depends on the knowledge of the ionosphere, atmosphere and subsurface structure (see [START_REF] Sukhorukov | On the Schumann resonances on Mars[END_REF][START_REF] Kozakiewicz | Analytical modeling of Schumann resonance and ELF propagation parameters on Mars with a multi-layered ground[END_REF][START_REF] Toledo-Redondo | Full 3-D TLM simulations of the Earth-ionosphere cavity: Effect of conductivity on the Schumann resonances[END_REF][START_REF] Toledo-Redondo | Schumann resonances at Mars: Effects of the day-night asymmetry and the dust-loaded ionosphere[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF].

Following Eq. 1.3, Martian resonances should have a fundamental frequency almost doubled compared to the Earth ones, around 19,9 Hz. But as discussed (see § 1.1.4), the Martian ionosphere is asymmetric, with an atmosphere whose conductivity is comparable to the ground one and at least one thousand times more conductive than the Earth one. The quality factor of such atmosphere might therefore be significantly lower than on Earth, leading to a down shift of the frequencies (following Eq. 1.4) as well as to a fast damping of the oscillations (see Fig. 1.20). 2016) ionosphere model, led to strongly damped oscillations, the disappearance of even order harmonics and a poor quality factor, which results in broader peaks and a fundamental frequency shifted down to 8 to 13 Hz (equivalent to between 1,2 and 1,7). Similar results were obtained by [START_REF] Kozakiewicz | Analytical modeling of Schumann resonance and ELF propagation parameters on Mars with a multi-layered ground[END_REF] Another way around was however found by [START_REF] Ruf | Emission of non-thermal microwave radiation by a Martian dust storm[END_REF][START_REF] Rennó | Electrical discharges and broadband radio emission by Martian dust devils and dust storms[END_REF]2009) to gain access to a measurement of Martian SR: through the measurement from Earth of the Martian thermal emission. These micro-waves radiations (not blocked by the Martian nor terrestrial ionospheres) were attributed to electrostatic discharges within dust events in the Martian atmosphere. Fourier study of their amplitude variation revealed harmonic content corresponding to the one expected for Martian resonances: 9,6, 19,2, 28,8 Hz, et cetera [START_REF] Ruf | Emission of non-thermal microwave radiation by a Martian dust storm[END_REF]). These frequencies are close to the one obtained by [START_REF] Toledo-Redondo | Schumann resonances at Mars: Effects of the day-night asymmetry and the dust-loaded ionosphere[END_REF] but appear to be much more energetic; The even-order disappearance in simulation is not found either in the remote measurements. Ruf et al. and Rennó et al. hypothesize that the SR add to the existing electric fields the small amount of energy necessary to initiate the discharge, hence the total amount of thermal emission modulated by them.

EUVs

Eventually, the existence of such resonances on Mars is directly conditioned by the one of electric discharges in the atmosphere. Apart from the resonances derived measurement from [START_REF] Ruf | Emission of non-thermal microwave radiation by a Martian dust storm[END_REF], the Martian thermal emissions measured by [START_REF] Rennó | Electrical discharges and broadband radio emission by Martian dust devils and dust storms[END_REF] seem to confirm the existence of such discharges, even though experimental work tend to show otherwise [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF].

This dependence on discharges and potentially elevated damping power of the atmosphere implies a strong variability of the Schumann resonances amplitude on Mars, if any. Indeed, the source term on Earth, lightning, is almost permanent (around 40 per second in average, see NOAA 2008), hence the rather constant amplitude level of resonances measured on Earth (see Balser et al. 1962 and[START_REF] Simoes | Satellite observations of Schumann resonances in the Earth's ionosphere[END_REF]. But the dust event occurrence on Mars and its seasonal and daily variability directly affects the resonances one.

In addition, dependence on dust events might not only be about its source role, but also about the effect of dust on the lower ionosphere (D layer) as well as atmospheric conductivity. Higher dust content is expected to increase the lower atmospheric conductivity while it decreases the ionospheric one (see [START_REF] Molina-Cuberos | A model of the martian ionosphere below 70 km[END_REF][START_REF] Haider | Effect of dust storms on the D region of the Martian ionosphere: Atmospheric electricity[END_REF][START_REF] Haider | Dust storm and electron density in the equatorial D region ionosphere of Mars: Comparison with Earth's ionosphere from rocket measurements in Brazil[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF], leading to stronger damping and hence an even lower quality factor of the resonance. Simulations taking into account this dust content induced conductivity variation corroborate this resonances phenomena degradation (see [START_REF] Toledo-Redondo | Schumann resonances at Mars: Effects of the day-night asymmetry and the dust-loaded ionosphere[END_REF].

The measurement of SR on Mars, through its global nature, might provide meaningful planetary scale information about the ionosphere structure of the planet, dust event and electric activity across its surface, average conductivity and therefore water content of its subsurface [START_REF] Kozakiewicz | Analytical modeling of Schumann resonance and ELF propagation parameters on Mars with a multi-layered ground[END_REF] as well as atmospheric chemistry. It is indeed "An (efficient) tool for exploring the atmospheric environment and the subsurface of the planets and their satellites" (Simoes et al. 2008c).

Transverse resonances: A local phenomena

If Schumann Resonances are a global phenomenon due to a planetary-scale conductive cavity, a similar phenomena can be observed at a local scale, where the considered cavity is composed of two parallel planes, the ground and the ionosphere above. Such cavity is clearly opened when considered alone which leads to a very fast damping of the oscillations; It is also smaller, approximately the distance between the ground and the lower ionosphere, hence higher frequencies.

Such resonances, unlike Schumann ones which are longitudinal, are simply called transverse resonances (TR). The resonance frequency harmonics are simply the vibration eigenmodes of a cavity whose size is with an = 0 Dirichlet boundary condition: = ∕2 , with the wave speed, here. On Earth, the lowest layer, D, is at approximately 75 km (see Tab. 1.3, hence the TR fundamental around 2000 Hz [START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]. The observed oscillations are damped very quickly, disappearing in less than 15 ms in the whole planetary cavity. Simulations in Titan's atmosphere led to 10 times smaller frequencies, around 200 Hz, due to the very large ionosphere of Titan (∼ 750 km, see [START_REF] Simoes | A new numerical model for the simulation of ELF wave propagation and the computation of eigenmodes in the atmosphere of Titan: Did Huygens observe any Schumann resonance?[END_REF]). On Mars, the ionosphere height is highly dependent on dust load of the atmosphere as well as day and night conditions [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]. If the = 10 -8 S ⋅ m -1 limit used on earth is considered, the boundary altitude varies between 50 km by day with a low dust content to 80 km by night (see [START_REF] Haider | Lower and Upper Ionosphere of Mars[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF], hence TR fundamentals between 3000 and 1900 Hz.

The dependence on atmospheric conductivity variation due to dust storms, ionosphere height and density and ground/subsurface conductivity and permittivity dependence of SR mentioned above is still valid for TR, except that they apply only at a local scale. The source term is also the same, electric discharges, but again, only events close to the measurement location will be detected. Transverse resonances are therefore a local sounding tool, which might be able to provide a vast range of information about the subsurface, atmosphere, ionosphere and local dust activity which could be monitored over long durations. 

The ExoMars Mission

The 14 th of March 2016, a Proton-M launcher from Roscosmos took-off from the Baikonur launchpad in order to deliver the second European Martian mission, first part of the ExoMars project, on an interception course with the Red Planet: ExoMars 2016. Seven months and a few days later, it arrived in the Martian vicinity.

Mission presentation

The ExoMars program started fifteen years ago, in 2001, as part of the Aurora Exploration Program, ESA's long-term program for international robotic and human exploration of Mars and beyond, the solar system bodies "holding promise for traces of life" (ESA). The robotic phase of this program comprised two flagship missions: the ExoMars mission before 2020 and a Mars Sample Return mission in the late 2020's.

The ExoMars program took various forms, first the Mars Exploration Joint Initiative agreement, signed between NASA and ESA in 2009 which included four spacecraft: an orbiter and a lander in 2016 and two rovers in 2018. NASA's budget cuts in 2011 first led to the cancellation of the American rover, MAX-C, and then NASA's full withdrawal from the agreement. ESA eventually turned to the Russian space agency, Roscosmos, in 2012, in order to start the partnership that led to the actual configuration of the mission (see [START_REF] Vago | ESA ExoMars program: The next step in exploring Mars[END_REF]):

• The 2016 part is comprised of the Trace Gas Orbiter (TGO, see Fig. 2.1), the successor of Mars Express concerning the study of the Martian atmosphere and surface from the orbit; and the lander delivered by TGO, the Entry-Descent and landing Module (EDM, see Fig. 2.4) named Schiaparelli. The orbiter has a dual scientific and engineering purpose: Continue the work started by Europe concerning the search of past and present signs of life and also serve as a telecommunication relay with Earth for the EDM, of course, and future Martian surface missions both from Europe or its partners. The EDM main mission was to serve as a demonstrator for Europe's ability to safely land on Mars, a key technology that required to be fully matured for the second part of the ExoMars mission. But the EDM was not only an engineering tool, the data collected during its descent was meant to be processed to recover atmospheric parameters and the DREAMS scientific package that includes Micro-ARES on which we will focus, were to study the Martian atmospheric dust and electric fields;

• The 2018 part, now delayed to the June 2020 launch window, carries the European Rover and its scientific payload dedicated to the study of the Martian subsurface and the presence of traces of life in there; and its landing platform. The mission design is similar to NASA's Mars Pathfinder and Mars Exploration Rover missions in the sense that the rover is secured on a surface platform (see Fig. 2.2) that lands on the planet. But the surface platform design is closer to the EDM or NASA'S Phoenix/InSight since retro-thrusters are in charge of the final surface approach until the lander legs reach the surface. For the ExoMars 2020 mission Roscosmos provides the launcher, another Proton-M and has the responsibility to build the surface platform. 

Scientific Rationale

The main scientific rationale of the whole ExoMars mission is the one driving most of the space exploration: the search for signs of past and present life in outer space. The answers to this question have ramifications far beyond pure scientific curiosity and exploration endeavor: philosophy, religion and more generally human questioning of its own place in the Universe.

Carl Sagan's reflections about the Pale blue dot photograph (see Fig. 2.3) taken by the Voyager 1 probe is perhaps the best illustration of the implication of such questioning; and some recent events show how necessary it is to remind them: "The Earth is a very small stage in a vast cosmic arena. Think of the rivers of blood spilled by all those generals and emperors so that in glory and in triumph they could become the momentary masters of a fraction of a dot. Think of the endless cruelties visited by the inhabitants of one corner of the dot on scarcely distinguishable inhabitants of some other corner of the dot. How frequent their misunderstandings, how eager they are to kill one another, how fervent their hatreds. Our posturings, our imagined self-importance, the delusion that we have some privileged position in the universe, are challenged by this point of pale light." More prosaically, the research tasks of ExoMars mission are (see [START_REF] Vago | ESA ExoMars program: The next step in exploring Mars[END_REF]):

• Search for past and present signs of life on Mars. The actual presence of water on Mars, as ice and water vapor, and ever-increasing amount or proofs that water once indeed flowed at its surface make this quest more and more justified;

• Investigate content of the subsurface layers of the Mars and more precisely the water and chemical content. This goal is corollary to the previous one and is expected to be carried out by the second mission, ExoMars 2020 and its rover, which is equipped to perform subsurface measurements thanks to a sub-surface RADAR, WISDOM, and a drill able to sample the soil down to two meters;

• Investigate Martian trace gases. Indeed, Mars Express', and more recently Curiosity's, sporadic methane detection (see [START_REF] Formisano | Detection of Methane in the Atmosphere of Mars[END_REF][START_REF] Mumma | Strong Release of Methane on Mars in Northern Summer 2003[END_REF]) constitutes one of the major enigma of Mars, also connected to the search for life. This search to trace gases will be carried out by the aptly named Trace Gas orbiter of the ExoMars 2016 mission.

In parallel to these scientific goals, technology development and feasibility demonstrations were to be carried out by ExoMars 2016 and more particularly by the EDM: ExoMars Entry, Descent and Landing demonstrator.

The Entry Descent and landing demonstrator Module: EDM

The first purpose of the EDM was to demonstrate the capability of Europe to safely land on the Mars surface. Indeed, the European Space Agency and its European partners already proved in the past that they could safely land on bodies with a dense atmosphere, with Huygens on Titan in 2005, or without any atmosphere at all, with Philae on the comet 67P/Churyumov-Gerasimenko in 2014.

A Martian landing is more complex and requires technologies used in the two cases mentioned: An atmosphere is present, which requires atmospheric re-entry technologies, but it is too thin and faint to entirely rely on parachutes in order to land on the surface, which therefore requires propulsive breaking techniques.

The EDM (see Fig. 2.4), named Schiaparelli, was meant to accomplish this demonstration mission and validate the platform software that will be re-used for the ExoMars 2020 lander. The lander structure is rather simple, disk-shaped with a diameter of 1,65 m, with no landing feet, it relies on the crushable material layer on the bottom face (aluminum honeycomb sandwiched between carbon fiber skins) to absorb the final two meters free-fall.

The final braking and attitude control is ensured by 3 sets of 3 hydrazine engines (3 are visible in Fig. 2.4), inertial measurement units and a radar altimeter placed below. The fuel tanks, hydrazine, occupy a major part of the room on the top-side of the lander: the four spheres1 visible in Fig. 2.4.

The remaining space on the canopy is occupied by the warm compartment which contains the platform electronics and batteries as well as attitude sensors (necessary for the landing attitude control), engineering sensors meant to analyze the re-entry and of course the UHF antenna meant for communications with the orbiters (TGO, Mars Express, MAVEN, MRO, Mars Odyssey) used as relays.

This nearly 600 kg platform is almost entirely dedicated to the engineering study of the reentry, as the use of batteries (∼10 days autonomy) indicates. The 3 kg dedicated to on-ground science are composed of the DREAMS package and its 3 days battery (the 5 instruments on the right in Fig. 2.4). In addition, the AMELIA experiment was expected to use the re-entry and descent measurements from engineering sensors in order to infer atmospheric measurements on the whole atmospheric column.

The "EXOMARS 2016 -Schiaparelli Anomaly Inquiry" investigations on the unfortunate events of the 19 th of October 2016 revealed that the crash cause was a saturation of one of the attitude sensors (accelerometer), which led to a wrong measured lander orientation and from that, a wrong corrected altitude. Believing it had landed, the on-board computer released the parachute and shut down the engines too soon, leading to the crash of the lander after a 3,7 km tumbling free fall.

The surface scientific package: DREAMS

The Dust Characterization, Risk Assessment, and Environment Analyzer on the Martian Surface package, or DREAMS, is a suite of six instruments dedicated to the study of dust in the Martian atmosphere (see Bettanini et al. 2014 and Fig. 2.5):

• MetWind, a wind speed and direction sensor (in 2D);

• MarsTem, a temperature sensor;

• DREAMS-P, an atmospheric pressure sensor;

• DREAMS-H, an hygrometry sensor;

• SIS, a UVA and NIR (Near-infrared) irradiance sensor, able to retrieve the source direction;

Figure 2.5 -DREAMS package instruments. The wind, temperature, hygrometry and irradiance sensors are mounted on the "MetMast", the pressure sensor is located near this mast while the Micro-ARES mast is placed ∼ 25 cm away, to minimize perturbations (3D rendering, credits: ESA/ATG medialab).

• Micro-ARES, the DC/AC atmospheric electric field and conductivity sensor, extensively described in this document.

While the first four instruments are classical meteorological ones, the last two, SIS and Micro-ARES are more specific to the study of dust-events and their effects on the atmospheric opacity and electric-field generation. In addition, ionospheric and atmospheric chemistry science results were expected from Micro-ARES's data.

This set of instruments makes a coherent whole of complementary measurements in order to study the dust-devils, dust storms and other electric phenomena. Typical synergistic measurements could be, among other things:

• An increase in the electric-field could be confirmed as a dust devil signature thanks to the wind and pressure measurement, which, together with the atmospheric opacity, would help determine the distance at which the dust-devil passed;

• The measurement of transverse resonance of an enhancement on the Schuman resonances could be linked to local discharges in dust storm thanks to the dust-storm monitoring with the wind, pressure and irradiance sensor;

• The conjugate measurement of electric-field and hygrometry during dust events would allow evaluate a link between the two (effect on the dust lifting);

• The simultaneous measurement of hygrometry and conductivity would unveil the ion clusters content of the atmosphere;

• The sunrise and sunset conductivity measurement, expected to change due to the photoemission and photoelectric effect would be confirmed by the irradiance measurements, while the hygrometry monitoring would again help to link the measurement to the atmospheric chemistry.

The DREAMS on-board computer (CEU) is managing the switching ON and OFF of the six instruments, according to a pre-defined timeline, as well as the data selection, storage and communication to the lander computer for radio-transmission (see § 7.2).

Since no solar panels nor Radioisotope Thermoelectric Generator are present on the lander, DREAMS is also powered by its own batteries. This energy limitation shaped the design of DREAMS and the six instruments, toward power and data volume efficiency. Anyway the use of batteries imposes a time limitation, and the 1,5 kg of batteries were expected to supply DREAMS during 2,5 sols, with a potential interconnection with the lander batteries for an extension up to ∼ 10 days.

The landing site

Schiaparelli was expected to land on Meridiani Planum, a near-equatorial site, at the coordinates 1,82 °S and 6,15 °W (see Fig. 2.6). This region was selected for its smooth and flat terrain as well as for the low density of rocks and craters, safer for the landing given the method employed.

Meridiani Planum was also selected for its elevated occurrence of dust-devils and dust storms (see [START_REF] Fisher | A survey of Martian dust devil activity using Mars Global Surveyor Mars Orbiter Camera images[END_REF][START_REF] Cantor | Mars Orbiter Camera observations of Martian dust devils and their tracks (September 1997 to January 2006) and evaluation of theoretical vortex models[END_REF][START_REF] Newman | The impact of surface dust source exhaustion on the martian dust cycle, dust storms and interannual variability, as simulated by the Mar-sWRF General Circulation Model[END_REF][START_REF] Vago | ESA ExoMars program: The next step in exploring Mars[END_REF][START_REF] Esposito | The role of the atmospheric electric field in the dust-lifting process[END_REF]. The Opportunity rover is actually located a few hundreds of kilometers away from the landing site, in the same region. Its exceptional longevity -twelve years -can be partly explained by the elevated dust-devils occurrence and their tendency to clean the solar panels from dust, hence the name "cleaning events" [START_REF] Lorenz | Solar panel clearing events, dust devil tracks, and in-situ vortex detections on Mars[END_REF].

The landing was supposed to occur the 19 th of October 2016, which corresponds to the Martian solar longitude = 244,5 °, during the Martian year 33. This solar longitude corresponds to the Martian southern-hemisphere summer, prone to dust lifting in the southern basins (Helas) and thus dust storms (see [START_REF] Lemmon | Dust aerosol, clouds, and the atmospheric optical depth record over 5 Mars years of the Mars Exploration Rover mission[END_REF]. Since global dust-storms usually occur on Mars every few years (Martian years), with the last one being in 2007 (MY 28, see [START_REF] Lemmon | Dust aerosol, clouds, and the atmospheric optical depth record over 5 Mars years of the Mars Exploration Rover mission[END_REF], the occurrence of a global dust storm during the landing or the next few days was also a possibility. Such events would not have theoretically affected the landing (something else did); It would have led to a lower dust-devil occurrence, the increased atmospheric opacity reducing the soil heating and its temperate increase and the subsequent convection as well as to increased damping of cavity resonances, due to the atmospheric conductivity increase by day, as a consequence of the electron production by photo-electricity on dust particles (see § 6.3.1). The expected measurements are discussed further in § 7.2.2.

The geometry of the EDM as well as the landing system would have led to an uncertain attitude of the lander while resting on the ground. Since instruments like MetWind and Micro-ARES require an attitude information in order to properly process the results (for example Micro-ARES measures the electric-field in one direction, the one of the antenna), this attitude was supposed to be determined thanks to SIS measurements (the Sun position with regards to the landing site is known and SIS can retrieve approximate Sun positions) and accelerometers measurements during the landing.

Atmospheric electricity: How to grasp it?

Which parameter?

The EDM science package, DREAMS, embeds the very first instrument meant to characterize the Martian surface atmospheric electricity: Micro-ARES. In order to perform its pioneer work, Micro-ARES must be able the provide insights about a very wide spectrum of phenomena and frequencies.

First the electric field, which must be quantified in the whole DC and ELF band (Extremely Low Frequencies, between ∼ 3 Hz and 3 kHz):

• The fair-weather and dust-events characteristic electric-field in the quasi-DC band (below 1 Hz), resulting from phenomena lasting minutes to hours. These values are expected to provide answers to the main questions about the Martian atmospheric electricity which are the presence of a global circuit and the generation of large electric-fields in dust events;

• The Schumann resonances, which are expected between 10 and 50 Hz (see [START_REF] Schumann | Über die strahlungslosen Eigenschwingungen einer leitenden Kugel, die von einer Luftschicht und einer Ionosphärenhülle umgeben ist[END_REF][START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF][START_REF] Sukhorukov | On the Schumann resonances on Mars[END_REF][START_REF] Toledo-Redondo | Schumann resonances at Mars: Effects of the day-night asymmetry and the dust-loaded ionosphere[END_REF];
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Figure 2.7 -Shutter-type field-mill principle: An electrode is alternatively exposed to the atmospheric electric field and the shutter plate at the ground potential. When the electrode is unveiled, the measured current peaks are proportional to the electric field intensity and the electrical properties of the electrode (capacity) and electronic gain. Any parasitic current due to atmospheric charge carriers is a bias.

• The transverse resonances, which produce electric-field oscillations at frequencies above 1 kHz (see [START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]). Both resonances measurements would provide new constraints on the Martian ground conductivity and ionosphere density and shape.

Ideally, in order to fully understand the physics at stake, this atmospheric electric-field should be sampled at various altitude in order to produce a vertical electric field profile.

The second parameter is the atmospheric conductivity, a parameter that goes side by side with the electric field since their combination defines the electric current flowing through the atmosphere: ⃗ = ⋅ ⃗ . The conductivity, usually expressed in Siemens per meter (S ⋅ m -1 ) thus quantifies the ability of the atmosphere to conduct a current. Since the current flowing through the atmosphere is the characteristic of the global circuit suspected on Mars, this local measurement can constraint each component of the global circuit and hence provide planetaryscale results.

Besides the current determination, the conductivity is of course intrinsically linked to the atmospheric chemistry and its measurement would shed a new light on the ion content of the Martian atmosphere and the reactions leading to their formation.

How to measure it?

Field mills

The most common instrument used to measure the electric field in the Earth atmosphere is the so called "field-mill" (see Fig. 2.7 and 2.8). Field mills principle is based on purely electrostatic physics since they measure capacitively induced charges at a metallic electrode (see Smiddy [START_REF] Smiddy | The double field-mill[END_REF], Smiddy et al. 1960, IEEE 2002, Rennó et al. 2008b[START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF].

In order to measure the electric field over time, a mechanism periodically changes the electrode configuration either to "reset" it (expose it to a 0 V surface) or inverse the instrument configuration (the electrode is alternatively exposed to the electric field in one direction of the other): These two principles are respectively the ones on which the shutter-type (Fig. 2.7) and cylindrical (Fig. 2.8) fields mills rely.

This mechanical action, characteristic of the field-mills, is necessary to the measurement of capacitive effects. Indeed, since the capacity is an intrinsically derivative value ( = d d ), its effects are only "revealed" during the transient response of a circuit, just like the capacitive effect of and RC circuit being discharged is only visible during the transient part of the curve.

Due to this principle, any resistive effect due to the conduction of charge carriers through the electrode is considered as a parasitic effect that produces a bias on the measurement. However, mitigation techniques either based on the use of two field mills (see [START_REF] Smiddy | The double field-mill[END_REF]Smiddy et al. 1960) or the variation of the field-mill mechanical speed (Rennó et al. 2008b) are able to subtract the conduction bias.

The main advantage of field-mills is their non-dependence on the atmospheric conductivity (when the remaining bias is correctly removed). As a consequence, a field-mill alone is not able to measure the atmospheric conductivity. Since this parameter is as important as the electric-field to understand the whole scope of atmospheric electric phenomena (see § 2.2.1) the field-mill alone is therefore not suitable. Hence a field-mill used to unveil an unknown planetary electric field, like the Martian one, should be employed in combination with an atmospheric conductivity sensor.

The field-mill mechanism also constitutes a limitation regarding the maximum measurable frequencies: Due to Shannon's theorem, a field-mill functioning at a frequency is able to measure frequency content below ∕2. Obvious limitations limit the highest achievable E(z) V Figure 2.9 -Potential-probe and parallel-plate-like instruments principle: The two electrodes are carried at the local atmospheric potential by collecting charges in the environment. The electric field, inferred by measuring the potential difference between the two electrodes, is proportional to the distance between them. The charge collection by the electrodes is no longer an issue, it is mandatory for a proper behavior of the instrument. Moreover, the measurement of the instrument's response time provides a measurement of the atmospheric conductivity, hence the name relaxation probe.

frequencies at around 25 Hz (see Rennó et al. 2008b). Schumann's resonances are therefore accessible to field-mills spinning fast enough, but the detection of transverse resonances would require the use of a more classic dipole antenna.

The second limitation, specific to planetary science, resulting from the use of such mobile mechanism is the risk of vacuum welding during the cruise of a spacecraft carrying such instrument (which can be mitigated by a careful choice of materials and coatings). Susceptibility to airborne electrostatically charged dust (which is expected on Mars) which might interfere with any permanently rotating part by causing premature friction wear is another potential issue.

Hopefully dust-induced trouble are a long known issue and adequate solution such as lip seals tolerant to harsh vacuum and temperature conditions do exist, at the cost of heavier and bulkier parts.

Potential and relaxation probes

The first devices used to measure atmospheric electric fields were not field-mills but potential probes (see [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF]. Potential probes consist in measuring potential differences between diverse points of space and inferring the electric field from ⃗ = -⃗ ∇ . This is simply achieved in conductive mediums (∼ 6 ⋅ 10 7 S ⋅ m -1 for copper or 5 S ⋅ m -1 for sea water for example) with a voltmeter, whose input resistance is tens of orders of magnitude larger than the one perceived in the medium (typically 1 MΩ). Fig. 2.9 illustrates the potential probe principle. Rennó et al. (2008b) perfectly summarizes the principle of potential-probe sensors in these words:

In the absence of wind, ions drift along field lines and impinge on an isolated sensor until its charge becomes sufficiently large to distort the field lines far enough so that they no longer terminate on it. Although isolated sensors become charged, the charging process is self-limiting and their potential stays close to that of the unperturbed local space. Self-charging by the collection of atmospheric ions is therefore not a significant error source in isolated sensors, unless they are placed close to a grounded conductor and are affected by the image of their charge on it.

Contrary to field-mills, potential probes rely on resistive phenomena in order to infer the electric field, the immediate consequence being that no measurement is possible in the vacuum or a very poorly conductive medium. Since the expected conductivities on he encountered atmospheres are between 10 -15 and 10 -10 S ⋅ m -1 (see § 6.3.1, [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Michael | Numerical predictions of aerosol charging and electrical conductivity of the lower atmosphere of Mars[END_REF][START_REF] Michael | Dust charging and electrical conductivity in the day and nighttime atmosphere of Mars[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF], similarly with the voltmeter analogy above, the potential probe input resistance must remain very high, typically 10 13 to 10 15 Ω.

Since the potential probe relies on resistive phenomena, it is able to measure the conductivity. This is achieved by displacing the electrode at a potential different from the one at rest and to measure the characteristic time of the resulting transient phenomena: The electrode "relaxes" toward this potential at rest, hence the name "relaxation probe" (see [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF][START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF][START_REF] Godard | Electrostatic Fluid Structure Interaction ( EFSI ) on the Huygens Experiment[END_REF], Molina-Cuberos et al. 2010aand Molina-Cuberos et al. 2010b).

The absence of moving parts resolves the two issues of the field-mill: There is no premature wear due to dust or space environment and there is no technical limitation to the sampling frequency of the electric-field since the electrode behaves like an antenna at higher frequencies (even if like all physical systems it is intrinsically a low-pass filter and parasitic capacitive effects end up filtering high frequencies), enabling the measurement of transverse resonances [START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF].

The potential (or relaxation) probe is therefore able to accomplish the measurement of three different instruments (field-mill, low frequency antenna and relaxation probe) without the engineering, power and weight constraints of moving mechanical parts. As discussed in Chap. 5 and 6, this is done at the cost of a slightly more complex data-processing.

More exotic instruments such as the Electron Drift Instrument (EDI, see [START_REF] Torbert | The Electron Drift Instrument for MMS[END_REF] are also meant to measure the electric and magnetic field in 3D, by quantifying the deflection of an electron beam. But due to its principle, such instrument only works in a collision-free media (vacuum or very faint exospheres such as the Moon or Mercury surface).

Previous use in planetary science

Electric-field sensors are commonly used on Earth for scientific study of the atmosphere electric properties (see [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Harrison | Ions in the Terrestrial Atmosphere and Other Solar System Atmospheres[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF], the study of dust events and dust charging (see [START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF], Rennó et al. 2008a[START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF][START_REF] Esposito | The role of the atmospheric electric field in the dust-lifting process[END_REF]andMurphy et al. 2016), but also in more widespread civilian use for thunderstorms detection or gas leaks detection, and the related security concerns.

Langmuir probes are similar to the relaxation probes in terms of physical phenomena involved at the electrode. However, their principle and the parameters measured slightly differ: They are used to sense plasma properties (electrons density and temperature) by varying the electrode potential and sensing the collected current variations. However, previous use of atmospheric electricity related sensors in other planetary atmospheres is very limited: The atmospheric conductivity and electrostatic probes on the Huygens lander in Titan's atmosphere in 2005 (see [START_REF] Beghin | A Schumann-like resonance on Titan driven by Saturn's magnetosphere possibly revealed by the Huygens Probe[END_REF][START_REF] Hamelin | Electron conductivity and density profiles derived from the mutual impedance probe measurements performed during the descent of Huygens through the atmosphere of Titan[END_REF][START_REF] Simoes | A new numerical model for the simulation of ELF wave propagation and the computation of eigenmodes in the atmosphere of Titan: Did Huygens observe any Schumann resonance?[END_REF][START_REF] Béghin | New insights on Titan's plasma-driven Schumann resonance inferred from Huygens and Cassini data[END_REF][START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]and Molina-Cuberos et al. 2010a) and a soil conductivity probe on the Phoenix lander near the Martian north pole in 2008 (although not strictly atmospheric, this measurement has implication on the global circuit, see [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF].

Other celestial bodies of the solar system are expected to harbor electrical phenomena in their atmospheres, such as Venus (hypothetical) and Jupiter (lightnings observed), but the very harsh conditions of their atmosphere might explain the absence of measurements to this day [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF]. The absence of measurements on Mars however, given the amount of probes that landed at its surface, might seem rather astonishing. it could however be explained by the rather recent discovery of dust-devils, observed directly by the MER rovers in 2003-2004, "only" fourteen years ago, the average space mission development time.

But as mentioned, the ExoMars 2016 mission and more particularly its rover was meant to fill this gap thanks to the Micro-ARES instrument.

Micro-ARES

Micro-ARES is the light version of the Atmospheric relaxation and Electric-field Sensor (ARES), a potential and relaxation probe developed in LATMOS in order to measure a wide spectra of atmospheric electrical phenomena, an instrument particularly suitable to explore an unknown electrical planetary environment.

History

The development of ARES started more than seventeen years ago in one of the two laboratories that later formed LATMOS, the CETP (Centre d'étude des Environnements Terrestres et Planétaires) which already had the expertise on atmospheric electricity measurement. It was initially developed for the Netlander mission and then adapted to the ExoMars lander (in its first form, the Humboldt scientific payload) after the cancellation of Netlander.

The ARES instrument is a double potential probe which uses two cylindrical electrodes instead of one (as showed in Fig. 2.9), both located on a vertical boom. The differential measurement performed between the two electrodes spares the instrument from using the ground potential as a reference, since its low conductivity on Mars makes it uncertain (see [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF][START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF]. This double probe configuration made it similar to the mutual impedance probe that the Huygens lander carried in Titan's atmosphere (see [START_REF] Fulchignoni | In situ measurements of the physical characteristics of Titan's environment[END_REF][START_REF] Hamelin | Electron conductivity and density profiles derived from the mutual impedance probe measurements performed during the descent of Huygens through the atmosphere of Titan[END_REF][START_REF] Godard | Electrostatic Fluid Structure Interaction ( EFSI ) on the Huygens Experiment[END_REF], Molina-Cuberos et al. 2010aand Molina-Cuberos et al. 2010b). On the first version of the ExoMars mission, this boom was supposed to be located on the canopy of the lander structure (the lander was larger), taking advantage of the existing meteorological mast.

When the ExoMars mission configuration changed, and the lander became a demonstrator (the EDM), the electric-field sensor had to be simplified in order to fit in the smaller meteorological package and comply with the stricter mass and power budget. The instrument became Micro-ARES (see Fig. 2.10), with the most noticeable change being the removal of one of the electrodes, due to the absence of meteorological boom on the EDM lander.

This configuration no longer relies on a differential measurement between two electrodes but on the direct measurement of the electrode floating potential regarding the instrument and lander electrical ground (similar to Fig. 2.9).

Rationale

The Micro-ARES scientific goals can be arranged in the following main categories:

Characterize the Mars global circuit

The global circuit, known and quantified on Earth is expected to exist on Mars too, due to the presence of dust events as generators, and conductive soil, atmosphere and ionosphere. The quantification of the current flowing locally through the atmosphere would provide a planetary-wide information on these conductivities and the global current generation by dust events or still unknown phenomena (see § 1.2.2);

Provide new insights on the Mars dust cycle Aeolian dust transport plays a major role in the planetary atmospheric dynamics or Mars, as evidenced by the seasonal dust storms swiping the planetary surface. Electrostatic forces applied on charged dust grains are expected to be comparable to aerodynamic an gravitational ones hence the capital role electric forces might play in dust lifting and motion, and therefore on the whole Mars climate (see § 1.2.4);

Identify potential habitability hazards Dust electrification processes through tribo-electricity are not entirely understood yet, and electrostatically charged fine dust was already known to be a potential health and technical hazard during lunar missions. Moreover, the effects on large habitation structures of large electric fields in an atmosphere with a lower discharge threshold than the Earth one and a lower ground conductivity (prone to local charge accumulation) is still unknown. The quantification of the atmospheric electric field and dust charging phenomena is therefore a mandatory step in order to evaluate Martian habitability and properly design manned missions;

Improve the understanding of the Martian atmospheric chemistry Electric fields tend to energize electrons and enhance the production rate of free radicals or hydrogen peroxide. Such species are expected to efficiently remove organic material and more particularly methane, which constitutes one of the most important enigma of the last decade planetary science that TGO science is expected to resolve. More generally, the organic removal phenomena due to electric fields might justify the search for life in the Martian subsurface rather than at the surface, the purpose of the ExoMars 2020 rover drill (see § 1.2.5);

Identify the EM wave in the atmosphere and the cavity resonances Cavity resonances phenomena were theorized and observed on Earth sixty years ago, explained by the presence of two conductive surfaces (the ionosphere and the ground) separated by a dielectric volume (the poorly conductive atmosphere) hence the apparition of electro-magnetic eigenmodes when the cavity is excited. The local measurement of these resonances would also provide planetary-wide information upon the Martian ionosphere and its peculiar configuration, which also plays an important role in habitability concerns (see § 1.2.6).

This wide range of goals and scientific domains assigned to Micro-ARES is a consequence of the pioneer work the instrument would have had to perform. Most of them do find their place in the ExoMars mission rationale, particularly in the trace gases study, while the habitability concerns is a recurrent technical and scientific goal of Martian robotic missions.

Design

The Micro-ARES instrument relies on the potential and relaxation probe concept discussed in § 2.2.2. The general design of the instrument is illustrated in Fig. 2.11.

The electrode and high impedance input

The sensor electrode is a 3 cm diameter sphere (see Fig. 2.10), for simple isotropy reasons regarding the potential charged dust grains impacts, charge carriers collection in the atmosphere or UV photo-electricity effects on the electrode surface. The electrode was sized in order to properly work in a Martian atmosphere, given its expected conductivity (see § 3.1.3, Chap. 6 and § 7.1). A trade-off was made regarding the electrode coating: It had to be a good electricity conductor in order to ensure the surface potential is uniform (and make the field lines deformation around the electrode indeed isotropic) and also resist the aeolian abrasion due to dust grains impacts. Titanium nitride, a common coating for Langmuir probe extremely resilient to abrasion (commonly used on drill bits), was first considered. But its sensitivity to corrosion (which tend to happen if the instrument is not stored in the right humidity conditions) and the short lifetime of the instrument on the ground (a few days) led to the rejection of this option in favor of a gold coating, which ensures a perfect uniformity of the surface potential (gold is an excellent (signal acquisition, processing and transmission). The light blue blocks are the instrument input amplifier circuits, the keystone of the instrument, while the violet blocks represent the conductivity test circuit and attenuation relays. In green, orange and red are the signal conditioning blocks of the DC, AC and AC High channels. Brown and grey blocks are respectively the power supply circuits and housekeepings. The electronic board (see Fig. 2.12) regroups all the blocks within the dotted line, leaving the only external component, the antenna and electrode.

conductor) even if the coating is more prone to wear and tear.

The keystone of the instrument is the operational amplifier (G1 Hi Z in Fig. 2.11: unitary gain and high-impedance) operating as a buffer with the electrode connected at the positive input; It ensures the very high impedance of the input (∼ 10 14 Ω) and very limited leakage currents (∼ 10 f F) so that the instrument does behave as a potential probe. In order to protect this high impedance input, the connection with the electrode is a guarded coaxial cable, where the cable shield is forced at the output potential of the pre-amplifier (the same as the input). The same guard potential is used to force the conductive mast potential, which constitutes the so-called "bootstrap".

The shielded cable has a dual purpose: It shields the core of the coaxial cable carrying the signal so that no parasitic signal is induced at the very sensitive high-impedance input; But it also operates as a guard which suppresses leakage currents that would otherwise appear if the cable was simply shielded to the ground (the dielectric layer of the cable does not have an infinite resistance). Moreover, by keeping the core and shield of the coaxial cable at the same potential, no parasitic capacitance appears between the input and the ground (except at very high frequencies); Indeed, almost 90 pF were measured at 100 Hz between the core and shield for the 80 cm cable used.

The bootstrapped mast is 25,5 cm high, isolated from the electrode and lander electrical ground (at its top and bottom). It also has a double purpose: By being forced at the electrode potential it also acts as a guard, avoiding any leakage current between the electrode and the mast, eventhough they are insulated from one another; It also limits the field lines deformations around the electrode+mast assembly (see Chap. 6 and § 7.1.1 for applied examples).

Various configurations were considered: With the mast separated in several sections, each one having the potential gradually evolving from the electrode potential (top section) to the ground potential (bottom section), but vibrations resistance (during take-off and landing) and weight constraints eventually led to this single electrode configuration. The rather conical shape is only constrained by structural reasons, for vibrations resistance purpose (hence the large base), but also in order to limit side-effects near the electrode (hence the narrow top).

High voltage measurement

The operational amplifier (Texas instrument LMC6041) was carefully selected for its very large input impedance, but it is also limited in terms of voltage range: The maximum potential difference between the two power rails is 10 V. However a workaround was found in order to enable the measurement of larger electrode potentials, from -100 to 100 V for Micro-ARES. This workaround is the second keystone of Micro-ARES, it is the follow-up circuit (see Fig. 2.11), which produces a feedback on the pre-amplifier power rails from the pre-amplifier output: The circuit produces two voltages respectively 5 V above and below the pre-amplifier output, and feeds them to the pre-amplifier power rails. The high voltages used by the follow-up circuit are -100 and 100 V, generated by the high-voltage circuit of the instrument out of the 5 V power supply, thanks to a cascade scheme (see Fig. 2.11 and 2.12). This follow-up circuit ensures that the input and output of the pre-amplifier stays "in the middle" of the two rail voltages, which ensures the pre-amplifier output does not depend on the linearity of the component, at low frequencies at least. For high frequency content, where the feedback response time might be too long, the frequency response calibration of the input ensures that the non-linearity is taken into account (see § 5.1).

But this pre-amplifier and follow-up circuit only enable the measurement of electrode potentials in the range -100 V and 100 V. In order for the instrument to measure larger electrode potentials (which might occur during dust events), a set of attenuation relays were used. These relays are triggered by the instrument pre-processing program when a signal saturation is detected, which results is the successive connection of an 25 GΩ and 10 GΩ resistors directly between the instrument's input and the ground (when the signal saturated again with the 25 GΩ relay, it is deactivated and the 10 GΩ one is activated). The relay activation and deactivation is discussed further in § 4.3.3.

The use of such device presupposes that a resistance exists between the electrode and the atmosphere, due to the coupling between the two and the limited atmospheric conductivity. The value of such resistance and how it is supposed to be used is discussed in detail in § 2.3.5, Chap. 5 and Chap. 6). A quick approximation, useful for electrode sizing, is = 1∕4 ⋅ , with the electrode radius and the atmospheric conductivity.

Conductivity measurement

Micro-ARES deserves its "relaxation probe" naming thanks to the atmospheric conductivity measurement method it employs: Relaxation, which consists in displacing the electrode potential away from the potential at rest that it naturally acquires when immersed in an electric-field in a conductive atmosphere, and then let it come back to this potential. The speed at which it comes back depends on the charge carriers (ions and electrons) in the atmosphere but also on how easy they move in the atmosphere, hence, on the conductivity. This matter (and in particular the positive and negative conductivities) is discussed further in § 5.2. The electronic circuit displacing the electrode potential is schematized in Fig. 2.11 and also triggered by the Micro-ARES software, every 96 s, in order to regularly sample the atmospheric conductivity. It consists in a square signal (between 12 V and 0 V) sent through a capacitor (0,5 pF) connected at the instrument input. The result is two voltage peaks (one negative and one positive, symmetric) separated by 3,84 s, whose amplitude adds to the electrode potential (that way the electrode is not "forced" at a given potential, it is just forces volts away from its potential at rest).

The injected peaks amplitude of course depend on the square signal amplitude (12 V, measured through the housekeepings) and the injection capacitor value (0,5 pF), but it also depends on the capacity of the electrode-atmosphere coupling. The measurement of the peak's amplitude therefore provides a measurement of this coupling capacity, which is then linked to the atmospheric conductivity (see § 5.2 and Chap. 6).

Signal conditioning chain

The signal produced by the buffer pre-amplifier is then classically conditioned for numerical acquisition i.e. filtered in order to comply with Shannon's theorem ( >= 2⋅

) and adapted to cover the ADC input range (0 -5 V).

The interesting point in this signal conditioning chain (see Fig. 2.11) is the separation between DC and AC components of the signal:

• The DC channel has a wide measurement range (from -89 to 89 V) and a low pass filter cutting at ∼ 1,8 kHz. It aims at measuring the large potential variations induced by large-period phenomena (dust events passage, daily variations of the fair-weather electric field). These signals are the one "followed" by the high-voltage follow-up circuit discussed above;

• The AC channel has a narrower dynamic, from -5 to 5 V and uses a band-pass filter which covers the whole frequency domain of Micro-ARES: 4 to 3200 Hz (the DC part is cut thanks to a coupling capacitor). This channel aims at capturing the signal variations occurring within the pre-amplifier linear domain, between its two power rails. The AC channel is divided in two channels: AC-Low and AC-High;

• The AC High channel has the same filtering as the AC Low channel described above, but it embeds an amplifier (×64) which aims at measuring low amplitude signals.

Acquisition and data selection

Due to the amount of serial ports available on the processor (DSP) chosen for Micro-ARES, only one ADC is present. The instrument is able to sample various data channels (DC, AC Low/High and 5 housekeepings) thanks to the use of a multiplexer (MUX, see Fig. 2.11). The ADC sampling frequency is 12,8 kHz and the MUX alternatively samples the DC and AC channels, thus allowing to sample each channel at 6,4 kHz. Every 0,96 s (1024 samples of DC and AC), the MUX samples each housekeeping values. The sampling of either the AC Low or AC High channel is determined by the AC signal level: By default the instrument samples the AC High channel but, similarly to the relay trigger mechanism, if a saturation is detected, the instrument switches to the sampling of the AC Low channel.

If the instrument were to transfer the raw sampled data (16 bits integers at 12,8 kHz), the instrument would produce in one hour almost 90 MiB of data every hour, the entire DREAMS data budget. In order to reduce it below ∼ 15 MiB for the 2,5 days of measurements, the internal software of the instrument performs a pre-selection of the data, discussed further in § 2.3.4 and Chap. 4.

Instrument mass, power and data budget

The result of the power, mass and data volume optimization process that constrained the instruments development is the following:

• Mass: The total instrument mass (antenna, harness, electronic board and front panel, see Fig. 2.10) is 295 g, divided as follows: 124 gram for the antenna and 174 g for the electronic board and plate and 121 g for the antenna and harness. This mass budget takes into account the whole instrument, structural mast included. The mechanical structure encasing the 160 mm by 100 mm electronic board is of course not included but part of the DREAMS mass budget (∼ 3 kg);

• Power: The average power draw is 265 mW when no relays are activated and 466 mW when they are. Since the relay use is limited to 20% of a measurement time, the maximal average power draw is 305 mW; This budget is for the fully mature Micro-ARES instrument (the number presented are the Flight Model ones, see Chap. 3), whose development was constrained by strict space engineering rules (see § 3.1.1). The increase in power consumption is for instance due to the use of monostable relays for the attenuation resistances, since the use of bi-stable relays is banished.

Produced data

The electrode potential and relaxations

As a potential probe, Micro-ARES does not directly provide an electric-field value, contrary to field-mills, where the current measured is directly proportional to the electric field. Instead, as its name suggests, it measures a potential, an integration of the electric field. The adequate relation between the atmospheric electric field and this measured electrode potential is found through modeling, which takes into account all the perturbations due to surrounding surfaces and their characteristics (see Chap. 6).

As a relaxation probe, Micro-ARES measures the atmospheric conductivity through a relaxation method. The resulting signal (7,68 s sampled at 25 Hz) is not pre-processed on-board but instead sent back for post-processing. Since the proper understanding of the physical phenomena at stake and mathematical relation between the relaxation parameters (characteristic time and amplitude) strongly depends on the modeling method employed, this way of proceeding is more flexible (see § 5.2 and Chap. 6).

Data selection and formatting

As discussed above, a pre-selection and processing of the data is performed on-board in order to reduce the amount of data produced. This data selection formats the data into data pages (2074 Bytes each) which contain on the one hand a header which describes the data type, a date information (in order to timestamp the data) and various instrument status information (the housekeepings, software version, reference date, et cetera); On the other hand, the data page contains the measurement data, specific to each data type, stored on 2048 Bytes. The possible types of pages are the following: SIGMOY, ONDES, CONDUCT, BURST, TRANSVERSE and POUSSIERE (detailed below).

Micro-ARES is operated by the DREAMS on-board computer (CEU, see § 2.1.4 and § 3.2. The DREAMS CEU power the instrument ON and send the Telecommand (TC) that starts a measurement. The duration and start time of this measurement is encoded in the TC. Micro-ARES then sends the data pages (listed above) when they are filled until it receives the stop TC (or stops by itself after the duration sent is elapsed), when it dumps all the remaining pages, even if partially filled. 

The measurement sequence

The main "brick" in the production of these data pages is the sequence (see Fig. 2.13), a set of 1024 DC and 1024 AC values acquired during 0,16 s). The sequence also serves as a duration unit for data time-stamping (in combination with a 1 ⁄100 s clock).

In the following figures and data pages descriptions, stricken-through boxes represent one sequence (in blue for DC and red for AC) or one ONDES measurement sequence (in orange, see below), while the crossed boxes represent sets of 6 sequences. Plain boxes either represent one sample (blue in DC and rad in AC) or one element of a page type.

Raw data: BURST and TRANSVERSE pages Despite the selection, Micro-ARES still produces data pages containing raw waveform data (sampled at 6,4 kHz) both in DC and AC. First the BURST pages, generated on demand2 : They consist in 6 pages (3 AC and 3 DC) generated at the beginning of the measurement according to Fig. 2.14. They are produces for monitoring purpose, since they produce un-processed data (directly acquired by the ADC). Since they represent six data pages (almost 50 minutes of averaged DC measurement SIGMOY), they are only generated occasionally. Second, the TRANSVERSE pages, which contain only AC data. AS the name suggests, they are meant to show transverse resonances waveforms whose typical frequencies (∼ 2 kHz, see § 1.2.6) require the raw sampling frequency of the instrument. These data sequences are selected among the all the sequences of a measurement according to a quality factor based on the frequency content above 2 kHz.

The selected pages are the one with the highest quality factor and the 1, 2 or 4 following, according to the command3 sent to the instrument. This selection is performed by Micro-ARES's on-board software and all the TRANSVERSE pages (if any) are transmitted at the end of the measurement.

Averaged waveforms: SIGMOY and POUSSIERE pages One of the most important data transmitted by Micro-ARES is contained in the SIGMOY pages: the continuous measurement of the quasi-DC electric field. This data is the one that would be used to monitor the fair-weather electric field as well as the detection of dust-events and the quantification of the electric field they generate. SIGMOY data are produced by averaging the DC channel measurement over 0,48 s spans, hence sampling it at ∼ 2 Hz (see Fig. 2.15). SIGMOY data pages are transmitted when they are full or at the end of a measurement.

The generation of SIGMOY data is intrinsically linked to the one of POUSSIERE data pages. Each one of the latter contain 6 DC and AC sequences filtered and decimated waveforms (hence a sampling frequency of ∼ 533 Hz). They are produced and transmitted every 0,96 s with a quality factor in the header, the DREAMS CEU then performs a selection on the data (see § 2.3.4, § 4.3 and § 7.2.1 for further information). This very quality factor is produced out of the SIGMOY data (see Fig. 2.15) and reflects the variation rate of the signal. POUSSIERE4 pages aim a providing detailed waveforms of events where the electric-field varies rapidly, theoretically, the beginning and end of dust events . These pages are expected to show signatures of single charged dust impacts at the electrode, out of which the dust charge and density could be interpolated. They are not acquired during conductivity measurement (see below) since the typical signature of conductivity tests (an abrupt potential variation follows by a relaxation) would be mistaken for a dust impact and would mistakenly produce a high quality factor.

Spectral data: ONDES pages Just like SIGMOY pages summarize all the DC channel data, ONDES5 pages aim a summarizing the AC channel data by producing spectra of the data every 4,8 s (see Fig. 2.16). In order to reduce even more the amount of data it would produce, a second selection is performed by averaging the spectra over 96 s spans (20 spectra). The time-variation information is kept by also generating Total Spectral Power values of each averaged spectra (see § 4.2 for further discussion).

These resonances and lightnings signatures). Other content such as the charged dust grains impacts on the electrode are also expected to appear in the spectra.

Similarly with POUSSIERE pages, ONDES data is not produced during conductivity tests since the relaxation signal would produce unwanted and potentially predominant signature on the spectra.

Conductivity measurements: CONDUCT pages As described above, the atmospheric conductivity is measures by displacing negatively and positively the electrode potential and let it return back to its potential at rest. Both measurements are performed successively (see Fig. 2.17) separated by 3,84 s. The resulting DC signal, lasting 3,84+3,84 = 7,68 s is averaged over 40 ms windows in order to produce 192 data points (the signal sampled at 25 Hz). A CONDUCT data page is produced after 5 conductivity measurement sequences or at the end of a measurement.

This average window and measurement duration were selected in order to properly capture the relaxation pattern produced by atmospheric conductivities expected on Mars (see § 5.2.2.3, Chap. 6 and § 7.1.1).

Data-processing

The instrument data processing aims at converting the instrument data, stored in binary as LSBs produced by the ADC, into electrode potential related values first (what the instrument effectively measures) and eventually electric-field and atmospheric conductivities (the scientifically valuable product of the instrument).

The first stage relies mainly on instrument calibrations (see § 5.1) performed on Earth. The conversion of the resulting electrode potential (as raw or averaged waveforms or as spectral values) into electric-fields is based on hypotheses and modeling work, extensively discussed in § 5.2 and Chap. 6.

These models have three purposes:

• Retrieve the coupling impedance between the electrode and the atmosphere, in order to inverse the resulting impedance bridge at the instrument input (between the instrument input impedance and the atmospheric one);

• Provide a relation between the relaxation parameters (relaxation characteristic time and amplitude) and the atmospheric conductivity(ies);

• Evaluate the equipotential lines deformations around the electrode in order to deduce the electric field from the average atmospheric potential around the electrode.

These processing steps are either performed independently (the electrode potential is first converted into atmospheric potential and the latter used to deduce the electric field) or in one step (the model links a given electrode potential and relaxation parameters to an atmospheric electric field and conductivity value).

The processing and modeling work is widely discussed in Chap. 5 and Chap. 6. An application example of this data processing is exhibited in Chap. 7. The development process of a space instrument is punctuated by various tests. Functional tests to assess its ability to measure what it is supposed to measure. Vibrations to verify if it can mechanically endure the shaking of a launch, the re-entry stress or the shock of a landing .Thermal vacuum tests to ensure it can resist the harsh space temperature conditions, and so on.

The common denominator to these tests is that they imply the instrument is tested in conditions similar to the one it will be used on, notably regarding what is measures. The following describes the elaboration and testing work I performed of the equipment that I developed or improved. I then used, along with the team, this equipment all along the Micro-ARES development in order to simulate as well as possible the Martian environment and the electronic interface to which the instrument was connected in the EDM.

Instrument testing

Space instrument test process

The complexity and size inherent to space projects requires scrupulous rules in terms of employed technologies and project management. For European projects, this set of rule exists under the banner of the "European Cooperation for Space Standardization" (see ECSS -European Cooperation for Space Standardization). It is divided into the following four sub categories:

Management Which contains the project planning (phases, system models and review documents), costs, logistics and risks management;

Product assurance Which contains the rules about equipment quality, dependability and safety, both mechanical and electronic as well as software quality rules;

Engineering Which dictates rules concerning the development and testing process of any element from mechanics to optics to communications;

Sustainability Which enforces the space debris legislation mentioned above in order to ensure a sustainable use of outer space.

The Micro-ARES instrument is part of ExoMars, a European Space project. In this context, the instrument development had to fully comply with the ECSS rules. In the three following chapters, emphasis will be put on the model philosophy (EIM, QM, FM, etc.), the testing process and the inclusion of instrument calibrations during these tests.

Indeed, considering the development history of the instrument (see § 2.3.1), the phases A and B of feasibility and preliminarily definition respectively have been started long before the beginning of this thesis (October 2013), with a "Preliminary Design Review" (PDR) closing Phase B (development) and starting Phase C (Detailed definition) in November 2013. Phase C ended in April 2014 with the "Critical design review" (CDR). This marked the beginning of the qualification and production phase (Phase D) where the qualification models (QM) are built and tested, leading to the production of the Flight model and Flight spare (FM and FS respectively, see Fig. 3.2). Since Micro-ARES is part of the DREAMS instrument package (see § 2.1.4), the PDR and CDR of Micro-ARES are made under the umbrella of DREAMS' (see Fig. 3.1).

During Phases A and B, the instrument models built were the Prototypes (2 models, see Fig. 3.2) and the engineering model EIM. The latter was meant to perform the first interface testing with the other components and perform radiation testing. The irradiation tests are required by the ECSS to ensure electronic component tolerance to irradiation. In phases C and D, the first QM was built, tested, which led to modifications (not detailed here) and the later QM2. Eventually, the FM was built, tested and calibrated. Through the testing and development process detailed below, the calibration and testing were gradually refined and improved with the prototypes and the QMs to become optimal for the FM. Because of some technical constraints discussed in § 4.2.2, the fabrication flow, testing and calibration of the instrument were imbricated.

Among the tests imposed by the ECSS, two of them will be recurrently mentioned in the following chapters: • The EMC (Electro-Magnetic Compatibility) test aims at assessing the electromagnetic emissivity and susceptibility of a device in a wide range of frequencies. Typically, the tested frequency notches are the ones involving communication and where other devices of the system are known to be sensitive. The success of the EMC test in emission is therefore conditioned by limits imposed by the rest of the system while susceptibility is conditioned by noise thresholds or damage sensitivity limits. In the case of Micro-ARES, the EMC showed both emissivity and sensitivity issues of the instrument with the lander communication, which constrained the measurement timeline of the instrument (see § 7.2.1);

• The TVT (Thermal Vacuum Test) aims at testing the instrument behavior throughout the expected working temperature range in the expected pressure conditions. This range of temperature definition depends already on space thermal engineering and margins defined for the system. But this test also appeared as an opportunity to calibrate the instrument electronics against the temperature changes. As described in § 2.3.3, most of the key components of the instrument have resistance and capacity properties which likely vary with temperature. Since the data processing is highly dependent on these values (see § 5.2), their calibration with temperature ensures a lower error on the derived data. The calibration process depending on this TVT is discussed in § 5.1.1.

Laboratory testing experiments developments

The first instrument tests have been conducted in the most non-Martian-like environment imaginable: the top of a laboratory desk. In the early stages of development, the instrument prototypes are indeed tested with a prototypical equipment (power supply, data link, environment #2 1,2 ⋅ 10 11 5,11 #3 0,9 ⋅ 10 12 6,2 #4 1,1 ⋅ 10 13 3,4 Table 3.1 -∕∕ couples calibrated values used in the injection boxes.

mimicking, test points monitoring, etc.). The equipment connected to the instrument aims at mimicking as well as possible the instrument environment and interface to which it will be plugged.

Such setup aims at performing "end-to-end" tests on the board, where the input of the experiment is the variable the instrument is supposed to measure, and the output the effective instrument data. Once the instrument and the associated post-processing is fully developed, the processed instrument data must fit the injected values. This of course is based on the assumption that the "environment mimicking" part of the end-to-end setup is an accurate representation of the physical phenomena.

The injection box

In the case of Micro-ARES, the interfaces with DREAMS (power and data) were simply represented by a 4 rails power supply and a computer with an RS422↔USB adapter (described in § 3.2.1). The electrode and atmosphere (and their inherent coupling) are more complicated to simulate. Indeed, the Micro-ARES antenna (see § 2.3.3) is designed to operate in the Martian atmosphere and therefore does not work properly in the Earth atmosphere, even less in an indoor environment (the reason is developed in § 7.1 and § 6.3).

The alternative solution is to mimic the electrode/atmosphere coupling with a so called "injection box". It aims at mimicking the coupling of the electrode with an atmosphere (as described in § 2.3.5 and § 6.1) as a complex impedance composed of a resistance and capacitor in parallel (see Eq. 3.1 and Berthelier et al. 2000, Molina-Cuberos et al. 2010aand Molina-Cuberos et al. 2010b). These boxes are therefore made of various couples of resistance and capacitor in parallel, at values close to the ones expected for the Micro-ARES electrode when immersed in a Martian-like atmosphere (see Chap. 6) but dispersed enough to enable proper calibration. The values used for Micro-ARES are listed in Tab. 3.1.
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The ∕∕ impedance of the injection box is plugged between the instrument input and any signal source (voltage generator simulating an atmospheric potential) according to Fig. 

Noise attenuation

The very high impedances requirement implied the need for careful cleaning in order to avoid leakage current that might cause an apparent voltage dependency of the resistance. This issue might be a significant source of errors when used with high voltages at the input. In order to avoid as much as possible noise perturbations, the box is connected to the instrument through a coaxial cable, exploiting the "bootstrap" design (see § 2.3.3 and [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF] in order to shield the highly sensitive high-impedance instrument input, while the box itself is connected to the signal injection ground (see Fig. 3.3). The Micro-ARES board itself is placed in an Aluminum enclosure connected to the power supply ground, which constitutes a Faraday cage. It aimed at minimizing the effects of the surrounding 50 Hz and its harmonics (see Fig. 3.4).

The cage attenuates the 50 Hz noise by a factor 100 and makes the 100 Hz harmonic undetectable. The AC detection threshold appears here, with a value of 2 ⋅ 10 -11 V 2 .

Signal generation

With the injection box connected to the instrument input, a signal must be injected in the injection box input in order to complete the end-to-end electronic setup. The requirements to test the measurement modes of the instrument (see § 2.3.4) are the following:

• Produce signals long enough to cover a standard Micro-ARES measurement (∼20 min); • Have a sampling frequency higher than Micro-ARES sampling frequency in order to cover the whole instrument bandwidth while respecting Shannon's theorem;

• Have a quantization high enough to ensure a precision on the generated signal (that will later be compared to the instrument measurement) higher than the instrument one.

Devices producing prescribed signals with a quantization around 16 bits1 with a high sample rate are common and are named "Arbitrary generators". The issue with these devices is usually the memory buffer, which is limited to a few tens of thousands of samples, therefore only a few seconds of signals, which does not satisfy the first requirement. The choice eventually came to a device meant for educational purpose but containing two 14 bit DAC (Digitalto-Analog Converters), with output levels of ±5 V and capable of generating a signal fed from a computer through a USB port. This device named "Analog Discovery" 2 has been coupled to a circuit board used to amplify the output swing of the ADC (up to ±12,5 V), which is enough to cover Micro-ARES AC dynamic range.

However, since the input range of Micro-ARES in DC is up to kilovolts (see § 2.3.3), signal amplifiers had to be added at the output. The first one is a ×20 amplifier with a ±160 V output range, which allows one to cover the entire input range of the instrument (without relays activated). For higher potentials generation, proportional DC to High voltage converters have been employed. This component (EMCO G30R) generates a 100 to 3000 V potential proportional to the 1 to 12 V input, with the drawback of having a very low pass band below 1Hz. In order to properly drive them, the output current of the signal generator was increased with buffer amplifiers, from a few milliamperes up to 1 A.

This set of tools, used throughout the testing process of the instrument, is shown Fig. 3.5. The injected signals ranged from sums of frequencies or sweeps in frequency, to simulation of dust-storm events or dust-devils passages; either simulated (classic Gaussian bell curve) or extracted from real measurements performed in the desert (see Fig. 3.6). Note that for simple tests and calibration or the DC channel, a simpler 0 to 250 V DC power supply has been employed, with the output level cross checked with a multimeter.

Chamber tests developments

The second approach in end-to-end testing consists in integrating the instrument's antenna in the tests scheme, and injecting at the input of the instrument what it is supposed to measure: electric fields.

First chamber

The first chamber built for that purpose was archaic: Installed in a mobile radar equipment trailer3 , it was composed of two 1 m 2 cardboard plates covered in aluminum foil and kept at some distance from one another (see Fig. 3.7). In order to remain in the "infinite capacitor approximation"4 and ensure a uniform electric field between the plates when they are kept at a given potential, the distance between them was kept below 50 cm (half the side size of the boards). With this configuration (see Fig. 3.8), for a certain potential difference applied between the two plates, the created electric field is known.

As explained in § 7.1, § 7.1.1 and § 6.3, this setup is not adequate for properly testing the instrument. This is due on the one hand to the low atmospheric conductivity of the Earth atmosphere [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF] near the ground5 , nearly 10 to 100 times lower than the expected Martian one (1 ⋅ 10 -14 S ⋅ m -1 vs. 1 ⋅ 10 -12 S ⋅ m -1 ). On the other hand, the quick collection of atmospheric charge carriers by all the surrounding conductive surfaces (see § 6.3 and below), which collapses even more the local atmospheric conductivity between the plates down to zero. The consequence is that the current collected by the probe (see § 2.2 and Chap. 6) becomes smaller than the parasitic input current of the pre-amplifier.

The result when the instrument is placed in a 0 V ⋅ m -1 electric field with this kind of experimental setup is the measurement shown in Fig. 3.9 (left).

Instead of measuring a constant electrode potential equal to zero, the observed DC measurement slowly drifts until it stabilizes around a non-zero potential (∼7,5 V for the EIM in Fig. 3.9 left). This potential at rest in a 0 V ⋅ m -1 electric field is explained by parasitic properties of the instrument input which are apparent in extreme cases (where the atmospheric conductivity is too low then). Indeed, as discussed in Chap. 5, the instrument input parasitic properties are a non-infinite input resistance (∼ 1 ⋅ 10 14 Ω), a non-zero input capacity (∼ 2,5 pF) and a non-zero leakage current (∼ 10 f A). Their impact on the electrode potential with regard to the medium potential surrounding the probe (outside the so-called sheath around the electrode, see Chap. 6) is described by Eq. 3.2, where is the electrode-atmosphere coupling resistance (the sheath impedance). Note that is omitted here for this DC demonstration.

= ⋅ + + ⋅ ⋅ + (3.2)
For the sake of simplicity we will model the antenna as a spherical capacitor (sphere surrounded by an infinite conductive medium) and therefore consider = 1 4 ⋅ in the following discussion, with the atmospheric conductivity and the electrode radius (infinite spherical capacitor approximation). The latter is the simplest model for the link between sheath resistance, atmospheric conductivity and electrode properties, other models are widely discussed in the whole Chap. 6.

When the coupling resistance increases and becomes of the order of magnitude of , which happens when the atmospheric conductivity decreases, the parasitic parameters are not negligible anymore. In the extreme case where >> , which is the case in Fig. 3.9 (left) since < 1 ⋅ 10 -14 S ⋅ m -1 (see Rycroft et al. 2008 and Chap. 6, in the chamber there are even fewer charge carriers compared to the "exterior environment"), which gives a sheath resistance > 5 ⋅ 10 14 Ω. In such case, the right term of Eq. 3.2 becomes prominent over the left one and in order to accurately retrieve , one must precisely know , and . Unfortunately, given their extreme values and variability to exterior conditions, these values can only be calibrated with a poor precision (∼ ±100%, see Chap. 5), which makes the accurate retrieval of the atmospheric potential impossible in such situation.

Similarly, when measurements are performed on Earth, but outside (Fig. 3.9 right), where the expected charge carriers density is higher due to the absence of absorbing walls, the measured electrode potential is also around 7,5 V, 0,3 V higher precisely. This small potential increase measured outside, 0,3 V, is therefore the contribution of the fair-weather electric field on Earth ( § 1.2.2). But according to [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Harrison | Applications of Electrified Dust and Dust Devil Electrodynamics to Martian Atmospheric Electricity[END_REF], the fair-weather electric field on Earth in normal conditions should be around -100 V ⋅ m -1 , which should produce a potential difference between the ground and Micro-ARES electrode of ∼ 30 V. The actual potential increase when outside, attenuated by 100 regarding what is expected (eventhough no relays are active) is the consequence of an elevated attenuation in the left term of Eq. 3.2.

The uncertainty on the parasitic term = ⋅ ⋅ + ≈ 7,5 V (see § 5.1) which can be considered as a "noise", and the poor resulting signal-to-noise ratio SNR = = 0,3 V 7,5 V = 0.04 shows that the Micro-ARES Martian electrode is not suitable (at least with the instrument electronics) for the Earth atmosphere. A configuration, more adapted for the atmospheric conductivity is discussed in § 7.1. Both cases, indoor (within the chamber) and outdoor have been simulated using the electric current model (discussed in § 6.2), with the parasitic parameters, = 1 ⋅ 10 14 Ω and = 7,5 ⋅ 10 -14 A.

The simulation results depicted in Fig. 3.10 coincide with the measurements performed with the instrument in the chamber and outdoor and confirm our interpretation. Note that in the simulations, the conductivity in the chamber was set to an extremely low (1 ⋅ 10 -20 S ⋅ m -1 ) while typical values of the expected conductivity and electric field outdoor have been employed for the outdoor simulation (1 ⋅ 10 -15 S ⋅ m -1 and -100 V ⋅ m -1 ,6 ). The Flight Model board (FM) showed the exact same behavior during the various checkout tests that were conducted during the cruise toward Mars. Indeed, in the vacuum environment and the electrode surrounded by surfaces connected to the ground (the interior of the backshell of the entry vehicle), the measured potential at the electrode is not equal to zero. Given the fact that the input properties and parasitic values are intrinsic to each electronic component, the potential at rest (right term of Eq. 3.2) when the sheath resistance is very high is slightly different than the EIM one (Fig. 3.9) but still positive which means that the FM preamplifier also has a leakage current leaving the component and charging the electrode.

Eventually, in order to perform the end-to-end tests with the Martian Micro-ARES antenna, the experimental setup with electric field generation had to be modified. NOTE This setup however proved useful when CNES (French Space Agency) needed to test the potential effects of electric fields (generated by dust devils or dust storms) on the tether used to connect the SEIS seismometer to the lander of the Mars Insight mission.

Aarhus wind tunnel tests

A behavior similar to the one presented above occurred when the DREAMS package was tested in the Aarhus University (Aarhus, Denmark) Martian wind tunnel facility 7 . The main goals of this experiment were to understand the airflow distortion, the thermal effects of the lander on the measurements, as well as the airborne dust interaction with the sensors (see Fig. 3.11 left). But a secondary goal was to try to measures an electric field imposed between the chamber top and bottom plates.

Just like the previous experiment, this test led to the same effects, which are a dramatic increase of the sheath resistance between the electrode and the surrounding atmosphere, leading to a prevalence of the parasitic input current and an almost purely capacitive coupling, visible in Fig. 3.11 (right).

In the SIGMOY measurement presented (see § 2.3.4), the first two voltage drops correspond to dust injections in the chamber. We can only conclude from that that the dust was charged and that the impacting grains transferred charges to the electrode. The third drop is due to both the electric field inversion (from -100 V ⋅ m -1 to 100 V ⋅ m -1 ) and dust injection.

A successful experiment would have shown two clean and constant 25,5 V and -25,5 V steps which would be the expected electrode potential in these electric field conditions (the electrode center is located 25,5 cm above the ground plate). Nevertheless, we can try to infer some interesting information from it:

• The first one is the total collected charge during dust injection. Indeed, for a collected charge by the electrode the potential increase will be Δ = ∕ , with the total capacity of the electrode regarding the ground. The determination of is detailed in § 5.1.1, § 2.3.5, § 5.2, Chap. 6 and Molina-Cuberos et al. 2010a. Basically, this total capacity is the sum of the sheath capacity with the input capacity of the instrument . For Micro-ARES and its antenna configuration, this capacitance = + ≈ 1.2+ 2,5 pF = 3,7 pF. Therefore, we can approximate the accumulated charge by the electrode at each dust spraying on the setup to approximately -1,85 ⋅ 10 -11 C (∼ -10 8 elementary charges). Given the fact that 7,5 g of dust were introduced, with a mean dust grain size of 2 µm, we can infer that approximately 1 ⋅ 10 11 dust grains were injected in the chamber (with an assumed density of 2,3 g ⋅ cm -3 ). With a very coarse approximation, the ratio of the electrode over the chamber cross section is ∼ 3,5 ⋅ 10 -4 , which would lead to 2 ⋅ 10 8 grains colliding with the electrode. Eventually, the average algebraic number of charges transferred to the electrode per dust grain is around -1, which is equivalent to one electron per dust grain.

• The second interesting result is the voltage drop due to the electric field change. Indeed, with a deduction similar to the one employed in the processing of the relaxation tests (see § 5.2), we can infer that for a potential variation Δ of the medium surrounding the electrode corresponds a potential drop at the electrode Δ = Δ ⋅ ⁄ + . And since a potential at the electrode can be (very simply , see Chap. 6) associated to an electric field = ∕ℎ (ℎ = 27 cm), the electric field variation can be

approximated to Δ ≈ -20 V ⋅ ( + ) ⁄ ⋅ ℎ = -228 V ⋅ m -1
. This approximation is a bit higher than the expected -200 V ⋅ m -1 value, but since a dust injection has been done simultaneously, the voltage drop at the electrode is the sum of the two phenomena.

This shows that even in degraded conditions (poor conductivity) where only a capacitive coupling with the surrounding atmosphere remains, some environment characteristics can still be inferred, but at the cost of simplifications and approximations, thus poor accuracy.

Ionized environment chamber

Since the Earth atmosphere conditions are not suitable to test the antenna in its Martian configuration, then it had to be immersed in an atmosphere where, at least, the pressure condition was similar to the Martian one, so that the charge carriers mobility and hence the conductivity are higher (see Chap. 6 and Eq. 3.3, the conductivity contribution of a charged species with an electric mobility , a charge ⋅ and a density ).

= ⋅ ⋅ ⋅ (3.3)
The low pressure and temperature conditions as well as the composition of the Martian atmosphere near the surface (see § 1.1.3) can be reproduced in a climatic chamber used for space instrument tests such as the one existing in LATMOS. But since the available volume for experiments in this chamber is only a 60 cm sided cube, the electric field generator setup has to be shrunk down while keeping the uniform electric field between the plates (side effect have to be minimal).

For vertical rotational symmetry reasons (numerical simulations are faster in 2D with rotational invariance than 3D), the chamber has been made cylindrical, with two aluminum disks of diameter 50 cm facing each other and the antenna placed in the middle of the bottom disk. In order to "leave space" around it, the top plate is not placed too close to the antenna. Indeed, the electrode-atmosphere interaction is supposed to occur in the sheath around the electrode, expected to be around 10 cm thick (see § 2.3.5 and Chap. 6). In order to properly simulate this interaction, the top plate should not be too close to the electrode, and obviously not within the sheath.

Given the available space in the chamber, the two plates are separated by also 50 cm. But with the size reduction (distance = plates size), the infinite capacitor condition is not valid anymore and side effects are prominent (see Fig. 3.12 left). The solution is to surround the chamber with metallic straps, each one carried at the potential = -⋅ (where is the electric field and the mid-height of the strap). With this solution, the electric field inside the setup is almost uniform (see Fig. 3.12 right, the perturbations extend only a few centimeters from the walls). The adopted configuration was therefore to circle the chamber with nine straps, 5 cm wide and separated by 5 mm spaces (see Fig. 3.13).

Figure 3.12 -Finite-element electrostatic simulations of the potential in the chamber with (right) and without (left) strapping (see § 6.2 and Appendix C). The simulation shows that the strapping presence forces a uniform electric field inside the chamber.

Figure 3.13 -Prototype 2 Micro-ARES antenna on plate (left) and whole chamber with surrounding aluminum straps and dividing bridge resistors visible (right).

Each strap is connected to its neighbors with 11 kΩ resistors, except for the top and bottom ones, which are connected to the plates with 6 kΩ resistors. With the resulting resistor bridges (see Eq. 3.4), only the top and bottom plates need to be polarized and

= -⋅ is well verified. [ ] = ⋅ ∑ 10 = [ ] ∑ 10 =1 [ ] (3.4)

NOTE

The electric field might seem uniform in the middle of the chamber in Fig. 3.12 (left). However, with the antenna installed and the setup running, the equipotential perturbations propagate around it up to a tenth of centimeters, where the electric field is not uniform anymore.

The strapping setup ensures the uniformity of the electric field at the boundary of the sheath around the whole antenna, more than the antenna itself.

How to generate charge carriers?

The final brick necessary to properly test the instrument and validate the models presented in Chap. 6, is to counterbalance the charge collection issue by the metallic walls, a phenomenon enhanced by the presence of an electric field. Since ionization and photo-emission of electrons do occur in the atmosphere, both phenomena must be reproduced (see Chap. 6, § 7.2.2, Cardnell et al. 2016[START_REF] Molina-Cuberos | A model of the martian ionosphere below 70 km[END_REF][START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] O'brien | Calculated cosmic ray ionization in the lower atmosphere[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Feuerbacher | Experimental Investigation of Photoemission from Satellite Surface Materials[END_REF], since they are the only terms counterbalancing the charge carriers loss by recombination or by wall absorption (see § 6.3 and § 7.2.2). The photo-emission part is simple. Indeed, it can be reproduced as in [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF], with 260 nm UV diodes. With the chamber setup depicted in Fig. 3.14, the 0,3 mW produced by the diode (when powered at its maximum) represents 1,6 ⋅ 10 -3 W ⋅ m -2 at the electrode surface. Since the expected UV irradiance at the surface of Mars at this wavelength is between 8 ⋅ 10 -4 and 10 -2 W ⋅ m -2 (from [START_REF] Cockell | The Ultraviolet Environment of Mars: Biological Implications Past, Present, and Future[END_REF][START_REF] Rontó | Solar UV irradiation conditions on the surface of Mars[END_REF], mainly depends on atmospheric opacity), the UV diode controlled via PWM (Pulse-Width Modulation) will enable a consistent reproduction of the photo-emission by the electrode during its mission. Proper calibration of the phenomena, in association with the irradiance measurement performed by the SIS instrument (see § 2.1.4) will allow the correction of any bias induced by the photoelectric current.

However, the photon energy produced by this device, ℎ ⁄260 ⋅ 10 -9 ≈ 4,77 eV is not enough to ionize the major component of the Martian atmosphere, CO 2 in which the experiment will be immersed. Indeed, the ionization energy of carbon dioxide is ∼ 13,8 eV [START_REF] Itikawa | Cross Sections for Electron Collisions With Carbon Dioxide[END_REF], which would require a UV source with a radiation wavelength below 90 nm, not available as LEDs nor easily usable equipment (A 75 nm laser-type source exists in LATMOS but is absolutely not suitable for this use-case [START_REF] Tigrine | A microwave plasma source for VUV atmospheric photochemistry[END_REF].

The electron production alone is not enough to fully describe the charge carriers content of the Martian atmosphere (see § 1.2, [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF][START_REF] Michael | Dust charging and electrical conductivity in the day and nighttime atmosphere of Mars[END_REF]. When produced by the UVs on aluminum by photo-emission ( -Φ ≈ 4, 7 -4, 2 = 0,5 eV) the acquired energy by the electrons is still not enough to start ionizing CO 2 . Within an electric field sufficiently high (10 4 to 10 5 V ⋅ m -1 , the electrons could be accelerated enough to ionize carbon dioxide via electron impact ionization [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF] and produce the expected positive and negative ions. However, such high electric fields might cause issues with the charge carriers distribution within the chamber (see § 6.3), which would lead to their depletion in the electrode vicinity hence the same problem we initially have.

The solution is therefore to use a volume ionization process, well known by residents of houses with a poorly ventilated basement in a granitic soil area: Radon. This gas is radioactive in all forms, but we will focus on its most abundant isotope: Radon 222, which is part of the Uranium 238 decay chain and which products are shown Fig. 3.15 (the highest probability decay chain).

The interesting part is the three alpha particles produced by Radon 222, Polonium 218 and Polonium 214 (later respectively referred to as 1 , 2 and 3 ), and their energy, which procure them a high ionizing power. The two beta particles, given the small cross section of electrons regarding their collisions with CO 2 at these energies [START_REF] Itikawa | Cross Sections for Electron Collisions With Carbon Dioxide[END_REF], will simply cross the experiment barely colliding with any carbon dioxide or other gas component, and will be absorbed by the walls (or antenna). When the ionization proceeds from electrons or other particles collisions, the energy expended in order to form an ion-electron pair is higher than the ionization energy. For carbon dioxide the formation of an ion-electron couple CO + 2 + -by collision is 32,9 eV [START_REF] Weiss | Energy Required to Produce One Ion Pair for Several Gases[END_REF].

The goal of such experimental setup would be to reach an ionization rate similar to the one expected at Mars' surface and caused by Galactic Cosmic Rays (GCRs), expected to be around 4 ⋅ 10 6 m -3 ⋅ s -1 (see § 6.3.1, [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF][START_REF] Hassler | Mars' Surface Radiation Environment Measured with the Mars Science Laboratory's Curiosity Rover[END_REF], rather uniform at the planet surface and depending mostly on solar activity. Within the chamber, due to charge absorption by the metallic walls, this ionization rate might have to be increased in order to reach the Martian charge carriers density (and therefore the Martian conductivity) in the vicinity of the electrode.

The experiment consists in immersing the electric field generation chamber and introducing a known activity of Radon 222 inside, in order to ionize the medium with the alpha particles. Such test will be conducted at IRSN-CEA (Nuclear Safety Reseach Institute -Atomic Energy Commission) in the chamber BACCARA (see [START_REF] Michielsen | BACCARA et l'étalonnage des instrumetns mesurant l'activité volumique de Radon 222 dans l'air[END_REF][START_REF] Meslin | Le radon, traceur géophysique de l'environnement martien : étude de son transport, première mise en évidence et développement d'une instrumentation pour sa mesure[END_REF]. At first however, due to technical constraints on the BACCARA chamber, the experiment will be led at atmospheric pressure with dry air, in December 2016. If conclusive, further tests will be carried out with a 10 mbar atmosphere of CO 2 in 2017.

But another issue is raised: The only controllable and know parameters in this experiment are the pressure, temperature, atmosphere composition (air or CO 2 ) and Radon activity in the chamber (and electric-field between the plates of course). However, for proper understanding of what is measured by Micro-ARES, the parameter which matters is the atmospheric conductivity, or in other words the charge carrier densities. The chemical models and plasma models of the atmosphere (see § 6.3.1 and § 6.3 in Chap. 6) and plasma model provide with a relation between the ionization rate and the charge carriers densities.

Monte-Carlo model of ionization through Radon-222

The remaining necessary link between the activities of 222 Rn, 218 Po and 214 Po and the resulting ionization rate have been obtained via Monte-Carlo simulation. This model is discussed further in Appendix B.

With this model -providing a volumetric ionization rate -and either the plasma model (see § 6.3) or the electric-current model (see § 6.2), the behavior of the instrument in the chamber can be fully simulated. The measurements in the experimental setup will allow the validation of either one model approach or the other for atmospheric simulation and proper instrument data processing (see § 5.2). The tests are programmed for the first week of December 2016 and the results will be presented during the defense. They were conducted with various Radon activities (4,40 and230 kBq ⋅ m -3 ) at atmospheric pressure.

More basically, this test in a Martian-like environment will be the opportunity to perform a full end-to-end test of the instrument it the configuration it had on ExoMars 2016 (with the 27 cm antenna) and it will (hopefully) have in any future Martian mission.

Field tests experiments

The most basic feasible field test is to use the Micro-ARES antenna, fixed on a metallic structure (similar to Fig. 3.13 left) and use it to measure the electric field during a field test. But as mentioned in § 3.1.3 and developed in § 7.1, the coupling resistance between the electrode and the atmosphere is far much higher at the Earth surface that what the instrument is designed to work in (see the Earth atmosphere conductivity in [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF].

The results is that even when no relays are activated, the parasitic input resistance and the sheath one are at the same order of magnitude (or the sheath one even higher), which produces a strong dividing bridge at the input, attenuates the signal and leaves the parasitic input current prominent . Of course, as shown in § 5.2, this can be compensated, but this compensation relies on an appropriate measurement of the sheath impedance, which is based itself on the conductivity measurement mode. Due to its design, this mode is optimal for atmospheric conductivities 10 to 100 times lower than the Earth one.

When the relays are activated, given their values far too low compared to the sheath resistance (see § 2.3.3), they simply make the measured signal drop below the noise level and make any retrieval of the measured data impossible.

The solution to perform the measurements on Earth is fully detailed in Chap. 7. These tests were performed in the Sahara desert during the dust storms and dust-devils season (July 2014). The main interest, besides the validation the instruments' ability to correctly detect dust-devils passage, is to measure the high electric field generated in strong dust storms, the fair-weather electric field (all three verified with a standard field-mill), the conductivity variation at sunrise and to detect the Earth Schumann resonances. It was also the opportunity indeed to gather "real" data on which post-processing procedures was tested and validated. It also helped refining the on-board processing and data-formatting (see § 4.3.1 and § 4.3.2).

It also turned out to be an opportunity to build an easily usable GSE (Ground Support Equipment) for the instrument which would be used in the laboratory as well as in the field.

Apart from an ionized chamber, there are tests than can also be carried out on Earth with Martian-like conditions: balloon tests. Indeed, at an altitude around 30 km, the ionization, temperature and pressure conditions produce an atmospheric conductivity of the order of magnitude of the Martian one (see [START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Siingh | The atmospheric global electric circuit: An overview[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF]. The ideal experiment would consist in a realscale mock-up of the Schiaparelli lander with Micro-ARES mounted onto and a second reliable electric field sensor, both mounted to keep them as far as possible from each other and the cradle.

However, unlike the ARES instrument (see § 2.3.1) which uses two electrodes, Micro-ARES simplification relies on the grounding of the lander in order to properly interpret the measurements. With the lander in the atmosphere, the issues raised by the sheath around the electrode are duplicated with the interface between the atmosphere and the lander, with its fairly complex geometry. Of course, this problem will exist on Mars too since the soil conductivity is not very high [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF]) but the lander contact with the ground will not involve any sheath phenomena, just a solid contact, even if said solid is poorly conductive. Such experiment will be carried out with CNES balloons aiming at measuring the stratospheric chemical properties but since the mission is planned for 2018, there is no result yet for this kind of experiment. However, balloon experimental results obtained with similar instruments in the Earth stratosphere are mentioned in Chap. 6.

GSE development

The Ground Support Equipment (GSE) corresponds to the equipment used on Earth to operate the instrument when performing the measurements on Earth. However the Micro-ARES GSE as it would be defined in the ECSS actually corresponds to the following chain: ESA antennas / DSN data reception -Data conditioning by DREAMS -Data processing for Micro-ARES. But no operation commands is to be sent to Micro-ARES or DREAMS since everything is programmed in a measurement timeline (see § 7.2.1).

Therefore the GSEs presented here were and are meant to operate the instrument during all the testing process or even future use of the instrument for what it is meant in stratospheric and field measurement campaigns. However, in the context of "Micro-ARES in DREAMS" testing purpose, this GSE has to mimic as well as possible the behavior of the DREAMS operating unit (also known as DREAMS CEU) in terms of hardware interface with the instrument (RS422 link and power supplies) and software behavior (TC and TM management, data selections and compression).

Original EGSE: Table tests

During the major part of the testing and calibration process the instrument electronic board and its test points had to be fully accessible as well as the DSP programming ports, absolutely especially during the software debugging and improvements phase. The initial GSE was just an EGSE (Electrical GSE), the mechanical part being four column bolts on the electronic board and the Faraday cage (described in § 3.1.2), the three other components being:

• The power supply: an accurate four-channel DC power supply. This accuracy in the produced voltages is required since it is the only calibration reference for the voltages housekeepings;

• The signal injection: detailed in § 3.1.2;

• The data handling part: an RS422↔USB converter connected to a computer and a LabVIEW programmed software handling the TC and TM with the instrument.

However, this setup (shown Fig. 3.17) has two main drawbacks. The first one is its lack of transportability and protection of the board and the connected laptop. Both are very vulnerable in dust-storm or temperature conditions encountered in § 7.1.

Moreover, the GSE program used in this setup was programmed with LabVIEW, which provided a very useful graphical user interface (GUI) for debugging and testing purposes. However, it had a few drawbacks:

• It required use of a laptop or a desktop computer for data handling, even if this type of task did not require a lot of computing power;

• The TM/TC protocol was handled differently than in the DREAMS CEU (see § 2.1.4), and behaved in a more "tolerant" way. For example, the bug discussed in § 4.1.1 was not brought out with this GSE;

• The LabVIEW language is not as widespread as C or Python. This, added to the fact it is a proprietary language, would have made potential future modifications difficult.

EGSE program improvements: DREAMS CEU Mimicker

The first improvement to the old EGSE was made to produce a GSE software able to mimic more accurately the behavior of the DREAMS on-board computer, in order to detect Micro-ARES's software imperfections. Given the impossibility to have access to the DREAMS computer source code (Due to trade secret issues), the behavior has been derived from the description (by the DREAMS team members) of the following events:

• The first TC contains the duration in seconds, when the TC is sent, since a reference date8 as well as the measurement duration. Information is "hidden" in the duration and retrieved by Micro-ARES in the first three LSBs. These hidden information contains the amount of TRANSVERSE and BURST pages that Micro-ARES must produce (see § 2.3.4); • The last TC contains the duration in seconds, when the TC is sent, since the same reference date;

• If the CEU does not receive Micro-ARES data while the measurement is not finished, it reboots the instrument and discards all previous data. Therefore, such case must absolutely be avoided in normal working mode. In particular, the STOP TC sent by the CEU to stop Micro-ARES must coincide within 1 second with the Micro-ARES own stop procedure; in other words Micro-ARES shall not, in any case, shutdown on its own before the measurement duration is elapsed (see § 4.1.1);

• The DREAMS computer operates a data selection a-posteriori. First, all the data pages received except the POUSSIERE ones (see § 2.3.4), the so-called TMQ pages, are kept. Then, it fills up the remaining space in the data FIFO (first-in -first-out data pile) of length 2 × (which is specified to the program) with the POUSSIERE pages according to the selection process depicted in Fig. 3.18. The data is then compressed in the pile order until the data size × (2074 bytes) is reached. The compression algorithm is minilzo, an open source algorithm9 used by the zip shell command for example.

The final program, later referred to as DREAMS_CEU, has been coded in C and runs without user interaction, from a configuration file, and on any platform, even with very low computing power (which proved extremely useful in § 3.2.3).

Its global architecture is depicted in Fig. 3.19. It handles the serial connection with Micro-ARES, as well as an optional socket connection with another controlling program, and aims at sending the start and stop messages with the appropriate timestamp to the instrument (computed from the system date and the reference date selected by the user) and the selected measurement duration/mode. It interprets the received data frames and checks the consistency of their headers. Two reports are generated from this verification: a list of the received pages types and another that compares it with the expected pages and their timing according to the selected duration.

The data is then stored in binary files, one with the complete data and one with the data selected according to the DREAMS selection process. If the optional socket is opened, the program sends all the data pages received from Micro-ARES through the socket and handles start and stop commands exchange with the remote client. 

First design for field tests

The first EGSE was built for the Micro-ARES field test campaign in the Saharan desert (see § 7.1). The Micro-ARES electronic board is not self-sufficient: It does not produces all the necessary tensions from 28V unregulated, needs TM/TC exchanges to properly start the measurements and requires further data selection performed by another device. Since the setup described in § 3.2.1 was obviously not usable in desert and dust storm conditions, an auxiliary electronic board was required.

The GSE software described in § 3.2.2 does not require the use of the LabVIEW GUI, runs on any platform (when compiled onto) and can be executed only from command line and scripts, a more power efficient computer was therefore required. The chosen one was a Raspberry Pi B board with an ARM processor running on Linux Debian and using 700mA under 5V (3,5W). The GPIO interface (General Purpose I/O) available on the Raspberry Pi has been used for measurement status LED and measurement start or shutdown. The RS422 interface was the same one used with a laptop computer, that is to say an RS422 to USB converted while the data was stored on an USB key.

The power conversion stage used a 9 to 36 V to 5 V decoupled DC-DC converter (10 W max) to supply the Raspberry Pi and a second 5 V to ±15 V "Ultra low noise" DC-DC converter (1 mV peak-to-peak). The +15 V tension was used to produce +12 V and +5 V with linear regulators while the +3,3 V tension was created from the +12 V with another linear regulator for more energy efficiency 10 .

Similarly, the -15 V tension was used to produce the -5 V tension. Those 4 tensions were then filtered with RC bridges and common-mode coils in order to filter as much as possible the ripples produced by the 10 W DC-DC converter. Another common-mode coil had been implemented before the second DC-DC converter for filtering purpose too. The Raspberry Pi, via its GPIO ports also controlled a mono-static relay at the input of the latter DC-DC so that it could handle the instrument power-supply. The overall hardware architecture is depicted in Fig. 3.20

The boards were installed in a sealable aluminum box which only external interfaces are the two input power lines, two switches, two LEDs, and two Micro-ARES coaxial outputs for the antenna and bootstrap (see § 2.3), in order to minimize the vulnerability of the EGSE toward the harsh desert environment (see Fig. 3.21).

The whole setup used around 700mA under 12V and has been power supplied with a 12V/60Ah car battery, ensuring an autonomy of almost 4 days of consecutive measurements.

The measurements were performed with 20 minutes cycles, repeated continuously and separated by a 6 seconds pause for proper reset and data processing. The measurement cycles and LED statuses were handled by a BASH script whose start and stop sequences were controlled with the external switches, with a feedback through the two LEDs.

Since the Raspberry Pi does no embeds time keeping, an external clock powered by a watch battery was installed on the auxiliary board and connected via a serial port of the Raspberry Pi, so that it could properly timestamp the measurements. The data gathered during the campaign with this setup is discussed in § 7.1.

Final design

The first autonomous and easily usable EGSE, described in § 3.2.3 had to be built with a strong time constraint. The consequences are the poorly-optimized design of the auxiliary electronic board, built on a breadboard plate, and the still poor usability use of the EGSE. A more userfriendly EGSE with a more durable electronic board -for the remaining experiments to conduct and future use and development of the instrument -had to be conceived.

Hardware

The hardware board of the final design, represented in Fig. 3.22 and visible in Fig. 3.23 (left) is based on the first one (see § 3.2.3). The main differences are:

• A more optimized and reliable board design, with adequate ground planes to minimize the noise level and improve ground current returns;

• A separation of the Micro-ARES digital and analog voltages production, again in order to, minimize noise;

• The use of a more power efficient and with more GPIO ports version of the Raspberry Pi, the B+;

• The replacement of the unreliable USB↔RS422 converter by the RS232↔RS422 design used on the Micro-ARES board but reversed, and the use of the Raspberry Pi Serial port. It required in-depth modifications of the Raspberry Pi configuration in order to double the serial frequency, so that it can reach the 230 400 bit ⋅ s -1 . The use of an RS422 link was driven by the communication reliability between the instrument and the DREAMS CEU, given the 230 400 bit ⋅ s -1 communication speed, beyond the RS232 standard. The RS422 protocol is identical to RS232, except it uses differential signaling for better noise rejection. The conversion between the two is therefore only a matter of proper summation/duplication and shifting of signals;

• The RTC clock has been replaces by a more reliable and less temperature-depending one;

• A basic used interface through a 4 × 20 LCD display and 3 push buttons has been added;

• A relay controlling the general power and triggered by the Raspberry Pi itself has been added for proper startup and shutdown of the Raspberry Pi and therefore the whole EGSE has been added.

The three boards, Micro-ARES, the Raspberry Pi and the auxiliary board are installed in an aluminum box similar to the one used in the first EGSE, except for the LCD and the three buttons. The whole setup, which version plugged to the refurbished EIM board and destined to ESA is exhibited in Fig. 3.23.

Software

The EGSE Software is composed of three main "blocks" (in blue in the general architecture depicted Fig. 3.24):

• The DREAMS_CEU software described in § 3.2.2, which handles the communication with the Micro-ARES board, handles the instrument power supply switches on and off, produces the measurement data files and communicates through a TCP socket with another controlling program, the EGSE Server;

• The EGSE Server orchestrating program running in the EGSE Raspberry Pi, which effectively triggers the power supply of Micro-ARES according to orders from DREAMS_CEU, handles the DREAMS_CEU program launch, data organization and storage, simple EGSE user interface through the LCD and buttons, and communication both with Micro-ARES and the external programs through TCP sockets and the network;

• The EGSE Client program running on a remote computer connected to the EGSE through Wi-Fi or standard network. It allows more complete control over the EGSE than the LCD and buttons interface, through a user-friendly GUI.

EGSE Server

The EGSE Server is a multi-threaded Python 3 program which administers the EGSE pins status and communication through sockets with DREAMS_CEU and the EGSE Client. It is ran automatically by the Raspberry Pi at start-up and is the only ran program that can execute a shutdown command (apart from an SSH connected user). Two threads are dedicated to the sending and buffering of the data received through the Micro-ARES local socket and EGSE Client distant socket (Controller in a Model-View-Controller software pattern). Another thread handles the user interface (buttons events and LCD update) (View/Controller in an MVC pattern). The last one handles the data (Model in an MVC pattern) and is in charge of the POFF pin monitoring for proper shutdown of the through the relays system mentioned in § 3.2.4.1.

More precisely, the main power relay is commanded by an OR-equivalent circuit with commands coming from the Power-On switch and a command switched ON once the Raspberry Pi is booted and kept ON until the very last step of its shutdown (after disks are safely unmounted). When the Power-On switch is switched off, with the Raspberry Pi fully booted, it does not turns the main power off; the switching is detected by the Raspberry Pi which initiates its proper shut down sequence which terminates by the relay switching off and the effective power deprivation of the EGSE. This mechanism avoids brutal shutdowns of the EGSE, where the power supply is simply unplugged, which led to data corruption with the first EGSE.

EGSE Client

The EGSE Client is a multi-threaded Python 3 program which provides the User with a proper GUI in order to program measurements, asses the advancement and preview the measured data. It can also be employed as a preview tool for measurement data files. In both cases, the data is basically processed up to Level 1 (see Chap. 5). Like the EGSE server, it uses separated threads for socket management (Controller in an MVC pattern), the data management (Model in an MVC pattern) and the GUI (View/Controller in and MVC pattern).It also enables accurate time synchronization for the EGSE RTC clock and measurement data download from the EGSE. The user interface is depicted in Fig. 3.25.

This whole EGSE, on the software side, is based on the non-proprietary and widespread languages Python and C, with a GUI using the GPL framework QT and its Python binding, in GPL license too, PyQt. The GUI part uses Qt5 via the PyQt5 binding and the Matplotlib python library. This absence of proprietary and fancy language as well as the use of open source software ensures the maintainability of the EGSE, so that it could be modified to fit future need or troubleshoot bugs.

This EGSE can be used both in laboratory and field tests, as a standalone, compact and power efficient device for long term measurement campaigns as well as with a computer, which can be connected remotely to the EGSE in order to have a glimpse on the measured data and ensure the experiment is behaving correctly. The following presents the major modifications I proposed, tested and implemented into the Micro-ARES hardware and software in order to maximize its science return and correct the remaining issues. I used the testing devices and procedures presented in Chap. 3 throughout this instrument improvement process. All these improvements were motivated by the same logic: maximize the science outcome of only three days of measurements and a data selection ratio of nearly 1:40.

Hardware modifications

Internal frequencies correction

The use of the DREAMS_CEU program revealed that the instrument measurement was always shorter than the specified duration, by a few seconds (1198 s instead of 1200 s for example). This caused the issue mentioned in § 3.2.2: The DREAMS CEU might detect the end of a measurement whereas the STOP TC was not yet sent. The DREAMS CEU would interpret it as a failure and discard all the data collected until the restart of Micro-ARES. Such a critical potential failure had to be corrected. Further investigation showed that this was related to the acquisition clock. Indeed, the various internal clocks of the Digital Signal Processor used in Micro-ARES to perform data conditioning (see § 2.3.3) are subdivisions of the main 32 MHz DSP clock (referred to as CLK). In particular, the two clocks required by both the ADC and MUX to work properly are generated according to Eq. 4.1. Due to the DSP architecture of the serial ports, here the one connected to the ADC and the MUX, the two clocks cannot be generated independently. The RFS clock is the one triggering the ADC conversion (and subsequently the MUX switch to another data type -AC to DC -and the ADC acquisition, see Fig. 4.2).

Given the instrument design (filters and software), this frequency must be 12,8 kHz so that the DC and AC channel can be both sampled at 6,4 kHz. However, in its original configuration, the couple of coefficients (31 and 38) employed produced an RFS clock of 12820.5Hz. Such value, slightly higher than the 12 800 Hz one was the origin of the measurement duration variation observed, since each acquisition sequence (1024 data points, 0,16 s with the expected RFS, see § 2.3.3) was slightly shorter. Moreover, the non-integer (with an infinite number of decimals) sampling frequency introduces rounding errors in the spectra frequencies and data timestamps.

CLK = 32 MHz

(4.1)

SCK = CLK 2(sckdiv + 1) RFS = SCK rfsdiv + 1
In order to find a proper couple of dividing coefficients, the way the MUX, ADC and DSP work together must be properly explained since it slightly differs from Fig. 4.1. Its schematic is shown in Fig. 4.2:

• The whole Micro-ARES conversion and acquisition timing is triggered by the CNV window signal rising edge (Fig. 4.1) which occurs at the frequency RFS (Eq. 4.1). This triggers the signal sampling and conversion, which lasts . Note that the actual CNV window is ONE SCK window, but the whole signal conversion starts at the CNV rising edge and stops at the first SCK rising edge after the CNV falling edge, according to the datasheet. Since CNV is produced by one SCK, due to the DSP architecture, the whole process lasts 2 SCK period; • The conversion is immediately followed by the acquisition, which corresponds to the transmission of the 16 bits to the DSP through the serial link, synchronized by the serial clock SCK;

• The end of the acquisition triggers an interruption in the DSP that switches the MUX state to another signal to sample (DC, AC or HK).

The consequence of this design is that the SCK and RFS clocks are linked by the CLK subdivision that produces them but also by the ADC/MUX operation. Indeed, the conversion phase of the ADC, when its capacitors are gradually charged, is linked to SCK, which should be dedicated only to the serial communication between the ADC and the digital device (DSP here).

Consequently, an increase of the SCK frequency would lead to a "compression" of the conversion/acquisition to the "left" of a cycle, as well as a reduction of the conversion phase length. In contrast, a decrease of the SCK frequency would lead to an expansion of the conversion/acquisition phases toward the "right" (in Fig. 4.2). With RFS constant, the extreme case would be a CNV signal that would theoretically start before the MUX switch. But since the latter is triggered through an interruption in the DSP, CNV would probably never be sent and the whole MUX/ADC/DSP chain would stop working.

A proper (sckdiv, rfsdiv) coefficient couple must therefore satisfy the following constraints:

• RFS must be equal to 12,8 kHz;

• From Eq. 4.1, SCK must be a multiple of RFS and an even subdivision of CLK (32 MHz);

• The ADC datasheet specifies that the conversion time lasts 3,2 µs, the time for the ADC capacitor to charge and discharge in the resistor. SCK must therefore stay lower than 625 kHz. Any shorter conversion time would lead to skipping least significant bits; The only (sckdiv, rfsdiv) couple that satisfies these conditions is (49,29), which leads to SCK = 320 kHz and a cycle frequency of exactly 12,8 kHz, which corrected the duration issue.

T cycle T acquisition T conversion MUX switch #N CNV start CNV start T = ⁄ 1 RFS MUX switch #N-1 = = 1 RFS = 2 ⋅ 1 SCK = 16 ⋅ 1 SCK
However, this reduction of SCK leads to the "left shift" of the start of the signal conversion (see Fig. 4.2), which makes it closer to the previous MUX switch, as discussed in § 4.1.2.

The cold case issue

Issue identification and troubleshooting

During the Thermal Vacuum Testing (TVT) of the QM2 and FM models (see § 3.1.1), a relay triggering malfunction was observed at temperatures below -35 • C (see § 2.3.3 for more information about the input relays). The first characteristics of the observed issue were:

• At temperatures below -35 • C, the resistive bridge relays at the instrument input did not trigger anymore upon application of a high voltage input;

• When tested separately, the relays properly triggered , which means that they operated at low temperatures and that the issue was due to a command not sent by the Micro-ARES DSP;

• The problem was asymmetric since it only happened with a positive input potential.

In order to investigate further the issue, the QM2 and FM boards were tested in a more easily operable thermal chamber at LATMOS (Fig. 4.3). It appeared that the pre-amplifier was not capable of covering the whole ±100 V range, therefore leading to impossibility to reach the 30000 LSB (absolute value) threshold to trigger the relays (theoretical 91,55 V input). The very first suspect was the HV (High Voltage) generator but the measurement of the positive and negative HV potentials invalidated this hypothesis since they were measured at respectively 100,7 V and -100,7 V. The measurement of the pre-amplifier voltage dynamics revealed a slight asymmetry since it was 94,3 V and -97,2 V. In comparison, both the QM2 and Proto2 v3 have a coverage of ±97 V. This asymmetry therefore comes from component uncertainties and asymmetries in Micro-ARES circuits. More precisely in the H bridge which uses the two high voltages to maintain the pre-amplifier rail potentials 5 V above and below the pre-amplifier input, through a feedback loop.

One of the solution was to increase the high voltages to ±107 V by changing one resistor in the generator circuit, but this solution would have created several issues: generating voltages beyond 100 V changes the safety category of the instrument and the power consumption is increased proportionally to the voltage dynamics growth. For instance, this modification led to an average 3% increase of the power consumption on the Proto2 v3.

Preliminary measurements on the FM/QM2 and Proto2 v3 showed that along the processing chain1 , some unexpected signal attenuations were present. The first one was the attenuation performed by the DC chain filters which was slightly higher than the one on the QM2 and Proto2v3 (40,8 instead of 40). This small difference (2 %) has been attributed to the 1% uncertainties on all the passive components of the DC chain filters (5 consecutive operational amplifiers). It is nevertheless theoretically responsible for a 600 LSB difference in the measurement when 95 V are injected at the instrument input between the FM and the QM2 or Proto2 v3. 

In-depth board testing

In order to perform an in-depth study of the issue, the QM2 and FM have been tested in the chamber with the pressure reduced to the minimum accessible with the setup, 125 mbar and several temperature steps between 40 • C and -40 • C. At each temperature, the boards were tested by injecting voltages at the instrument input ranging from -100 V to -100 V, in order to ensure the pre-amplifier saturation, while two probes on the boards tests points measured the potential (one at the pre-amplifier output and the other at the end of the DC chain).

A first series of test revealed the evolution of the pre-amplifier voltage dynamics, which slowly decrease with temperature for both positive and negative tensions, but asymmetrically (see Fig. 4.4). Both the voltage dynamics reduction and the lack of symmetry in the saturation values were the cause of the High Voltage relay remaining deactivated whatever the voltage input.

Another unexpected behavior was also observed, both on the QM2 and FM, but at a larger scale on the FM: a non-linear behavior of the MUX-ADC chain more important than the one specified in the ADC datasheet. Indeed, when comparing the output of the DC chain and the theoretical LSB value the ADC should produce out of it with the measured LSB, a significant difference existed, up to 600 LSB (see Tab. 4.1), whereas the ADC datasheet acknowledges a gain error of 2 LSB only.

The ADC to MUX communication anomaly

The MUX/ADC (see § 2.3.3 and Fig. 4.5) behavior has been characterized by measuring precisely the characteristic time of the signal after MUX switches (RC filter with a 3 µs theoretical response time) and the moment the ADC samples the signal during the 78 µs window (12,8 kHz sampling, see § 4.1.1). To avoid excessive stress on the MUX + RC filter output, which is not a test point, all the tests have been conducted on the Proto2 v3.

Input (V)

-100,1 -75,05 -50,03 -25,04 -0,005 25,07 50,03 75,05 100,08 P-amp (V) -96, 96 -75,25 -50,18 -25,11 -0,017 25,14 The first observation, shown in Fig. 4.6, revealed that the sampled part of the signal was significantly different from the actual DC output (-60V input), as the ADC sampled the signal while it did not reach its final value yet. The signal is sampled during the 3,2 µs conversion period, the pink pulse at 20 µs in Fig. 4.6 (See § 4.1.1 for more details about the ADC and the conversion). This phenomenon was partially due to the Serial clock modification of the ADC channel discussed in § 4.1.1, which caused a shift of the conversion (CNV signal) of 20 µs toward the beginning of the cycle, at the very moment when the MUX switches from one channel to another. The resulting gap between the expected output of the DC chain and the signal actually sampled was 50 mV for a -60 V input. This difference was enough to cause the 600 LSB difference in the final measured signal that was observed, and also seemed to be the cause of the non-linearity and bias observed in the MUX-ADC chain. Moreover, since this gap depended on the previous MUX state (AC or one of the HK), it was impossible to calibrate it.

The graph profile in Fig. 4.6 showed that the observed gap had in fact a dual origin: The first one was a shift between the MUX input and the ADC input (between the pink and blue curve), due to the RC filter located between the two devices (R235 and C220 in Fig. 4.5). The second one was the relaxation after the current call at the MUX input, which impacts both curves, and was too long to allow the ADC to sample the signal a the right level. This relaxation time was due to the filters upstream of the ADC and MUX. The solution found to correct the first point was to reduce the response time of the circuit after the MUX switching by removing the RC filter which had a cutoff frequency = 150 kHz and a response time = 3 µs. This modification effectively reduced the gap between the ADC and the MUX input (see Fig. 4.7), as well as the spikes during the signal conversion phase, which were also probably a source of noise. But the relaxation time was still too long.

The second solution was the removal of the RC bridge at the MUX input (R5XX put down to 0 and C5XX removed in Fig. 4.5) on each channel (DC, AC, and AC High) but this modification, combined with the previous one, caused and outbreak of high frequency noise around The solution adopted to correct both issues was therefore to remove only the capacitors C5XX upstream of the MUX, on each channel, since it seemed to be the root of the very long relaxation time after each MUX switch ( = 470 µs, six times the sampling period !) and replace only R325 by a 0 Ω strap (see Fig. 4.5). The resulting RC filter (R5XX and C220) solved the high frequency while keeping a relaxation time compatible with the conversion sequence of the ADC (see Fig. 4.8).

This solution effectively eliminated any distortion between the analog channel output and the ADC output (in DC, AC or AC High). However, the modification of the frequency responses of the three channels had a small impact on the AC calibration (see Chap. 5). Indeed, the first order RC low pass filter (R5XX with C5XX in Fig. 4.5), with a cutoff frequency of 6,7 kHz, had a slight attenuation at 3200 Hz. The removal of the later has to be considered during the post-processing of the spectral power since the embedded calibration coefficients ( § 4.2.2.1 and Fig. 4.20) did not take into account this modification which has been performed after the instrument PROM flashing and soldering.

The DC channel gain anomaly

Although this modification allowed a more precise conversion of the input voltage into LSB, it did not solve entirely the relay triggering problem. Indeed, with the modification, a correction equivalent to ∼ 700 LSB was performed, but 92 V were required at the output of the pre-amplifier to trigger the relays, which should theoretically produce a 30000 LSB measurement. Yet we know for sure that the FM pre-amplifier will not still be able to cover this voltage below -10°C.

Since the increase of the generated high voltage was prohibited and the modification of the thresholds2 in the PROM is impossible, the solution envisioned was to slightly reduce the attenuation of the DC chain in order to increase the dynamic range at the output of the DC chain (between 0 and 5V), for a given dynamic range at the output of the preamplifier. This was achieved by changing one resistor of the DC chain filters, in order to change the theoretical attenuation from 40 to 35,7 (see Fig. 4.9). All the modification were tested on the Prototype 2 v3 board before applying them to the FM and the QM2 (which would later on become the FS, Flight Spare). Therefore, the attenuation dropped from 40 to 35,3 on the Prototype, triggering both relays when ±83 V was injected at the input. Given the fact the FM attenuation was 40,8, and taking into account a 5% uncertainty, the DC attenuation after the modification was expected to be lower than 38 on the FM board. With such attenuation, the relay triggering was ensured for the FM board, even at low temperatures.

Data correction

Adequate FIR filters

Among the produced data (see § 2.3.4), the POUSSIERE and ONDES pages contain processed signal which is down-sampled and therefore requires to be filtered beforehand.

POUSSIERE and ONDES pages filtering

Initially, the DC and AC channels are sampled at 6,4 kHz each (see § 2.3.3). One sampling sequence fills two 1024 values buffers thus sampling 0,160 s in time. In order to squeeze in 6 sequences of each channel (6 × 0.160 = 0,98 s) in one POUSSIERE page (each pages can contain 1024 values encoded on 16 bits), each signal needs to be decimated by a factor of 12. This decimation therefore requires the data to be filtered by a low-pass with a cutoff at 6400∕24 ≃ 266,7 Hz to avoid aliasing.

In the ONDES pages, spectra of the signal are produced in the whole AC bandwidth: from ∼ 4 Hz to 3200 Hz. In order to ensure a good resolution at low frequencies (4 to 100 Hz) while keeping the produced amount of data low, the spectra production is divided in two as explained in § 2.3.4. The low part of the spectra thus requires data sampled at least at 200 Hz, but since aliasing should be avoided in the spectrum generation and given the fact that any spectral content near 100 Hz would not be a perfect spectral line, hence the data sampling at 6400∕24 ≃ 266,7 Hz. To comply with Shannon's theorem, the signal shall therefore be lowpass filtered in order to remove frequencies above ∼ 133 Hz.

Choosing a filtering method

Of course this down-sampling could have been achieved through averaging but behind this process actually lies two actions: a filtering through a rectangular window and a decimation. However, this type of rectangular window in the time domain produces a cardinal sine in the frequency domain (see Fig. 4.10). The result is that the equivalent filtering provided by the averaging has a fairly poor selectivity (attenuation of frequencies close to the cutoff one, the steeper is the filter close to the cutoff frequency, the better the selectivity), which induces high distortion in the signal, meanwhile the frequencies above the cutoff one are poorly suppressed.

This distortion is not a problem for the SIGMOY use-case since the part of the signal that matters in almost-DC is below 1,04 Hz, where the gain is equal to one. But for the POUSSIERE signals, where we expect to see the beginning of a dust event, with individual dust impacts (see § 5.2), the preservation of the signal shape is primordial.

Averaging being excluded in this case, the down-sampling can only be achieved through filtering and decimation. The filtering aims at removing all the frequency content above the Nyquist frequency (half the sampling one) or at least attenuate them as much as possible in order to observe Shannon's theorem and avoid aliasing. This is equivalent to the electronic filtering of the signal before its sampling (see § 2.3.3). Here again, two options are possible:

• Using a classic digital filter, which continuously produces a filtered signal from a continuous input but provides a non-perfect filtering;

• Use a DFT filtering method where the signal Discrete Fourier Transform (DFT) of the signal is computed. The frequency content above the future Nyquist frequency is removed and the signal is reconstructed from an inverse DFT, which provides a perfect filtering window but only operates on entire blocks of data, at the signal sampling frequency (6400 Hz).

The way data pages are produced (not continuously but by blocks) would favor the second method, but it is actually not compatible with the computing power of Micro-ARES (see § 2.3.3). Indeed, the DFT operation in itself, which is used to produce the spectra in the ON-DES pages is performed by a highly optimized FFTW3 algorithm programmed in assembly code (Fastest Fourier Transform in the West) which occupies a big part of the working memory. Therefore, it is impossible to envision a potential use of the DFT method to perform the necessary continuous signal filtering.

By exclusion therefore, only the standard digital filtering method satisfies our needs. Yet, a choice has to be made between a Finite Impulse Response (FIR) filter and an Infinite Impulse Response (IIR) one. The difference between the two resides in the coefficients values deduced from the Z-transform form of a digital filter (see Eq. 4.2):

• IIR filters, with non-zero coefficients, allow the realization of classical analog filters such as Butterworth or Chebyshev ones. Their higher complexity ( are non-zero) allows more selectivity3 but requires more computing power as a counterpart (for a given order M and N). Their name originates from the duration of the response for an impulsion input, which is therefore infinite;

• FIR filters, with a finite response to an impulsion input, have all their coefficients set to zero. Their lower complexity results in a less steep transition from the pass band to the rejected band compared to an IIR filter of the same order (less selectivity of the frequencies). In other words, for the same selectivity an FIR filter will require more coefficients than an IIR one, thus more computing power.

[ ] = ∑ =0 ⋅ - 1 + ∑ =1 ⋅ - (4.2)
The main criterion for the selection however is clearly visible in the Eq. 4.2: Due to its nonzero denominator coefficients, the IIR filter has poles4 , as opposed to FIR filters. This very fact makes any IIR filter potentially unstable depending on the input signal, which prohibits the use of IIR filters in the case of Micro-ARES.

The only remaining choice is the FIR, whose linear phase response has the advantage of producing a constant time delay, which curtails distortion of the signal. Fortunately, many methods exist to properly synthesize a FIR filter. In order to guide this choice, the following requirements are made:

• Two different low-pass filters have to be designed, one with a cutoff frequency 6400∕24 ≃ 266,7 Hz for the POUSSIERE pages and one with a cutoff at 6400∕48 ≃ 134 Hz for the ONDES pages. A third one is a high-pass filter necessary for the TRANSVERSE pages selection (see § 2.3.4).It will be detailed later;

• The filter coefficients have to fit in the PROM memory. This requirement is a limitation for the total number of coefficients (order) of the filter;

• The total computing time to apply the filter must not alter in any way the measurement cycles, which limits again the order;

• As we will see in § 5.2, the "flatness" of the filter in the passing band is not a strong requirement since the distortions induced by the filter can be corrected, both for the ONDES and POUSSIERE data. However, in order to keep a good dynamic of the signal, the frequency content in the pass band must not be attenuated excessively;

• The filter needs to be as selective as possible.

Filter synthesis

We will limit ourselves to only two synthesis methods. The first one is the use of a "classic" filtering window. We already saw the Rectangular/Cardinal sine window, which is a bad choice regarding the last two criteria. Instead we will first use a classical Hamming window5 in time domain, which provides a high attenuation of the rejected band but poor selectivity. This window is the one embedded by default in the filter synthesis function in MATLAB®.

The second method we will use does not rely on a peculiar window in the time domain. Instead, a filter "template" in the frequency domain (usually in gain, less usually in phase) is specified (see Fig. 4.11). This template contains Pass and Stop band zones, which can be associated with weights, separated by Transition zones. The FIR filter of a specified order is then least-square fitted onto this template, according to the specified weights. This method ensures a better control over the final filter windows shape than pre-specified window filters. Initially set to 1, weights can be adjusted later on in order to ensure fine control over the filter shape.

Initially, Micro-ARES had two sets of 61 coefficients (order 60) FIR filter designed with the MATLAB®FIR design function, producing a FIR filter from a Hamming window so that the attenuation is -6 dB (∕2) at the specified cutoff frequency. Since the remaining available memory could only be known at the end of the program development, various filter orders have been tested: 60, 124 and 250 (see Fig. 4.12).

Eventually, thanks to program optimizations and changes, enough memory space among the 32 kbit was released in order to allow the use of the highest order: 250. Note that thanks to coefficients symmetry inherent to the chosen filter design, only 126 coefficients (order 250 has 251 coefficients) need to be stored, the rest being reconstructed easily. Since the computing time was not altered significantly by the increase of the order, this option was the one retained for the instrument.

For the ONDES pages filters, the Hamming window one is designed with a 125 Hz cutoff frequency while the least-square one is designed with a 125 Hz pass-band and a stop-band beginning at 130 Hz. The weights have been adjusted so that the attenuation of lobes beyond the Nyquist frequency (133 Hz) remains below -20 dB, which corresponds to a folded spectral peak attenuation above 100 (the spectra point are typically presented as squared values).

The filters (for the ONDES pages spectra at low frequencies, see § 2.3.4) designed according to these rules are shown in Fig. 4.13. The Hamming window has significantly lower side-lobes (-53 dB vs. -25 dB), but is less steep in the transition zone, and in overall produces higher attenuation in the pass-band (even if those variations are canceled in post-process, they still reduce the dynamic of the spectra).

With the two types of filters (both at order 250), applied on 100 randomly generated signals (500 frequencies between 0 and 3200 Hz, 500 phases and 500 amplitudes between 0 and 1 randomly generated), the average correlation obtained between the spectra of a perfectly filtered signal and the FIR filtered one are respectively 0,987 and 0,993 for the Hamming and leastsquare filters. The main difference between the two is concentrated near the cutoff frequency (see Fig. 4.14). The difference is minimal but indicates that the least-square filters should, and therefore were, employed.

The same considerations have prevailed for the design of the 250 Hz filters (dedicated to POUSSIERE pages) and led to the same choices (see Fig. 4.12). The High-pass filter used in the selection of TRANSVERSE pages (see § 2.3.4), with a cutoff frequency of 2 kHz is a Hamming window filter with an order 60, since no data or spectra retrieval will be performed on the filtered data. It is only employed to compute the total spectral power above the cutoff frequency, in order to quantify the amount of spectral content in the high range of frequencies.

Nevertheless, the order 250 filters show ripples in the pass-band (see Fig. 4.13), which will indisputably lead to signal distortion (for the POUSSIERE pages signals) and false relative amplitudes in the spectra of the ONDES pages. Those introduced distortions (both in gain and phase) can however be compensated (see § 4.2.2). 

Signal distortion and spectrum correction

As discussed, the filters applied to decimated signals induce distortion on the resulting signal, visible in Fig. 4.15. This distortion is more easily understood in the frequency domain as a modulation of the norm of the signal DFT and a shift applied to the DFT phase (see Eq. 4.3 and Eq. 4.4 where is the signal and the filter). The gain modulation is responsible for the variations in the spectral peaks height (see Fig. 4.15 right) while the phase distortion is responsible for the time shift visible in Fig. 4.15 left.

Time domain:

′
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Time to frequency domain:

[ ] = DFT( [ ])
Frequency domain:
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In the following subsection, the exhibited signal is described in Equation 4.2.4 and the chosen coefficients in Table 4.2. The studied signal duration is 9,6 s, which corresponds to 10 consecutive POUSSIERE pages (see § 2.3.3), the length of selected POUSSIERE pages blocks.

The signal is meant to resemble expected measurements, with a background signal where transverse or Schumann resonances can be found (see § 1.2.6) and the representation of a charged dust grain impact and its relaxation (see § 2.2 and § 7.2.2). The "perfect" filtering is therefore achieved by summing only frequencies below the cutoff. The exponential part is more complicated to deal with, but the Fourier transform of an exponential is an exponential. Therefore the components above the cutoff are already 100 times lower than the low frequencies ones. The filtering of the exponential at 250 Hz will therefore only cause little Gibbs effect at the transition.

1 [ ] = ∑ 11 =0 ⋅ sin 2 ⋅ [ ] + (4.5) 2 [ ] = (2) × 3 exp - [ ] -2 0.2 [ ] = 1 [ ] + 2 [ ]

The spectrum correction

The spectra provided by Micro-ARES are the squared DFT of the signal (see § 2.3.4). As we saw in § 4.2.1, the low part of the spectra (below 100Hz) derives from a low-pass filtered signal at 125Hz (see Fig. 4.12 right, order 250). The signal is therefore distorted and so are the corresponding spectral peaks (see Fig. 4.15). In addition to this distortion source is the one caused by the electronic processing of the signal operated by Micro-ARES. Indeed, before the sampling, the analog signal is electronically filtered on the AC channel (see § 2.3.3) by an 8 th order Sallen-Key pass-band filter (4 Hz -3,2 kHz) and on the DC channel by a low-pass filter (1,8 kHz). Therefore, even if the filter components have been designed so that the response is as close as possible from a Butterworth filter (flattest pass-band), the actual response is not flat in the pass-band, as shown Fig. 4.16 (left).

Added to this response of the electronic filters is also the response of the instrument input (an R//C impedances bridge, see § 2.3.5), which is noticeable in the whole response of the AC chain in the first 20 Hertz (see § 5.2). Both the Low and High part of the spectrum are therefore affected by this non-flat AC channel response. Eventually, the whole AC spectrum covered by the instrument (4 Hz -3,2 kHz) is distorted by to the response shown Fig. 4.16 (right).

The spectrum correction is in this case obvious and can be derived from the Eq. 4.7 (first line). Indeed, the whole frequency response of the instrument is known: Components proceeding from the atmosphere interactions are derived from models and data processing (see § 5.2 and Chap. 6) and components generated by the electronics of the instrument are derived from calibrations (see § 5.1.1).

This full response, represented by the function in Eq. 4.7, can therefore be entirely compensated. Of course this processing could be applied on Earth, in the data processing chain, but it is without taking into account another value present in the ONDES pages (see § 2.3.4): the total spectral power.

In norm:

|
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In argument:

( [ ]) = ( ′ [ ]) - ( [ ]) Complex formulation: [ ] = ′ [ ]∕ [ ] (4.7)
The ONDES pages indeed contain two different types of values: on the one hand the spectra, Of course this lossy compression implies that information is lost and that proper interpretation of the couple Spectrum/TSP relies on assumptions and hypotheses (Models). For instance, a "spike" in the TSP could either mean that the main spectral content (Resonances peaks for example) had an increase of activity, or that the background noise had a temporary increase. There is unfortunately no possible mean a posteriori to differentiate between the two possibilities, which is the price to pay for data compression and selection.

But the problem of AC response correction appears more clearly here: Once the TSP is calculated, there is no possible way to apply the correction on it. The problem for example might be that two spectral events involving the same energy but at different frequencies will appear in the TSP curve as two event of different amplitudes. This issue is illustrated Fig. 4.18, where the apparent TSP of a constant amplitude sweep signal (frequency gradually increasing) from 4 to 3200 Hz produces a non-flat curve. Note that the graph is divided in two different ones, which is explained § 4.2.3. This correction therefore has to be performed on-board, before the computation of the TSP, on each one of the 20 spectra.

A size issue, similar to the one concerning the FIR coefficients which must be stored in the memory, appears again. Indeed, a precise signal correction would imply that each one of the 408 frequencies of the spectra has a corresponding correction coefficient. The 500 coefficients of two FIR filters (see § 4.2.1) were already difficult to squeeze in the 32 kbit of the PROM, adding 408 other ones (16 bit integers) was simply impossible.

The total number of correction coefficients had to be reduced. The remaining available space was known at the very end of the program development and was 160 16 bits integers. The 408 corrections coefficients (decimal numbers) thus had to be reduced to 160 and turned into integers, since the Micro-ARES processor (see § 2.3.3) only handles operations with this data type. The compression process developed to perform this task is discussed further in Appendix A

The interest of this correction is shown Fig. 4.19, where total spectra power of a frequency sweep over time stays more constant (compared to Fig. 4.18), as expected, since the injected signal has a constant power. The limits of this correction appear at the beginning of the TSP, when the frequency generator covers the low frequencies and the TSP is not as flat as expected. This is due to the instrument input frequency response which partly depends on the medium impedance for the first tens of Hertz and therefore is not constant nor predictable in the case of the embedded correction (see § 2.3.5 and § 5.2). Again, this will be corrected in the spectra and thus only affects the TSP.

Note that the presented corrected TSP (produced with the Flight Model, may he rest in peace) is not as flat as expected. This is due to the fact that the correction coefficients were hard-coded in the instrument program PROM. Since the calibration (see § 5.1.1) of the AC chain is done early in the fabrication flow of the board, before the PROM programming and soldering, the measured AC response slightly differs from the one of the instrument at the end of the fabrication flow. The sweep responses exhibited in Fig. 4.19 have been performed on the board before delivery and integration, during the latest calibrations.

Unfortunately, the issue presented in § 4.1.2 led to the last-moment removal of an RC filter (with a cutoff frequency at ∼ 6,7 kHz) that had a small impact on the global AC chain response, hence the difference between the two responses exhibited in Fig. 4.20 and the non-flatness of the corrected sweep response. 

Signal distortion correction

The signal provided by Micro-ARES in the POUSSIERE pages (see § 2.3.4) contain data sampled at 6400∕12 ≈ 533 Hz, thus requiring a low-pass filtering below ∼ 267 Hz (see § 4.2.2 and § 4.2.1). In the case of a signal correction, as shown in Eq. 4.7, both the gain and phase responses must be taken into account. The signal correction is again better understood in the Fourier domain. But since the values in the POUSSIERE pages are in time domain, the corrected DFT must be reverted back into the time domain with an inverse DFT. The application of successive forward and inverse Discrete Fourier Transform (DFT) on signals should be considered carefully.

[ ] = -1 ∑ =0 [ ] ⋅ e -2 ∕ (4.8)
Indeed, the computation of a DFT on a signal implicitly assumes that the signal is periodic and infinite: Eq. 4.8 shows the inverse DFT operation, that reconstructs the time signal from the Fourier coefficients, which implies6 that [ ] = [ + ] thus assumes that the signal has a period . Since the signals that will be processed will most likely be non--periodic ( [0] ≠ [ ]), a discontinuity will exist in the signal which extends infinitely and is, indeed, -periodic, even though the discontinuity does not exist in the considered signal (the one we are actually processing), in the interval 0.. . This discontinuity appears in the signal Power Spectral Distribution (PSD) Fig. 4.21 as background frequency content (the exponential signal is also part of this back ground). But since the signal correction of the distortion will imply to cut off high frequency content, this background will be affected and so will be the discontinuity of the infinite signal. Since this continuity resides at the beginning/end of the signal, its extremities will be affected by a distortion similar to the Gibbs phenomenon7 .

This effect is illustrated in Fig. 4.22 with a ramp signal of duration 9,6 s, sampled at 6400∕12Hz (just like the POUSSIERE toy signal presented before), which is obviously non-periodic. The signal DFT (left figure) has spectral content in the whole spectral domain. This continuous frequency content contains the "information" on the theoretical discontinuities that the periodical infinite signal contains. When the last 10 Hz of the spectral content are filtered (made equal to zero), the Gibbs phenomena starts to appear in the reconstructed (through inverse DFT) signal boundary (Fig. 4.22 right, the same happens at 0 s).

Therefore, when FFT and iFFT functions (DFT and inverse DFT using the Fast Fourier Transform algorithm) are applied successively to the example signal, it remains unchanged (see Fig. 4.22 right, the blue curve is the ramp signal where the FFT and iFFT have been applied successively). This is expected since the DFT values [ ] contain the exact amount of information contained in the discrete signal [ ] (a signal of length and its DFT both contain real values). But the goal is to correct the distortion of the signal, which will affect the high frequencies of the spectra. The whole frequency response of the AC channel of the instrument, FIR filtering at 250 Hz included is depicted Fig. 4.23. Since the correction will be applied as described in Eq. 4.7, the high frequency part of the DFT will be affected. Indeed, above the frequency cutoff, the filter gain becomes extremely low (< 100), and strictly applying Eq. 4.7 would result in overly amplifying frequency content that has to be removed.

To avoid such phenomena, the signal is first corrected according to Eq. 4.7, and then all the spectra content above ∼261 Hz (frequency above which the filter gain is below 0,1) is made equal to zero. This method is equivalent to ideal rectangular window filtering mentioned at the beginning of § 4.2.1, but brings the inconvenient of dealing with DFTs with non-periodic signals (Gibbs phenomenon mentioned above, see Fig. 4.22).

The result of this correction on the example signal is shown Fig. 4.24. The part of the 9,6 s signal exhibited here is the one mimicking a dust grain impact, where the correction is critical. It erases most distortion effects since the "perfectly" filtered signal and the corrected one almost perfectly overlap (the correlation coefficient is 0,999 compared to the 0,8139 correlation with the non-corrected signal) and the absolute error between the two signals remains below 10 -2 (the Arbitrary units being around 1 the relative error remains below 1%). The error plot (Fig. 4.24 right) shows the necessity to erase frequency content above 261 Hz. Indeed, when applying Eq. 4.7 without this precaution, the resulting error between the "perfect signal" and the corrected one is shown in Fig. 4.24 right, as the "Bad correction".

The reconstructed signal from the "bad correction" is not shown in the left figure since correlation with the perfect signal is poor (∼ 0,705). Note that the error pattern in the "bad correction" case is rather interesting and probably deserves deeper investigation.

The non-periodicity error induced at the end of the signal is visible in Fig. 4.24 right. It is unfortunately impossible to correct and will result in discarding the signal boundaries during data interpretation. The correction however, keeps the error in this part lower than the error when no correction is applied. 

Spectral power separation

The Total Spectral Power (TSP) (see § 4.2.2) is divided into two bins in the flight version of the Micro-ARES software (see § 2.3.4). The way ONDES pages are built provides an average spectra over 96 s, bringing an information about the spectral content over this timespan, and the TSP, which produces an information about how the spectral power is distributed temporally in each one of the twenty 4,8 s bins. But the TSP part cannot actually provide correctly this information with only one data vector.

As described in § 2.3.4, each spectrum is the concatenation of a Low part (from ∼ 4 to ∼ 100 Hz) and a High part from (from ∼ 100 to ∼ 3200 Hz). The High part proceeds from the FFT of the raw sampled signal (6400 Hz) over 1024 samples, hence the Nyquist frequency 6400∕2 = 3200 Hz and the spectral resolution 3200∕1024∕2 = 6,25 Hz.

The Low part proceeds from the FFT of the filtered signal (see § 4.2.1) sampled at 533.3Hz over 1024 samples, hence the resolution 533.3∕1024∕2 = 0.260416Hz. The issue appears clearly when trying to obtain one TSP value to describe these two spectra: The High and Low part originate from signals made different by the filtering and decimation.

The first consequence is that the raw Power Spectral Distributions (PSD) are computed differently and thus require different processing and normalization. Consequently, for the same spectral power input, the raw values of the High and Low parts in the PSD would be different, which poses a problem when adding them if they are not correctly normalized, with an on-board processing.

The second one is that the Low and High part of the spectra slightly overlap at the 100 Hz boundary. Subsequently, when summing the two parts of the spectra to obtain one TSP value, the spectral content around 100 Hz is counted twice (see Fig. spectra (where the values around 100 Hz are removed / weighted) so that the TSP value corresponds to the exact total spectral power contained in the measured signal in the range num4 to 3200 Hz).

The adopted solution was to keep the Low and High part of the TSP separated in the data pages and thus describe the Spectral power time partitioning among two bins: 4 -100 Hz and 100 -3200 Hz (see Fig. 4.19).

Data selection

How to get the most out of DC?

In the initial on-board data processing of Micro-ARES, the SIGMOY pages (see § 2.3.4) contained two different value to describe the DC electric field: The DC signal average over 0,96 s (six 0,16 s acquisition sequences) and the raw signal variance over that timespan, and Var in Eq. 4.9. This variance had a double use:

• Provide an overview of the high frequency content8 of the signal during the 0,96 s over which it is averaged. This value would have been used as scientific content during data interpretation to better understand the electric field behavior in various cases;

• Serve as a scoring of the POUSSIERE pages content which provide DC and AC waveforms of the signal over the same 0,96 s interval (see § 2.3.4). The philosophy behind this was that during dust events, the electric field variations and dust-impacts on the electrode will cause strong variations over short timescales of the DC signal, the stronger the dust events, the bigger the variations. The selected POUSSIERE pages are the one with the highest variance, more precisely the 9,6 s interval surrounding the page with the highest variance (4 pages before plus 5 after).

= ∑ 6×1024 =0 [ ] 6 × 1024 (4.9) Var = 6×1024 ∑ =0 [ ] 2 -2
However, using the variance raises the following issues:

• Apart from quantifying the "messiness" of the signal during the timespan over which it is computer, no other measurable characteristic of the signal can actually be retrieved from it;

• The ONDES pages already contain information about the high frequency content of the signal. Eventhough the time resolution is 4,8 s instead of 1, the TSP (see § 2.3.4, § 4.2.2.1 and § 4.2.3) provides a more precise information about the spectral range where the high frequency content lies. The variance therefore provides a value redundant with the spectral ones;

• Its calculation, involving numbers potentially big mobilizes a lot of the Micro-ARES Digital Signal Processor resources such as a 48 bits memory registry and dedicated code blocks in Assembly. The value can potentially reach 6144 × 32768 2 ≈ 6.5 ⋅ 10 12 , which could overflow, in extreme cases, the 42 bits integer it is stored into in the data pages. This case has been envisioned and prevented, by saturating the value to 2 42 -1;

• When the relays are activated, which is likely to occur during dust events, the signal variance must be divided by the squared attenuation, which will likely favor POUSSIERE pages acquired when relays are not activated, unless the variance is corrected. However, given the high values it can reach, multiplying the variance by any number could easily overflow it. This is what happens in Fig. 4.26, where the selected POUSSIERE pages are located before the actual Dust storm beginning.

For these reasons, the variance, which accounts for half the data size in SIGMOY pages has been removed. The "released" space in each SIGMOY page has been used to send only averaged DC data, but over 0,48 s intervals.

A better selection criterion

Since the variance computation has been removed, another selection criteria for the data pages had to be found. The goal of the POUSSIERE9 data selection is to capture the most interesting moments in Dust events. The Variance selection criterion (see § 4.3.1) relied on the fact that if there are a lot of signal variations over the 0,96 s timespan, "something" interesting is happening in the vicinity of the electrode. This could be phenomena such as numerous dust grain impacts on the electrode that this measurement mode is expected to resolve, important electric field variations due to intense charge exchange via collision between dust particles, etc.

The fact that the variance was redundant with the ONDES pages, in term of scientific content, was an additional argument against keeping it. One could therefore think that a possible selection criterion would be a value based on the Total Spectral Power values, since they provide information too about the presence of spectral content over time. But the POUSSIERE data production requires a so-called "quality factor" for each data page (see § 2.3.4), which are generated every 0,96 s. Since the TSP calculations produce, at best, one value every 4,8 s, it cannot be used as a quality factor.

The variance provided an information about how the potential variations are distributed around mean value. A more simple approach would consider that dust events are expected to produce strong electric field variations and the stringer these variations, the more intense the dust event producing it. The quantification of this variations is based on the determination of the derivative. A selection criteria based on it would therefore favor the data acquired during the dust event when the electric field increases (or decreases if the absolute value is taken) the most rapidly. The computation of this criteria uses a backward scheme described in Eq. 4.10 and the computed mean values of the signal. The absolute value of is taken, in order to detect strong variation whatever the polarity. A centered or forward scheme is impossible none of them can be used in real-time.

[ ] = | [ ] -[ -1]| (4.10)
This selection criteria corrects almost all the shortcomings of the variance one:

• The calculation only requires the subtraction of two 16 bits integers; • The maximal value is 65535, in an extreme case where [ -1] = -32767 and [ ] = 32768 (and vice-versa). It can therefore be stored in 16 bits integers;

• Unlike the variance, whose value could be potentially very high, this quality factor remains below 2 16 -1. Therefore, its value can be corrected when the relays activate (see § 4.3.3) without risking an overflow (the quality factor is encoded in a format that accepts integers up to 42 bits, see § 2.3.4);

• This selection criteria gives the highest score to POUSSIERE pages located during the Dust-storm (see Fig. 4.27), contrary to the variance one.

This selection criteria is therefore the one that has been adopted and implemented in Micro-ARES. Some caution was used in order to avoid assigning a high score to pages with little interest. This is the case for the pages which cover a relays switching. Indeed, when the relays activate or deactivate, a strong and sudden variation of the signal occurs, which would lead to the calculation of a very high derivative, meanwhile the signal content is of poor scientific value. For that purpose, the quality facto of pages covering a relay passage is automatically set to zero.

Automatic relays and attenuation

The relays activation and deactivation is performed automatically by Micro-ARES, according to the measured signal. The activation of a relay is simply triggered by the signal exceeding a threshold value (31000 LSB in absolute value for Micro-ARES) during more than 40 samples10 . The deactivation however is more troublesome since it implies that the instrument "knows" what the signal value would be with the relay deactivated and therefore deactivate if the signal "would be" below the threshold value: 30000 LSB for deactivation11 . This "knowledge" relies on the determination of the attenuation produced by the relays.

Equally, the selection criteria needs to be corrected when relays are activated, since they attenuate both the signal and its derivative, as mentioned in § 4.3.2. Again, this correction depends on the attenuation due to relays activation.

However, the attenuation produced by a relay depends on the relay resistance but also and equally on the electrode-atmosphere interaction one: the sheath resistance (see § 2.3.5, § 5.2 and Chap. 6). Since it depends on the atmospheric properties (such as conductivity), there is no possible way to retrieve it in real-time on board. The attenuation must therefore be derived differently.

It can be obtained by calculating the ratio between the signal value before the relay activation and the signal value after, see Eq. 4.11, where [ ] are the average SIGMOY values. Considering the relays activation produce an attenuation which is not immediate, with a relaxation time around 50 ms (the response time of an RC bridge where R is the relay resistance), the SIGMOY value selected as "after" is actually the fourth 12 one, as shown in Fig. 4.28. This ensures that the relaxation phase is elapsed and that the value taken as "after" is not altered by it.

=

[before] [af ter] (4.11)

Threshold = 30000

Yet, with the Eq. 4.11, the instrument showed annoying behaviors where the relays would enter an activation-deactivation loop for certain input potentials 13 . Such behavior is caused by an under-estimation of the attenuation factor , which makes the Threshold too high, above the attenuated signal. The source of this issue is that potentially, the signal before the relay switch (purple crosses in Fig. 4.28) is saturated and therefore inferior (in absolute value) to what the electrode potential could be, which under-estimates the numerator and hence the computed attenuation. For instance, in Fig. 4.28, the two attenuation factors due to the successive RL and RH activations are respectively 1,31 and 1,39 while the expected ones (derived from the resistance values) are 1,42 and 1,44.

The solution was to multiply by a constant factor, in order to compensate for the underestimations: = 1.6 ⋅ [before] [af ter] . This factor, 1,6, has been determined empirically by testing all four impedance boxes (see § 3.1.1) and ensuring the behavior was satisfying for all four.

Regarding the quality factor, the correction when the relays are activated is the following: = ⋅ .

Chapter 5

Calibrations and post-processing

"Just once I'd like something to go as planned, ya know?" -Mark Whatney in The Martian, Andy Weir

The simpler the instrument, the more complex the processing. This saying would be rather suitable to define Micro-ARES, because of the very principle of the instrument -the relaxation probe -which makes the measurements highly dependent on numerous parameters, both internal and external. The internal ones are known through the calibration while the external part is known through modeling. This chapter focuses on the thorough calibration process of the instrument I established and the data-processing in which these calibrations are used. I eventually implemented this theoretical work in the data processing chain I programmed.

121 The DREAMS post-processing of the instrument data is broken down into three levels (see Fig. 5.1): Level 0 or raw, which simply extracts the LSB and flag values from the measurement datasets binary data. This is achieved by simply following the software user manual. It is not entirely detailed here (see § 5.2.1);
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Level 1 or partially-processed, which mainly aims at retrieving the electrode potential (as a waveform or spectral data), but also the equivalent input resistance (depending on the relays activation or not) and sheath parameters (see § 2.3.5 and Chap. 6). The instrument electronics calibration data are required to perform this processing (see § 5.1 and § 5.2.2);

Level2 or fully processed, aims at retrieving the atmospheric parameters, such as: the atmospheric electric field (as waveforms or spectra) or the positive and negative conductivities. This processing depends on atmospheric models, which provide a relation between the electrode potential and the electric field (by simulating the field lines deformations) as well as a relation between the measured sheath parameters and the atmospheric conductivity (see § 5.2.3).

Calibrations

Calibration philosophy

The data processing to Level 1 requires knowledge of the calibration of the instrument, which converts the electrode potential into digitized values. This electronic chain is composed of, sequentially:

• The coaxial cable between the electrode and instrument input;

• The instrument input parasitic impedance and the High Voltage relays (see Fig. 5.1);

• The input pre-amplifier circuit (operational amplifier in a buffer circuit, see § 2.3.3; Point 2 is a "virtual" point in the sense that it cannot be accessed directly, due to the high impedance of the input (∼ 10 14 Ω).

• The conditioning electronics: amplifiers, attenuators and filters circuits (see § 2.3.3) conditioning the signal on DC, AC and AC High channels for sampling at 6,4 kHz by a 0-5 V ADC;

• The Multiplexer (MUX) to ADC link.

The DC and AC channels (respectively in green and orange/red in Fig. 5.2) calibrations are calibrated with different approaches:

• The DC channel measures the signal on a broad range (±100 V) and its low pass filter and averaging processing strongly attenuates any spectral content above 1 Hz. Therefore the relevant properties of this channel are its linearity, gain and shift;

• The AC channel is mainly transformed into spectra and selected short period waveforms.

The maximum signal amplitude is 5 V with a dedicated mode when the signal amplitude drops below 80 mV. This case is the opposite of the DC one, the frequency range is wide while the signal amplitude remains contained. The main properties that must be calibrated are the frequency response, both in gain and phase (for accurate and complete signal correction). Eventual non-linearities of the processing chain, even if the signal range is small, are contained in the frequency.

In the calibration process, signals are always injected in the instrument through so-called injection boxes, which aims at mimicking the coupling of the electrode with an atmosphere as a complex impedance composed of a resistance and capacitor in parallel (see § 3.1.2, [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF]Molina-Cuberos et al. 2010a). These boxes are therefore made of various couples of resistance and capacitor in parallel, at values close to the ones expected for the Micro-ARES electrode when immersed in a Martian-like atmosphere (see § 1.2, [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]). The values used for Micro-ARES are listed in Tab. 3.1.

Then in order to calibrate an instrument part, the potentials are measured at various test points (see Fig. 5.2) and the necessary relations (linearity, gain or frequency response) can be established. The uncertainties due to the measurement devices (multimeter and spectral analyzer) are known through their datasheets. However, when the test point 8 is used (the instrument measurement, in LSB) the value and error are respectively derived from the average and standard deviation of a measurement set. The latter is used for DC calibration and detailed below. The uncertainties are then propagated by fitting the data with adequate functions using a total-least-square (or orthogonal distance regression) method in order to take into account uncertainties over all the inputs and propagate them to the fit results.

The test point number 2 visible in Fig. 5.2 must be discussed: Its potential cannot be measured directly, due to the very high impedance of both the injection box and Micro-ARES input. Any attempt to measure the input potential with a conventional 1 MΩ volt-meter, compared to the > 100 TΩ input, would result in the potential to zero. The value at this point, which is actually the electrode potential depicted in Fig. 5.1, and which Level 1 processing aims at retrieving, must therefore be obtained through the calibration of the instrument between test points 1 and 3.

is retrieved by subtracting the theoretical gain of frequency response of the cable+input+preamplifier chain. The DC and AC cases of this operation are detailed below.

This approximation of the actual potential at the instrument input ( ) from the injected potential ( ) and the one measured at the pre-amplifier output (

) leads to a separation of the conditioning chains (in green, orange and red in Fig. 5.2) which is independent from the injection box used, from the calibration of the instrument input (pre-amplifier frequency response, relay values and , parasitic input impedance and , see Fig. 5.1) which is indeed dependent on the injection box used.

Calibration of the DC channel

Contrary to what one may think, DC channel linearity is not linked to the pre-amplifier linearity. Indeed, the peculiar Micro-ARES input feedback keeps the input operational amplifier voltage rails 5 V below and above the input (equal to the output) voltage. With this circuit, the linearity of the operational amplifier (when the output potential wanders between the two voltage rails) is not involved whatsoever since it always remains at the same duty point. The relevant electronic circuits, potentially responsible for non-linearities, are therefore the input dividing bridge (between points 1 and 2 in Fig. 5.2) and the processing chain (between points 3 and 8).

The Thermal Vacuum Tests (TVT, see § 3.1.1) was the opportunity to properly calibrate the entire DC chain and its temperature dependence. As we will see, the input impedances and currents of the pre-amplifier, as well as the conditioning chain gains and linearity are dependent on temperature. The TVT temperatures ranged from 45 • C to -35 • C (tested every 10 • C), which is the expected operating temperature range (with margins). Note that the injection box was located outside the chamber, thus ensuring the resistances values did not vary with the TVT temperature.

However, given the setup and configuration of such test, the only accessible test points were 1 and 8 (see Fig. 5.2), respectively the injected potential at the box input and the measured data, the potentials at the points 2 and 3 will therefore have to be inferred from calculations. For that purpose, The DC linearity has been measured at each temperature with 3 injection boxes (all but the 10 13 Ω one, which produces relaxations time too long) by injecting 17 voltages, in 17 steps, every 10 V between -80 V and 80 V.

The overall calibration therefore produced 459 test values with the following variables:

• The injected voltage, measured with a calibrated volt-meter which accuracy is 0,05 V between 60 and 80 V and 0,005 V below; The relation between the injected voltage at point 1, the input potential (the point 2, inaccessible) and the measured one (point 8) can be retrieved from Fig. 5.1 and follows Eq. 5.1. The objective of DC channel calibration is to retrieve (the parasitic input resistance), (the parasitic input leakage current) and (the function linking and ), all of them as a function of temperature. Note that the capacitors (parasitic input capacitor) and

(CONDUCT test injection capacitor) are not present in the equation since they are negligible when dealing with DC. The relays values and were calibrated separately (see below).

=

⋅ 1 + -⋅ (5.1)

= ( )

The linearity of the DC chain

The non-linearity of the DC chain can only originate from the conditioning chain (function in Eq. 5.1) since the pre-amplifier linearity is not involved and the input bridge has a linear be- havior (see Eq. 5.1, first line, the resistance has no voltage dependency). Any non-linearity in the function would therefore be visible in the function of ( ) = . As shown in Fig. 5.4 (exhibited as an example, visible for every other and ) the fit by a linear function produces a residual with a relative error below 0,1%. The function can therefore be considered as a linear function ( ) = ( , ) = 0 ( ) + 1 ( ) ⋅ ) and the retrieval of from follows Eq. 5.2.

( , , ) = 0 ( ) + 1 ( ) ⋅ ⋅ 1 + ( ) -( ) ⋅ (5.2)

Temperature dependence of the parameters

The next step is to determine the form of the function describing each parameters 0 ( ), 1 ( ), ( ) and ( ).

First, the input current bias, whose typical shape is provided in the datasheet (see Fig. 5.5). The best function to fit the provided shape appears to be an exponential ( ( ) = ⋅ exp( ⋅ )).

The input parasitic resistance is expected to show a linear behavior (Typically = 0 1 + ( -0 ) for a resistor). Note that the temperature coefficient can either be positive (classic behavior) or negative (semi-conductor behavior). In this case a negative is expected since the component bearing this resistance is the operational amplifier, mostly made of semi-conductor based sub-components (transistor, diodes, etc.). This negative temperature coefficient explains the behavior of the instrument at high temperatures, on Earth (see Chap. 7), where the signal is abnormally attenuated or even disappears below the noise threshold. Eventually, the coefficients 0 and 1 forms must be retrieved. It appeared that the only way to make the fitting algorithm converge properly was to simplify as much as possible the function describing 0 and 1 . Consequently, both will be considered as linear functions too. The 4 parameters form are summarized in Eq. 5.3.

0 ( ) = 0 + 1 ⋅ (5.3) 1 ( ) = 2 + 3 ⋅ ( ) = 4 + 5 ⋅ ( ) = 6 ⋅ ( 7 ⋅ )
The total least-square fit of the calibration data is eventually performed with the function described by Eq. 5.4, and aims at retrieving the 8 parameters values . It resulted in the coefficients, and their standard deviation, presented in Tab. 5.1. The standard deviation do take into account the uncertainties on the injected voltage (point 1), measured voltage (point 8), measured temperature (point 8, in LSB), and injection box resistance, as described above. The fit goodness is 2 = 0,999 997, which is excellent, the maximum relative error in the residuals being ∼ 2%. An example of resulting error on the retrieved injected voltage at ∼ 20 • C is shown in Fig. 5.6. Note that the uncertainty on and might seem important (see Fig. 5.7), but the propagation of its uncertainty only produces errors of the order of millivolts, as long as << . The latter is the reason why the Martian electrode is not usable on Earth (see Chap. 7).
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Calibration of the relay resistances

The calibration of the relay resistances, necessary to properly process the signal when the relays are activated is rather simple. It was performed by injecting a given potential 1 through the 3 first injection boxes with and without the relays activated (manually, by applying the adequate signal at the relay pin). The voltage at the pre-amplifier output (point 3) was measured at each step with and without the relays activated (see Fig. 5.8). With the assumption that >> or , the resistance is easily retrieved with Eq. 5.5 ( is the concerned relay resistance and bias is the parasitic current bias, measured when = 0 V).

The voltages are measured with the same voltmeters as previously and the uncertainties remain the same 2 . Given the measurement configuration this calibration was only performed in the clean room, at 22 • C. The uncertainties on the injection resistances are listed in Tab. 3.1. The resulting calibrated resistance for the Flight Model board and the corresponding uncertainties are presented in Tab. 5.2.

=

⋅ + + bias (5.5)

Calibration of the AC channel

As discussed above, the instrument calibration for AC data post-processing aims at measuring the frequency response of the instrument in order to either correct spectra or waveforms (see 1 5 steps between 10 and 90 V at point 1, see Fig. 5.2, the 10 13 Ω box was not used, due to outliers results. 2 0,05 V between 60 and 80 V and 0,005 V below. 

Resistance (Ω)

(Ω) 2,844 ⋅ 10 10 7,8 ⋅ 10 7 1,055 ⋅ 10 10 4,01 ⋅ 10 7

Table 5.2 -FM board relay resistances calibration and uncertainty. § 4.2). Since this calibration required to place probes at various test points of the board (3 and 5), the calibration of the AC channel was only performed in laboratory conditions at one temperature (∼ 20 • C).

Similarly to the DC channel, the entire frequency response of the AC electronic chain is divided in two parts:

• The analog input, which response depends on the sheath parameters and is therefore evaluated during post processing, once and are retrieved;

• The ac filtering chain, which is dependent, at most, on the temperature and which is calibrated.

This separation is detailed by Eq. 5.6, where is the frequency response for the input impedance3 , is the response for the pre-amplifier alone, and the one of the AC processing chain (AC Low and AC High, see § 2.3.3). Since and cannot be calibrated separately, because point 2 ( ) is not "accessible", the following describes the method used to determine them separately. Spectral correction with the calibrated frequency response is rather simple and is performed with a simple table of values corresponding to the instrument's electronics gain at each frequency of the spectra. In this case, the way the calibration data is stored in a file that is used by the data processing program. However, the processing of waveforms (through DFT, correction and inverse DFT, see § 4.2) requires a gain and phase response with a frequency sampling which depends on the length 4 of the signal to correct. In that case, if the only calibration data is a tabulated frequency response, sampled at a given step, then the processing of waveforms will inevitably require an interpolation of the frequency response.

The solution adopted was to fit the frequency responses which will be used for waveforms processing (in gain and phase) with IIR filters (Infinite Impulse Response, see § 4.2.1 and Eq. 4.2). This fitting serves a double purpose: smooth the response calibration data and provide a mathematical object from which the frequency response, both in gain and phase and at any sampling rate, can be retrieved precisely. Since the filter is fitted on the data, the uncertainty can be propagated.

The fit process described in the following subsections consists in a least-square fit of the IIR filters performed for all the numerator and denominator orders from 10 to 50. The fit with the lowest total residual (gain+phase residual) is the one selected. The uncertainties are propagated through the fit.

The input capacities

The DC channel calibration discussed in § 5.1.2 is not dependent on capacitive effects at the instrument input ( , and in Fig. 5.1). The AC channel, however, does depend on these effects.

and the uncertainty on its value are directly taken from the datasheet of the component: = 0,5 pF and ( ) = 0,025 pF, whatever the Micro-ARES board used. is retrieved by fitting the function Eq. 5.7 on the instrument input frequency response, measured between point 1 and 3 (see Fig. 5.2) with a spectrum analyzer. The uncertainties 5 on the measurement are 3 ppm on the value and 0.02% on the frequency. The uncertainty on the injection impedances are detailed in § 3.1.2 and Tab. 3.1. The fit method used is again the total-least-square, taking into account all uncertainties and propagating them to the result. The retrieval with this method for the Flight Model board is depicted in Fig. 5.9. The resulting fit is listed in Tab. 5.3. Note that this method relies on the assumption that the gain of the pre-amplifier in the band 100-500 Hz is unitary, which is expected from its datasheet. 4 When performing the DFT of a signal of length sampled at , the frequency sampling is = 0 ∶ ∕ ∶ ∕2 . 5 The uncertainties come from the datasheet of the HP 35670A spectrum analyzer.

10 -1 10 0 10 1 10 2 10 3

Frequency (Hz) Figure 5.9 -Eq. 5.7 fit on the instrument input frequency response (FM board), for all 4 injection boxes. Outside the 100 and 500 Hz band, the pre-amplifier response is dominating and therefore shows a poor goodness of the fit. The fitting is therefore only performed between 100 and 500 Hz on the variable . The fit goodness in this band is 2 ≈ 0.9925 (the fit is performed on all 4 curves at the same time).

Capacity (pF)

(pF) 2,005 0,0042 0,5 0,025

Table 5.3 -FM board input capacities calibration and uncertainty.

( ) = 1 1 + ⋅ ⋅ + ( ) = 1 1 + ⋅ ⋅ ( ) = ( ) ( ) + ( ) (5.7)
These two values are used during post processing in order to compute the atmosphereelectrode coupling frequency response (to compute out of , see Fig. 5.1) as well as to retrieve the sheath parameters from the CONDUCT measurements.

Pre-amplifier frequency response

The pre-amplifier response is retrieved from the calibrations of 1-3 (frequency responses between points 1 and 3) with the various injection boxes. The process is described in Eq. 5.8 and consists in dividing the theoretical response of the input impedances, , calculated for each injection box from the 1-3 responses measurements.

The calculation of relies on the determination of , and , both determined previously and whose uncertainties can be propagated, and and , the box impedances, which are known and whose uncertainties can be propagated too. The responses 1-3 were measured with the same spectrum analyzer6 used for .

1-3 ( ) = ( , ) ⋅ ( ) ( , ) = ( ) ( ) + ( ) ( ) ≈ 1 3 ⋅ 12 ∑ =10 1-3 ( = box , ) ( = box , ) (5.8)
Since the four corrected responses were not perfectly equal (see Fig. 5.10), the final pre-amplifier response is the average of them. Only the first 3 boxes are taken into account (see the last line of Eq. 5.8) since the response obtained with the ≈ 10 13 Ω box is an outlier. The final pre-amplifier response is then fitted with IIR filter, as shown in Fig. 5.11 (for the Flight Model) and the resulting uncertainties of the whole calibration (measurement with the 3 boxes, averaging and fit with an IIR filter) are (| |) = 0,0146 on the gain and (arg( )) = 0,0108 rad on the phase. 

AC conditioning chain

The AC conditioning chain calibration, for both the AC Low and AC High channel is simpler since it is directly obtained by measuring the frequency responses between the points 3 and 5 (AC Low) and between points 3 and 6 (AC High), with whichever injection box. The response of the AC High chain is presented as the response which adds to the AC Low one, named ∕ , as detailed in Eq. 5.9.

3-6 = = 3-5 ⋅

∕

(5.9)

The fitted responses for the Flight Model are exhibited in Fig. 5.12 and Fig. 5.13, with the resulting uncertainties.

Housekeepings calibrations

Temperature HK

The Thermal Vacuum Test used to calibrate the DC channel was also the opportunity to calibrate the temperature housekeeping, eventhough its value is not required for post-processing since the calculations all rely on the measured LSB value of the temperature HK.

For each temperature step preformed during the TVT, the temperature measured by the probe (sampled at ∼ 1 min -1 ) and the LSB measurement of the HK (measured by Micro-ARES, sampled at ∼ 1 Hz) were averaged and the standard deviation of the distributions calculated in order to retrieve the uncertainty.

The temperature probe chosen was the one placed at the TRP, Temperature Reference Point, the temperature considered when performing Spacecraft thermal Control simulations. This point, for the Micro-ARES board, corresponds to the board fixation rail, the thermal interface with the DREAMS electronic box (side of the board). The calibration was then fitted with a linear function (see Eq. 5.10). The results for the Flight Model are shown in Fig. 5.14 and Tab. 5.4. = 8 + 9 ⋅

(5.10)

+12V HK

As discussed in § 5.2.2.3, the +12 V housekeeping is the only one on which the post-processing depends. Its calibration, however, is rather complicated since the 12 V power supply cannot be varied in order to calibrate the linear behavior of the acquisition process. It can however be guessed from the electronic circuit. Indeed, the 12 V acquisition chain is simple:

• A resistor dividing bridge drops the +12 V down to ∼ 3,75 V, in the ADC acquisition range;

• A 10 nF capacitor that filters any potential noise;

• The resulting signal goes through the MUX and ADC in order to be sampled. The function linking the 12 V potential to its LSB measurement can therefore be summarized to a simple gain (see Eq. 5.11). The calibration will therefore be made on the temperature dependence of this gain, which was performed also during the TVT.

For that purpose, the assumption made was that the 12 V fed into the instrument, by a calibrated power supply, was constant, equal to 12 V (doubled checked with a volt-meter). The uncertainty on this value was 0,005 V, the accuracy of the display. The coefficient is fitted by a linear function against temperature (see Eq. 5.11). The results for the Flight Model are shown in Fig. 5.15 and Tab. 5.5.

= 1 0 + 1 1 ⋅ +12 = ⋅ 12
(5.11)

Other HK

The three others housekeepings (see § 2.3.4) were not calibrated since their values are not required for post-processing. The LSB values are converted into voltages with the gain expected from the electronics and the latter are used only for instrument health monitoring.

Data post processing

Level 0: Reorganize zeros and ones

The processing of Level 0 only consists in decoding the binary data package received for each instrument measurement run. It also relies on the reference date used for the measurement, since the DREAMS and Micro-ARES softwares were conceived in such a way that the DREAMS computer starts the Micro-ARES measurement runs with a telecommand containing the duration in seconds since the reference date. The data produced at Level 0 is summarized in Fig. 5.16. The only additional processing required is the removal of the saturated data, which is likely to occur when the relay activation time (20% of the total measurement run time) is elapsed.

Level 1: From LSB to Volts

As presented at the beginning of this chapter, the data processing of Level 1 (or "Partiallyprocessed") aims at retrieving the electrode potential7 as well as the sheath parameters and , respectively the sheath resistance and capacity, which electronically represent the interaction between the electrode and the surrounding atmosphere (see Chap. 6 and § 2.2). The dataset produced at his processing level is illustrated by Fig. 5.17. The specificities of each data type processing are discussed below.

Uncertainties propagation

The uncertainty propagation formulas all stem from Eq. 5.12. The Level 1 post-processing requires the use of Eq. 5.13 to 5.16. But these formulas must be applied carefully since the way they are written hereby presupposes that the variables and are independent ( = 0).

Indeed, the complete formulations contain additional members such as ±2 in Eq. 5.13.

( ( , )) = √ ⋅ ( ) 2 + ⋅ ( ) 2
(5.12)

( ± ) = √ 2 ⋅ ( ) 2 + 2 ⋅ ( ) 2
(5.13)

⋅ ±1 = | | √ ( ) 2 + ( ) 2 (5.14) ( ) = (5.16)
This assumption is almost always verified when processing the signal if the formulas are applied carefully. The following example illustrates this statement. The calculation of the equivalent input resistance when a relay (relay Low here) is activated follows Eq. 5.17. It can be done either with #1 or #2. The retrieval of the uncertainty on can also be done based on equation #1 or #2 and the formulas listed above. The resulting calculations are exhibited in Eq. 5.18. And Reference date

• Time from reference (s)

• DC @ 2,08Hz

• Relay status (0/1/2)

• CONDUCT status (0/1)

• Time from reference (s) here appears the incoherence, eventhough equations 5.17 #1 and #2 are equivalent, the obtained uncertainty formulas differ.

• DC @ 267Hz • AC @ 267Hz • Relay status (0/1/2) • AC mode (0/1)
= ∕∕ (5.17)

#1 = 1 1 + 1 #2 = ⋅ +
The numerical applications gives: #1 ≈ 7,8 ⋅ 10 7 Ω ≈ ( ) and #2 ≈ 1,5 ⋅ 10 10 Ω ≈ !. The right equation is #1, which is easily understood when considering that >> hence ≈ and thus ( ) ≈ ( ). Note that this also shows why the rather large uncertainty on the determination of is not that much of a problem. The source of the error committed in #2 is due to hidden covariances. Indeed, the uncertainty of the division of the numerator ⋅ by the denominator + , calculated with Eq. 5.14, presupposes that both are independent while they are obviously not.

#1 = √ √ √ √ ( ) 2 ⋅ 4 + ( ) 2 ⋅ 4 4 + 4 (5.18) #2 = 1 + ⋅ √ ( ) 2 + ( ) 2 + ( ) + 2 + ( ) + 2
Great caution is therefore taken during the post-processing calculations in order to avoid such problematic cases.

DC data and HK processing

The processing of the DC data (signal and uncertainty), in SIGMOY and POUSSIERE pages, is performed by applying the left term of Eq. 5.4, which corresponds to the electrode potential and therefore leads to Eq. 5.19, with the coefficients 0 to 3 listed in Tab. 5.1 (for the Flight Model). The HK temperature (in LSB) required to process the signal is extracted from a linear interpolation of the available HK values (see § 2.3.4, the one of each HK value is sent with each data page).

( , ) = 0 + 1 ⋅ + 2 ⋅ + 3 ⋅ ⋅ (5.19) ( , ) = √ ( 0 ) 2 + ( 1 ) 2 ⋅ 2 + ( 2 ) 2 ⋅ 2 + ( 3 ) 2 ⋅ 2 ⋅ 2
The relay flag value (see Fig. 5.16) and calibration data are used to produce time vectors of the instrument input parameters and , necessary in Level 2 for the retrieval of and , following Eq. 5.20. The uncertainties on each parameters follow Eq. 5.21.

R eq C i R S C S V E V A V S i Rs i Cs i Ri i Ci i i i S i L C C V C1 V C2 i C Figure 5
.18 -Equivalent input scheme of the instrument with the measured electrode potential and the local atmospheric potential surrounding the electrode (and the sheath). The conductivity test step signal is 2 .

Kirchhoff's laws

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ ---= 0 (a) + = + + + (b) = + (c) 1 + 2 = (5.22) Input equations ⎧ ⎪ ⎨ ⎪ ⎩ = ⋅ = ⋅ d d (5.23) Sheath equations ⎧ ⎪ ⎨ ⎪ ⎩ = ⋅ = ⋅ d d (5.24)
CONDUCT tests equations

⎧ ⎪ ⎨ ⎪ ⎩ = ⋅ d 2 d d 1 d = 0 
(5.25)

+ ⋅ d d = + ⋅ d d + ⋅ d 2 d + d d ⋅ + + + ⋅ + ⋅ = d d ⋅ + - (5.26)
From Fig. 5.18, equations 5.23, 5.24 and 5.25 are derived. They are combined thanks to Eq. 5.22 (a). and 2 are replaced following Eq. 5.22 (b). 1 only varies when injecting a spike, at the beginning of each CONDUCT test and (3,74 s after). We can therefore consider that d 1 d = 0 during the relaxation. From this the differential equation governing the electrode potential is retrieved (see Eq. 5.26). The solution to the homogeneous equation (Eq. 5.26 with the right term equal to zero) and the initial condition = 0 is trivial and follows Eq. 5.27.

( ) = 0 ⋅ exp - - (5.27) = ⋅ + ⋅ + +
A solution to the general equation (with the right term) is the potential the electrode acquires over time for a given atmospheric potential , without perturbations causes by variation of 1 . In the following demonstrations, this general solution will be referred to as the background signal, noted ( ). The superposition principle therefore enunciates that the general solution to Eq. 5.26 is Eq. 5.28.

( ) = 0 ⋅ exp - -+ ( ) (5.28)
The expected typical signal for a conductivity test performed by Micro-ARES is described in Eq. 5.29 and illustrated by Fig. 5.19.

( ) = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ ( ) if < 0 or > 5 ⋅ + 7,68 -0 ⋅ exp - + ( ) if 0 ≤ < 3.84 0 ⋅ 1 -exp - 3,84 ⋅ exp - -3,84 + ( ) if ≥ 3.84
(5.29) The very principle of the relaxation probe is to measure this relaxation time . From its value, the atmospheric positive and negative conductivities, respectively due to positive and negative charge carriers in the atmosphere. The simplest model of the instrument electrode (see § 6.2), provides the relation ⋅ = 0 , with 0 the vacuum permittivity ( = 1 in the studied atmospheres). However Eq. 5.27, second line, does not provide a relation allowing to compute the product ⋅ out of the relaxation time measurement. Another equation is required to go further in the calculations. One of the solutions is to use models of the antenna and its environment in order to retrieve the sheath capacity , which only depends on the antenna geometry and is not dependent on the atmospheric conductivity (see Chap. 6). The other solution is to use the second data that can be extracted from the CONDUCT measurements: 0 .

The injected peak amplitude The potential 0 corresponds to the amplitude of the pulse injected at the instrument input. Eq. 5.26 does not provide a solution to link this voltage 0 However, a mathematical tool is particularly suitable for the study of phenomena involving steps and impulsions: the Laplace transform. Similarly to the Fourier transform, the Laplace transform is an integral transform from the time-domain functions (real variable ) to the frequency domain functions (complex variable ). It is described in Eq. 5.30 (first line), while the second line enunciates the so-called initial value theorem, which will be used below.

 ( ) = ∫ +∞ 0 - - ( )d
(5.30)

(0 + ) = lim →∞  ( )
The transformation of Eq. 5.26 into the Laplace domain, with the ⋅ d 1 d reinstated, gives Eq. 5.31.

⋅   ( ) -( = 0 -) ⋅ + + +   ( ) ⋅ + ⋅ = ⋅   ( ) -( = 0 -) ⋅ +   ( ) -≧  ( ) - ⋅ ⋅  ⨘ ( ) -1 ( = 0 -) (5.31)
We place ourselves in conditions where ( ) = 0 and ( ) = 0, for simplicity. The typical Laplace transform  { ( )} = 1∕ for ( ) a Heaviside step function8 is used to describe 1 and the resulting relation is shown in Eq. 5.32.

  ( ) ⋅ + + +   ( ) ⋅ + ⋅ = -⋅ +12   ( ) ⋅ + ⋅ + ⋅ + + = ⋅ +12 (5.32)
The last step is to apply the initial value theorem (see Eq. 5.30) to Eq. 5.32. The result obtained is the expression of the injected pulse amplitude 0 as a function of the input parameters (capacities and resistances) (see Eq. 5.33.

( = 0 + ) = lim →∞ ⋅ ⋅ +12 + ⋅ + ⋅ + + ( = 0 + ) = ⋅ +12 + + (5.33)
With the relation retrieved in Eq. 5.33 and the expression of the relaxation time in Eq. 5.27, the sheath capacity and the sheath resistances and

| | 0 | | = +12 ⋅ + + (5.34) = ⋅ + ⋅ + + = ⋅ + ⋅ + +

Parameters retrieval

The retrieval of the Eq. 5.34 parameters, from the conductivity measurements, is performed with fit of each CONDUCT measurement9 . In order to retrieve the 0 value in volts, the Level 0 data is converted into volts (electrode potential), with the formula employed to process the DC data (see Eq. 5.19).

The resulting dataset and its uncertainty are fitted with the function described by Eq. 5.35 and a simple least-square algorithm (Levenberg-Marquardt) since the uncertainty is on only (see Fig. 5.20). The background signal is fitted by an order polynomial function  (typically = 3).

The sheath capacity appears independent on the atmospheric conductivity only on the antenna and surroundings geometry. This postulates is obvious when modeling the electrodeatmosphere coupling though an electrostatic approach (see § 6.2) but is also observed with a plasma approach or through measurements. The resistance, as discussed previously, is separated in two values, the one due to positive charge carriers and the one due to the negative ones, which respectively reflect the positive and negative conductivities. 

( ) = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ -0 ⋅ exp - +   ( ) if 0 ≤ < 3.84 0 ⋅ 1 -exp - 3,84 ⋅ exp - -3,84 +   ( ) if ≥ 3.84 (5.35)  ( ) = ∑ =0 ⋅ (5.36)
Activated relays case When the relays are activated, the relaxation time is driven by the relay resistances, which are expected to be significantly smaller than the sheath resistance. In this case, the CONDUCT data cannot be used to measure the conductivity. However, there is a roundabout way to retrieve information about the atmospheric conductivity when large electric fields occur: use the relay attenuation when it triggers. Indeed, similarly to the way the attenuation is approximated by the instrument in order to handle the relays activation/deactivation (see § 4.3.3), the attenuation can be measured at each relay activation and deactivation 10 .

With the voltage before the relay activation (interpolated in order to retrieve the value it would have had without the relay, see Fig. 5.21) and Eq. 5.37, the sheath resistance can be retrieved. 

Waveforms and spectra correction

The correction of AC data is performed on two kinds of datasets, the spectral (spectrum and total spectral power) and the waveforms (from BURST, TRANSVERSE and POUSSIERE pages, see § 2.3.4).

The calibration of the AC channel provides various datasets:

• The input resistance (as a function of temperature), and the input capacities and , which are supposed constant. The Level 1 data processing retrieved from the CON-DUCT measurement the sheath resistance ("positive" and "negative") and the sheath capacity . Given the processing philosophy (see Fig. 5.1), the input impedance only matters for the Level 2 data processing. The Level 1 data processing only settles for producing a time vector (at each timestep of the AC data) of each one of these values. The capacities being constant, the task easy. Concerning the resistances, they are known every 96 s for and every selected data pages for the HK temperature, hence . A linear interpolation (the simplest) or an adequate fit of these data over time allows the construction of the expected data vectors over time;

• The pre-amplifier, AC Low and AC High/Low frequency responses. These frequency responses are necessary for the retrieval of the electrode potential, and will therefore be used for Level 1 data processing.

Spectra correction

The spectra correction is the simplest case:

• Each spectra is a vector of LSB values. They are first corrected in order to take into account for the averaging and summation process performed on the data during the ONDES pages production (not detailed here);

• The data is converted into volts squared at the ADC input (× 5 32768 2 , the LSB values are already squared values);

• Each value is divided by the correction coefficient (squared) which was applied on-board.

As discussed in § 4.2.2.1, these coefficients are approximated values aiming at correcting the TSP, not the spectra;

• Each spectra value | [ ]| is corrected by the response of the whole AC chain following Eq. 5.38. The correction gains | |, | | are tabulated values provided by the calibration, each one associated to an uncertainty which is propagated following the Eq. 5.14 for multiplications. This last step provides the spectra ax the squared electrode potential, the wanted values for Level 1.

| [ ]| 2 = | [ ]| 2 | [ ]| 2 (5.38) [ ] = [ ] ⋅ [ ]
The Total spectral power case is more straightforward since the correction was performed on board and cannot be changed. The LSB values of the TSP are therefore corrected from the averaging operations first. Then they are divided by the correction ratio squared 11 : 2 -1∕ (L) 2 .

Since these correction coefficients were measured with the injection box ≈ 10 10 Ω and ≈ 5,08 pF, the resulting input impedance must be compensated in order to produces • This total uncertainty is then affected by the various multiplications by constants, which follows Eq. 5.13;

• The division by | | follows Eq. 5.14, with the uncertainty on | | calculated from calibrations and the value from CONDUCT measurements.

The AC High / AC Low mixing in spectra The way spectra are produced is the average of 20 spectra. Each one proceeds from data that has either been acquired in AC Low mode or AC High mode (gain ∼ 64 applied, see Fig. 5.13). The spectra acquired in AC low are multiplied by 64 during the data processing12 so that the mixing of AC Low and AC High data stays coherent. Unfortunately, no possible way to retrieve the ratio of AC High data in the spectra was implemented. Such information would potentially have allowed a signal processing with a frequency response taking into account a weighted contribution of ℎ∕ (see § 5.1.3.4).

Waveform correction

This last required processing is the AC waveforms correction from BURST, TRANSVERSE and POUSSIERE pages. As discussed in § 4.2.2.1, this is achieved by correcting the DFT of the signal, just like spectra are corrected, and then calculating the inverse DFT, in order to return to the time domain. The operation is described in Eq. 5.39, with the responses reconstruction from the fitted filters described by Eq. 5.40, where and are respectively the numerator and denominator coefficients and [ ] the frequency corresponding to the th DFT term frequency.

[ ] DFT ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← → [ ] (5.39) ′ [ ] = [ ] [ ] ′ [ ] iDFT ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← ← → ′ [ ] [ ] = [ ] ⋅ [ ] if f lag ACHigh = 0 [ ] ⋅ [ ] ⋅ ℎ∕ [ ] if f lag ACHigh = 1 ℎ [ ] = ∑ =0 ⋅ 2 [ ] - 1 + ∑ =1 ⋅ 2 [ ] - (5.40)
Nevertheless, the error propagation requires a bit more complex calculations. The first step of Eq. 5.38 can be executed without any concern regarding error propagation since it concerns LSB data, not associated with an uncertainty whatsoever. The second step is the correction of the signal DFT described above, the Fourier transform obtained, ′ [ ] is now associated to an uncertainty, ( ′ [ ]), obtained the same way it was with the spectra correction (previous paragraph). The last step, the inverse DFT is the tricky one. In order to propagate the uncertainty through the DFT and inverse DFT, it must be formulated matrix-wise. The Fourier transform (Eq. 5.41) can indeed be formulated as the matrix product (Eq. 5.42) of the data vector [ ] of length by the Fourier matrix (Eq. 5.43).

[ ] = ∑ =1 [ ] ⋅ exp -2 (5.41) ′ [ ] = ⋅ [ ] (5.42) = 1 √ ⋅ ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 1 1 1 1 … 1 1 2 3 … ( -1) 1 2 4 6 … 2( -1) 1 3 6 3 … 3( -1) ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ 1 ( -1) 2( -1) 3( -1) … ( -1)( -1) ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ (5.43) = exp -2
The matrix is invertible and the inverse operation is obviously the inverse DFT (see Eq. 5.44), the inverse of the Fourier matrix being its adjoint 13 .

[ ] = -1 ⋅ [ ] (5.44) -1 = *
The iDFT operation is therefore formulated matrix-wise as [ ] = * ⋅ [ ]. The vector [ ] uncertainty can be represented in the covariance matrix ( ), where the diagonal terms are the squared uncertainties on each spectral value, the non-diagonal terms being unknown and thus taken as equal to zero. The covariance behavior regarding matrix product is formulated in Eq. 5.45.

( ) = ⎡ ⎢ ⎢ ⎢ ⎣ 2 ( [1]) ( [1], [2]) … ( [1], [ ]) ( [2], [1]) 2 ( [2]) … ( [2], [ ]) ⋮ ⋮ ⋱ ⋮ ( [ ], [1]) ( [ ], [2]) … 2 ( [ ]) ⎤ ⎥ ⎥ ⎥ ⎦
(5.45)

( ⋅ ) = ⋅ ( ) *
The combination of Eq. 5.45 and Eq. 5.44 finally leads to Eq. 5.46, which propagates the uncertainties from the corrected DFT ′ to the corrected time series ′ , the uncertainty on each value being the square root on the diagonal terms of ( ′ ).

( ′ ) = * ⋅ ( ) ⋅

(5.46)

Level 2: From Volts to science

Following the calibration and data processing philosophy, the Level 2 data processing aims at producing data which are representative of the electric field and atmospheric conductivities.

More precisely, in the case of Micro-ARES and antenna-like designs (see § 2.2), the final value is not the electric field at the electrode location, but the integration of the electric field over the antenna (and lander, if any) height.

The pre-requisite for this Level 2 data processing is therefore a model of the electrode interaction with the atmosphere. Such model is then used to provide a mathematical relation between the electrode potential (waveform or spectra) and sheath parameters on the one hand and the electric field and atmospheric conductivity on the other hand.

DC processing

The level 1 data processing already provides the sheath impedance, interpolated at the adequate time for each type of DC data. This input impedance is used to compute the local atmospheric potential first, according to Eq. 5.47. The uncertainty is easily propagated to using Eq. 5.12.

The negative and positive sheath resistance are retrieved by the conductivity tests, but the question of which one of these two resistances should be used to process the DC signal raises. This actually depends on the sign of the electrode potential. Indeed, we can always consider that

| | <= | | since 1 + > 1, ⋅
is neglected for the moment. Hence in that case where both are positive, positive charge carriers are permanently flowing from the medium to the electrode in order to increase its potential up to . On the contrary, when both are negative, negative charge holders are flowing to reduce so that it reaches , in vain since is not infinite. When taking into account , the threshold potential that must be considered is ℎ = -⋅ , the sign of + ⋅ therefore dictates the use of (if positive) or (otherwise).

( ) = ( ) ⋅ 1 + ( ) ( ) -( ) ⋅ ( ) (5.47)
Then a model is required to predict the equipotentials deformations around the antenna and surrounding structure, at various atmospheric conductivity situations and instrument input electronics status (bias current, relays, etc.). From the model outputs ( and ), is computed following Eq. 5.47. Since the electric field in the unperturbed atmosphere is known, the "apparent height" ℎ that appears in Eq. 5.48 (first line) can be retrieved by fitting against the electric field.

The models described in Chap. 6 shows that this height ℎ is constant and corresponds to the geometric characteristics of the instrument and its surroundings, as observed by [START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF]. The electric field averaged over ℎ is therefore simply retrieved with following Eq. 5.48. With the electric-current model (see § 6.2) applied with the Earth antenna used during the Saharan test campaign (see § 7.1), this apparent height appears to be very close to the midheight of the electrode: 80,32 cm instead of 80 cm.

At the same time, the model provides a relation between the conductivity and ( appears to be independent from , only depending on the geometry). This tabulated relation can be fitted afterward with the adequate function, depending on the model prediction (see § 7.1.1).

Since is independent from the atmospheric conductivity, it can be used to assess the model employed. Indeed, the value produced by the model can be confronted to the one retrieved from the CONDUCT measurements. Moreover, contrary to , a conductivity-independent value is in principle constant over time. Hence, the time-averaging of the data retrieved by the CONDUCT test would reduce the uncertainty on it.

AC processing

The AC processing is very similar to the Level 1 one. It consists in calculating the frequency response on the input , in order to also retrieve , as shown in Fig. 5.1. is computed following Eq. 5.49 and the error is propagated according to Eq. 5.12. With the frequency response known, the processing for the various types of AC data is exactly the same as the one described in Appendix A. The retrieval of electric-field values is based on Eq. 5.48, just like DC data.

= +

(5.49)

Date processing

The measurements are indexed in seconds since a reference date, in Earth time (GMT). Since the instrument was supposed to land on Mars, the adequate time to index the measurements was the Local True Solar Time (LTST), which reflects the actual Sun position in the sky, hence the sunlight exposure at the landing site (one of the key parameter driving the atmospheric convection and the subsequent dust events).

The LTST at the landing site, of planned longitude=6,15 °W and latitude=1,82 °S, is calculated with the Mars 24 algorithm [START_REF] Allison | A post-Pathfinder evaluation of areocentric solar coordinates with improved timing recipes for Mars seasonal/diurnal climate studies[END_REF], which only requires the longitude. In order to shorten the number of sols and Martian years the landing was taken as the reference date for Sol 1: 19 th of October 2016 at 15:48 GMT, which is equivalent in Martian time to Year 33, = 244,8 °, sol 476, LTST=14,245.

The Martian Year reference date commonly accepted by the planetary science community and The Planetary Society is the 11 th of April 1955 (see Chap. 1).

Chapter 6

Atmosphere-electrode interaction and Medium perturbations modeling "Philosophy is written in this grand book -I mean the universe -[...] but it cannot be understood unless one first learns to comprehend the language in which it is written. It is written in the language of mathematics." -Galileo Galilei, Il Saggiatore

As stated in the previous chapter, the modeling of the atmosphere electrical behavior is the last brick I required to properly process the instrument data but also to interpret and understand the results. From the simplest model -built upon simplistic assumption and based on electrostatics -to a far much complex and computationally demanding one -based on plasma physics -, this chapter presents the four models I developed -or are still in development -in order to process Micro -ARES' data. The continuumplasma approach reveals that the Martian charge carriers' densities in the atmosphere -and more particularly the electron density -might lead to phenomena impossible to predict with standard electrostatic descriptions. Moreover, due to atmospheric chemistry, these kind of phenomena have never been observed on Earth with Micro -ARES -like instruments -even in the stratosphere where the conductivity is close to the one expected on Mars. The last model I worked on, the continuum-plasma description of the atmosphere-electrode interaction, might therefore be of key importance to understand the measurements produced by relaxation probes, but also to understand the electric phenomena in the Martian atmosphere. The inner sphere has a radius and represents the electrode, located at a height ℎ above the ground. The outer sphere has a radius and contains both the electrode and atmosphere it is interacting with. The atmosphere is considered neutral, bathed in an electric field ⃗ , and has a conductivity .

The isolated spherical capacitor

The Micro-ARES electrode is spherical for simple isotropy reasons. Indeed, with this design, there is no preferred direction regarding the charge carrier collection from the medium. Moreover, the absence of sharp angle avoids any lightning rod effect (local increase of the electric field and potential Corona or other unwanted effects) when the electrode is not at the equilibrium with the surrounding atmosphere.

The simplest description for such a system is the isolated spherical capacitor [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF], referred as "the Laplace approximation" in Molina-Cuberos et al. 2010a. The electrode is considered as an isolated sphere (the mast influence is neglected) surrounded by an atmosphere which extends infinitely (see Fig. 6.1), or at least extends up to a distance >> , the electrode radius. The input electronics of the instrument are considered ideal ( → +∞, = 0 and = 0).

The electrostatics equations are used to describe the system. They are based on the Maxwell-Gauss equation and the definition of the electric potential in order to retrieve the Poisson equation of potential (see Eq. 6.1). This system will be used in order to provide a mathematical link between the atmospheric conductivity and the electrode-atmosphere impedance. Note that this electrode-atmosphere interaction region will be referred to as the "sheath" in the following section. In the mathematical context, described by Eq. 6.1, this is a misuse of language since the sheath stricto-sensu refers to the zone surrounding a conductor where the spatial charge distribution is altered, compared to the undisturbed space. The "sheath" phenomena is revealed when studying a system with the plasma physics equations, where the charge carriers' distribution is resolved, as discussed in § 6.3.

⃗ ∇ ⋅ ⃗ = 0 ⃗ ∇ = -⃗ Δ = - 0 (6.1)

Electrostatic modeling

The isolated electrode illustrated by Fig. 6.1 is composed of two concentric spheres: the electrode one, of radius , and the atmospheric one, virtual, of radius . The resulting system, constituted of two conductive surface facing each other is expected to exhibit a capacity, retrieved by the following demonstration.

Gauss Law

The Green-Ostrogradsky theorem (Eq. 6.2) links the divergence of the electric field ⃗ in a volume  with the flux of said electric field through the surface  surrounding . When combined with Maxwell-gauss (Eq. 6.1), the Gauss law is retrieved and links (), the electric charge contained in , with the Electric flux flowing out of : Eq. 6.3.

∯  ⃗ ⋅ ⃗ d = ∭  ⃗ ∇ ⋅ ⃗ d (6.2) Φ ( ) = () 0 (6.3)

Space charges distribution

In the current case, the electrode is expected to hold a total charge Q. Since it is a conductor, we can even add that this charge resides at the electrode surface. The main simplifying assumption maid in this "Laplace approximation", is that the atmosphere surrounding the electrode is unperturbed, in terms of charges distribution and collection by the electrode. The consequence is that the neutral atmosphere remains neutral near the electrode, hence = 0 C ⋅ m -3 . The resulting charge hold by the considered capacitor is therefore , as described by Eq. 6.4.

( <= ) = ( < <= ) = 0 ( <= ) = ( <= ) + ( < <= ) = (6.4)
The problem here being spherically invariant ( = 0 and = 0 in typical spherical coordinates), the electric field vector ⃗ can be reduced to its radial component ( ). In additions, when considering only spherical volumes , the electric flux of the Gauss law (Eq. 6.3) is reduced down to Φ ( ) = ( ) ⋅ , with  the surface of the considered spherical volume.

Trivially, with the radius of , ( ) = 4 2 . Combining the capacitor charge (Eq. 6.4) and Gauss law in the context of the spherical capacitor (Fig. 6.1) leads to 6.5.

for <= <= ( ) ⋅ ( ) = 0 ( ) = 4 0 ⋅ 2 (6.5)

Spherical capacity

The classic relation linking the charge held by a capacitor with the potential difference and its capacity is formulated in Eq. 6.6. The potential difference can be calculated by integrating Eq. 6.5 over the atmosphere radius, which leads to the formulation of the capacity as a function of the geometric parameters: Eq. 6.6.

= ⋅ = ( ) -( ) = ∫ = ( )d = 4 0 ⋅ ∫ = 1 2 d = 4 0 ⋅ 1 - 1 = ⋅ - 4 0 ⋅ ⋅ = 4 0 ⋅ ⋅ - (6.6)

Spherical resistance

The electrostatics equations used are not able to describe currents, hence do not take into account the atmospheric conductivity depicted in Fig. 6.1. The electrode-atmosphere resistance required to process the results can be retrieved from the relation between the electric resistance and the conductivity, formulated in Eq. 6.7 (ensues its formulation in the spherically invariant case).

= 1 ⋅  (6.7) d = - 1 4 2 d
By integrating the resistance over the atmospheric radius, the electrode-atmosphere resistance is retrieved (see Eq. 6.8).

Note that the relation exhibited in Eq. 6.12 is valid as long as Eq. 6.1 and the generalized Ohm law are used, whatever the geometry. Indeed, for any volume  containing the electrode the electrode, closed by the surface , one can always write Eq. 6.13.

= = ⋅ = (6.13)
Since if the total charge is entirely on the electrode, Eq. 6.14 is always true.

= ∯  ⃗ ⋅ ⃗ d (6.14) = ∭  ( )d (6.15)
Hence from the Maxwell's first law, Green-Ostrogradsky's theorem and Generalized Ohm's law we find Eq. 6.16.

= ∭  ⃗ ∇ ⋅ ⃗ d = ⋅ ∭  ⃗ ∇ ⋅ ⃗ d = 0 ⋅ ∭  ⃗ ∇ ⋅ ⃗ d (6.16)
And eventually Eq. 6.12 is demonstrated by re-injecting Eq. 6.16 in Eq. 6.13.

Electric field retrieval

The Level 2 processing detailed in § 5.2.3 requires and in order to compute , the potential of the atmosphere surrounding the electrode. The electric field however, requires another relation in order to be computed from . Given the isotropy of the electrode, the atmospheric potential "seen"' by it can be written as Eq. 6.18. With the additional assumption that the electric field is constant over the height ℎ -, ℎ + , the atmospheric potential can be considered equal to the potential at the electrode height and hence equal to the average electric field between = 0 and = ℎ (see Eq. 6.19). 

Electrode

(ℎ) = ℎ ∫ =0 -( )d (6.17) = 1 2 ⋅ + ∫ ℎ=- (ℎ + ℎ )dℎ (6.18) = (ℎ ) = -ℎ ⋅ (6.19) = 1 ℎ ⋅ ℎ ∫ =0 ( )d

Results for the Martian and Earth antenna design

The application of the formulae above, with the Micro-ARES electrode (see Fig. 7.1 and § 2.3) and the Earth electrode (see Fig. 7.6) are summarized in Tab. 6.1.

The application of this model for processing of the data gathered during the Saharan desert campaign (see Chap. 7) produces the results exhibited in Fig. 6.2 and 6.3. This is what was done initially during the first data analysis and resulted to data difficult to understand because the electric field is expected to increase in intensity (absolute value) when getting closer to the ground (see [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF][START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF].

In complete opposition to Occam's razor principle, complex interpretation involving inversion of the electric field had to be found in order to understand Fig. 6.2 and 6.3. The results exhibited in Chap. 7 were then processed with the electric-current model (see § 6.2) and appeared to be much more in accordance with the expected electric field. The processing with the electric-current model gives results more in accordance with the duststorm expected vertical electric field profile (the electric field get higher when getting closer to the ground [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF].

Discrepancies of the model

This isolated spherical capacitor model has the undeniable advantage of being simple and straightforward to apply, convenient for a quick system dimensioning. Nevertheless it bears many drawbacks:

• The electrode in this model is considered in "levitation" in the atmosphere (without mast) and far from any conductive object perturbing the surrounding atmosphere sphere (contained in the sphere). This would have been an acceptable hypothesis for the ExoMars 2016 lander if the electrode was located at the end of a long boom pointing out of the lander structure, similar to the ARES configuration (see § 2.3.1). But in the Micro-ARES configuration, the antenna is squeezed in between the DREAMS MetMast, the communication antenna and the hydrazine and helium tanks (see Fig. 6.4). In this context, even if the lander central bay top (the electrical ground) is located 24 cm below the electrode (and thus almost verifies >> since = 1,5 cm), the thick mast presence and deformations of the equipotentials around the lander invalidate the hypothesis of the isolated capacitor as well as the vertically constant electric field approximation. In the case of the desert antenna, since the electrode is located 50 cm above the ground and is 60 cm wide, the condition >> is clearly not respected, even if the electrode surroundings were cleared as much as possible from perturbation sources;

• The model is mainly based on the electrostatic Poisson equation and the generalized Ohm's law but both describe the atmosphere only, the instruments electronic properties and their influence on the atmosphere are not taken into account;

• The conductivity used to compute the electrode-atmosphere resistance is assumed to be uniform. However, the very principle of the relaxation probe (see § 2.2) is to collect positive and negative charges in the medium. This charge collection by conductive surfaces therefore leads to a modification of the atmospheric conductivity near the electrode, mast, lander, but also near the ground. Indeed, on earth the Ground conductivity is expected to be around 10 mS ⋅ m -1 , more than ten orders of magnitude larger than the atmospheric one [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF], which makes it a conductor in comparison to the atmosphere. On Mars it is more uncertain since the only measurement performed by Phoenix [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF]) only provides an upper limit of 2 ⋅ 10 -7 S ⋅ m -1 , which could lead to situations where the ground and atmospheric conductivities are similar.

Electric currents finite-elements modeling of the electrode

The electric current model presented here aims at compensating the inability of the isolated capacitor model to take into account the complex geometry of the lander surrounding Micro-ARES on the Schiaparelli lander or on any other spacecraft it could fly with in the future. Contrary to the isolated capacitor model, the calculations will not be conducted by hand, but with a numerical scheme (finite element). 

Electric currents equations

The equation system describing the system is similar to the one used in the isolated capacitor model (see Eq. 6.1), but completed with the general Ohm law and the charge continuity equation, in order to resolve the electric currents and take into account the atmospheric conductivity.

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ ⃗ ∇ ⋅ ⃗ = 0 ⃗ ∇ = -⃗ ⃗ = ⋅ ⃗ (Generalized Ohm law) + ⃗ ∇ ⋅ ⃗ = 0 (Charge continuity) (6.20)
Since this set of equations is able to deal with currents, the input properties of the instrument (resistance and capacity) can be modeled and coupled with the equation system above. The equations describing the electrical circuit of the instrument input are discussed in § 5.2.2.3. The sheath impedance terms present in Eq. 5.26 disappear since the sheath current is computed by integrating the total current entering the electrode from the medium, following Eq. 6.21 (a). This leads to the simplified formulation for the electric circuit: Eq. 6.21 (b).

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ (a) = ∬ ⃗ ⋅ ⃗ d (b) = + d d ⋅ + - d 1 d ⋅ + (6.21)

ELECTRIC CURRENTS FINITE-ELEMENTS MODELING OF THE ELECTRODE 165

This current integration is the equation which couples both models: the atmosphere and the instrument electronics one. It represents the "floating potential" of the electrode which can be understood with the following interdependence chain:

• The electrode collects a charge current from the medium;

• Depending on the electronic circuit, the electrode potential varies in consequence;

• The electrode potential variation induces a modification of the electric field around it;

• From the generalized Ohm law, the current collected by the electrode varies; we come full circle.

With this two coupled models, the absence of current description in the isolated capacitor model ( § 6.1) is not a problem anymore.

Finite elements modeling

The necessity to take into account the geometry surrounding the antenna -the other main issue in the model discussed in § 6.1 -cannot be solved by changing the equations systems, but by changing the resolution method. Indeed, with a numerical resolution instead of an analytical one, finite elements or finite volumes schemes will be able to handle the complex geometry of the lander (see Fig. 6.5).

For that purpose a third party finite-element solver was used for the equations resolution with various geometries (the EDM, the electric field chamber, the desert electrode or any other configuration): COMSOL Multiphysics. Further details about the simulation setup with this software are provided in Appendix C.

Geometry definition

The geometry for the Earth antenna (Chap. 7) or the Micro-ARES antenna outdoor or in the electric-field chamber (Chap. 3) were rather simple and were generated directly inside the COMSOL geometry builder.

The EDM geometry is much more complex and comes from a CAD model provided by ESA and Thales Alenia Space, the industrial in charge of the ExoMars 2016. The CAD model contained the main external elements of the lander, including all the screws, washers and brackets of the central bay (see Fig. 6.5(a)). Leaving it as it was would have made the meshing and solving far much more complex for little to no effect.

The first task was therefore to clean the model in order to leave only the main geometric features (see Fig. 6.5(b)). All the lander surfaces as considered to be at the same potential (0 V) since all the MLI sheets covering it were connected to the ground, a request made by the Micro-ARES team.

The lander position in the model in also of importance. For the following simulations, it was considered that the 20 cm thick honeycomb crushable material underlying the lander absorbed the landing shock and reduced its height by half. The lander 3D model was therefore shifted by 10 cm toward the ground. 

Electric field definition

Maxwell-Gauss equation (Eq. 6.20) shows that a non-vertically constant electric field is caused by a non-zero charge density in space. For this same reason, during dust storm, the vertical segregation of charged dust grains creates a locally non neutral atmosphere and hence a vertical electric field profile (see Chap. 1 and Chap. 7).

The naive approach to define an electric field in the finite-elements model definition would be to simply force the bottom (ground) and top boundaries of the domain to difference potentials and therefore create a constant electric-field in the medium. But in order to create non-constant electric field ( ) = ( ), more representative of what happens during dust storms, one can define a spatial charge density according to Eq. 6.22. The potentials at the top and bottom of the domain still require to be set in order to produce the desired electric field, following the same equation.

( ) = ( ) (6.22) = 0 ⋅ (ℎ ) = - ℎ ∫ =0 ( )d -( = 0) (6.23)

Model results and comparison with the isolated capacitor

The Earth antenna case

The electric-current (EC) model was the one used to process the data gathered during the Saharan desert test campaign. The result of this work, presented in Chap. 7, provides an extensive example of how the model is used to retrieve the sheath impedance -conductivity relation as well as to convert the measured electrode potential into an average electric field.

The results respectively produced by the isolated capacitor and electric current model, for the Earth antenna, are summarized in Tab. 6.2. Most of the error is actually done on the impedance retrieval. Since the antenna surroundings were cleared when it was used, the retrieval of the apparent electrode height as the mid-height of the electrode was a good guess. 

Micro-ARES antenna on the ExoMars EDM case

Sheath parameters retrieval The first parameters to retrieve is the "apparent height" of the electrode, ℎ , as defined in § 5.2.3. This parameters quantifies the field lines deformations around the instrument (and lander) and allows to understand what it does measures: On which height is the electric field averaged to produce ?. This is done by running a simulation similar to Fig. 6.6 but without any parasitic parameters. This ensures that = , as defined in § 5.2.3. The apparent height retrieved is ℎ = 35,45 cm.

Similarly to what is done in § 7.1.1, the sheath resistance is retrieved by evaluating the relay attenuation for various atmospheric conductivities, ranging here from 1 ⋅ 10 -9 to 1 ⋅ 10 -12 S ⋅ m -1 (see Fig. 6.8). The resulting ( ) are fitted with a hyperbola ( ) = 1∕ ⋅ (see Fig. 6.9(a));

the resulting geometric parameter is 0,1463 m. The sheath capacity is then retrieved by simulating a relaxation conductivity test (see Fig. 6.9(b)) and following § 5.2.2.3. The capacity can be retrieved through two formulas, with the peak height 0 or the relaxation time and they respectively give = 1,292 pF and 1,310 pF. Similarly to Chap. 7, the two values slightly differ due to simulations uncertainties and the averaged is taken:

= 1,30 pF.

We can note that since the formula ⋅ = 0 ∕ (see § 6.1) do apply, can be computed with this third way which does not require the relaxation simulation and gives the same value:

= 1,295 pF.

The results respectively produced by the isolated capacitor and electric current model, for the Micro-ARES antenna, are summarized in Tab. 6.3. The apparent height of the electrode for the isolated capacitor is its mid-height above the lander central bay1 : 25,5 cm. Contrary to the Earth electrode case, there is a large difference between the two models since in this case the electrode surroundings are not cleared at all.

Isolated capacitor model

Perturbation sensitivity

The sensitivity of the instrument regarding a perturbation from the surrounding surface can be assessed with the model. One of the potential perturbation was expected to come from the instruments mounted on the MetMast. Note that since the instruments were all shielded, this was unlikely to happen. A perturbation originating from the DREAMS-P instrument (see § 2.1.4) is simulated here. For this purpose, the instrument's surface was forced to a given potential and the corresponding electrode potential was extracted from the simulation (see Fig. 6.10).

The resulting perturbation, in this peculiar case, appears as bias on the measured electrode potential. With a conductive surface polarized by the electronic circuits of the lander (for any possible reason), the potential should remain below 28 V2 , and therefore the bias should remain below 0,6 V. But in the case of an insulator surface, any electrostatic charging might result in a potential up to hundreds of volts, hence leading to a bias of 2 V or even more.

The signal to noise ratio must be considered here and the impact of this bias depends on the amplitude of Martian atmospheric electric fields, both in far and dusty weather.

Remaining issues

The electric-current simulations presented here do correct the main drawback of the isolated capacitor analytical solution: the impossibility to describe a complex geometry. But the other points mentioned at the end of § 6.1 are still a potential issue for the simulations and hence data processing accuracy.

The principal concern is about the unperturbed atmosphere hypothesis and the strong implications it has on the spatial charge and the current collected by the electrode. Electrode potential (V)

Figure 6.11 -Simulation shown in Fig. 6.10 (a background electric field is present) ran for the perturbing potential ranging from -100 to 100 V. The resulting perturbation is a bias ranging from -2,1 to 2,1 V.

Toward a plasma approach of the atmosphere

Despite the good results obtained with the electric-current (EC) model with the data-processing of the Saharan desert test campaign (see Chap. 7), another physical approach has been followed in order to obtain model able to take into account the local perturbations caused by the electrode and more globally, by any conductive surface collecting the space charges. This was mainly motivated by the fact that the Martian atmosphere is rather different from the Earth one in terms of atmospheric chemistry, charge carriers density and electrical conductivity; These different conditions might lead to behaviors never observed on Earth both at the surface or in the stratosphere, even if the Earth stratospheric conductivity is expected to be close to the Martian one [START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF]. If so, the data processing of Martian Micro-ARES data through the EC model might lead to large errors and biased data interpretation.

The charge carriers in the atmosphere

The first necessary step in order to understand the atmospheric electricity and its behavior is to study the charge carriers content of this atmosphere: What are the species involved, what are their properties or how they are generated.

Charge carriers generation

On Earth, the main source of ionization close to the surface is the radioactive decay of elements 3 which Gamma radiation ionizes the first 200 m of the atmosphere (contribution up to ∼ 4 ⋅ 10 6 m -3 ⋅ s -1 ) and the decay of Radon 222 and 220 and their progeny, two isotopes respectively produced in the Uranium 238 and Thorium 232 decay chain and exhaling from 3 The elements are mainly Uranium 238, Thorium 232 and their progeny. Figure 6.12 -Atmospheric ionization rate on Mars calculated by [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF] for an averaged solar activity. The value near the surface is 4,16 ⋅ 10 6 m -3 ⋅ s -1 .

the ground, both alpha emitters that contributes to the ionization in the first kilometer (up to ∼ 3 ⋅ 10 6 m -3 ⋅ s -1 ) (see [START_REF] Harrison | Ions in the Terrestrial Atmosphere and Other Solar System Atmospheres[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF].

The last contribution near the surface is the Galactic Cosmic Rays (GCR) one, due to high energy particles which turn into ionizing "particle showers" in the atmosphere, hence decreasing in energy as they go deeper in the atmosphere. They contribute for less than 2 ⋅ 10 6 m -3 ⋅ s -1 near the surface but up to 50 ⋅ 10 6 m -3 ⋅ s -1 in the stratosphere (see O 'Brien 1970[START_REF] Arijs | Stratospheric ion chemistry: Present understanding and outstanding problems[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Velinov | Model for induced ionization by galactic cosmic rays in the Earth atmosphere and ionosphere[END_REF][START_REF] Sheel | Calculated production and loss rates of ions due to impact of galactic cosmic rays in the lower atmosphere of Mars[END_REF].

On Mars, due to the thin atmosphere, ionosphere and magnetosphere, the GCRs energy is not entirely deposed in the upper layers of the ionosphere and thus ionizes the entire atmospheric column (see [START_REF] O'brien | Calculated cosmic ray ionization in the lower atmosphere[END_REF][START_REF] Bazilevskaya | Cosmic Ray Induced Ion Production in the Atmosphere[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]) while Radon has a minor role in atmospheric ionization on Mars [START_REF] Meslin | Le radon, traceur géophysique de l'environnement martien : étude de son transport, première mise en évidence et développement d'une instrumentation pour sa mesure[END_REF]. GCR ionization variability is dominated by solar activity: the higher the solar activity, the higher the amount of solar energetic particles accelerated in the interplanetary and interstellar space.

Yet they are inversely related: The solar particles, less energetic than GCRs, are deviated or absorbed by planetary magnetospheres and upper-ionospheres (even with the thin Martian one, see § 1.2.6) and thus only contribute for a small part to ionization of the lower ionosphere; However, when accelerated in the Sun's magnetosphere, they interact with the interstellar particle fluxes, like GCRs, and help stopping or deviating them, hence the inverse relation (see [START_REF] Bazilevskaya | Cosmic Ray Induced Ion Production in the Atmosphere[END_REF][START_REF] Harrison | Vertical profile measurements of lower troposphere ionisation[END_REF].

For the Martian case, the vertical ionization profile we will use was computed by [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF] and is presented in Fig. 6.12. It was obtained for an averaged solar activity using the calculation code provided by [START_REF] O'brien | Calculated cosmic ray ionization in the lower atmosphere[END_REF]. The Earth cases presented below are based on an ionization rate of 1 ⋅ 10 7 m -3 ⋅ s -1 at the surface based on the assumption made above.

The ion produced in majority in the Martian lower atmosphere by GCR ionization is due to the abundant carbon dioxide: CO + 2 (see [START_REF] Witasse | Prediction of a CO 2 2+ layer in the atmosphere of Mars[END_REF][START_REF] Molina-Cuberos | Ion-neutral chemistry model of the lower ionosphere of Mars[END_REF]. Other species such as N + and Ar + are also formed but in a minor proportion [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF].

According to the presence of electrophile, oxygen being one of the strongest, the electrons will react more or less to form the negative ions population (see [START_REF] Bruhwiler | Particle-in-cell simulations of plasma accelerators and electronneutral collisions[END_REF][START_REF] Molina-Cuberos | A model of the martian ionosphere below 70 km[END_REF][START_REF] Molina-Cuberos | Ion-neutral chemistry model of the lower ionosphere of Mars[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF].

The other sources of electrons is photo-detachment on aerosols end negative ions by UVs reaching the lower atmosphere (see [START_REF] Gunn | Diffusion charging of atmospheric droplets by ions, and the resulting combination coefficients[END_REF][START_REF] Feuerbacher | Experimental Investigation of Photoemission from Satellite Surface Materials[END_REF][START_REF] Grard | Solar Photon Interaction with the Martian Surface and Related Electrical and Chemical Phenomena[END_REF][START_REF] Molina-Cuberos | Meteoric ions in the atmosphere of Mars[END_REF][START_REF] Michael | Numerical predictions of aerosol charging and electrical conductivity of the lower atmosphere of Mars[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF].

Charge carrier species

Below 70 km, the produced ions and electrons produce a chain of reactions involving O, O 2 , O 3 , H 2 O and photo-detachment on ions in order to ultimately form the two most abundant positive and negative ions populations: H 3 O + (H 2 O) and CO - 3 (H 2 O)4 . Such cluster ions are formed when the polarized H 2 O are attracted by the charged ions (see [START_REF] Molina-Cuberos | A model of the martian ionosphere below 70 km[END_REF][START_REF] Molina-Cuberos | Ion-neutral chemistry model of the lower ionosphere of Mars[END_REF][START_REF] Harrison | Ions in the Terrestrial Atmosphere and Other Solar System Atmospheres[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF], the most abundant clusters are Arijs 1992 H 3 O + (H 2 O) 4 and CO - 3 (H 2 O) 2 , according to [START_REF] Molina-Cuberos | Ion-neutral chemistry model of the lower ionosphere of Mars[END_REF]. On Earth, due to human activities and a subsequently more complex chemistry taking place in the troposphere, the ion population is (most abundant species): [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Harrison | Ions in the Terrestrial Atmosphere and Other Solar System Atmospheres[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF]).

H 3 O + (H 2 O) , NH + 4 (H 2 O) , NO - 3 (HNO 3 ) , NO - 3 (HNO 3 )H 2 O and HSO - 4 (H 2 O) (see

The balance equation
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24) The ions formation and destruction processes can be summarized by the balance equations presented in Eq. 6.24 ((a), (b), (c) and (d)) where + , -and are respectively the positive ions, negative ions and electrons densities, and the aerosols holding a charge density (from [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]. The right-hand terms are the production and loss rates:

• The term stands for the GCR ionization (see above);

• The green terms represent the positive-negative ions and positive ions-electrons recombinations, which is always a loss term. The coefficients are computed according to Arijs 1992 (see [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF] for more details);

• The purple terms account for the charge carrier-aerosol attachment, a loss term for charge carriers. The attachment coefficients are computed according to [START_REF] Gunn | Diffusion charging of atmospheric droplets by ions, and the resulting combination coefficients[END_REF], Hoppel 1985[START_REF] Hoppel | Ion-Aerosol Attachment Coefficients and the Steady-State Charge Distribution on Aerosols in a Bipolar Ion Environment[END_REF];

• The blue term stand to the ion-neutral reaction with the oxygen-based electrophile species. While it is a loss term for electrons, it is obviously a production term for negative ions. The coefficients calculation is detailed in [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]. terms stand for the number density of the neutral species (O, O 2 , O 3 or the atmosphere);

• The orange terms represent the photo-defacement reactions on aerosols and negative ions. The coefficients are calculated by [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF].

When completed with the charge neutrality equation (e) and conservation of the total aerosol density (f), Eq. 6.24 allows to retrieve the vertical density profile of each one of these species5 , as shown in Fig. 6.13.

Electrons at the Mars surface

The resulting electron densities (see Fig. 6.13, in day and night cases) at Mars's surface might seem negligible compared to the ions densities6 and might lead one to think that the electronic term could be neglected. But the densities alone are not enough to evaluate the importance of a charge carrier. Indeed, the atmospheric conductivity due to the presence of a charge carrier is: = ⋅ ∕ , where is the number of elementary charges carried and the electrical mobility of the charge carrier species.

NOTE

The electrical mobility, as defined here, always carries the electrical charge of the charge carrier and is therefore related to the drift speed ⃗ of the charge carrier when immersed in an electric field ⃗ as defined in Eq. 6.25.

⃗ = ⋅ ⃗ (6.25) ⃗ = ⋅ ⃗
The calculation of the mobilities of ions and electrons at the Martian surface conditions7 following [START_REF] Meyerott | The mobility and concentration of ions and the ionic conductivity in the lower stratosphere[END_REF] 

shows that | | ± | | ≈ 2 ⋅ 10 -2 m 2 ⋅ V -1 ⋅ s -1 while | | | | ≈ 7
,2 SI, hence an electrons mobility almost 3 orders of magnitude larger than the ions one. The contribution to the negative conductivity ( = -+ ) of the electrons is therefore comparable to the one of negative ions by night and even dominant during the day.

As shown in § 6.3.4, electrons must indeed not be neglected in the Martian case and are expected to be responsible for enhanced sheath effects id est charges collection by the electrode and other absorbing walls, perturbation of the conductivity near the ground and electrode (see § 6.3.4).

Electrons in the Earth's atmosphere

At the Earth's surface, the density term 2 is 7 orders of magnitude larger than on Mars. Hence, the equation leads to an electron density in the Earth atmosphere which is almost 10 orders of magnitude lower than the ions one; with such concentrations ratio, the electrons contribution to the atmospheric conductivity becomes indeed negligible.

The electron concentration below 50 km is therefore not taken into account in the Earth atmosphere (see [START_REF] Hoppel | Theory of the electrode effect[END_REF][START_REF] Volland | Atmospheric Electrodynamics. CRV[END_REF][START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF]. What happens is "visible" in the balance equation: The neutral and particularly O 2 density is so high that the electrons, react with immediately after their production by GCRs.

Eq. 6.24 is therefore simplified in the Earth case since the electrons disappear. Their production terms and ∑ =0 substitute to the chemical production term of negative ions + 2 2 + 3 3 and eventually lead to Eq. 6.26.
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This electron absence is valid up to 50 km, which implies that balloon measurements of the atmospheric electric field with relaxation probes as well as atmospheric conductivity probing in the Earth's stratosphere [START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF], never "saw" the effects of a dominant electrons conductivity; even if the atmospheric conductivity is comparable to the one expected on Mars (∼ 1 ⋅ 10 -10 S ⋅ m -1 ).

Plasma model equations

Which model?

The determination of the charge carrier content of the atmosphere was the first step in order to model the atmosphere as a plasma. The second one is therefore to find which type of plasma model will be used in order to describe how charge carriers behave around the electrode when influenced by an electric and magnetic field and colliding with the neutral background but also between each other. The paradigms to describe a plasma are fairly diverse, from the Vlasov equation, describing the plasma through a distribution function in momentum and position, to the magnetohydrodynamic (MHD) approach, considering it as a conductive fluid interacting with both magnetic and electric fields. Purely numerical methods, like Particle-In-Cell (PIC) and Monte-Carlo methods can also be employed in order to solve the plasma behavior, according to the computational feasibility.

The plasma description is made more complex in this case by the interaction of the probe with the plasma and the subsequent charge collection by the electrode or the violation of global charge neutrality hypotheses. [START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF] identifies 3 parameters which determine in which physical domain the plasma probe (the Micro-ARES electrode in our case) is operating and thus which approach should be used:

• The main domain size of the probe: . Typically, the electrode radius when dealing with a spherical probe, 3 cm in this case;

• The mean free path of the charges carriers in the medium: . This average distance crossed between two collisions is limited by the collisions with other charge carriers >> 1) is used to describe space plasmas and can be simulated with PIC methods of Vlasov's equations and its simplifications. The continuum probe regime (inspired by [START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF]).

-as expected in a magnetohydrodynamic description for example -but also, and in majority, with neutrals in the case we are considering -since their density is roughly 15 order of magnitude larger than the ions one;

• The Debye length , the distance over which a charge is "shielded" by the plasma surrounding it. The Debye length is also comparable, in this case, to the size of the domain around the electrode in which the charges are collected.

The choice between the different approaches according to these parameters is illustrated by the 3D diagram in Fig. 6.14. The main regime difference is determined by the Knudsen number = ∕ . The charge carriers mean-free path can be retrieved from their electrical mobilities (see above) with Einstein's relation and the relation between the mean free path and the diffusion coefficient (see Eq. 6.27).

= (Einstein's relation) (6.27)

= 1 3 ℎ ℎ = √ 3 2
From the electrons and ions mobilities mobilities 8 in the Martian conditions we can derive the mean path 9 : ≈ 7 µm. Under Earth conditions 9 Only one value is given since the mean free paths for electrons and ions both have the same order of magnitude et al. 2008, as stated above, only ions are considered) and the subsequent mean free path is even shorter: ≈ 6 ⋅ 10 -2 µm. Since = 3 cm the Knudsen number is far below 1 in both cases ( ≈ 2 ⋅ 10 -4 at the Mars surface and 2 ⋅ 10 -6 on Earth). According to Fig. 6.14 and Chung et al. 1975, the Micro-ARES electrode configuration the Martian and Earth atmosphere is in the "continuum probe" approximation.

± ≈ 1,2 ⋅ 10 -4 m 2 ⋅ V -1 ⋅ s -1 (see Rycroft 8 ≈ -7,2 m 2 ⋅ V -1 ⋅ s -1 and ± ≈ 2 ⋅ 10 -2 m 2 ⋅ V -1 ⋅ s -1 .
= √ √ √ √ √ 0 2 + 2 + + + + 2 - - - (6.28)
The Debye length is computed after Eq. 6.28, with the ions terms dropped in the Martian case [START_REF] Hutchinson | IEEE Guide for the Measurement of DC Electric-Field Strength and Ion Related Quantities[END_REF] and is ≈ 10 cm on Mars and ∼ 3 cm on Earth. These values, comparable to the electrode size, place the Micro-ARES probe in the so-called "intermediate sheath" regime [START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF]).

The plasma model describing best this case is the Continuum plasma theory, or Electrohydrodynamic (EHD), a simplification of the broader Magneto-hydro dynamic where the magnetic term is ignored. This theory and its application to Langmuir probes and conductivity probes like Micro-ARES is widely discussed in [START_REF] Su | Continuum Theory of Spherical Electrostatic Probes[END_REF][START_REF] Cicerone | Theory of Ion Collection by a Stationary Electrostatic Probe[END_REF], where it was first developed and in a whole genealogy of publications that followed: [START_REF] Blue | Diffusion of Electrons in a Scattering Medium[END_REF][START_REF] Bienkowski | Asymptotic Theory of a Spherical Electrostatic Probe in a Stationary Weakly Ionized Plasma[END_REF][START_REF] Baum | Theory of a spherical electrostatic probe in a continuum gas -An exact solution[END_REF], Baum et al. 1971[START_REF] Barad | Continuum theory of spherical electrostatic probes in a stationary, moderately ionized plasma[END_REF][START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF][START_REF] Chang | Probe theory for arbitrary shape in a large Debye length, stationary plasma[END_REF], Chang et al. 1976[START_REF] Chang | Double-probe theory for a continuum low-density plasma[END_REF] or more recently [START_REF] Bektursunova | Asymptotic theory of spherical electrostatic probes in large Debye length plasmas containing negative ions[END_REF][START_REF] Bartos | Fluid Modelling of Plasma Behaviour in the Vicinity of Planar and Cylindrical Probes[END_REF][START_REF] Bartos | Multidimensional Fluid Modelling of Low-temperature Argon Plasma[END_REF][START_REF] Patacchini | Continuum-plasma solution surrounding nonemitting spherical bodies[END_REF].

Most of the work done in the cited publications concerns the finding of an exact solution to the continuum-plasma (CP) problem, the development of mathematical variable changes in order to numerically solve the equations (despite the limited computing power and the huge gradients generated by the boundary conditions see below), find solutions for peculiar geometries, resolve what is happening in transition zones like the sheath or justify the boundary conditions.

The model applies for the understanding of both the data produced by conductivity and Langmuir probes: [START_REF] Blue | Diffusion theory for the spherical Langmuir probe[END_REF][START_REF] Chen | Langmuir probe analysis for high density plasmas[END_REF][START_REF] Sternovsky | Ion collection by cylindrical probes in weakly collisional plasmas: Theory and experiment[END_REF][START_REF] Bryant | Floating potential of spherical probes and dust grains in collisional plasmas[END_REF][START_REF] Hassouba | Analysis of cylindrical Langmuir probe using experiment and different theories[END_REF][START_REF] Sánchez-Arriaga | Direct Vlasov simulations of electronattracting cylindrical Langmuir probes in flowing plasmas[END_REF]; This makes perfect sense since both the conductivity/impedance and Langmuir probes work the same way, by having their potential forced and the current collected measured, while Micro-ARES has its potential and current left floating, ideally at the = 0 point of a Langmuir probe.

This modeling was used, more recently by [START_REF] Godard | Electrostatic Fluid Structure Interaction ( EFSI ) on the Huygens Experiment[END_REF], Molina-Cuberos et al. (2010b) and Molina-Cuberos et al. (2010a) in order to analyze the data produces by the relaxation probe that flew with the Huygens spacecraft and measured the conductivity of the upper atmosphere of Titan.

The continuum-plasma approach equations

The equation governing the charge carriers' behavior in the Continuum-plasma approach is the Diffusion-convection equation, as formulated in Eq. 6.29. In the weekly ionized and highly collisional plasma 10 , the diffusion and mobility terms (in the flux equation, Eq. 6.29 (d)) of the fluid formulation are due to the collisions with the neutral background. This equation could also be understood as a simplification of the Vlasov equation, where all the charge carriers are thermalized 11 at the atmospheric temperature and the magnetic term (proportional to ∕ ) is dropped [START_REF] Persson | Inertia-Controlled Ambipolar Diffusion[END_REF].
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The right terms of the three continuity equations (Eq. 6.29 (a),(b) and (c)) are the sourcesink terms inherited from the balance equations (see Eq. 6.24 and Eq. 6.26) discussed in § 6.3.1. The formulation showed here is simplified since the aerosol density is solved at a given altitude and under given temperature, pressure and radiation conditions, hence the charge distribution of aerosols is considered as constant for a given study case and represented by the term -+ . For the same reasons, the electron-neutral reaction term is simplified to the constant in the Martian case, while the Earth case is simplified even more by the removal of the electrons and the replacement of the electron-neutral term by + Γ . The diffusion and mobility values for each species are determined according to Einstein's relation (see Eq. 6.27) and the mobility values (see § 6.3.1, [START_REF] Meyerott | The mobility and concentration of ions and the ionic conductivity in the lower stratosphere[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF] for the Earth values and [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF] for the Martian ones).

But the difficulty inherent to this EHD modeling proceeds from the electrostatic equation which closes the system: Eq. 6.30. It tightly links the convection term (which speed is ⋅ ⃗ ) to the very density of the species which are convected, making the whole system non-linear.

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ = + + --- ⃗ ∇ ⋅ ⃗ = 0 ⃗ ∇ = -⃗ (6.30)
The coupling equation with the electric circuit is the same as the one used in the EC model (see § 6.2), except for the formulation of the current entering the electrode (see Eq. 6.31). Indeed, the flux formulation for each species (see Eq. 6.29 (d)) allows the computation of the current due to each species.

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ = ∬ ⋅ ⃗ + -⃗ --⃗ ⋅ ⃗ d = + d d ⋅ + - d 1 d ⋅ + (6.31
) 11 The thermalization is due to the large collision rate with neutrals.

The boundary conditions used when solving the system are summarized in Eq. 6.32. The = ∞ correspond to values "far from the electrode", at the top of the atmosphere domain for example.

values are computed using the balance equations of the charges carriers while the electric field is set to a given value (fair-weather or dusty weather electric-field). The potential at "conductive" surfaces (in the sense that their conductivities are orders of magnitude larger than the atmospheric one) can either be forces (0 V at the landers surface for example) or proceed from the floating potential coupling.

The charge carriers density at these surfaces, = 0 is a boundary condition that is discussed further in § 6.3.3 since it requires some justification. It constitutes the second difficulty when solving this problem since it induces strong density gradients, typically from 0 to ∼ 10 10 m -3 in a few centimeters (the sheath), which must be carefully handled when using numerical resolution. If these differences occur over a short space domain, very strong gradients can be encountered, another source of instability.

At = ∞ = ∞ = ∞ (6.32) At a conductive surface = 0 m -3 = At the electrode surface = 0 m -3
Floating potential equation (Eq. 6.31)

The sheath

The sheath corresponds to the transition zone between the electrode -and in a broader sense, any surface considered as an electric conductor with regards to the atmosphere, where the charge carriers' densities are very small, and the unperturbed medium, where the densities12 are large. This region is non-neutral, contrary to the unperturbed medium.

Most of the modeling work on sheaths concern high density plasmas produced in laboratories or weakly collisional plasmas encountered in the planetary exospheres by spacecrafts (see [START_REF] Kist | Ion sheath effects on RF plasma probes-Experimental results in laboratory plasmas[END_REF][START_REF] Valentini | Modelling of sheaths, presheaths, currentvoltage characteristics and double probes in low-pressure plasmas in coaxial and concentric geometries[END_REF][START_REF] Hershkowitz | Sheaths: More complicated than you think[END_REF], Chen 2006[START_REF] Oksuz | First Experimental Measurements of the Plasma Potential throughout the Presheath and Sheath at a Boundary in a Weakly Collisional Plasma[END_REF]and Oksuz et al. 2005). These studies aim at understanding the behavior of the plasma around the Langmuir probes used to study it. However, even if the study cases are diverse, they share the same electrical equivalent description of the sheath we used previously (with the EC model for example): an impedance composed or a capacitor and a resistor in parallel. The boundary condition = 0 m -3 is also shared by these different descriptions of plasma sheaths.

No peculiar modeling of the sheath is required with the Continuum model presented above. Indeed, the sheath behavior is expected to appear when properly modeling the electrode and the medium around it, due to the boundary conditions specified.

The absorbing wall boundary condition

The absorbing wall boundary condition, = 0 m -3 , requires some justification since it is alternatively presented as an exact condition 13 or an approximation 14 . The difficulty in understanding this boundary condition in the Continuum approach is due to the Dirichlet formulation 15 , while a volume density is usually apprehended as something indeed in a volume and through Neumann boundary conditions 16 .

A purely mathematical approach of the diffusion-convection [START_REF] Szymczak | Boundary conditions for stochastic solutions of the convection-diffusion equation[END_REF]) states that the boundary condition for a perfectly absorbing wall is indeed = 0. The approximation stated by [START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF] might therefore proceed from a non-perfect behavior of the metallic surface of the electrode.

Following [START_REF] Feynman | The Feynman Lectures on Physics; Vol. I[END_REF], one can retrieve the diffusion-convection equation from a macroscopic approach (see Fig. 6.15). We will try to justify the = 0 boundary condition using this approach. In Fig. 6.15 (a) two adjacent volumes are considered, filled with particles moving all moving at one thermal speed ℎ, isotropically. In Eq. 6.33, d is the amount of particles crossing the boundary between and + Δ from left to right and ( ) the probability of a particles located at a distance from the wall to do so (a simple Monte-Carlo simulation proves this formula). Given Δ and the thermal speed ℎ , the maximal distance is as formulated in Eq. 6.33 ( ( ) as formulated here is an approximation, assuming no collisions occur between and + Δ ).

d = ⋅ ( ) ⋅ ⋅ d (6.33) ( ) = - 2 = ℎ ⋅ Δ
Eq. 6.34 shows the resulting fluxes Γ and Γ , respectively resulting from the left and right cells, and the total flux Γ crossing the boundary (NOTE: all the values are algebraic with ⃗ ).

Γ = ⋅ 2Δ ⋅ ⋅ ∫ =0 -d (6.34) Γ = 1 4 ⋅ ℎ ⋅ Γ = - 1 4 ⋅ ℎ ⋅ Γ = Γ + Γ Γ = 1 4 ⋅ ℎ ⋅ ( - )
13 See [START_REF] Su | Continuum Theory of Spherical Electrostatic Probes[END_REF][START_REF] Cicerone | Theory of Ion Collection by a Stationary Electrostatic Probe[END_REF] and all the work based on them, e.g. [START_REF] Patacchini | Continuum-plasma solution surrounding nonemitting spherical bodies[END_REF], for the BC presented as exact.

14 See [START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF][START_REF] Chang | Probe theory for arbitrary shape in a large Debye length, stationary plasma[END_REF][START_REF] Persson | Inertia-Controlled Ambipolar Diffusion[END_REF], for the BC presented as an approximation 15 In a Dirichlet BC formulation, values are considered at a point or a surface. 16 In a Neumann BC, fluxes through surfaces or point limits are considered. Figure 6.15 -Diffusion-convection formulation retrieval with a macroscopic approach. is the distance between a particle in Brownian movement at the speed ℎ and the "wall" between two adjacent media.

The maximal Δ that makes sense here is Δ = ℎ with the mean free path of particles, otherwise the probability formulation above becomes less and less accurate (collisions start to happen), hence = . The gradient (following [START_REF] Feynman | The Feynman Lectures on Physics; Vol. I[END_REF]) is formulated as in Eq. 6.35, which leads to the classic Fick's diffusion equation formulation.

Note that the 1 ⁄2 coefficient is expected to be 1 ⁄3 in 3D. The difference is probably due to the approximation made in the probability formulation (see Eq. 6.33).

∇ = - 2 ⋅ (6.35) Γ = - 1 2 ℎ ⋅ ∇ = -⋅ ∇ = 1 2 ℎ
A drift force represented by the electric field ⃗ in Fig. 6.15 (b) and (c) is added. The resulting drift speed = ⋅ ⃗ appears and with Δ = ∕ ℎ , the resulting maximum distances and wall-crossing probabilities are formulated in Eq. 6.36 (the probabilities are also based on the assumption that no collisions occur between and + Δ ).

= Δ ⋅ ( ℎ + ) (6.36) = Δ ⋅ ( ℎ -) ( ) = - 2Δ ⋅ ℎ ( ) = - 2Δ ⋅ ℎ
With the same calculations used in the drift-less case, one retrieves the diffusion-convection equation formulation (see Eq. 6.37) (the 1 ⁄2 versus 1 ⁄3 difference is still present).

Γ = 1 4 ⋅ ℎ ⋅ ( - ) + 1 2 ⋅ ⋅ ( + ) = -⋅ ∇ + (6.37)
The absorbing wall boundary condition is therefore depicted by Fig. 6.15(c). In this case the total flux Γ crossing the boundary can only be leftward, hence Γ = Γ = Γ . This is equivalent to Eq. 6.37, but with an imaginary cell whose density is = = 0. The expression of the Dirichlet boundary condition requires the use of such imaginary cell named "Ghost cell" and leads the boundary condition at the wall which is a linear interpolation of the ghost cell and boundary cell densities: Eq. 6.38.

= ⋅ + ⋅ + = ⋅ + (6.38)
However, this boundary condition should remain independent from the space and time discretization chosen.

= 0 is always true whatever value is taken, hence the simplification in Eq. 6.38; this is easily understood since the flux from within the wall is always null (except Collected currents (fA)

(b) ∞ = 1 V Figure 6
.16 -Electrode potential and collected current against the positive ions boundary condition, as a fraction of the positive ions density in the unperturbed medium. This simulation was ran for a simple concentric geometry with a 3 cm wide spherical electrode at the center 1 m wide spherical medium whose boundary was forced to 0(a) and 1 V(b). The electrode is connected to the ground (0 V) through a 10 14 Ω resistor. The impact on the electrode potential is of the order of magnitude of milli-volts and independent of the medium potential.

for electrons when dealing with secondary emissions and photo-electricity, this is discussed further in § 6.3.6) or alternatively the fact that the ions and electrons charge carriers do not "exist" in the electric conductor, at least not in the same state as they do in the atmosphere.

The consequence is that the boundary density cannot actually be exactly zero, since according to Eq. 6.38 = 0 ⇒ = 0 and = 0 would imply that no flux can cross the wall, according to the flux formulation Eq. 6.37, which is absurd. However, since is limited by Δ , whatever one can always take so that ∕ → 0 hence → 0. The approximation on the boundary condition value therefore appears as a convergence to zero rather than a strict equality, therefore a very small value. This result is similar to the one demonstrated in [START_REF] Chang | Double-probe theory for a continuum low-density plasma[END_REF] except that the transition from ← 0 to = 0 should be addressed very carefully. Simulations using the plasma model above show little to no effect in the total flux at the electrode (and the subsequent current and electrode potential) when changing the boundary condition = 0 to a = boundary condition (see Fig. 6.16).

We will therefore consider the = 0 boundary condition at the absorbing wall as an acceptable approximation for our simulations. The actual value has been bounded17 by [START_REF] Persson | Inertia-Controlled Ambipolar Diffusion[END_REF] to an indeed very low value but in a diffusion without convection case.

Particle-in-cell (PIC) simulations might be an adequate approach in order to unravel this approximation which has been used in the plasma scientific community for the past fifty years (see § 6.4 for further discussion).

The "electrode effect" above the surface

The "electrode effect" is an equivalent term for the sheath, the perturbation of the charge carriers densities and a subsequent non-null space charge due to the charge carriers' absorption by the electrode. This naming is usually associated to the planetary surface electrode behavior in the literature (see Chalmers 1966a, Chalmers 1966b, Chalmers 1967[START_REF] Hoppel | Theory of the electrode effect[END_REF]. The expected result of the sheath above the ground surface is a variation in conductivity and hence measured atmospheric potential, with regards to the conductivity (charge carriers density) and atmospheric potential above this ground sheath. This is actually the simplest simulation that can be ran with the plasma model: a 1D simulation above the ground. Fig. 6.17 depicts the model setup used to run these simulations with the top BCs set to the values in the unperturbed medium and the ground charge carriers density set to zero.

This simulation was also used to study the effect of a poorly conductive ground, an eventuality on Mars [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF]): The ground is considered as a 10 m layer with a uniform conductivity 2 ⋅ 10 -9 S ⋅ m -1 [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF]. Its bottom is at the ground potential = 0 V, supposedly in contact with a good conductor layer, subsurface ice for example. The top boundary of the ground is therefore at a floating potential, depending on the current collected from the atmosphere. Of course, a poorly conductive ground might lead to think that the attachment probability or charges to the ground is not 1 anymore (the perfect sink, see [START_REF] Persson | Inertia-Controlled Ambipolar Diffusion[END_REF] but in the absence of any relation between the ground resistance and its attachment capability, we will keep the = 0 BC.

For the Earth case, where the ground is expected to be a good conductor regarding the atmosphere (see [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF], the simulation was simplified, with the atmosphere-ground BC set at 0 V directly.

The simulations results for Martian day and night cases are shown in Fig. 6.18 (vertical electric field profiles) and 6.19 (vertical conductivity profiles) meanwhile the result for the Earth case (without photoelectric effect, the UVs are considered filtered by the atmosphere) are shown respectively in Fig. 6.20 and 6.21. More detailed results such as density profiles of each charge carriers and ground surface potential are provided in § D.1.

Note that the results shown proceed from simulation and do not take into account phenomena expected in reality that should limit the effects exhibited (see § 6.3.4.3).

Electrode effect enhancement in the Martian atmosphere

The first noticeable characteristic is the enhancement of the effect on Mars compared to Earth. Indeed, even with rather low electric fields (‖3 V ⋅ m -1 ‖), the electrode effects extends to several tens to hundreds of meter above the ground, while the electric field amplitude near the ground is multiplied by a factor up to 80 in some cases (see Fig. 6.18 (b)). On the contrary, in the Earth case, even with electric fields up to hundreds of volts per meters, the electrode effect is contained in the first five meters (as shown is Chalmers 1966a).

One can notice that the height at which extends the electrode effect (for a given polarity), is proportional to the electric field in the unperturbed medium; In other words, when the = 1 V ⋅ m -1 at night, the ground sheaths extends up to 2 m, then 20 m when = 10 V ⋅ m -1

and 100 m when = 1 V ⋅ m -1 . Of course when = 0 V ⋅ m -1 , no electrode effect is visible, since the charge carriers collection by the ground occurs only through diffusion (the
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Plasma modeling

Electrostatic modeling Figure 6.17 -Plasma model setup with conductive ground convective term due to ⃗ being null). This electric-field dependence of the sheath height is also clearly illustrated by the density profiles shown in § D.1. Since the densities of charge carries are similar on Earth and Mars (expect for the electrons disappearance), the cause of this electrode effect enhancement is the increased electrical mobility on Mars as well as the presence of electrons, which also introduce a positive-negative conductivity asymmetry, reinforced by day due to the even larger electron density (see § 6.3.1).

The consequence of the electrode effect on Mars, if no damping phenomena counterbalances it (see § 6.3.4.3), would be a measured fair-weather electric field larger than the actual one (in the unperturbed domain) and an apparent medium conductivity lower than the actual one. Eventhough the fair/weather current would be conserved and could still be retrieved (thanks to the generalized Ohm law, ⃗ = ⃗ ), the conductivity measurement and therefore the constraining on the atmospheric chemistry would be biased.

Asymmetric behavior when electrons are non-negligible

The second noticeable phenomena, mentioned above, is the asymmetric behavior of the electrode effect on Mars with regards to the electric field direction and the positive/negative conductivity.

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 Electric field (V/m) Figure 6.18 -Electrode effect above the Martian ground for various electric fields specified at the top of the domain (the unperturbed medium) and day-night conditions: The electricfield close to the ground is affected by the charge carriers' collection. The plasma parameters (mobilities, densities, etc.) come from Cardnell et al. 2016 and discussed in § 6.3.1. Note that the electric field values were kept low, higher values led to convergence issues and thus required extremely fine meshing). The electric-field close to the ground is affected by the charge carriers collection. The plasma parameters (mobilities, densities, etc.) come from [START_REF] Meyerott | The mobility and concentration of ions and the ionic conductivity in the lower stratosphere[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF]and Harrison et al. 2008 and were discussed in § 6.3.1. No day/night distinction was made since the aerosols were removed and no UV photo-detachment effect is expected. This effect is both visible in the electric field profiles (see Fig. 6.18 and 6.20), in the conductivity profiles (see Fig. 6.19 and 6.21) but also in the surface potential (for the Martian case only, see § D.1.2) and the charge carrier density profiles (see § D.1).

The asymmetry effect is visible in both the Martian day and night cases (see Fig. 6.18 right): When the electric field is negative, the electric field increase when getting closer to the ground is larger than when the electric field is positive, by a factor ∼ 2 by night and almost 7 by day. It can be explained by the higher mobility of negative charge carriers, in average, compared to positive ones.

Indeed, when the electric field is negative (pointing downward), negative ions and electrons are pushed upward more easily than positive ions are pushed downward. Since there is not "top limit" for negative charges, the sheath is efficiently depleted of them. When the electric field is positive, the negative charge carriers are also mobilized more easily than positive ones, but pushed downward and thus curtailed by the ground, whereas the positive ions are pushed upward but less easily, hence they leave less efficiently the sheath, which leads to a smaller electric field enhancement in it.

Since during the day, the proportion of electrons among the negative charge carriers is higher, they are in average even more mobile, which leads to, an enhancement of the effect explained above.

One can also note that the sheath thickness in day and night cases is the same (for equal electric fields) when the electric field is negative, while is larger by day when the electric field positive (see Fig. 6.18).

The electrode effect damping

The simulations presented above, in both the Earth and Mars cases, do not take into account several phenomena which, in reality, curtail the electrode effect and the subsequent electric field and conductivity perturbations.

For the Earth case, for example, the ionization rate was supposed uniform along the height (1 ⋅ 10 7 m -3 ⋅ s -1 , see [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF]) meanwhile it is expected to be higher closer to the ground, due to the subsurface radioactive decay radiation and to radon and thoron exhalation [START_REF] Meslin | Le radon, traceur géophysique de l'environnement martien : étude de son transport, première mise en évidence et développement d'une instrumentation pour sa mesure[END_REF]. Chalmers (1967) shew that the height dependence of the ionization rate tends to limit the electrode effect, in accordance with the observations which do not show such a strong variation of the electric field close to the ground (see Chap. 7).

The other phenomenon limiting the electrode effect is the eddy mixing close to the surface, due to simple convection of wind turbulence due to the ground roughness. This phenomena is discussed in [START_REF] Hoppel | Determination of eddy diffusion coefficients from atmospheric electrical measurements[END_REF][START_REF] Latham | Comment [on "Determination of eddy diffusion coefficients from atmospheric electrical measurements[END_REF], Latham et al. 1972[START_REF] Willett | The turbulent electrode effect as influenced by interfacial ion transfer[END_REF][START_REF] Kulkarni | Vertical profiles of atmospheric electric parameters close to ground[END_REF] which shows that this mixing indeed limits the effect, by compensating with convective transport (due to the air speed) the charge carriers depletion or addition near the ground.

Model applications

The model presented here is of course incomplete (photo-electricity and secondary emissions are not simulated or the ions are reduces to only two species for example) and like every model an approximation of reality In order to ensure it is more accurate than the previous model (Electric-current, see § 6.2), this new model has to be tested against experimentation.

For this purpose, we will present the simulation results for two case where experimental results can be used are references:

• First the electric field chamber presented in § 3.1.3, where the atmosphere is ionized with radon (see Appendix B);

• Second a simulation of an "ionization chamber", a device meant to determine the radioactivity levels by measuring the ionization rate created ionizing radiations.

The electric field chamber

The electric field generation chamber and the atmosphere ionization experimental setup presented in § 3.1.3 and Appendix B can be simulated with both the CP and EC model. However, the plasma model equation presented in Eq. 6.29 needs to be simplified first. Indeed, no aerosols and dust grains are expected to be present in the chamber, at least in significant quantities, nor photo-emission producing UV radiations.

The consequence is the removal of the purple (aerosols photo-detachment and orange (UV photo-detachment on dust and negative ions) terms from the equation. No day and night case scenarios will therefore be studied here, but a Martian and Earth case comparison is done, the Earth case embedding the electron removal simplification.

In the electric field chamber test, the boundary condition = 0 is applied on every wall, as well as a boundary condition in potential, which sets the potential of the top and bottom plates as well as for each of the 9 surrounding metallic straps. Given the geometry of the chamber (rotational invariance), the simulation is ran in 2D, with a vertical axis of rotational symmetry.

Since Micro-ARES is only able to natively measure only 4 values: the electrode potential, the positive and negative sheath resistance and the sheath capacity (see § 5.2). The modeling is therefore used in such a way it produces the same four values (with the EC simulation, positive (c) Potential in the chamber simulated using the Continuum-plasma model with Earth conditions. The leakage current also makes the electrode slightly more positive than the surrounding medium at 0 V.

Figure 6.23 -Electric-current and Continuum-plasma models comparison, in Martian and

Earth condition. The electric field is = 0 V ⋅ m -1 . The lower mobility of ions in the Earth conditions make the plasma less prone to reconfigure around the electrode, which leads to a potential map closer to the electric-current one.

the two cases, for electric field ranging from -200 to 200 V ⋅ m -1 , are presented in Fig. 6.27. The first observation is similar to the ones made on the electrode effect simulations (see § 6.3.4 and § D.1): Charges are separated when an electric field is applied and the charge collection by the walls creates a sheath more or less thick where the conductivity decreases.

The effect is enhanced in the Martian case. Indeed, the conductivity maps (see Fig. D.5, 6.24 and 6.26) show a broader zone of charges collections and hence conductivity perturbations near the walls and the electrode. The consequence is that the atmospheric conductivity is even more perturbed near the electrode in the Martian case, compared to the Earth one. Since the EC model is based on the assumption of an unperturbed atmosphere, the CP and the electric current models diverge even more in the Martian case, when the increased mobility of ions, in overall, and added action of electrons enhances the sheath effect and perturb the atmospheric conductivity even more.

This divergence between the two models, enhances in Martian conditions is illustrated by the potential maps (Fig. 6.23, 6.25 and § D.2.2): The EC simulations results and CP results in Earth conditions are very similar, meanwhile the Martian conditions behave differently, even with a 0 V ⋅ m -1 electric field.

The resulting electrode potentials shown in Fig. 6.27 are the expected curves that experimental measurements with the electric field chamber should produce in order to validate one model or the other. It also illustrates the difference between the two cases (Earth and Mars):

The larger the electric field, the more important the charge depletion around the electrode, due to the charges separation and thus the lower the apparent conductivity. This lower conductivity leads to and enhanced dividing resistor bridge at the instrument input (between the instrument input resistance and the sheath resistance) and therefore a lower electrode potential, compared to the EC model where this sheath resistance remains constant.

Since the sheath effect in enhanced in a Martian atmosphere, this conductivity diminution happens "faster" than in an Earth atmosphere, as observed in Fig. 6.27. In the Earth case, the CP model even seems to predict electrode potentials even higher than the electric current model, which is due to the fact that the EC model is based only on the positive conductivity expected with the CP model and therefore does not take into account the negative one.

Relays activation effect

The predictions of each model (see Fig. 6.27) show that the electrode potential measurement alone, in the electric field chamber experiment led in Earth atmosphere conditions, might not be enough in order to decide between the two models which one is the most accurate. However, as we discussed in § 3.1.3, the first experiments will be led under atmospheric conditions. One possible way to reveal the plasma effects under atmospheric conditions, despite the absence of highly mobile electrons, is to activate the relays of the instrument, as shown in the simulation results in Fig. 6.28 and 6.29. Indeed, in this case the small input resistance of the instrument constitutes a strong "sink" of particles at the electrode (because a large electric field with the surrounding medium appears, enhancing the charge carriers flux) which depletes the electrode surroundings, even in Earth conditions, as visible in Fig. 6.29 (c) and (d).

Conductivity tests simulations Another option to distinguish among the experimental values which model is the most accurate is to measure the apparent conductivity through the CONDUCT measurement mode of the instrument. Indeed, the charge separation predicted by CP when an electric field is applied , and the consequent charge depletion around the electrode, can be easily revealed by conductivity measurement simulations, more easily than with a simple electrode potential observation (see Fig. 6.27).

Such simulated conductivity tests are shown in Fig. 6.30 (the relaxation curves and their fits) and § D.2.3 (potential and density maps during the relaxations). Note that the relaxation simulated with the EC model obviously do not depend on the applied electric field since the conductivity is considered invariant and uniform.

The first observation, is that whereas the exponential fit is perfect when using the EC model 18 , it is not when using the CP model, yet very close. The reason for this is the plasma "reconfiguration" around the electrode during the conductivity test and the pulses injected at the electrode. This reconfiguration is clearly visible in § D.2.3, in the density plots Fig. D.15,D.16 and D.17. According to the polarity at which the electrode is forced by the pulses injection, the charges carriers are attracted or repelled. These reconfigurations produce conductivity variations around the electrode and lead to a non-constant sheath impedance, hence the non-perfectly exponential curves. The CP model is also able to differentiate between the conductivity due to negative and positive charge carriers, hence the two different relation time constants.

This impedance variation is also visible in the sheath capacity measurement: Whereas it was considered constant and only geometry-dependent when considering the physics at stake through the EC model paradigm, the CP model actually predicts variations in this capacity, according to the conductivity and also probably the plasma configuration around the electrode. This can be understood as the spatial limitation of the sheath around the electrode, which is only tens of centimeters thick in the Martian case while it was considered infinite in the EC approach.

The second observation is that the measured conductivities are not the ones expected at 18 This behavior is expected since the sheath impedance is constant when is constant. the center of the "unperturbed chamber"19 : They are actually 1,5 to 12 times lower in the = 0 V ⋅ m -1 case (see Fig. 6.30 (b)). The difference is enhanced in the negative conductivity case, again due to the presence of electrons and their higher mobility. This phenomena is also enhanced by the fact that the chamber is closed, with charge carriers collected by all the surrounding metallic walls. In open atmosphere conditions, the charge carriers of the surrounding atmosphere would migrate toward the sheath around the electrode and compensate for the charges losses at the electrode and metallic surfaces.

The last observation is of course the effect of an electric field application (see Fig. 6.30 (c)). The charges separation20 depletes the electrode surrounding from the charges (see Fig. 6.24, 6.26 and § D.2.2). As a consequence, the observed conductivity is far much lower than the one expected in the unperturbed chamber, almost three orders of magnitude lower for negative conductivity and two for the positive one. This conductivity variation is expected to be measured, even under Earth surface atmospheric conditions, by the chamber tests.

The ionization chamber simulation

The experimental setup that can be used in order to assess the models validity is the "ionization chamber", an instrument used in order to infer the activity of a radioactive source (see [START_REF] Knoll | Radiation Detection and Measurement[END_REF] from the ionization it produces on an atmosphere. The instrument principle is depicted in Fig. 6.31, with the simplest possible design: Two metallic plates are facing each other and a constant electric field is applied between them.

The ion-electron pairs created between the plates by ionizing radiations (alpha, beta or gamma) are separated by the electric field and attracted, in opposite directions, by the plates. The measurement of the resulting current flowing in the circuit allows to retrieve the ionization rate and thus the radioactive activity.

Other designs are possible, with a wire electrode at the center or a cylindrical chamber for example. Such instruments are typically used to measure the Radon exhalation from a soil for example (see [START_REF] Ferry | An experimental method for measuring the radon-222 emanation factor in rocks[END_REF][START_REF] Richon | Spatial and time variations of radon-222 concentration in the atmosphere of a dead-end horizontal tunnel[END_REF]). This use-case might seem similar to the electric-field generation chamber and the way used to ionize the atmosphere (see § 3.1.3, Appendix B), except that the current flowing between the plates is not measured.

The typical response of the chamber to the electric field intensity, for a constant radioactivity level (and therefore constant ionization rate) between the plates is shown in Fig. 6.32 (see [START_REF] Knoll | Radiation Detection and Measurement[END_REF]. Four difference working regimes can be seen in this curve:

• The "initial" regime (in gray), where the ions and electrons are attracted more and more by the plates with the increasing electric field, but not all of them are collected, due to recombination happening on their path. The higher the electric field, the faster these charge carriers drift toward the collecting electrodes, and therefore the less probable the recombination.

• The "ion-chamber" regime (in red), which exhibits a non-electric field dependent plateau, whose value only depends on the ionization rate. Ionization chambers typically work ≈ 1,33 pF, + ≈ 2,70 ⋅ 10 13 Ω and -≈ 2,78 ⋅ 10 13 Ω hence + ≈ 2,47 ⋅ 10 -13 S ⋅ m -1 and -≈ 2,40 ⋅ 10 -13 S ⋅ m -1 . .31 -The parallel-plate ionization chamber principle: A potential is applied between two plates. When ionizing radiation cross the atmosphere between them and ionizes a species, the electron and ion created are pulled apart and collected by the plates, which generates a current in the circuit that is measured. The higher the irradiation, the higher the current (see Fig. 6.32).

within this electric-field domain, in which the electrons and ions formed all reach the electrodes before any recombination happen (or are statistically negligible).

• The "proportional" and the "Geiger-Müller" regimes (respectively in green and blue). These regimes are reached when the electrons and ions (electron mostly) are fast enough to trigger secondary emissions by collision with the neutrals or the ions. Both are dependent on the electric-field since the larger its value, the faster the electrons.

The device can be easily simulated with both the EC and CP models. The ability of each model to show a behavior similar to Fig. 6.32 will enable us to settle for which model is most suitable to describe the behavior of charge carriers in an atmosphere and the resulting currents and potentials.

For the sake of simplicity, the simulations are made in 1D (side-effects are neglected). In the CP model, a spatiality constant ionization rate was taken (1 ⋅ 10 9 m -3 ⋅ s -1 ), the mobilities chosen are the ones corresponding to Earth atmospheric conditions (see Meyerott et al. 1980, Rycroft et al. 2008 and§ 6.3.1) and the = 0 BC is defined on each electrode. The conductivity set up in the EC model is the one obtained in an unperturbed medium with the CP model (the positive one was taken).

The simulations results are shown in Fig. 6.33. The EC model, unable to show charge carriers displacement phenomena, with a constant conductivity expectedly produces a linear curve that would remain linear, even with extremely large electric fields. The CP model, however, is capable of reproducing exactly the behavior described by the "initial" and "ion-chamber" regimes discussed. Of course, since none of the models embed any sort of description of sec- .33 -Comparison of the ionization chamber simulations performed with the electriccurrent and continuum-plasma models (both in atmospheric conditions and the same ionization rate). With a constant conductivity, and without taking into account the spatial variation of charge densities, the electric-current model is absolutely unable to predict the ionizationchamber behavior.Indeed with the EC model, the curve is a perfect linear function which extends to infinity. The plasma model, however, is able to predict the expected behavior of the ionization chamber (see Fig. 6.32) in the ion-chamber zone and below. The proportional or Geiger-Müller regimes cannot be simulated since the plasma model cannot produce secondary emissions.

the electrode and any conductive surface. Since each charged species is characterized (by its mobility and density), the different positive and negative conductivities are revealed. The plasma approach is therefore able to simulate a realistic sheath effect around the electrode, spatially limited, with screening effects: A local surface potential perturbation such as the one simulated in § 6.2.3.2 is shielded and therefore not "seen" beyond the sheath distance due to the plasma reconfiguration around the perturbation. Another consequence is a finer simulation of the field lines deformations, not only due to surface potentials but also spatial charges that appear.

As expected, the plasma model reveals a dynamic behavior in the sheath impedance. The capacity is no longer dependent only on the geometry but also on the conductivity and electric field. Due to the plasma reconfiguration around the electrode23 hysteresis effects are expected to happen. In other words the measured electrode potential not only depends on the electric field and atmospheric conductivity, but also on the previous state of the plasma, in other words if the positive and negative charges were being repelled or attracted the moment before.

The data processing with this model would be more difficult that with the electric-current model (see § 5.2.3 and § 6.2.3). Indeed, the electric-current model was rounded down to three values: the electrode capacity , the electrode apparent height ℎ and the geometric factor linking the electrode resistance with the conductivity . With the plasma approach, this .34 -Vertical distribution of the positive ions density between the ionization chamber plates for various electric-fields applied. The larger the electric field, the more pronounced the drift of positive particles toward the most negative electrode. The density in the middle of the chamber when no-electric field is applied is the one expected in unperturbed medium, the sheaths can be seen above each electrode (at 0 and 0,4 m).

method is not applicable anymore and proper processing to level 2 would require to build a result database, where the simulation results (electrode potential and relaxation parameters) are produced from various electric-field and conductivities combinations. If hysteresis effects are indeed observed, the "past" of a measurement would also be a simulation "variable", in the sense that various "pasts" shall be simulated too for a given electricfield and conductivity combination. This data base would then be used a lookup table in order to retrieve electric field and conductivity (both in the unperturbed medium) from the measured electrode potential and relaxations tests. In addition, frequency simulations might be necessary in order to retrieve a frequency response of the medium-electrode coupling according to the conductivity and electric-field.

Simulations of the whole ExoMars lander were not shown in this section since they require 3D calculations while all the presented results used 1D and 2D simulations, where COMSOL fails to resolve the system. Further work on mesh refinement and solver tuning is still necessary to produce such results for a 3D geometry.

Eventually, the most notable fact is that these sheath phenomena are enhanced by the presence of electrons and high mobility charge carriers. The low mobility of ions and the negligible presence of electrons in the Earth surface atmosphere explain why the electric-current model is accurate enough to process the data: The sheath is relatively thin, which makes the unperturbed atmosphere hypothesis acceptable.

However, one would expect to "see" these sheath effects in balloon measurements in the Earth's stratosphere, where the conductivity is similar to the one expected on Mars. But this is without taking into account oxygen still present at this altitude and which constitutes an elec-tron sink, the consequence is that eventhough the conductivities in the stratosphere (around 30 km are comparable to Martian ones, the absence of electrons makes the comparison between the two environments limited and even potentially inaccurate. This is where the plasma models reveals its main interest: Since measurements in Martian like conditions were never actually encountered (except in chamber experiments), even in the Earth stratosphere, the model is necessary to properly understand future measurements made on Mars, where sheath effect might be dominant.

Model limitations and fluid dynamics simulations

Eventually, the plasma approach predicts large perturbations of both the measured electric field and atmospheric conductivity when close to the ground and more generally close to any conductive surface. But as discussed in § 6.1.3, eddy mixing and air displacement convection is not taken into account in this model and such phenomena are expected to curtail the sheath effects24 by mixing the unperturbed atmosphere with the perturbed one and thus reducing the space charge variations.

Such modeling would imply to add a standard convection transport term ⋅ ⃗ and add a third set of equations to solve: fluid dynamics around the antenna and lander. The coupling between the continuum-plasma equations and the fluid dynamics one is weak since there is no feedback from the plasma to fluid dynamics.

With this expression, one can easily see that the convection due to a 10 m ⋅ s -1 wind in the flux formulation (see Eq. 6.29) would add a term of the same order of magnitude as the electrostatic convection one with an electric field ‖ ‖ ≈ 500 V ⋅ m -1 (see 25 ). The presence of wound would then literally and figuratively blow the sheath around the electrode away. The sames goes for the electrode effect due to turbulence and vertical drafts of wind.

Adding the fluid dynamics would be the necessary step in order to add another brick to the model: charged dust and aerosol transport. Such model, handled in PIC, would allow the simulation of the collected current due to dust grains collisions with the electrode. Despite its drawbacks (see Appendix C), COMSOL would be suitable for such modeling work since it is conceived to handle the coupling of various models, typically, the electrostatics, fluid dynamics and PIC transport of charged species.

Further modeling work

Apart from the fluid dynamic simulations, the continuum-plasma model as presented in § 6.3.2 is still based on some hypotheses and eludes electrical phenomena taking place

The first one is photo-electricity. Indeed, despite the fact that it is taken into account in the charge carriers balance equation (by day), the implementation of photo electricity in the plasma model was not treated. The subsequent electron emission is expected to happen on lander and electrode surfaces [START_REF] Feuerbacher | Experimental Investigation of Photoemission from Satellite Surface Materials[END_REF]) but also on the ground [START_REF] Grard | Solar Photon Interaction with the Martian Surface and Related Electrical and Chemical Phenomena[END_REF], with effects on the sheath charge around the electrode but also on the electrode effect above the ground. Preliminary reflexions suggest that the approach to deal with this phenomena is to compute the surface flux of UVs and infer the subsequent electron flux Φ . The boundary condition for such electron flux would be based on the ghost cell approach detailed in § 6.3.3, and would result in using a boundary condition = so that the flux contribution from the ghost cell is ℎ .

The second phenomenon that was only partially dealt with is the poor Martian soil conductivity (see [START_REF] Picardi | Radar Soundings of the Subsurface of Mars[END_REF][START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF]. Indeed, the electrode effect simulations (see § 6.3.4) did take into account the coupling between the potential in the soil and the charge current at the interface, the soil surface potential being the feedback, but the boundary condition was still dealt with as if it were a perfect sink. Moreover, [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF] only provides an upper boundary for the Martian ground conductivity from the Phoenix measurements (2 ⋅ 10 -9 S ⋅ m -1 ), which is roughly one order of magnitude larger than the highest electric conductivity expected in the atmosphere by day.

The consequences are multiple: The first one is that the = 0 boundary condition might not hold under such circumstances; The second one is that the lander/rover contact impedance with the ground is uncertain and difficult to quantify; The last one is the uncertainty on the behavior of the electrode/lander system when the lander potential is not fixed to the ground potential through a low resistance contact with it.

The first and second issues, as [START_REF] Persson | Inertia-Controlled Ambipolar Diffusion[END_REF] suggests, can be first approached experimentally, with the resistance measurement of a Martian soil simulant26 sample with different sample surfaces and lengths in various conditions (temperature, humidity level, etc.), which would allow the retrieval of both the contact resistance and volume conductivity under these conditions. The boundary condition would be obtained by measuring the surface potential when the simulant is immersed in an ionized atmosphere, under various electric fields, and by comparing the model results to the experimental ones.

The third issue might be dealt with by considering the lander-instrument ensemble as a balloon gondola, and thus processing the measurements as balloon measurements (see [START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF]. In this paradigm, the lander is considered as another electrode and which is carried at the local potential; Since the electrode and lander structure are at different height (in average), they are expectedly carried at different potentials and the resulting difference enables the retrieval of the electric field. Conductivity measurements are to be considered with a lot of caution in this context, since the pulse injection at the electrode also should have an impact on the lander floating potential too. The size difference between the two might however be large enough 27 to assume that the lander potential remains unaffected by the conductivity test.

The last phenomena which is not considered in the plasma formulation is the emission of secondary electrons by collision in intense electric field conditions (see [START_REF] Seon | One-dimensional solution to the stable, space-charge-limited emission of secondary electrons from plasma-wall interactions[END_REF][START_REF] Pavlů | Secondary electron emission from Martian soil simulant[END_REF][START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF]. This was mentioned in § 6.3.5.2 and the simulations showed that indeed, the phenomena does not appear in the current model ( § 6.2). According to [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF], the secondary emission and further a spark discharge is likely to happen under Martian conditions with electric fields above 40 kV ⋅ m -1 . Such intensities are expected within Martian dust devils (see Chap. 1) but also around the electrode, when relays are activated for example of even at the junction between the mast and the lander.

The implementation of the secondary emission in the model could be achieved by adding in electrons source term(see Eq. 6.29) the secondary emission production term inferred by [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF]: ⋅ exp 0 ⋅ -0 ∕ , where 0 and 0 are the t characteristic values of the discharge and the distance between the plates in the experiments presented in [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF], which would transcript here in a geometrical factor, probably space-dependent. Such implementation was not tested and is only food for thought.

Particle In Cell approach of the plasma modeling

Another modeling approach was planned to be used, using Particle In Cell (PIC) modeling with the third-party-software named SPIS (Spacecraft Plasma Interaction Software). This software, developed as a joint cooperation between ESA, ONERA28 , University Paris VII and the company Artenum. This software is widely used in order to simulate spacecraft charging process in space plasma in order to understand and prevent potentially damaging discharge phenomena with spacecraft (typically on solar panels). This software is also used for example at LAT-MOS for the study of ions trajectories around the ROSETTA spacecraft's electric field before entering the ion spectrometer ROSINA or the charging of the spacecraft (see [START_REF] Roussel | A study of the electrical charging of the Rosetta orbiter: 1. Numerical model[END_REF].

The PIC approach is computationally interesting in the case of space plasma study, given the low density and high energy of the plasma and thus the low collision rates. As we discussed, the Knudsen number of the system we are studying (Mars's atmospheric plasma) is far below 1, and the PIC approach might not seem computationally interesting since the collision/interaction frequency is unreasonably high. However, we started exploring this approach since it does not rely on any assumptions regarding the boundary conditions, only "simple" physical processes such as the Poisson Law for electric field computation and solid-sphere collisions.

The collisions implementation in SPIS, which is almost negligible in space plasma study, is still experimental (we had access to a beta version of the software). For the moment it is only applied on ions, whose collisions frequency is reasonable (< 1 ⋅ 10 6 s -1 ) compared to the electrons one (≈ 1 ⋅ 10 9 s -1 ) in Martian conditions. The electron-neutral and electron-ion interaction, if implemented, would be based on the interaction cross section discussed in [START_REF] Strickland | Electron impact cross sections for CO 2[END_REF][START_REF] Bruhwiler | Particle-in-cell simulations of plasma accelerators and electronneutral collisions[END_REF][START_REF] Itikawa | Cross Sections for Electron Collisions With Carbon Dioxide[END_REF] Even with this half-accurate model, the simulation work was undertook. For that purpose a very simple geometry was used at first, shown in Fig. 6.35: a 30 cm wide spherical electrode inside a 1 m side cubic domain. The domain boundary is forced to 0 volts and the electrode left to a floating potential condition. The ions and electrons densities were set to 2 ⋅ 10 8 m -3 (29 ) and their respective energies set to 0,025 eV ( 30 ). The simulated ion is an Ar + , the heaviest available in SPIS for this simulation.

At the steady state, the electrode stabilizes at a potential around 0,14 V, which is expected in an ions/electron population since the electrons are more mobile, even more in this case since their collisions with the neutral continuum is not simulated. The result when simulating a positive relaxation (the electrode is forced at a potential below -0,14 V left to go back to this potential at rest) is shown in Fig. 6.36. The beginning of the relaxation and the associated ion current collected by the electrode is in accordance with the expectations and what was simulated before (an exponential curve).

However, due to the absence of simulated collisions for the electrons, they behave in a different way: At first they are entirely repelled by the electrode since no diffusion phenomena can force them to its surface and their very low energy does not allow them to cross the potential barrier. But once the electrode potential difference with the potential at rest is low enough (indicated by the arrow), the potential barrier can be crossed by the non-collisional electrons who rush to the electrode and immediately terminate the relaxation hence the discontinuity in the curve derivatives.

These very first results obtained with this approach are encouraging. A simulation that could be tested too is a case closer to the Earth atmosphere, with an ion +/ion -population, but due to the actual limitation of SPIS, the collisions with the neutral continuum cannot be implemented with more than one species. Further work is needed, in addition to the implementation of electrons collisions and a higher number of collision interactions, in order to produce a model usable with more complex cases and able to simulate accurately the plasma behavior of the atmosphere.

Models summary and conclusion

Four models of the electrical behavior of a conductive surface in a conductive planetary atmosphere were presented in this chapter, each of them having its own intrinsic merits. The main goal of these models, in the context of Micro-ARES, is to provide a relation between the physical parameters (electric field and conductivity) that we want to retrieve, and the parameters effectively measured by the instrument (electrode potential and relaxation time constant and amplitude).

The first model, the "isolated-capacitor" model, is based on an analytical resolution of the Poisson equation and a simple resistance calculation. It provides a simple solution to the problem but at the cost of an acceptable number of approximations and simplifications. The comparison with more accurate models and desert measurement campaign data shew that it is not conceivable to use this model in order to process Micro-ARES's data, the resulting error and bias being potentially too large.

However, the simplicity of the calculations and its accuracy makes it perfectly suitable for carrying first oder of computations, as shown in Chap. 7, where it was used to build an antenna suitable for Earth conditions. The sizing of Micro-ARES (in terms of physical -electrode-and electrical -resistances-properties) was also done based on these calculations and simulations of the Martian conductivity [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF].

The second one, the "electric-current" model corrects most of the assumptions made in the first one. It is based on the same equations but solved numerically, which enables an accurate description of the problem geometry, a key issue given the position of Micro-ARES on the ExoMars lander. Although it is significantly more complex to implement 31 , the solution can be rounded down to a very simple one too, similar to the "isolated-capacitor" one.

This model produced very satisfying results when used on Earth (see Chap. 7) and is expected to perform just as well on Mars. It is the most achieved model we have since it is fully functional and was ready to process the ExoMars 2016 data. Moreover it can be easily updated to implement ground conductivity effects or photo-electricity-induced currents.

Yet, the "electric-current" model was still based on one hypothesis: the unperturbed medium. An approximation that was potentially prone to less accurate simulations on Mars due to the different properties of charge carriers in the atmosphere. The third and fourth models, "continuumplasma" and PIC are attempts to produce a more physically accurate description of the conductive atmosphere. They can both be labeled as "work in progress", even if the plasma model is rather advanced, since key phenomena are yet to be implemented.

The preliminary results confirmed that the "electric-current" model is indeed a good approximation on Earth since both models produce very similar results. The Martian case results might look lukewarm since they seem to validate our doubts: The unperturbed medium approximation might be wrong on Mars and the "electric-current" model might not be suitable for this case.

But one must take into account the fact that the current model, particularly in the Martian case, does not take into account a major effect: wind convection, a contribution that was proved to be as important as the electric one. This contribution is expected to curtail, possibly entirely, the plasma effects that renders the "electric-current" model less suitable for a Martian simulation.

Further work on these models is required to confirm or infirm the results exhibited in this chapter and eventually build a robust model that accurately describes the electric behavior of the atmosphere. Such model purpose would be dual: Similarly to the two previous ones, it would to be used for data processing in order to convert measured values into scientific ones. But it could also be used as a tool to understand the results of the Micro-ARES instrument since it not only predicts the atmosphere-electrode coupling, but also the entire atmospheric electric-field behavior above the ground.

Chapter 7

Experimental results and expectations "Science is no more than an investigation of a miracle we can never explain, and art is an interpretation of that miracle." -Ray Bradbury, The Martian Chronicles

In July 2014, Micro-ARES was tested for the first time in a field measurement campaign in the Saharan desert. This test both aimed at demonstrating that a set of instruments such as DREAMS is able to detect dust events and that Micro-ARES is able to perform its duty: Characterize a planetary electric field. During the four days of measurements, the Earth fair-weather electric field had to be quantified, the large electric-field produced by dust devils and dust storms had to be measured properly -with the relays activated and resonance phenomena of the Earth-ionosphere cavity had to be detected. The presence of an oscillating field-mill on-site allowed us to validate the Micro-ARES measurements. It appeared that Micro-ARES performed flawlessly, proving the good behavior of the relays attenuation and efficiency of the data selection and data processing. This chapter first presents the equipment and peculiar data-processing I had to design in order to perform these field tests and then exposes the very encouraging measurements produced during the campaign. 

Earth Tests

In the whole Micro-ARES development process (see Chap. 3), there is one test that had to be performed in order to ensure Micro-ARES' ability to retrieve the expected scientific data (see Chap. 2): It is a field measurement test in Martian-like conditions, at least in terms of dusty environment, carried out in parallel with DREAMS-like instruments (wind speed, pressure, hygrometry, temperature and optical depth see § 2.1.4) and a commercial electric-field measurement device used as a reference.

We were given the opportunity to carry-out such tests from the 9 th to the 13 th of July 2014, during the 2014 DREAMS field campaign. It was carried out in the Saharan desert and led by our colleagues of the DREAMS team from the Osservatorio Astronomico di Capodimonte of Naples (Italy), Francesca Esposito, Cesare Molfese, Fabio Cozzolino and Giacomo Colombatti from CISAS (Padova, Italy). This campaign was also the occasion to perform another first field test on the MarsTEM instrument ( § 2.1.4).

Earth-Mars differences and design justification

The instrument input and its coupling with the atmosphere

In its flight configuration, the instrument Micro-ARES is composed of a 24 cm mast topped by a 3 cm diameter sphere (see (Fig. 7.1,§ 2.3 and § 2.3.3). This electrode was designed upon the assumption that the Martian atmospheric conductivity lies between 10 -10 and 10 -12 S ⋅ m -1 [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF][START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF][START_REF] Michael | Dust charging and electrical conductivity in the day and nighttime atmosphere of Mars[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]. As discussed in § 3.1.3, this configuration is not suitable for measurements in the Earth atmosphere.

Indeed, the interactions between the antenna and the atmosphere through the electrostatic sheath is considered equivalent to the impedance of an RC circuit in parallel (see § 2.3.5,
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Figure 7.2 -Micro-ARES instrument input scheme (see § 2.3.3). The preamplifier is a perfect operational amplifier and , and are its main parasitic properties (see § 5.1). and are the relays triggered to increase the input attenuation and the couple + is used to inject voltage spikes at the input in order to test the atmospheric conductivity (see § 2.3.3). The interaction between the atmosphere and the electrode is modeled by ∕∕ . § 3.1.2, Chap. 6, [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF], Molina-Cuberos et al. 2010aand Molina-Cuberos et al. 2010b). This sheath impedance = ∕∕ is therefore described by its resistance and its capacitance . With this model of the electrode-atmosphere interaction, the whole instrument input can be modeled as depicted in Fig. 7.2, which leads to the Eq. 7.1 and provides a relation between the local atmospheric potential around the electrode, outside the sheath, and the effectively measured electrode potential.

= ⋅ + + ⋅ ⋅ + (7.1) = = ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ if no relay is activated ⋅ + if relay Low is activated ⋅ + if relay High is activated
The simplest model linking the sheath parameters to the atmospheric ones is the infinite spherical capacitor, discussed in § 6.2 and which can be briefly summarized by Eq. 7.2, where 0 is the vacuum dielectric permittivity, the atmospheric conductivity and the electrode radius.

⋅

= 0 (7.2)

= 4 0 ⋅ = 1 4 ⋅ = ∑ 1 0 ⋅ ⋅ (7.
3)

The atmospheric conductivity, usually depicted with one term depends on the ion concentration and mobility in the atmosphere according to Eq. 7.3, with 0 the elementary charge, the electric mobility of the charge carrier species whose density is . Due to the way Micro-ARES works (see § 2.3 and Chap. 6), the distinction is made in the measurement between the so-called positive and negative conductivities, respectively produced by positive and negative species (positive ions or negative ions and electrons).

The conductivity type revealed depends on the potential of the electrode compared to the local atmospheric one: If it is lower, the electrode is charged by positive charge carriers through a sheath resistance = f ( ) and if it is higher, the electrode is discharged by negative charge carriers through a sheath resistance = f ( ).

The issues induced by the Martian antenna

Given the properties of the Earth atmosphere near the ground (see § 1.2.2, § 6.3.1 and [START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF], the two conductivities are very similar (the electron density is negligible and cations and anions have similar electric mobilities) and lie around 10 -14 S ⋅ m -1 [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Volland | Atmospheric Electrodynamics. CRV[END_REF].

Consequently, with the Martian atmospheric conductivity assumption made previously, the sheath resistance would be around 5 ⋅ 10 10 and 5 ⋅ 10 12 Ω for an electrode radius = 1,5 cm. However, with the Earth conductivity, this value would increase up to 5 ⋅ 10 14 Ω. This large sheath resistance raises two issues regarding the use of Micro-ARES on Earth:

• Since the instrument input parasitic properties (see Chap. 5) are the non-infinite input resistance (∼ 5 ⋅ 10 14 Ω), the non-zero input capacity (∼ 2,5 pF) and the nonzero leakage current (∼ 10 f A), their prevalence increases with . Indeed, when > , the equivalent input resistance, the right term of Eq. 7.1 will dominate the left one, which is the one we aim at measuring. Since the parasitic properties are calibrated with poor precision and are moreover highly dependent on temperature, the resulting uncertainty on the retrieval of is prohibitive in the case where the parasitic terms prevail;

• Even if the parasitic terms did not exist (right term of Eq. 7.1 removed), the relay used to increase the instrument dynamic range (see § 2.3) would not function properly since the resistance they connect to the input 1 (see Fig. 7.2) were sized for a sheath resistance 1 25 GΩ for the relay Low and 10 GΩ for the relay High.

lying between 10 10 and 10 13 Ω, expected on Mars. With the Earth conductivity, the attenuation2 produced by the two relays would make the signal at the instrument input collapse below the noise level. Consequently, Micro-ARES would be unable to measure anything during dust events.

Since the instrument's electrode (Fig. 7.1) was not made to measure the DC electric field on Earth, the two solutions were to either change the relay resistances and the pre-amplifier input resistance or to change the antenna. Given the fact that the input resistance is an intrinsic property of the pre-amplifier circuit, that has already been maximized by careful design of the input circuit, the only solution was to increase the size of the antenna design in order to make Micro-ARES sensitive Earth's electric fields.

Toward a bigger electrode

A rule of thumb using Eq. 7.2 shows that the electrode should be around 50 times bigger in order for the sheath resistance to drop down to acceptable levels. We used a 60 cm wide cooper cube made of 0,8 mm sheets as an electrode. Its 2,16 m 2 surface was equivalent to the one of a 41,6 cm radius sphere, around 30 times larger than the Micro-ARES antenna. It was mounted on top of a 50 cm PVC mast covered with a brass sheet for the bootstrap (see § 2.3.3). With this electrode, the sheath capacitance was expected to be around 46 pF and around 2 ⋅ 10 13 Ω (from Eq. 7.2). With this new sheath resistance, we ensured that the input relays would work properly3 and that the pre-amplifier parasitic input properties did not affect significantly the measurements. In order to ensure the latter, simulations with the new antenna configuration were ran with the electric current model (see § 6.2) and the same input parameters used to produce Fig. 3.10 ( = 10 14 Ω, = 7,5 ⋅ 10 -14 A), with an atmospheric conductivity = 10 -14 S ⋅ m -1 [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF].

The result, shown in Fig. 7.3, shows that this antenna configuration, contrary to the Micro-ARES one (Fig. 3.10), does not have an important potential at rest when the electric field is zero, which confirms the reduction of the leakage current impact, and shows that the electrode follows the atmospheric potential at the mid-height of the electrode (70,45 V are measured in a -100 V ⋅ m -1 electric field and the electrode mid-height is 80 cm hence 80 V is expected at the electrode).

Another similar simulation was run with the relay Low ( = 25 ⋅ 10 9 Ω) activated (Fig. 7.4).

It showed that the produced attenuation at the instrument input is around 625, which is close to the value 800 predicted above. The subsequent sheath resistance in these conditions ( = 10 -14 S ⋅ m -1 ) can be inferred: ≈ (800∕1.28) ⋅ 25 ⋅ 10 9 Ω ≈ 1,56 ⋅ 10 13 Ω. This simulation confirms that this antenna design is more suitable for Earth measurements.

The Earth electrode mast design

The mid-height of the electrode was raised from 25,5 cm to 80 cm, with the use of a 50 cm mast, in order to reduce the coupling capacitance between the metallic surface on the ground and the electrode. Indeed, in order for the instrument to have a "clean" grounding, a 3,24 m 2 (equipotentials every 50 V) and the resulting electrode potential is = 1,28 V.The atmospheric conductivity (in desert environments, [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF]) is = 10 -14 S ⋅ m -1 . The same parasitic parameters used in Fig. 7.3 are used here: = 10 14 Ω and = 7,5 ⋅ 10 -14 A.

aluminum plate (visible in Fig. 7.6) was installed on the soil, anchored into it and connected to the instrument ground. This ensured that the voltage reference taken by Micro-ARES was the ground potential. But with this metallic surface facing the cube's bottom, if only 5 cm were separating them, a parasitic capacitance of ∼ 65 pF would have appeared. This capacitance, contributing to , would have considerably attenuated AC measurement due to the impedance bridge at the instrument input (Eq. 7.4).

( ) = ( ) ⋅ + (7.4)
The solution adopted by placing the cube at the top of a 50 cm mast allowed to reduce the parasitic capacitance with the grounding setup at the cost of structural issues which have been solved by installing insulated guy-lines in order to make the setup (visible in Fig. 7.6) wind-resilient.

The last concern about this Earth-adapted antenna was the bootstrap, in other words the mast potential forcing which aims at minimizing the equipotentials deformation around the electrode and mast. The solution adopted on Micro-ARES is to force the whole mast at the electrode potential , within the -100∕ + 100 V limits.

Since the cube antenna configuration is rather different from the original one, we had to ensure that this bootstrapping solution was convenient or if another one had to be used. Those simulations have been realized with the electric current model ( § 6.2) used to produce Fig. 7.3, and the following four configurations:

• A grounded mast, the simplest solution to implement;

• The mast kept at the measured electrode potential, the Micro-ARES configuration;

• The mast divided in two, with the bottom connected to the ground and the top forced at the electrode potential, a solution envisioned in the early stages of the instrument development;

• The mast separated in four parts, each of gradually increasing potential, from the ground to the electrode one. This solution is expected to be the most efficient in reducing the equipotentials deformation caused by the mast presence.

The results, depicted in Fig. 7.5, shows that the first solution strongly deforms the equipotentials and "brings-up" the ground to the electrode, hence a measured potential almost 20 V lower than the expected 80 V. The third and fourth solutions, supposedly better since they indeed minimize the equipotentials deformations (the fourth solution is the best regarding this criterion) actually have a measured electrode potential which is not as close to 80 V as what the second option provides.

Indeed, an excessive deformation4 of the equipotentials produced by the mast in the second case compensates for the dividing bridge5 at the instrument input. The second option, used for Micro-ARES in its Martian configuration has therefore been kept for the Earth one (see Fig. 7.6), since it is minimizes the bias induced by the mast presence. The experiment site was located in a valley with a dark, flat and compact soil made of a compact mixture of dust sand and silt, conducive to heating and thus formation of dust devils and dust storms. The valley is flanked at the east and west by two ergs of dunes made of typical desert sand (quartz/silicate). The composition of the ground is of importance since the produced dust electrical behavior is dependent on their mineral state and composition. Most tribo-electricity models [START_REF] Melnik | Electrostatic discharge in Martian dust storms[END_REF][START_REF] Desch | The Generation of Lightning in the Solar Nebula[END_REF] do rely on a mixture of dust grains of different composition on which depends the triboelectric potential difference property.

This location has been selected because of the high likelihood of dust storms and dust devils occurrence in this period of the year (June-August, the hottest months).

In order to produce DREAMS-like measurement, the Italian team already had a whole instrument setup (Fig. 7.10) measuring the wind-speed6 in 2D , the atmospheric pressure, air temperature, dust concentration, illumination and of course, an electric field measurement device, a, oscillating field-mill (see § 2.2), measuring every second the electric field at two meters above the ground. This calibrated and reliable instrument7 was installed on top of a 2 m mast and is used as a reference. The whole setup was installed around 50 m (8 ) away to the West from the rest of the equipment in order to reduce the potential perturbations yet remaining in the same meteorological area. The car battery powering the portable GSE (see § 3.2.3) and ensuring an autonomy of roughly 5 days, was put inside an aluminized plastic box and buried into the ground. The GSE electronics box was put on top of it and the whole covered with MLI (Multi-Layered Insulator) in order to protect the equipment from harsh sunlight. Indeed, the temperature conditions9 would have required to place a ventilation system, but the dust conditions made it impossible, hence a fully sealed aluminum box. Despite the MLI, the box temperature went up to 90 • C the first day. This led to the saturation of the Micro-ARES temperature sensor as well as the plummeting of the pre-amplifier resistance during a few hours around 01:00 (see § 5.1, the instrument was not able to measure the signal since it was attenuated too much). The whole setup is visible in the background in Fig. 7.6.

Since the MLI is conductive, it was connected to the instrument ground potential (which was also connected to the grounding surface nailed into the ground, visible in Fig. 7.6), in order to minimize the equipotentials deformations around the instrument. The antenna was installed 2 meters away from the electronics, with its base nailed on the ground with several nails in order to ensure it is kept at the ground potential.

During the first evening dust storm (see Fig. 7.11), the top of the cube flew away, which obliged us to find a solution to anchor it strongly. We used plastic strings as shrouds, isolating them from the cube itself with plastic brackets so that they discharge themselves as much as possible toward the ground and avoid unnecessary perturbations. 

Test campaign expectations

DC content

During the five days of measurements, the repetition of the following event "pattern" has been observed:

• Around 13:00-14:00, the hottest part of the day, dust-devils kept spawning and disappearing all across the dark-flat land, levitating dust in the more and more dusty sky;

• Around 18:00-19:00, when the atmosphere was full of dust, at the break of day, a dust storm used to rise and, according to its intensity, lasted an hour up to almost the whole night.

All across the week, from Wednesday 9 th to Sunday 13 th , the main wind direction of the afternoon dust storm gradually rotated from East to North to West (see Fig. 7.11).

Given the geography of the site, the first day (Wednesday) and fourth day (Saturday) had their main dust storm coming respectively from West and East (see Fig. 7.11), thus each time crossing the flanking sand ergs of the valley which reinforced the storms. Those two storms were therefore the strongest (up to 45 m ⋅ s -1 winds), the first one flipped over the initially unshrouded Micro-ARES cube on the ground (the author had to run after it) while the second one, even stronger and longer (Lasted from 18:00 to 02:00), knocked down one of the Italian team instruments mast.

These events enabled us to assess the Micro-ARES ability to measure the DC electric during "dust-event" weather, when elevated electric fields are produced, while the measurements performed at night and during the quieter mornings allowed the measurement of the so-called fair-weather electric field (see § 1.2.2). Given the fact that the Campbell CS110 field mill used by DREAMS Team can only measure electric field signals with a frequency below 0,5 Hz, only the DC data can be compared to DREAMS sensor.

Note that even though the field mill data and Micro-ARES ones might seem comparable, the two instruments were located 50 m apart, with a setup at 2 m from the ground for the DREAMS field mill, versus a setup at 50 cm from the ground for Micro-ARES. Direct comparison should therefore be undertaken with great caution.

AC content

Since the AC content measurements could not be crossed-checked with the results of another instrument and thus had to be interpreted directly, as a way of checking the abilities of the instrument to detect events signatures in the AC data.

The second noticeable event during the 4 days of measurements (see Fig. 7.11) was the thunderstorm that occurred the 11 th of July evening, third day of measurements, approximately 10 km North-East away from the test site (and moved towards it after, see Fig. 7.12 and Fig. 7.27) around 21:00-22:00. This event allowed us to test the ability of Micro-ARES to observe phenomena at high frequencies, particularly the so-called transverse resonances created by electric discharges of thunderstorms (see § 1.2.6).

Similarly to DC, the measurements performed during calmer moments (nights and mornings) were expected to reveal the Schumann resonances of the Earth-ionosphere cavity (see § 1.2.6), difficult to grasp given their low amplitude (∼ 100 µV ⋅ m -1 , see [START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF], Balser et al. 1962[START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF].

Peculiar processing

As discussed in § 7.1.1, the cube antenna and Earth atmosphere have electrical properties different from the Martian ones. More precisely the response time of the instrument input regarding changes of the atmospheric electric field, in Eq. 7.7, which can be approximated to 0 ( 10 ). The Earth conductivity being 100 to 1000 times lower than the Martian one [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF], the response time is inversely 100 to 1000 times longer than the one Micro-ARES will have on Mars. The processing presented in § 5.2 is therefore not valid for the Earth data.

The modified post-processing presented in the following section was deemed necessary for two reasons:

• The relaxation time of the electrode regarding the medium is expected to be around hundreds of seconds. The CONDUCT mode (see § 2.3.4) samples data chunks lasting 3,84 s, which is too short to monitor the exponential decays and fit them. This measurement mode is therefore inoperative in this case. Moreover, the amplitude of the voltage spikes injected at the electrode, 0 in Eq. 7.6 is significantly attenuated compared to the one expected with the Martian configuration (due to being in the denominator, equal to 57,5 pF with the Earth antenna and ∼1,5 pF with the Martian one). Since 1∕ is not negligible compared to 1∕

( 11 ), the data processing required to retrieve the electric field requires a good evaluation of , and therefore an alternative method to do so;

• The appearance of the DC waveform when simply processed with the equations presented in § 5.2 was rather disappointing (see Fig. 7.13 (b)) and far from the signal processing tested with the injection boxes simulating the Martian environment (see § 3.1.2). The result presented in Fig. 7.13 (b) is the electrode potential ( or in Eq. 7.1). The signal deformation visible at every "reset" of the instrument is due to the natural behavior of the input pre-amplifier to discharge the electrode of the instrument when not powered on. Indeed, an operational amplifier input behavior regarding the power rails can be schematized as in Fig. 7.13 (a) and when the power rails are both brought down to 0 V, the input is effectively connected to the ground.

In order to properly correct the signal, the instrument input is modeled as the equivalent circuit shown Fig. 7.14 ( is detailed in Eq. 7.1 and corresponds to the equivalent input resistance with or without relays activated). This electronic model of the input results in the differential equation governing the instrument input: Eq. 7.11. 10 0 is the atmosphere dielectric permittivity since ≈ 1 in atmospheres, § 6.1. 11 With around 10 -14 S ⋅ m -1 , despite our efforts to decrease as much as possible.

V+ rail

V-rail Input (a) Operational amplifier input equivalent behavior regarding the power supply rails. When Shutdown ( + = -= 0 V), the input is quickly discharged through one or the other diode down to its threshold voltage (a few volts) and then slowly discharged through . Kirchhoff's laws

R eq

C i R S C S V E V A V S i Rs i Cs i Ri i Ci i i i S i L
⎧ ⎪ ⎨ ⎪ ⎩ --= 0 (a) + = + + (b) = + (7.8) Input equations ⎧ ⎪ ⎨ ⎪ ⎩ = ⋅ = ⋅ d d (7.9) Sheath equations ⎧ ⎪ ⎨ ⎪ ⎩ = ⋅ = ⋅ d d (7.10)
Eq. 7.9 and 7.10 are combined together with Eq. 7.8 (a) and is replaced using equation 7.8 (b), which leads to Eq. 7.11.

+ ⋅ d d = + ⋅ d d + ′ ( ) = -( ) ⋅ 1 ⋅ + ( ) ⋅ + ⋅ ⋅ + ′ ( ) ⋅ + (7.11)
Eq. 7.11 is then discretized with a Crank-Nicholson scheme12 with the time-step ℎ = 0,96 s (13 and the discrete step in time ( = Δ = ⋅ ℎ).

[ + 1] = [ ] + ℎ 2 ⋅ ′ [ + 1] + ′ [ ] (7.12) [ + 1] = 1 1 + ⋅ [ ] ⋅ (1 -) + ⋅ [ + 1] + [ ] + ⋅ ′ [ + 1] + ′ [ ] (7.13) = ℎ 2 ⋅ ⋅ = ℎ ⋅ + 2 ⋅ ⋅ ⋅ = ℎ ⋅ + 2 ⋅
The resulting equation, 7.13, allows the computation of the atmospheric potential, and subsequently the electric field with Eq. 7.5. Every [ ] terms are known, they correspond to the measurements performed by the instrument, while ′ [ ] terms are obtained with a centered .15 -Data processing iteration scheme. The first loop processes the signal for every value of and produces the 1 . The curve continuity is assessed by computing the difference between the signal before the reset and 60 s after (see Fig. 7.16). The minimum provides at the beginning of every 20 min measurement. The sigma vector is smoothed and the signal is processed to the final 2 result. derivative method (see Eq. 7.14 except for first and last term which are upward and backward derivatives).

′ [ ] = [ + 1] -[ -1] 2ℎ (7.14)
The measurement sequences were then processed one by one, each one being 20 min of continuous measurement, separated by a 6 s reset. The proper reconstruction on each sequence eventually depends on the determination of , since = 1 6.381⋅ , and on the initial condition, [0], the atmospheric potential at the electrode mid-height at the beginning of the measurement, when = 0 V, due to the reset.

The whole processing philosophy is described in Fig. 7.15 and Fig. 7.16 and can be summarized as follows:

• A first overview discards the data chunks considered invalid due to instrument saturation. This is the case in all the measurements during long dust-events since the relays cannot The conductivity retrieval and signal processing are performed by optimizing the conductivity in order to minimize the difference between the corrected signal before and after each instrument reset. In this example the conductivities 5 ⋅ 10 -13 and 1 ⋅ 10 -13 S ⋅ m -1 (blue and green) do not correct the signal "enough" while 1 ⋅ 10 -14 S ⋅ m -1 (magenta) is over-correcting the signal. The red curve ( = 5 ⋅ 10 -14 S ⋅ m -1 ) is the best value regarding the optimization parameter.

be activated during more than 20% of the measurement time (due to power consumption limitations on DREAMS);

• The initial condition [0] is computed by processing the signal into ( is a temporary processed signal, discarded after) assuming = 5 ⋅ 10 -14 S ⋅ m -1 and [0] = 0. Since the instrument was started each time during calm weather, the electric field is rather constant over long timescale, hence one can assume [0] ≈ [1200].

[0] is therefore set equal to [1140..1200] , the average of the temporarily processed signal over the last 60 s of measurements in a 1200 s measurement sequence;

• For the following processed sequences, [0] is made equal to the 60 s average of the signal before the reset. This relies on the assumption that over each 6 s reset, the electric field variation is relatively small. Accordingly, due to some instruments maintenance where it had to remain shut down during a few hours, the [0] calculation is made again, as described previously;

• A first processing iteration determines by minimizing the discontinuity of the signal at every instrument reset. The cost function on which we optimize is the absolute error between the signal before the reset, averaged over 60 s (hence already computed during the processing of the previous measurement sequence) and the 60 s following the reset, averaged too. This span value was chosen because ≈ 300 s >= 5 × 60, this value therefore ensures that the most "altered" part of the discontinuity is sampled;

• The result of this first iteration is an atmospheric conductivity vector ( 1 in Fig. 7.15) which is then smoothed with a spline curve in order to flatten the strong variation inherent to the unorthodox retrieval method;

• The processing described by Eq. 7.13 is performed again, but with the newly formed 2 vector. The resulting potential is then converted into an electric field.

Results

"Fair" weather

The first test was for comparison with fair-weather measurements performed by the two instruments. Indeed, the intensity of the expected electric-field14 , around -100 V ⋅ m -1 suggested that Micro-ARES would stay in its native measurement range (±90 V, see § 2.3.3). In the native range, the post-processing has less impact (in comparison with data gathered with the relays activated). Fig. 7.17 shows the measurements of the two instruments compared over 12 hours of calm weather.

The spike around 01:30 was due to a small dust event (the wind speed measurement, not shown here, shows a small wind gust at the same time) detected by both instruments while the ones around 7:00 were perturbations caused by the team presence around the sensors.

The correlation between the two datasets15 is 0,84 while the average absolute difference is ∼ 7,3 V ⋅ m -1 . The similarity between the two datasets demonstrates the capability of Micro-ARES to accurately measure the fair-weather electric field since at this spatial scale of a few meters above the ground, the electric field is expected to be vertically constant [START_REF] Aplin | Atmospheric Electrification in the Solar System[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Ogawa | Fair-weather electricity[END_REF].

"Dusty" weather

The second step consisted in the confrontation of the measurements during a disturbed weather, favorable to dust-devils (see Chap. 1) hence where the electric field was likely to reach kilovolts per meter and trigger the relays. In these dust conditions, measurement differences are expected between the two instruments, due to a non-constant vertical electric field profile (see [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF], Kok et al. 2009b[START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF]. Moreover, the dust grains impacts on the Micro-ARES electrode (which offers a significant collection surface, 0,36 m 2 , in its Earth configuration) which do not occur on the field-mill are likely to induce electrode potential variations impossible to distinguish from the electric field contribution.

Such measurements are presented in Fig. 7.18 and 7.19, which exhibits more precise closeup detections of dust-devils (with both instruments and concomitant wind speed measurements). The measurements performed by both instruments do show increased amplitude differences in comparison with the fair-weather case, particularly during dust events. However, the correlation between the datasets is still good (∼ 0,8).

The tendency Micro-ARES measurements have to show positive electric fields (electrode "more" negative than the ground) after dust events (positive spikes in Fig. 7.18) are a clue that the electrode is indeed collecting charges from the dust grains impacts, which seem to be negatively charged in average. This predominant negative charge would corroborate the hypotheses formulated in Farrell et al. 2006c[START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF], where large positively charged silicate dust grains remain close to the ground in the saltation layer, while smaller negatively charges metallic dust grains (from the silt ground of the test site) are lifted by the dust devil, hence predominantly colliding with the electrode.

Note that the slight shift in time between the detection by both instruments seems to be due to the 50 meters distance between the setups. Indeed, the time gap is around 20 s, which is compatible with the background wind speed of 2 to 3 m ⋅ s -1 measured in both cases. Additionally, it indicates that both dust-devils were moving westward.

These measurements indicate that Micro-ARES is also able to detect dust-devil events and provide a good measurement of the elevated electric fields generated, hence proving the good behavior of the input relays.

Data from the AC channel can also be exploited in order to characterize the dust events. As shown in [START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF]Farrell et al. 2006a, the dust devils show an AC signature in the frequency domain below 40 Hz. This signature has also been detected by Micro-ARES and is visible in Fig. 7.20.

Unfortunately, neither the POUSSIERE pages (see § 2.3.4) nor the produced spectrogram (Fig. 7.21) shows clear signature of single dust impacts. The size of the Earth electrode does explain the difficulty to detect single events since their occurrence is proportional to the exposed surface. Hopefully, the Martian antenna would be able to detect single events, thanks to its much more reduced size. The ULF signature [START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF]Farrell et al. 2006b) of dust events is visible in the TSP.

Figure 7.21 -Spectrogram of the events presented in Fig. 7.20 between 4 and 100 Hz.

Dust grains impacts and high electrode capacity

As discussed in § 2.2.2 and underlined by Rennó et al. 2008b, electric sensors are sensitive to current which are not produced by the electric field itself: typically charged dust grains in this case or photo-electricity. This phenomena has been observed (in Fig. 7.18 and 7.19) and discussed above and is exacerbated by the size of the electrode which offers a significant collecting surface for charges. Mitigation techniques have been developed when field-mills (shutter or cylindrical types) are used: using two field mills working at different rates (see [START_REF] Smiddy | The double field-mill[END_REF]Smiddy et al. 1960) or using two rates with one sensor16 (see Rennó et al. 2008b); or more basically by using a protective skirt, such as the CS110 commercial field-mill used in this test campaign. With a relaxation probe sensor such as Micro-ARES, the mitigation is less obvious. A protection setup would deform the equipotentials around the sensor too much and is therefore prohibited and no physical configuration of the acquisition can be changed (shutter or rotation speed) in order to perform any mitigation. The external currents induced by dust grains impacts are actually something we hope to "see" with Micro-ARES, with the POUSSIERE mode and its high sampling waveforms. Indeed, in terms of physical behavior, dust grains impacts and electric-field-induced signals are expected to behave differently: The electric field signal produces the potential the electrode follows (the floating potential) more or less rapidly (according to the relaxation time constant and hence conductivity); while the signal generated by impacting dust grains actually induces a potential variation Δ = Δ ∕( + + ) which places the electrode out of its potential "at rest" and therefore lead to a waveform close to what the conductivity tests look like: an abrupt variation followed by an exponential relaxation.

The induced potential variation also behaves differently with regards to the input resistance bridge (with or without relays): The electric field induced potentials (see Fig. 7.2) is affected by the ∕∕ bridge at the input meanwhile any charge injected directly on the electrode induces a variation of that does not "sees" the input dividing bridge, in terms of peak intensity only of course. The relaxation time of the perturbation will follow the very short time constant imposed by the input relay (typically ∼ 25 ⋅ 10 9 Ω ⋅ 57 pF ≈ 1,4 s with the Earth cubic antenna).

When the relaxation time is short (0,1 to 10 s with Martian expected conductivities, see [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF] and the relays deactivated, the waveform patterns are easily distinguished from the background signal, the peak height can be measured and therefore the transferred charge on impact can be retrieved. But when the relaxation time is too long, the successive impacts will superimpose and eventually add up, leading to an accumulated charge on the electrode that builds up faster than it is "evacuated" by the relaxation. And with the large Earth electrode surface, conducive to the collections of a high number of dust impacts, the collected charges do build up

This might the phenomena we can observe in Fig. 7.18 and 7.19: After dust devils and strong wind gusts, the charges accumulated by the dust grains impacts on the electrode, negative in majority17 , create an "asymmetry" (in time, regarding the middle of the dust event) in the signal curve that does not appear in the electric-field signal measured by the field-mill. However, this phenomena is not the only one that might create an "asymmetrical" electrode potential out of a "symmetrical" atmospheric electric field. Indeed, the very large capacity of the electrode, combined with the strong attenuation of the instrument relays leads to an enhancement of the capacitive coupling over the resistive one (see Fig. 7.22 (a)). The postprocessing theoretically should correct this bias, but the uncertainty on the coupling resistance retrieval might lead to the phenomena observed in the simulations. With the Martian electrode and atmospheric conductivity solutions, these kind of effects should have little to no effect (see Fig. 7.22 (b)), and the retrieval of dust charge information should be possible.

Dust storm weather

Eventually, the last case is the one of local dust storms, lasting a few hours during which the electric field remains at high levels. As discussed, such events occurred every evening during the 4 days of measurements (see Fig. 7.24). During such measurements, the 20% relay activation limit (see § 2.3.3) is likely to be reached: In order to simulate as much as possible the behavior the instrument would have on Mars, this relays activation limit was kept for these tests.

The data gathered during the biggest dust storm, the 12 th of July 2014 evening, is shown in Fig. 7.23. The very high electric field which lasted during almost 5 hours indeed produces sparse data: The gaps in the Micro-ARES measurements are the saturated data which has been discarded, while the bigger gap at 20:30 is discarded data due to the fact that the installation caretakers temporarily placed a protective blanket on the antenna, fearing it would fly away pulled out by the strong wind gusts.

The usable data shows an excellent correlation with the field mill measurements (∼ 0,9) but in this case the electric field measured by Micro-ARES is almost twice the one measured by the field-mill (in average). The causes of such differences are the same we previously invoked: dust-impacts on the electrode and variations in the vertical electric field profile. If the dust impacts were the main cause, it would imply that the grains were predominantly charged positively, which again would corroborate the hypotheses formulated in Farrell et al. 2006c and[START_REF] Desch | The Generation of Lightning in the Solar Nebula[END_REF] since the second main dust-storm crossed the erg Chebbi (see Fig. 7.11), lifting large silicate dust grains which are likely to be positively charged.

Alternatively, a vertical electric field profile as discussed in [START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF], Kok et al. 2009b[START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF], which decrease in intensity with height would also explain the observed measurement difference, again the mitigation between the two hypotheses is difficult, given the antenna size and the relaxation time (with a higher , the charges collected by the electrode are "visible" more time and hence tend to build up the electrode potential).

Eventually, the results illustrate the ability of Micro-ARES to properly perform measurements of the electric field in dust storm conditions.

The byproduct of the post processing discussed in § 7.1.4 is the atmospheric conductivity. Yet, since the conductivity has been retrieved thanks to the relaxations at every reset of the instrument, and since the instrument electrode was always relaxing toward positive potentials (charged by positive charge carriers), the conductivity exhibited in Fig. 7.25 is the positive one.

The retrieved conductivity is in average similar to the one expected in a desert environment [START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF]): 5,2 ⋅ 10 -14 S ⋅ m -1 . We can observe that the conductivity evolves within one order of magnitude, reaching a maximum during dust storms (around 18:00, ∼ 10 ⋅ 10 -14 S ⋅ m -1 ) while it is minimum at night (around 03:00, 10 -14 to ∼ 2 ⋅ 10 -14 S ⋅ m -1 ). Both can be explained by the importance of photo-electrons production on aerosols and dust grains (see [START_REF] Feuerbacher | Experimental Investigation of Photoemission from Satellite Surface Materials[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF], which is enhanced in dust events and absent at night.

Thunder storms and electric discharges signatures

Among the AC measurements performed by the instrument, the two phenomena which are expected to be detected on Mars are the transverse resonances, triggered by electrostatic discharges in dust storms and the Schumann resonances (see § 1.2.6). Both phenomena are due to resonance mechanisms in the planetary surface-ionosphere cavity, intrinsically linked to the properties of the soil, atmospheric conductivity profile and ionosphere density.

The 10/01/2014 thunderstorm that occurred near the test site was the opportunity to assess the ability of Micro-ARES to provide scientific content about the transverse resonances and detection of electrostatic discharges in the atmosphere, at a local scale.

The lightings exhibited in Fig. 7.26 are timestamped with a 1 minute precision (30 s long exposure) and were taken 6 km East of the test site (see Fig. 7.9), Northward, which places roughly as located in Fig. 7.11. Given the wind direction that night (see Fig. 7.27), the thunderstorm shown in Fig. 7.26 drifted toward the test site and flew over it between 21:45 and 22:15, as the humidity and electric field show in Fig. 7.27 and Fig. 7.28.

Meanwhile the low part of the Total Spectral Power (TSP), between 4 and 100 Hz carried signatures of dust events, thunderstorms and lightnings are expected to produce a signature in the high part of the spectra (between 1 and 2 kHz, see [START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]). The observation of The events visible in the high frequency part (some pinpointed in Fig. 7.28) do not correspond to the events in the low frequency band. The low frequency band is correlated with the numerous discharge events visible in the electric field, while the high frequency content is due to transverse resonance and lightning discharge content.

the measured TSP in the high frequency range (100 to 3200 Hz) shows that the timestamped lightning can be matched to peaks in the total spectral power as shown in Fig. 7.28. A close-up plot of the low and high TSP, exhibited in Fig. 7.29, shows that both parts of the spectral power are not correlated. The low part of the spectra apparently carries the information of the signal produced by the discharges visible in the electric field, the spikes in the DC signal shown in Fig. 7.29: For each one of these spikes, a corresponding peak in the low-part TSP is visible.

These discharges correspond to variations in the atmospheric electric field induced by the charging and discharge phenomena in the thunderstorm clouds. The high part of the spectra, on the contrary, shows sparser peaks, which have been identified as concomitant with the photographed lightnings, hence leading to think that the spectral content in these TSP peaks are indeed the high frequency content produced by the lightning discharge as well as the so-called transverse resonances (see § 1.2.6).

The spectral data produced by Micro-ARES, and compiled as a spectrogram in Fig. 7.30, shows that the lightnings observations made between 21:00 and 21:30, when the thunderstorm was not above the site, appears here as continuum content in the spectra (forest of red lines between 21:00 and 21:40 in Fig. 7.30). However, when the thunderstorm was located above(18 the test site, between 21:45 and 22:10, high frequency spectral peaks between 500 and 2000 Hz are visible in Fig. 7.30.

Due to the 20% of the time limitation in the relay use, the instrument input was saturated during most of the thunderstorm passage above the site ("flat" part of the electric field around 22:00 in Fig. 7.28). The event which caused the spectral peaks mentioned above occurred at the end of this passage, during the downslope of the electric field and the instrument not saturated anymore. In accordance with the high level spectral lines visible in Fig. 7.30, the Total spectral content exhibits high intensity peaks after 22:00 in the TSP in Fig. 7.28.

The spectral lines can be divided in two groups, the cluster between 500 and 1000 Hz, and the sparser points above 1000 Hz (in Fig. 7.30 around 22:10). The first ones would correspond to events with a duration = 1∕ = 1∕[500..1000 Hz] = [1..2 ms], which is in the range of the expected durations of a lightning discharge (see [START_REF] Leblanc | Planetary Atmospheric Electricity[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF].

However, the ∼ 2 kHz spectral peaks correspond to the frequencies expected for transverse resonances (∼ 1,8 to ∼ 2,2 kHz, see [START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]). The TRANSVERSE mode of the instrument (see § 2.3.4) selects the best 0,8 s, among 20 minutes, AC waveforms sampled at 6,4 kHz, the criterion being the highest TSP above 2 kHz. The TRANSVERSE data selected during the events mentioned above is exhibited in Fig. 7.31, and corresponds to a lightning discharge, as seen by Micro-ARES. The transverse resonances, however, have not been captured by the TRANSVERSE mode data selection and are therefore not visible.

Schumann resonances detection.

As discussed in § 1.2.6 and mentioned previously, the Schuman resonances (SR) are difficult to grasp, due to their very low amplitude (∼ 100 µV ⋅ m -1 , see [START_REF] Schumann | Über die strahlungslosen Eigenschwingungen einer leitenden Kugel, die von einer Luftschicht und einer Ionosphärenhülle umgeben ist[END_REF][START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF], Balser et al. 1962[START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF][START_REF] Simoes | Satellite observations of Schumann resonances in the Earth's ionosphere[END_REF]. The Micro-ARES ability to capture them on Earth therefore had to be tested, in order to ensure the instrument would be able to capture them on Mars, if they do exist with an amplitude comparable to the ones on Earth, of course. Fig. 7.32 exhibits the spectrogram of the data in the range 4 -52 Hz during the 4 days of measurements. The continuum baseline has been removed, fitted with a power function ( ) = ⋅ + . The spectral content visible as spectral peaks all across the spectrogram, starting at 6,25 Hz and repeated every 6,25 Hz (the three first ones are pinpointed with red arrows in Fig. 7.32), are due to the instrument digital noise. The 6,25 Hz fundamental corresponds to the frequency at which the 1024 value buffer, filled at 6400 Hz, is dumped for data processing.

The transmission of the digital noise at such amplitude is due to the poor design of the power supply in the GSE that has been used for desert measurements (see § 3.2.3), soldered on a breadboard without power planes and without separation of the digital and analog power supplies. Other remnants of this noise are visible in Fig. 7.32 (particularly the 11/07/2014 at 00:00) as spread peaks stating at 9,375 Hz = 12.5+6.25 2 and repeated also every 6,25 Hz. They are not to be mistaken with Schumann resonances since the pattern and frequencies might look similar.

The Schumann resonances, however, are visible during the most quiet measurement times, at night and in the morning. The close-up view of the night and morning spectrograms are exhibited in Fig. 7. 33,Fig. 7.34 and Fig. 7.35, where the Schumann resonances are more distinct. The time-average of the last spectrogram, exhibited in Fig. 7.36, clearly shows the SR, at the frequencies expected on Earth (see [START_REF] Schumann | Über die strahlungslosen Eigenschwingungen einer leitenden Kugel, die von einer Luftschicht und einer Ionosphärenhülle umgeben ist[END_REF][START_REF] Balser | Observations of Earth-Ionosphere Cavity Resonances[END_REF], Balser et al. 1962[START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]).

The first modes amplitudes are √ 10 8 24⋅0,8 m ≈ 5 µV ⋅ m -1 , very close to the sensitivity limit of the instrument (the electrode potential is divided by the input capacitor bridge and the antenna height to retrieve a good approximation of the electric field). Given the time at which these resonances were detected (3:00 to 9:00 in Morocco, GMT+1), they highly probably originate from afternoon thunderstorms in south-east Asia and pacific (GMT+8 / GMT+11).

These measurements show that Micro-ARES is able to detect the Earth SR, despite their very low amplitude. This is however not a guarantee that the instrument will be able to measure them on Mars.

Antenna Eigenmodes

In order to ensure that the visible Schuman resonances are not an unlucky artifact produced by the big antenna oscillations, eigenmodes of the mast/antenna system have been simulated, again with COMSOL Multiphysics (see Fig. 7.37) and shows a first mode at ∼ 1 Hz (expected, the center of gravity is at almost 1 m from the ground, hence producing a 1 m pendulum), which cannot not be responsible for the observed spectral peaks, with a fundamental around 7 Hz. noise level in Micro-ARES measurements. The resulting timeline for Sol #2 (example) is exhibited in Fig. 7.39, where the only impacted slots is the evening one. In order to cope with this radio-transmission incompatibility, Micro-ARES was therefore planned to be shut down after 20 minutes of measurements instead of 40.

Micro-ARES data budget

Given the limited data budget, Micro-ARES and DREAMS perform data selection on the data pages produced by Micro-ARES (see § 2.3.4 and § 4.3). The selections of TRANSVERSE and BURST pages are performed by Micro-ARES. The production of 6 BURST pages (3 AC and 3 DC, each one containing 0,16 s of AC or DC raw waveforms sampled at 6,4 kHz) can be activated with a flag hidden in the first bit of the measurement duration telecommand19 sent to Micro-ARES. The production of TRANSVERSE pages20 can be set to 0, 2, 3 or 5 with a flag hidden on the second and third bit of the duration.

The rules for BURST and TRANSVERSE pages by which the Micro-ARES data selection abides are listed in Eq. 7.15.

BURST = 6 if duration ≈ 600 s 0 else (7.15) TRANSVERSE = ⎧ ⎪ ⎨ ⎪ ⎩ 2 if duration < 900 s 3 if duration < 1200 s 5 else
The selection of POUSSIERE pages also follows daily allocation rules which rely on the fact that dust events are more likely to happen in the afternoon. The typical daily distribution of POUSSIERE pages (planned SOL#1 timeline) is exhibited in Fig. 7.40 and shows a higher number of selected POUSSIERE pages between 12,0 and 18,0 (Martian time). The long morning measurement slot (∼ 30 min) has a non-zero POUSSIERE pages data budget, in order to capture with a better sampling rate electric field variation dues to sunrise (photo-electricity effects, conductivity variations, etc.).

Measurement expectations

The global circuit and its generator

Both the question of the global circuit and the intensity of electric fields were supposed to be solved by the instrument. Aplin 2006 states that the fair weather electric field (see § 1.2.2) can potentially vary a lot at the Mars surface, from 0,1 V ⋅ m -1 during the storm-less season, where only dust devils are the generator to more than 400 V ⋅ m -1 during the global dust storms period (see § 1.1.3). Since the measurements were supposed to be performed around Ls 245, a period of the Martian year were the dust content of the atmosphere is expected to increase and even lead to global dust storms, the fair-weather electric field would potentially have been high.

The passage of dust devils over or at least near the instrument, a measurement which was highly expected, would have provided an answer about the generation (Farrell et al. 2006c) or not [START_REF] Merrison | The electrical properties of Mars analogue dust[END_REF][START_REF] Merrison | Factors affecting the electrification of wind-driven dust studied with laboratory simulations[END_REF] of electric fields in dust devils, similar to the Earth ones. This would have constrained atmospheric electrification models such as the one described in [START_REF] Barth | Electric Fields in simulated martian dust devils[END_REF](based on Rafkin 2001and Farrell et al. 2006b), where the electric field generation sensitivity to parameters like the dust grains size and density is very high.

The POUSSIERE pages, thanks to their increased time sampling (533 Hz) and peculiar selection process (see § 4.3), were expected to provide waveforms of single dust impacts on the electrode. This would have given access to individual dust grains charge and would have provided insights about the triboelectric processes taking place into dust storms as well as about vertical dust separation (see § 1.2.3).

One of the consequences of this electric field generation, the destruction of organics components such as methane (see Farrell et al. 2006a, Delory et al. 2006[START_REF] Atreya | Methane and related trace species on Mars: Origin, loss, implications for life, and habitability[END_REF] would have been confirmed or rejected by the combined measurements of Micro-ARES and ACS (on board of TGO, see § 2.1). A positive answer would have brought new insights about the complex atmospheric chemistry taking place on Mars, one of the current mysteries that ExoMars 2016 aims at solving.

The atmospheric conductivity

The Martian atmospheric conductivity, a value to which Micro-ARES has access, has been modeled based on the Martian atmospheric chemistry in the whole column (see [START_REF] Michael | Numerical predictions of aerosol charging and electrical conductivity of the lower atmosphere of Mars[END_REF][START_REF] Michael | Dust charging and electrical conductivity in the day and nighttime atmosphere of Mars[END_REF][START_REF] Cardnell | A photochemical model of the dust-loaded ionosphere of Mars[END_REF]. The very first measurements of this conductivity and the evaluation of its daily variations, simulated with Cardnell et al. 2016 and shown in Fig. 7.41, would have refined too the knowledge of the chemistry taking place in the Martian atmosphere near the surface.

The so-called electrode effect above the surface (see § 6.3 and Chalmers 1967), expected to be reinforced at the Mars surface due to an elevated electron density, would have been detected by the conductivity measurements, as a strong asymmetry between the positive and negative conductivities, in the presence of an atmospheric electric field (see § 6.3. et al. 2016 model (see § 6.3.1). The considered dust content of the atmosphere corresponds to the "standard" dust scenario defined in the Mars Climate Database (based on Viking landers data).

Cavity resonances

The Schumann and transverse resonances are expected on Mars by similarity to the ones observed on Earth, the underlying principle being comparative planetary science. The main parameter governing the SR frequencies being the cavity size, and Mars being almost two times smaller than the Earth, the Martian SR expected frequencies have been computed and the fundamental frequency is therefore almost twice the Earth one: 14 Hz instead of 7,5 Hz (see § 1.2.6, [START_REF] Sukhorukov | On the Schumann resonances on Mars[END_REF][START_REF] Pechony | Schumann resonance parameters calculated with a partially uniform knee model on Earth, Venus, Mars, and Titan[END_REF]). Yet, both phenomena are to a large extent due to ionospheric properties and the insulating attributes of the atmosphere. However, the Martian ionosphere appears highly asymmetric (see § 1.1.4 and [START_REF] Haider | Lower and Upper Ionosphere of Mars[END_REF]) and around 1000 times more conductive than the Earth one. These two major differences are expected to significantly alter the SR (peaks widening, odd or even eigenmodes visible, etc.), as simulated in [START_REF] Toledo-Redondo | Full 3-D TLM simulations of the Earth-ionosphere cavity: Effect of conductivity on the Schumann resonances[END_REF]. The Schumann resonances have also been remotely measured, via an indirect path since the plasma frequency of the Martian ionosphere traps the SR frequencies inside the cavity, the results are discussed by [START_REF] Ruf | Emission of non-thermal microwave radiation by a Martian dust storm[END_REF]and show, contrary to Toledo-Redondo et al. 2016[START_REF] Toledo-Redondo | Schumann resonances at Mars: Effects of the day-night asymmetry and the dust-loaded ionosphere[END_REF], high amplitude SR, triggered by discharges in dust storms and dust-devils. The Micro-ARES measurements were expected to unravel this questioning and provide new insights on this almost half-shell ionosphere.

The discharge phenomena predicted by [START_REF] Ruf | Emission of non-thermal microwave radiation by a Martian dust storm[END_REF] ware also expected to be detected by Micro-ARES, either by direct measurement of the discharge or thought the produced transverse resonances [START_REF] Simoes | Observation and modeling of the Earth-ionosphere cavity electromagnetic transverse resonance and variation of the D-region electron density near sunset[END_REF]. This type of measurement were expected to provide insights about the phenomena of secondary electron emission expected in the dust events (see [START_REF] Farrell | Is the electron avalanche process in a martian dust devil selfquenching?[END_REF][START_REF] Pavlů | Secondary electron emission from Martian soil simulant[END_REF], with the consequences on the atmospheric chemistry they potentially have. Of course, the observation of transverse resonances, whose frequencies are directly dependent on the altitude and density of the ionosphere above the discharge site, would have granted additional information about the Martian ionosphere.

Martian results

During the cruise of ExoMars 2016 and Schiaparelli to Mars, the three checkout tests of Micro-ARES and DREAMS shew them performing flawlessly. Nothing of interest was measured by Micro-ARES given its limited time ON 21 and the conditions (lander in the vacuum inside the backshell). Everything went well until 3,7 km above Meridani Planum. After that, the empirical rule stating that half of the Mars missions do fail applied.

But this is only a matter of time before the Martian electric field mysteries are unveiled ! The ExoMars 2020 mission lander base embeds another electric field sensor, and hopefully all the questions raised above will find their answer.

Chapter 8

Conclusions and Perspectives

"Now, in all these enjoyable and elevating features which characterize modern intellectual development, electricity, the expansion of the science of electricity, has been a most potent factor. Electrical science has revealed to us the true nature of light, has provided us with innumerable appliances and instruments of precision, and has thereby vastly added to the exactness of our knowledge. Electrical science has disclosed to us the more intimate relation existing between widely different forces and phenomena and has thus led us to a more complete comprehension of Nature and its many manifestations to our senses." -Nikola Tesla, On Electricity (Electrical review, January 27, 1897)

The measurement of electric fields

Micro-ARES was proposed for the ExoMars 2016 lander as part of the DREAMS package, as an answer to the ESA call for proposals 2010. It was selected in 2011 for the undertaking to unravel the Martian electric fields and the many questions and implications surrounding it.

The piggyback status of the DREAMS package -embedding Micro-ARES -and the fact that it worked on batteries only left little to no margin in term of mass, power and data budget ( § 2.1). These three constraints were at the center of the development of the instrument and led to multiple trade-offs: the loss of one of the electrodes compared to the ARES design [START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF], the limitation of the relays usage to 20% of the time, the reduction of the high-voltage feeding the pre-amplifier, the simplification of the mast bootstrapping to one potential (the electrode one) instead of two or more, see Fig. 7.5), the use of a power efficient but non rad-tolerant electronic components, a very selective data handling, et cetera. All these simplifications led to a very lightweight and power efficient instrument at the cost of a more complex data processing.

Because of the relaxation probe single electrode design and the use of relays to measure large electric fields, the instrument concept reached the limits of simplification. As a consequence, a lot of effort was put into the careful calibration of the instrument ( § 5.1), and thorough understanding of the electrode-atmosphere coupling, the physical processes behind it and eventually its modeling (Chap. 6), a crucial component of the data processing ( § 5.2). The excellent results the Saharan test campaign presented are a solid proof that Micro-ARES does work properly and that the data processing and instrument modeling developed are both effective tools to compensate the biases introduces by the instrument itself, its peculiar design and the instrument environment.

The modeling work -and particularly the plasma model and atmospheric charge carriers density model related, see § 6.3 -also shed light on unexpected charge carrier behavior in the Martian atmosphere. Indeed, a low conductivity near the ground and strong asymmetry between the positive and negative conductivities, if they are observed in the future on Mars, might lead to wrong conclusions if not interpreted through the prism of this plasma modeling and the strong electrode effect predicted close to the Martian surface ( § 6.3.4). This model is therefore necessary to understand what the instrument measures but also what these measurements do mean.

For me, a recently graduated aerospace engineer with no particular expertise in electronics -when I began this thesis three years ago -the rather simple design of the instrument was the perfect first step into the space exploration world. One can easily get its head around the design of this instrument and apprehend all of its components, from the analog input to the data communication and data handling. This enabled me to contribute to various parts of the instrument (hardware and software), understand and really take part to the testing and development process. The most complex part was actually to understand the physics underlying the electric-field measurement through the relaxation probe concept: the "floating potential" of the electrode and its interaction with the atmosphere. And it is really the very recent work on the electric-current and plasma modeling during the past year that enlightened me.

How to improve Micro-ARES?

For Mars or other bodies

Space system conception is very often driven by strong mass and power constraints, simply due to the cost of sending something into space: 10.000$ per kilogram for the Low Earth Orbit, 2.000.000$ for the Mars surface. Until a space elevator is built on Earth and dramatically reduces theses prices, the versatile, lightweight and energy-sober Micro-ARES design is very likely to be reused in the future for the study of the Martian atmospheric electric properties.

With this in mind, the following improvements could be implemented:

• In the initial design of the Board a flash memory chip was present, for potential on-flight software updates or more efficient data processing (see below). With a more powerful processor, and preferably with a RAD-tolerant design, this chip could be reinstated;

• The data selection of POUSSIERE pages could be improved with either an autonomous version of Micro-ARES or another OBDH computer: Instead of selecting a given amount of pages for each measurement run, according to the time of the day (see § 7.2.1), the selection could be performed over a large set of data, acquired during a whole sol or even more. That the most interesting moments over a large time period would be selected. Indeed, the selection based on a timeline might actually miss interesting events, for example a dust devil that passes by during a run where no POUSSIERE pages are allocated. On the contrary it might save many pages during measurement run when nothing peculiar happens, which in this case is also a waste of data budget. This way of working is actually the one that was intended at the beginning of the Micro-ARES instrument development;

• A higher sampling rate of the instrument (which would also require a slight re-design of the input filters of course) would cover higher frequencies; This could lead to improved transverse resonances and lightnings detection, finer sampling of the spectra and a better time-sampling in the spectra production;

• Without the data and power budget larger than the ExoMars 2016 mission one, the relays limitations could be removed;

• The high-voltage feeding the follow-up circuit and hence the pre-amplifier could be increased. At the cost of higher power consumption, more careful PCB design (to avoid electric arcs) and compliance with strict ECSS rules for High-voltage space engineering, the relay triggering threshold could be pushed back. One could even consider a design where no relays are required at the instrument input, with a high-voltage elevated enough. With such design the relays would be displaced after the pre-amplifier in order to maintain a good precision at low measured potentials and still be able to measure very large electric field (with a lower precision). Moreover the relay attenuations would not depend on the atmospheric conductivity anymore making the data processing more straightforward and reliable. Equally, the CONDUCT test measurements would work even with a relay activated since the input impedance would remain unchanged;

• The EMC sensitivity of the instrument and its slightly-above-the-threshold EMC emissivity were discovered very late in the instrument development process (after integration). A future version of the instrument could embed the necessary protections. If this is possible, since the emitting and receiving element is the antenna, adding filtering devices for the EMC might appear complicated regarding the high-impedance constraints.

On Earth

Before the instrument is re-flown, in a new configuration or the actual one, with the FS board for example, other Earth measurements campaigns could be performed. Such experiments would not only be made for testing purposes, but also for scientific use, as a fully-fledged instrument, dedicated to dust-activity or thunderstorm monitoring. However, the Earth electrode required in order to work with the instrument input impedance (in its current design) more challenging (see Chap. 7).

We claimed that the Micro-ARES design of the input already maximized the impedance of the pre-amplifier and since the Saharan campaign test aimed at testing the instrument in its Martian electronic configuration, and this assertion was true. However, if a version of the instrument was dedicated for Earth use, some minor changes of the instrument might improve the input impedance and make the original Micro-ARES antenna usable on Earth:

• The first modification would be to remove the CONDUCT test injection capacitor. Indeed, this component is connected directly at the instrument input and the only value provided by the manufacturer concerning the resistance is a lower limit of 1 ⋅ 10 12 Ω.

Since the conductivity test is not functional on Earth due to the very long relaxation time, this component in not necessary anymore. Since the software part in charge of the CONDUCT measurements would become irrelevant, it could be deactivated too.

• A replacement method is necessary to measure the conductivity, since its value is necessary for data-processing. A potential solution would be to regularly activate and deactivate an input relay and measure the attenuation produced in order to retrieve the sheath resistance and hence the conductivity. The main drawback of this method is that according to the electric field polarity, the instrument would either measure the positive or negative conductivity. However the measured conductivity is the relevant one for data-processing.

• With the Micro-ARES antenna, the conductivity retrieval method presented above as well as the simple use of the relays for large electric fields measurements require an increase of the relays resistance values. Typically, if ≈ 1 ⋅ 10 -14 S ⋅ m -1 , the sheath resistance is expected to be ≈ 5 ⋅ 10 14 Ω. The highest available resistances are 1 ⋅ 10 13 Ω ones (they require very careful manipulation and cleaning in order to avoid leakage currents). With = 1 ⋅ 10 13 Ω and = 5 ⋅ 10 12 Ω, the produced attenuations would be respectively ∼ 50 and ∼ 100, which is equivalent to the relaxations expected on Mars with the current configuration.

• The pre-amplifier datasheet recommends to use an "air wiring" method for the instrument input assembly, in order to minimize the current leakages at the component input (see Fig. 8.1). Such assembling technique was obviously prohibitive for the space version of the instrument, for vibrations and shock resilience reasons (see Chap. 3). On the flight version, the instrument input circuit is realized on the PCB, with a guard ring circuit all around the input tracks, connected to the bootstrap (pre-amplifier output) in order to minimize the leakages. However this method is altogether applicable for an Earthadapted version of the instrument. In addition, the removal of the input capacitor would make it even easier. This kind of air-wiring is common for Earth-borne electric field sensors and applications involving very high impedances

• The last option is the application of a dielectric insulator coating on the instrument input electronic components, wires and tracks, in order to avoid any influence of the atmospheric conductivity and humidity on the instrument input, and the current leakage it might cause. A commonly used coating is the polymer called Parylene, which is deposited on surfaces by Chemical Vapor Deposition (careful protection of contacts and connectors is required). Its expected surface resistivity is (∼ 1 ⋅ 10 16 Ω ⋅ cm). By comparison, the coating used to protect Micro-ARES electronics, a silicon based chemical named MAPSIL, has a surface resistivity of ∼ 1 ⋅ 10 12 Ω ⋅ cm and its accidental application on the instrument input (Qualification Model) did alter noticeably the input resistance of the instrument;

Most of these modifications will be carried out on the QM1 Micro-ARES board, in order for LATMOS to have a functional Earth version of Micro-ARES, able to function with the compact antenna.

Work in progress and future directions

Modeling work

The modeling work, and more particularly the chamber test aiming at assessing which model is the most suitable to describe the electrode-atmosphere interaction is still open (see § 6.3 and § 3.1.3). The tests conducted in December 2016 were at atmospheric pressure with dry air. They are already expected to show behaviors only predicted by the plasma model (decrease of the conductivity when the forced electric field is elevated for example), but the Sahara desert test campaign demonstrated that the electric-current model was accurate enough to process the data.

The chamber experimentation must therefore be conducted within a Martian-like atmosphere at (∼ 6 mbar and mainly composed of CO 2 , with traces of oxygen and water vapor). The reason behind it is that the plasma-model revealed that the absence of oxygen, a major electrophile element, leads to an increase of the contribution of electrons to the atmospheric conductivity and thus amplifies the sheath effects (charge depletion and rejection around the antenna) due to their high mobility (see § 6.3).

Further developments of the model, might include secondary emissions effect in highelectric field conditions and the dynamic inclusion of dust and aerosols and their electron production by photo-electricity and ion recombination. Another model that was planned to be developed is a charge particles impact model. Since COMSOL is able to simulate coupled fluid dynamics and particle transport, dust impacts on the electrode with a perturbing geometry around (another lander for example) might be feasible.

All the simulation work was based on the assumption that the instrument's and spacecraft ground is same as the soil one, a simplification hypothesis due to the lack of information concerning the metallic structure-soil contact, but necessary when working with a single-electrode relaxation probe. While this assumption is rather valid on Earth given the soil conductivity, this might not be the case on Mars, and a large difference of potential between a lander and the ground might result in significant electric field perturbations that must be taken into account. This hypothesis was acceptable in the context of the Schiaparelli lander since the spacecraft's underneath was composed of crushable aluminum honeycomb which would have behaved like thousands of metallic needles planted into the surface regolith, ensuring a good electric contact. But in the case of an ExoMars 2020-like lander, the contact surface reduces to the feet and ramp contact. Further work on Micro-ARES must therefore include a thorough study of the spacecraft-ground interaction

The PIC modeling based on the simulation program SPIS was just initiated (see § 6.4) and the software is being upgraded by the software company and laboratories (ONERA, ESA) working on it in order to handle the collisions with electrons. If this approach appears feasible, it could serve as a confirmation (or not) of the plasma model good behavior or even replace it.

Measurement campaigns

An Earth-adapted board with the Micro-ARES antenna would need to be tested in a dusty environment similar to the one encountered during the Sahara desert test campaign. Such test, would again require another commercial electric field sensor used as a reference. A setup similar to the one discussed in [START_REF] Seran | Variations of electric field and electric resistivity of air caused by dust motion[END_REF], with cylindrical field mills vertically sampling the electric field and placed not too far from Micro-ARES would be ideal in order to understand how the electric field averaging over the antenna height behaves.

A thorough study of the spacecraft-surface interaction mentioned above must include an experimental measurement of the contact impedance between a metallic surface (lander foot) and Martian-like soil (JSC MARS-1 Martian regolith simulant for example) in the adequate temperature, pressure and humidity conditions. Balloon measurements might also help in the understanding of measurement performed by Micro-ARES when installed on a structure with a poor contact with the ground since such a case would be similar to the one of Micro-ARES mounted on a balloon's gondola.

Electric field measurement devices also perform very well without being nailed into the ground. A less Earthbound approach would therefore consist in testing the instrument on a stratospheric balloon. Such a test is planned for the year 2018, as a passenger to the test flight of the ozone-layer study balloon: Strateole. As discussed in § 6.3.1, even if the Earth stratosphere shows a conductivity similar to the one expected on mars, the Earth stratosphere composition, rich in oxygen, still leads to a strong depletion in electrons, the species potentially responsible for exacerbated sheath and electrode phenomena on Mars.

The harder they fall

Even though 300 000 000 m ⋅ s -1 is an unfathomable speed, light quickly shows its limits within the Solar system. A conversation with a 1,6 s delay when telephoning to your best friend on the Moon is at worst tedious. But the ten to thirty minutes delay with the red-planet becomes absolutely prohibitive when real-time control is needed; New Horizons, beyond Pluto, is an order of magnitude beyond that.

In other words, people staying in the control room on Earth are condemned to know what is happening on Mars with a fifteen minutes delay and everything requiring a response time shorter than half an hour must therefore be carefully automatized. The slightest error in these processes will be horrifyingly revealed to the Earthling observer fifteen minutes too late, leaving him entirely powerless.

Unfortunately one of these automation problem appeared the 19 th of October 2016 on the Schiaparelli lander and delayed the discovery of the Martian electric fields by a few years (see Fig. 8.2).

I will conclude with the comforting remark my little brother, Hugo Déprez, made: "Something you touched is now on the Mars surface, this is incredible !". span would necessary be lower than 2 and 408∕160 = 2, 55, and solutions with < 9 could not be optimal (tested) since the spans could be larger than 256, "wasting" precision for the coefficients.

Other optimization methods have been tested, such as a classic least-square method or simulated annealing. None of them either converged or provided a solution where the residual error was lower that the presented algorithm. The solution adopted (see Fig . A.2) has the coefficients encoded on 11 bit and maximum relative error of 0.6% , which is very good given the double approximation introduced by the integer conversion and the data reduction method. Note that this error will only affect the TSP values, indeed, the spectra produced by the instrument will unavoidably be affected by the correction, but since it is perfectly known, it is reverted in the post-processing. 

B.3 Monte-Carlo modeling of the energy deposition

The Monte-Carlo model principle is depicted Fig. B.4 and function as follows:

• The chamber geometry is defined in the model.

• It is first sown with a high number N (10 8 ) of 222 Rn particles uniformly distributed within the chamber (as expected for a gas injected in the chamber and diffusing).

• An set of equal length of random speed directions is randomly generated (in normalized units) as well as a random lifetime depending on the probability density function defined by the 222 Rn decay: = -ln(rand]0, 1[) ∕ .

• Each 222 Rn is decayed and generates two products, one alpha and one 218 Po going in opposite directions.

• The decay product diffuses in the medium, covering the distance = √ 3 with = 2,5 ⋅ 10 -4 m 2 ⋅ s -1 (Meslin 2008) on a straight line. If a collision with a surface at a distance lower than = √ 3 happens, then the 218 Po position is set at the impact point, otherwise it is set "in the air" at the distance from the 222 Rn position it originates from. 222 Rn and its alpha radioactive products. The stopping power of air at 1 atm is clearly visible here, since all three alphas depose their whole energy in a matter of a few millimeters, meanwhile in CO 2 at 1 kPa, each one deposes less than 1 MeV . eling, an electrostatic toolbox already exists and the user only has to select which boundaries have a forced potential and the value of this potential, or which boundary is at a floating potential and how the collected current interacts with the electric circuit. However, for continuum-plasma modeling there was no pre-existing toolbox and a versatile PDE toolbox was used, where the whole PDE equation can be defined by hand and boundary conditions can be set to typical Dirichlet, Neumann and Fourier ones.

• One important aspect of the physics implementation is the initial conditions setup. Indeed, for the solver to converge to a physical solution and not a physically absurd but mathematically possible local minimum, or simply to make the convergence faster, a good initial guess must be fed to the program. For example, for the simulation of the electric-field chamber (see Chap. 3), the setup of the bottom plate to 0 V and top plate to 100 V will naturally lead to a first guess on the atmospheric potential to be ( ) = * 100∕ℎ ℎ (ℎ ℎ begin the chamber's height). For the plasma simulations, a physically good first guess of the spatial densities of the different charge carriers is the density they would have in the unperturbed space (as a function of the ionization rate and the various recombination coefficients, see § 6.3.1).

• The geometry is then meshed, first automatically and then, if required, the user can refine it where necessary to help for convergence and result precision (see below).

• Eventually the simulation is ran with the adequate approach: stationary (the solver converges to a solution which zeroes the time derivatives with a Newton descent algorithm), classical time simulations of study of Eigenvalues.

C.2 Advantages and drawbacks

COMSOL has the typical advantages and drawbacks inherent to the use of such software.

The main advantage is of course that the user does not have to care about the mathematical implementation of the finite volume approach. The equations discretization is handled by the software entirely, the meshing is automatized and the solving process (convergence in Stationary mode or CFL condition if a time simulation is performed) is entirely handled by the software.

The drawbacks are inherent to the advantages: since the software handles all the mathematical processes of finite elements modeling, so that the user can focus on the physics and the problem posing, it ends up behaving like a "black box" software. For instance, the definition of a Newman boundary condition, which is not "natural" in finite-elements solving and requires mathematical tricks (ghost cells), is handled in a very obscure way by COMSOL. The control over the solvers, the equations implementation when using dedicated toolboxes or the equations coupling use a complex COMSOL syntax and require a deep understanding of the software or even "tricks" that only the support engineer can provide.

The fully-automatized aspect of the software can also be a trap since a converged solution is not necessarily accurate, just like the outcome of a problem discretized with unconditionally stable numerical scheme (Crank-Nicholson, Runge-Kutta, etc.) can produce utterly wrong results. A sensitivity study on the mesh size effect (on which the user has a good control) over the results can help solve such an issue for example.

C.3 Meshing of the model

As mentioned, the used has a good control over the model meshing, so that relevant zones can be refined -typically the closer to the antenna, the finer the mesh -while domain boundary elements can be enlarged in order to reduce the computation time.

The electric-current simulations (see § 6.2) do not require extremely fine meshing. The mail goal is therefore to have a mesh fine enough to describe the geometry of the antenna. For example, the Micro-ARES spherical antenna must indeed look like sphere and not an octahedron, so that the current integration over the electrode can be accurate. The resulting meshes for the electric-current simulations are shown in There is however a point on which the user must be careful: the domain size. Since the electric-current model is based on electrostatic equations, any local perturbation potentially has an effect that extends infinitely in space. For accurate simulations, the user therefore should make the domain "big enough" so that perturbations caused by the antenna can extend enough and be sufficiently attenuated before reaching the domain boundaries. In order to avoid a huge domain and hence a large number of finite elements (which leads to increased computing time and memory requirements), COMSOL implements a mathematical "trick" that allows the user to virtually expand the mesh element at the domain boundary. This technique is shown in This "trick" seems to work but is actually one of COMSOL's black boxes where the user does not really know what is done. It was however used for the modeling with the lander since it allows to drastically limit the total amount of elements. For the Earth antenna simulation, where the antenna geometry is simple and thus limits the amount of elements, a basic 50 m wide domain in the shape of a half-sphere was used.

However, when dealing with the plasma model (which was mainly run with the test chamber, the 3D simulations with the lander still have convergence issues dues to their complexity), the huge gradients that can appear at the conductive boundaries require an extremely fine meshing (see § 6.3.3). The mesh was therefore manually refined down to a 1 ⋅ 10 -4 m in thickness near the surface, gradually increasing to a few millimeters on the first twenty layers (see Fig. C.6). Some high-gradients regions were also refined in order to curtail instability phenomena (see below).

C.4 Convergence troubleshooting

The plasma-model and its implementation introduce very large density gradients, mainly due to the absorbing wall boundary condition, up to 10 10 mm -1 (see § 6.3.3). The consequences are that the model does not easily converge to a solution or that said solution can be false, due to the visible presence of numerical artifacts, oscillations and negative densities.

The mesh refining solutions have been discussed in the previous section and are illustrated by Fig. C.7. In this example, the high electric field gradient between the mast base and the ground plate (∼ 20 V across a 3 mm distance hence ∼ 7 kV ⋅ m -1 ) creates numerical instability and non-physical density variations (since their shape and intensity depends on the meshing, they are indeed non-physical). These instabilities have an impact on the whole domain (ripples in the middle of the domain in § 3.1.3.3). This mesh is used with the plasma model (see § 6.3) and requires very fine meshing at the collecting walls boundary conditions (all the conductive surfaces). The element size near the electrode is 1 ⋅ 10 -4 m. The bottom left and right corners are highly refined, in order to avoid artifacts produced by high electric fields in these zones. domain with this method and further mesh refinement, eventually leading to the instabilities disappearance at the cost of a very long calculation time, showed no impact on the computed electrode potential. Yet, even with a sufficiently refined mesh and "not-too-absurd" initial conditions, the solver might not converge, due to the large gradients in the expected the result. The workaround for this case was to use a more classical time-dependent simulation, starting with the adequate initial solution and run the simulation during a time long enough for the system to reach an equilibrium state, when the equilibrium is reached, or at least close to be reached, the result in fed as an initial condition to the stationary solver which refines it to indeed find a steady state solution. This way of proceeding is based on the assumption that the equations chosen to describe the system are physically accurate and hence should converge to a steady state when no external perturbations are present. 

D.1.2 Ground limited conductivity effect on Mars

The 1D vertical simulations of the electrode effect do take into account the soil conductivity in the Martian case. The soil is represented as a 10 m high layer whose conductivity is 2 ⋅ 10 -9 S ⋅ m -1 [START_REF] Zent | Initial results from the thermal and electrical conductivity probe (TECP) on Phoenix[END_REF].

The result of this limited ground conductivity is shown in Fig. D.4. By night, when the electrons have a negligible impact on the atmospheric conductivity and this conductivity is small regarding the ground one, the ground surface potential variation with the electric field is also limited. The observed asymmetry between negative and positive is a consequence of the small mobility disparity between the positive and negative ions. Since the positive ions are slightly more mobile (see § 6.3.1), a negative electric field which "pushes" positive ions toward the ground is charges the ground more efficiently than a positive one.

By day, however, the ground surface variation is significantly enhanced and the asymmetry reinforced. Again, the presence of electrons notably increases the overall negative conductivity and average mobility. The effect observed during the night is reversed: a positive electric field (which forces a current of negative charge carriers) charges the ground far much more easily than a negative one, hence the asymmetry. 

D.2.3 Conductivity test

The figures D.14, D.15, D.16 and D.17 show the chamber potential and charge densities at various moments of an entire conductivity tests as performed by Micro-ARES and simulated with the electric current model. The simulations from which are extracted these figures are based on the Martian-like conditions (CO 2 at 1 kPa) that would be used in the chamber. The moments of the relaxation test chosen to show the potential and densities in the chamber are summarized in Fig. D.13. These figures aim at illustrating the reconfiguration of the charge carriers in the chamber over time according to the electrode potential. The mobility disparities induce "reactivity" differences, mostly between ions and electrons. 

  (a) Giovanni Schiaparelli's map from 1886. The map is upside-down (Credits: Flammarion, La Planète Mars). (b) Mars topographic map produced by the instrument MOLA (LASER altimeter on board of Mars Global Surveyor probe). The main topographic sites and regions are indicated (Credits: NASA / JPL / USGS and C.Rodrigue).
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 1 Figure 1.3 -Two hundred and twenty years separate these two maps of Mars. The first one is the result of nine years of observations through a 15 inches refractor telescope while the second one was produced in merely one year of orbital observations. Schiaparelli recognized most of the characteristics of Mars: Valles Marineris, the Tharsis Mons and North-South dichotomy.

Figure 1

 1 Figure 1.5 -Frozen brine trapped in the regolith below the surface photographed by the Phoenix lander the 15 th and 19 th of June 2008 (in the northern region, 68 °N, 126 °W). The comparison shows the water ice slowly sublimating (Credits: NASA/JPL-Caltech/University of Arizona/Texas A&M University).
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 1 Figure 1.6 -Martian sunset captured by the Spirit rover in 2005 near the Gusev crater. Due to the atmospheric dust loading, the unusual color scheme is the opposite of the one normally observed on Earth during a sunset/sunrise (Credits: NASA/JPL-Caltech).
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 1 Figure 1.7 -Global dust storm outbreak, between June and July 2001, captured by Mars Global Surveyor (Credits: NASA/JPL-Caltech/MSSS).
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 1 Figure 1.8 -Dust-devil tracks captured by HiRISE on Mars Reconnaissance Orbiter, at the North of Syrtis Major Planum (Credits: NASA/JPL-Caltech/University of Arizona).
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 1 Figure 1.9 -Afternoon dust-devils captured by the HiRISE camera on Mars Reconnaissance Orbiter, in the Amazonis Planitia region (very flat and smooth region located West of Olympus Mons). The left one is estimated to be ∼ 30 m wide and reach about 800 m in height (slightly bigger than on Earth), the right one is ∼ 140 m wide and almost 20 km high, taller than an Earth tornado (Credits: NASA/JPL-Caltech/Univ. of Arizona).
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 1 Figure 1.10 -Dust-devil in the Endeavour crater observed by the Opportunity rover from the ridges of Marathon valley, in April 2016 (Credits: NASA/JPL-Caltech).
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 1 Figure 1.12 -History of Martian robotic exploration successes and failures (Not up-to-date for post-2016 missions, credits: NASA).

  (a) Sprites lightning above a thunderstorm cloud in China in 2016 (Credits: Phebe Pan). (b) Lightnings in the ash plume of and eruption of the Eyjafjallajökull volcano (Iceland) in 2010 (Credits: Sigurður Stefnisson).
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 1 Figure 1.13 -Atmospheric electricity on Earth can proceed from various events: a classical thunderstorm (a) or a volcanic plume (b). The sprite in (a) is the counterpart toward the ionosphere of a more classic lightning occurring below the cloud (its glow is visible in the cloud).
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 1 Figure 1.14 -Thunderstorms generator role in the terrestrial global circuit. The expected electric field in the Thunderstorm is upward, which generates a fair-weather electric field downward.
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 1 Figure 1.15 -Supposed charge generator role of dust-devil in a Martian global circuit. The expected electric field in a Martian dust-devil is downward, which would generates an upward fair-weather electric field. With the knowledge of the average dust-devil electric-field, one can retrieve an approximated number of active dust-devils from the fair-weather electric field and conductivity (inspired by[START_REF] Delory | Oxidant Enhancement in Martian Dust Devils and Storms: Storm Electric Fields and Electron Dissociative Attachment[END_REF]).
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 1 Figure 1.16 -Tribo-electric charging of dust grains through collision. The smaller particle transfers more charges -electrons -to the bigger dust grain than the opposite, hence the size (and composition) dependency of the dust grains charge.

  Figure1.17 -Three main forces governing the dust grain motion: Gravity ( ⃗ ), aerodynamic ( ⃗ ) and electrostatic ( ⃗ , the dust grain is considered negatively charged here, hence the upward electrostatic force).[START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF] showed these three forces can reach the same order of magnitude in a dust event, hence the paramount role of atmospheric electric fields in the dust dynamics (inspired by[START_REF] Kok | Electrostatics in Wind-Blown Sand[END_REF]).
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 1 Figure 1.18 -Oxidant species generation through electro-photochemistry in the Martian atmosphere. Electric fields large enough enhance the production rate of the OH and O -radicals, which in return contribute to the production of H 2 O 2 (Credits: Atreya et al. (2007)).

  Figure 1.19 -Schumann resonances on Earth illustration (ionosphere not to scale). The ground-ionosphere cavity modes are excited by the lightning from the frequent thunderstorms in the tropical regions (inspired by NASA/GSFC animation).
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 1 Figure 1.20 -Schumann resonances on Mars illustration (ionosphere not to scale). The groundionosphere cavity modes are excited by the supposed lightning in dust events.
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 2 Figure 2.1 -Trace Gas Orbiter and its instruments (3D rendering, credits: ESA/ATG medialab).
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 2 Figure 2.2 -The ExoMars 2020 surface platform and rover, solar panels and ramp deployed (CAD rendering, credits: Roscosmos/Lavochkin/IKI).

Figure 2

 2 Figure 2.3 -The Earth, as seen by Voyager 1 on the 6 th of July 1990, from 4 billions kilometers away (Credits: NASA).
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 2 Figure 2.4 -The Schiaparelli lander and its science instruments. The lander is 1,65 m in diameter, weights 577 kg (fuel included) and relies on 3 sets of hydrazine engines and a thick bottom layer of crushable material to land safely on the Martian surface (3D rendering, credits: ESA/ATG medialab).
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 2 Figure 2.6 -Schiaparelli "landing" site at the coordinates 1,82 °S and 6,15 °W, in Meridiani Planum, a few hundred kilometers away from the Opportunity rover location (Credits: ESA/MOLA).

  Figure2.8 -Cylindrical field-mill principle: The two halves of a rotating cylinder are alternatively exposed to the electric field entering and leavening the surface. The resulting current sinusoid measured between the two faces has an amplitude proportional to the electric field, the capacity between the two electrodes and the rotation speed. The differential measurement makes it independent on the instrument grounding. Any parasitic current due to atmospheric charge carriers is also a bias.
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 2 Figure 2.10 -Micro-ARES Qualification Model complete: electronic board, antenna (bootstrapped mast and electrode, isolated), coaxial cable (the right one to the electrode with the guarded signal and the left one to the mast, shielded at the ground) and cover plate (Credits: Philippe Granier).
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 2 Figure2.12 -Micro-ARES Flight Model electronic board. The power consumption (< 0,3 W) and weight ((< 0,2 kg)) were reduced as much as possible. The two metallic covers protect the high-voltage generation circuit (±100 V, top cover grounded) or act as a guard around the preamplifier (bottom cover, hence forced at the bootstrap potential) (Credits: Philippe Granier).
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 2 Figure 2.13 -The whole Micro-ARES measurements and data selection is based on the acquisition sequence depicted here: 1024 DC values and 1024 AC values acquired during 0,16 s (6400 Hz each). Packages of 6 sequences will be used in the illustrations of the various data types production.
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 2 Figure 2.14 -BURST and TRANSVERSE data pages generation. The DC and AC BURST pages are generated at the beginning of a measurement, if activated. The TRANSVERSE pages only contain AC data, selected among the whole measurement.
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 3 Figure 3.1 -Space project life cycle as defined in the ECSS (source: ECSS-Management).
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 3 Figure 3.2 -Summary of the different Micro-ARES boards. Most of the tests and software developments discussed in the following chapters have been performed with the Proto2 v3.
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 3 Figure 3.3 -Injection box typical plugging to Micro-ARES and a signal generator.
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 3 Figure 3.5 -PC-controlled arbitrary generator (left), ×20 amplifier (center) and High Voltage amplifier (right).
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 3 Figure 3.6 -Injected signal examples: Generated sum of sines signal (left) and 2013 Desert measurement signal by the DREAMS team, scaled and shifted to fit in the -150 to 150 V range of the ×20 amplifier (right).
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 3 Figure 3.7 -Basic electric-field generation setup composed of two aluminized cardboard plates.
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 3 Figure 3.8 -Electric-current simulation (see § 6.2) of the -200 V ⋅ m -1 electric field and equipotential lines between the basic chamber plates (Fig. 3.7).

  Figure 3.9 -(Left) Electrode potential measured with the EIM board in the chamber (Fig. 3.13) with successive 200 V ⋅ m -1 (0-250 s), 0 V ⋅ m -1 (250-700 s) and 500 V ⋅ m -1 (700-1200 s) injected electric fields; only the transitions are detected due to a capacitive-only coupling with the atmosphere. (Right) Electrode potential measured with the same board and antenna (chamber removed) outdoor: The electrode potential reaches the same equilibrium potential as in the chamber, the spikes are due to the conductivity tests performed by the instrument.

  (a) Inside the chamber: ≈ 7,5 V. = 0 V ⋅ m -1 and = 1 ⋅ 10 -20 S ⋅ m -1 . (b) Outdoor: ≈ 8 V. ≈ -100 V ⋅ m -1 and = 1 ⋅ 10 -15 S ⋅ m -1 .
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 3 Figure 3.10 -Micro-ARES electrode electric current simulations (see § 6.2 and Appendix C) results for two case: (a) inside the chamber depicted in Fig. 3.13 right, and (b) outdoor with the antenna and plate depicted in Fig. 3.13 left. These simulations aim a retrieving the electrode potentials measured in (Fig. 3.9).

Figure 3

 3 Figure 3.11 -DREAMS package installed in the Aarhus wind tunnel facility (Credits: DREAMS Team) (left) and Micro-ARES DC measurement during the tests (right).

  Figure 3.14 -260 nm 0,3 mW UV LED with PWM control circuit (left) and setup with the chamber (right).

Figure 3 .

 3 Figure 3.15 -222 Rn decay chain.

Figure 3 .

 3 Figure 3.16 -BACCARA chamber at IRSN-CEA (Nuclear Safety Reseach Institute -Atomic Energy Commission, see Michielsen et al. 2003) during the Micro-ARES tests in December 2016. The chamber is dedicated to the calibration of Radon 222 detection instruments and can be filled with the radioactive gas with volumetric activities ranging from 40 Bq ⋅ m -3 to 1 MBq ⋅ m -3 .

Figure 3 .

 3 Figure 3.17 -Laboratory EGSE meant for easy debugging setup (left) and LabVEW GSE program (right).

Figure 3

 3 Figure 3.18 -POUSSIERE pages selection iterations.

Figure 3

 3 Figure 3.19 -DREAMS_CEU global architecture. In blue and black arrows are the program processes and data flow, in yellow the selection and compression functions and in green the physical links. In purple are the files, either as input, for the DREAMS_CEU measurement configuration, or as outputs, the logs files and data files (RAW for the complete data and SEL for the selected data).

Figure 3 .

 3 Figure 3.20 -Prototype EGSE global hardware architecture (data is in purple, power in other colors and double trait is multiplex).

Figure 3

 3 Figure 3.21 -Prototype EGSE used for Earth field testing.

Figure 3 .

 3 Figure 3.23 -Final EGSE entrails (left) and with the lid closed and user interface visible (right).

  Figure 3.24 -EGSE global software architecture. In blue are the effective software blocks and in green the physical interfaces.

Figure 3 .

 3 Figure 3.25 -EGSE Software client main screen for network connection and remote control (top) and for data visualization of SIGMOY pages (bottom).

Figure 4

 4 Figure 4.1 -ADC timing diagram (from ADC AD7694 datasheet).

Figure 4

 4 Figure 4.2 -Conversion and acquisition timing of the ADC in the Micro-ARES context.

Figure 4

 4 Figure 4.3 -Qualification Model 2 in the LATMOS "Spirale 2" low pressure thermal chamber with sensing probes at the DC channel and pre-amplifier outputs.

  Figure 4.4 -Temperature effect on the FM and QM2 maximum and minimum saturation values at the pre-amplifier output.

Figure 4

 4 Figure 4.5 -Data channel -MUX -ADC simplified electronic scheme.

Figure 4

 4 Figure 4.6 -ADC input (blue) and output (pink) signals without any modification (Oscilloscope screenshot with Prototype2-V3 board).

Figure 4

 4 Figure 4.7 -ADC input (blue) and output (pink) signals with R235 zeroed and C220 removed (Oscilloscope screenshot with Prototype2-V3 board).

Figure 4

 4 Figure 4.8 -ADC input (blue) and output (pink) signals with R235 zeroed and C5XX removed (Oscilloscope screenshot with Prototype2-V3 board).

FrequencyFigure 4

 4 Figure 4.9 -Simulated frequency responses of the DC channel filters (1/40 gain not included) before and after the DC gain modification (with R514).

Figure 4

 4 Figure 4.10 -Rectangular window in time domain (left) and corresponding cardinal sine window in frequency domain (right) that would be used for the POUSSIERE pages filtering.

Figure 4 .Figure 4

 44 Figure 4.11 -Filter profile template with pass-band up to 125 Hz and a rejected band beyond 150 Hz.

Figure 4

 4 Figure 4.13 -Comparison of 125 Hz cutoff Hamming window and least-Square-fit synthesized filters, in dB (left) and magnitude (right).

Figure 4

 4 Figure 4.14 -Spectrum obtained for Hamming and Least-square filters (order 124) applied on a randomly generated signal.

Figure 4

 4 Figure 4.15 -Perfectly filtered and FIR @ 250 Hz filtered example signal in time domain (left) and frequency domain (right).

Figure 4

 4 Figure 4.16 -Frequency response (gain) of the instrument (FM) AC channel (left) and combined with the low-pass FIR @ 125Hz (right) used for the correction coefficients determination.

Figure 4

 4 Figure 4.17 -Data reduction in ONDES pages principle. Due to the manner spectra are generated, the Low and High part are handled separately.

Figure 4

 4 Figure 4.18 -TSP of a constant amplitude sweep from 4 to 3200 Hz without AC chain correction.

Figure 4

 4 Figure 4.19 -TSP of a constant amplitude(5V) sweep from 4 to 3200 Hz with AC chain correction (the sweep is in logarithmic space, hence the 100 Hz) transition at half-time).

Figure 4 .

 4 Figure 4.20 -Comparison of the frequency responses of the FM instrument AC channel at the beginning of fabrication and before delivery.

Figure 4

 4 Figure 4.21 -Modulus of the example signal DFT.

Figure 4

 4 Figure 4.23 -Complete AC response of the instrument (FM) on the AC channel with FIR @250Hz and = 1,2 ⋅ 10 14 Ω ∥ = 5,11 pF impedance at the input (Gain and Phase).

Figure 4

 4 Figure 4.24 -Perfectly filtered, non-corrected and corrected signal (Perfect and corrected almost entirely overlap) (left) and Absolute error between perfectly filtered signal, corrected, non-corrected and poorly corrected signals (right).

Figure 4

 4 Figure 4.25 -Original TSP of a constant amplitude (5 V) sweep from 4 to 3200 Hz. The 100 Hz passage is around 200 sec.

  Figure 4.26 -Electric field and Signal variance at the beginning of a Dust Storm measured during the Sahara field test campaign (see Chap. 7). The POUSSIERE data selected according to the variance criterion is highlighted. The selected moment is unfortunately located before the dust storm effective beginning.

Figure 4

 4 Figure 4.27 -Electric field and derivative criterion at the beginning of a Dust Storm measured during the Sahara field test campaign (see Chap. 7). The POUSSIERE data selected according to the derivative criterion is highlighted. Contrary to Fig. 4.26, the selected moment is located in the beginning of the dust storm.

Figure 4

 4 Figure4.28 -Electrode potential and relay status during successive relay activations (with the EIM board, 1 ⋅ 10 10 Ω injection box and 250 V power supply). The purple and orange crosses indicate the values considered as the ones respectively "before" and "after" the relay passage, used to compute the approximate attenuation produced by them.

Figure 5

 5 Figure 5.1 -Micro-ARES data production chain, from atmospheric values to recorded measurements datasets. The post-processing performed on Earth produces 3 levels of data: Raw (0), partially processed (1) and fully-processed (2), as required by ESA ExoMars rules.

Figure 5

 5 Figure5.2 -Micro-ARES measurement points for calibration. Point 2 is a "virtual" point in the sense that it cannot be accessed directly, due to the high impedance of the input (∼ 10 14 Ω).

Figure 5

 5 Figure 5.3 -DC calibration data set, of the Flight Model for the injection resistance 10 10 Ω, over temperature and injected voltage.

  Figure 5.4 -Linear fit of against for = 1,05 ⋅ 10 10 Ω and ≈ 15 • C (FM board). The residual shows a maximal relative error < 0,1%.

Figure 5

 5 Figure 5.5 -Exponential fit ( ( ) = ⋅ ( ⋅ ) + ) of the typical expected input bias current , from the LMC6041 operational amplifier datasheet. The resulting fit goodness is 2 = 0,9993.

Figure 5 . 6 -Figure 5

 565 Figure 5.6 -Error on the retrieved injected voltage (see Eq. 5.4) for = 10 11 Ω, known with a 5% precision and ≈ 20 • C (FM board).

Figure 5

 5 Figure 5.8 -Relay calibration data ( against ) of the FM board for 3 injection box impedances.

Figure 5

 5 Figure5.10 -Flight Model pre-amplifier responses computed with Eq. 5.8 from each the 1-3 frequency responses, measured with the 4 injection boxes. The pre-amplifier response used for data processing is the average of the first 3 ( ≈ 10 13 Ω seems to be an outlier).

Figure 5

 5 Figure 5.11 -Flight model pre-amplifier response calibration fit with IIR filter. The resulting uncertainties are (| |) = 0,0146 on the gain and (arg( )) = 0,0108 rad on the phase.

Figure 5

 5 Figure 5.12 -Flight model AC Low conditioning chain response calibration fit with an IIR filter. The resulting uncertainties are (| |) = 0,0022 on the gain and (arg( )) = 0,0169 rad on the phase.

Figure 5

 5 Figure 5.13 -Flight model AC High/Low response calibration fit with an IIR filter. The resulting uncertainties are (| |) = 0,9242 on the gain and (arg( )) = 0,0189 rad on the phase.

Figure 5

 5 Figure 5.19 -Conductivity test typical signal forms for various conductivity conditions The background ( ) is set to zero, the instrument input parameters , and set to the FM values discussed previously (at = 22 • C) and the sheath parameters and set to correspond to the positive and negative conductivities of each example (see § 6.1.

0

 0 

Figure 5 .

 5 Figure 5.20 -CONDUCT mode electrode potential and fit with Eq. 5.35 ( = 3) with the injection box #2 ( = 1,2 ⋅ 10 11 Ω and = 5,11 pF±). The sheath parameter, as retrieved by the fit are = 5,78±0,5 pF, = 1,16 ⋅ 10 11 ±6 ⋅ 10 9 Ω and = 1,13 ⋅ 10 11 ±6 ⋅ 10 9 Ω.

Figure 5

 5 Figure 5.21 -Relay trigger simulation. The attenuation of the relay can be calculated during post processing with the indicated data points. The signal trend before the relay trigger, , is interpolated in order to retrieve the top data point.

a

  TSP reflecting the electrode potential and not the atmospheric one. The TSP are therefore divided by the input resulting capacitor bridge | here must be considered carefully:• The correction coefficients applied on each spectra before summation are affected by an incertitude, the one of the spectral analyzer (3ppm), multiplied by correction ratio mentioned above The summation of all the values of one spectrum, to produce one TSP value, results in an uncertainty ( of bits on which the correction coefficients are encoded and L the maximum real value of said coefficients, see Appendix A.

Figure 5

 5 Figure 5.22 -Typical usage of a model in a simulation. The inputs are the atmospheric parameters which are ultimately to retrieve. Added to them is a description of the instrument input electronics. The outputs are what we actually get from Level 1 data processing.

Figure 6

 6 Figure6.1 -Spherical capacitor model scheme. The inner sphere has a radius and represents the electrode, located at a height ℎ above the ground. The outer sphere has a radius and contains both the electrode and atmosphere it is interacting with. The atmosphere is considered neutral, bathed in an electric field ⃗ , and has a conductivity .

Figure 6

 6 Figure 6.2 -Fair weather electric field measured during the Sahara campaign (see Fig. 7.17. The processing with the electric-current model gives results closer to the CS 110 field mill measurements than the isolated-capacitor model.

Figure 6

 6 Figure 6.4 -Micro-ARES antenna (circled in red) integrated on the Schiaparelli lander. The antenna positioning is not ideal, surrounded by the fuel tanks, DREAMS MetMast and cables (Credits: Franck Montmessin).

  (a) 3D model provided by Thales Alenia Space. The model is already cleaned from all inside components and represents mainly the MLI and central bay components. A lot of detailed components (screws, washers, cables) are still present and useless for the simulations. (b) Cleaned-up 3D model of the EDM used for finite-element resolution. Unnecessarily detailed element that would have made the simulation very demanding in terms of computing power for little to no impact were removed.

Figure 6

 6 Figure 6.5 -Original and cleaned-up models of the ExoMars 2016 EDM used for finite elements resolution of the atmospheric electricity equations systems.

Figure 6

 6 Figure 6.6 -Simulated electric potential Micro-ARES installed in the EDM with the electric current model. The electric field is = -100 V ⋅ m -1 (equipotentials every 10 V) and the resulting electrode potential is = 35,45 V.The atmospheric conductivity was set to = 1 ⋅ 10 -11 S ⋅ m -1 , an expected value in the Martian atmosphere. The parasitic parameters are the Flight Model ones at = 250 K hence = 1,45 ⋅ 10 15 Ω and = 1,85 ⋅ 10 -14 A.

Figure 6

 6 Figure 6.7 -Simulation shown Fig. 7.3 ran with = +∞ and = 0 (Therefore = ) and ∈ [-100, +100] V ⋅ m -1 . It aims at retrieving the "apparent height" of the electrode, ℎ by fitting the electrode potential against the electric field with = -ℎ ⋅ . As a result, ℎ = 35,45 cm.

Figure 6 . 8 -

 68 Figure 6.8 -Simulated electric potential around the Cube electrode with the electric current model and the relay Low ( = 28,44 ⋅ 10 9 Ω) activated. The electric field is = -1000 V ⋅ m -1 (equipotentials every 100 V) and the resulting electrode potential is = 14,16 V.The atmospheric conductivity was set to = 10 -11 S ⋅ m -1 . The same parasitic parameters used in Fig. 6.6 are used here. The fit goodness is 2 = 1.

Figure 6 . 9 -

 69 Figure 6.9 -Simulation of the electrode-atmosphere coupling through electric-current modeling and retrieval of the sheath parameters and with simulated dividing bridge (a) and relaxation (b).

Figure 6 .

 6 Figure 6.10 -Simulated electric potential Micro-ARES installed in the EDM with the electric current model. The same parameters as in Fig. 6.6 were used, except the electric field: = -10 V ⋅ m -1 . A perturbation is generated by setting the surface potential of an instrument (DREAMS-P) on MetMast to 12 volts; the resulting electric field local deformation is visible. The electrode potential measured is = 3,82 V instead of 3,45 V.

Figure 6

 6 Figure 6.13 -Charge carriers' densities simulation (from Cardnell et al. 2016) in the Martian atmosphere 0 °N, 0 °E. The simulation was run for day and night conditions with a standard solar activity and dust scenario (from the Mars Climate Database, MCD).

  Figure 6.14 -Plasma regime according to the mean free path of charge carriers , the Debye length and the main dimension of the probe . The Langmuir probe regime ( >> 1) is used to describe space plasmas and can be simulated with PIC methods of Vlasov's equations and its simplifications. The continuum probe regime (inspired by[START_REF] Chung | Electric Probes in Stationary and Flowing Plasmas[END_REF]).

  Diffusion-convection macroscopic approach scheme with positive particles bathed in an electric field ⃗ . Absorbing wall boundary condition for diffusion-convection scheme. The left domain is a so called "ghost cell" used to implement a Dirichlet boundary condition when dealing with a finite volume scheme.

  Day conditions: The photo-emission on aerosols and negative ions increases the electron density and enhances the sheath effects.

Figure 6

 6 Figure6.19 -Vertical conductivity profiles for Martian night (left) and day (right) cases. The non-negligible electron density induces an asymmetry between the positive and negative conductivities, enhanced during the day. The potential consequence of the electrode effect is a measured conductivity near the ground significantly lower than the one in the unperturbed medium, which is an image of the chemistry taking place.

  Figure6.21 -Vertical conductivity profiles for Earth case. The electrode effect might also be responsible for a measured conductivity near the ground significantly lower than the one in the unperturbed medium.

  (a) Potential in the chamber simulated using the Electric-current model. The leakage current makes the electrode slightly more positive than the surrounding medium at 0 V. The results for the electriccurrent model are very similar between the Earth and Martian conditions and therefore only presented for the Martian case.(b) Potential in the chamber simulated using the Continuum-plasma model in Martian conditions. The leakage current also makes the electrode slightly more positive than the surrounding medium at 0 V but the plasma reconfiguration dominates the potential inhomogeneity in the chamber.

  (a) Positive conductivity in Martian conditions. (b) Negative conductivity in Martian conditions. (c) Positive conductivity in Earth conditions. (d) Negative conductivity in Earth conditions.

Figure 6 .

 6 Figure 6.24 -Conductivity (positive and negative) map comparison between Martian and Earth atmospheres with an electric field = 0 V ⋅ m -1 , obtained with the continuum-plasma model. The lower mobility of ions in the Earth conditions make the plasma less prone to reconfigure around the electrode, the unperturbed medium hypothesis on which is based the electriccurrent model seems more valid in Earth conditions.

Figure 6 .

 6 Figure 6.25 -Electric-current and Continuum-plasma models comparison, in Martian and Earth condition. The electric field is = 50 V ⋅ m -1 . The lower mobility of ions in the Earth conditions make the plasma less prone to reconfigure around the electrode, which again leads to a potential map closer to the electric-current one.

  (a) Positive conductivity in Martian conditions. (b) Negative conductivity in Martian conditions. (c) Positive conductivity in Earth conditions. (d) Negative conductivity in Earth conditions.

Figure 6 .

 6 Figure 6.26 -Conductivity (positive and negative) map comparison between Martian and Earth atmospheres with an electric field = 50 V ⋅ m -1 , obtained with the continuum-plasma model. The charge carriers drift imposed by the electric field depletes the electrode surroundings, hence an apparent conductivity around the electrode one order of magnitude lower than in the 0 V ⋅ m -1 case in the Martian atmosphere. The lower mobility of ions in the Earth conditions leads again to a plasma less prone to reconfigure around the electrode and hence a conductivity around the electrode less impacted.

  (a) Potential in the chamber simulated using the Electric-current model. (b) Potential in the chamber simulated using the Continuum-plasma model in Martian conditions. ≈ -0,01 V versus -0,60 V with the electric current model in the same conductivity conditions. (c) Potential in the chamber simulated using the Continuum-plasma model in Earth conditions. ≈ -0,17 V versus -0,25 V with the electric current model in the same conductivity conditions.

Figure 6 .

 6 Figure 6.28 -Electric-current and continuum-plasma models comparison, in Martian and Earth conditions, an electric field of = 50 V ⋅ m -1 and the relay Low activated. Even in Earth configuration the string ions sink that the electrode constitutes when the relays are activated highlights the differences between the electric-current and continuum-plasma models.

  (a) Positive conductivity in Martian conditions. (b) Negative conductivity in Martian conditions. (c) Positive conductivity in Earth conditions. (d) Negative conductivity in Earth conditions.

Figure 6 .

 6 Figure 6.29 -Conductivity (positive and negative) map comparison between Martian and Earth atmospheres with an electric field = 50 V ⋅ m -1 and the relays Low activated, obtained with the continuum-plasma model. The charge carriers drift imposed by the electric field and the enhanced ions collection or repulsion due to the relay activation makes the apparent conductivity drop, even in the Earth configuration.

  Electrode relaxations simulated with the electric-current model in Martian conditions and fit. The fit goodness is 2 = 1 (perfect). The retrieved parameters are: ≈ 1,31 pF and ≈ 5,42 ⋅ 10 11 Ω hence ≈ 1,25 ⋅ 10 -11 S ⋅ m -1 (very close to the 1,29 S ⋅ m -1 specified). Electrode relaxations simulated with the continuum-plasma model in Martian conditions and fit, with = 0 V ⋅ m -1 . Plasma rearrangement effects produce non-perfect exponential relaxations hence a non-perfect fit. The retrieved parameters are: ≈ 1,47 pF, + ≈ 7,55 ⋅ 10 11 Ω and -≈ 3,18 ⋅ 10 11 Ω 89 ⋅ 10 -11 S ⋅ m -1 (1,29 ⋅ 10 -11 and 2,25 ⋅ 10 -10 S ⋅ m -1 were expected in an unper-Electrode relaxations simulated with the continuum-plasma model in Martian conditions and fit, with = 50 V ⋅ m -1 . The charge depletion, due to charge separations, strongly diminishes the apparent conductivity. The retrieved parameters are:

Figure 6 .

 6 Figure6.30 -Relaxation tests simulations performed with the electric-current model (a) and continuum-plasma model with a 0 V ⋅ m -1 electric field (b) and a 50 V ⋅ m -1 one (c), all three in Martian conditions. The ion depletion observed near the electrode when an electric field is applied is clearly visible here. Moreover, the plasma reconfiguration effects (very reactive due to the presence of electrons in Martian conditions) are visible in the relaxation curve shape (b), which is not a perfect exponential anymore.

  Figure6.31 -The parallel-plate ionization chamber principle: A potential is applied between two plates. When ionizing radiation cross the atmosphere between them and ionizes a species, the electron and ion created are pulled apart and collected by the plates, which generates a current in the circuit that is measured. The higher the irradiation, the higher the current (seeFig. 6.32).

  Figure6.33 -Comparison of the ionization chamber simulations performed with the electriccurrent and continuum-plasma models (both in atmospheric conditions and the same ionization rate). With a constant conductivity, and without taking into account the spatial variation of charge densities, the electric-current model is absolutely unable to predict the ionizationchamber behavior.Indeed with the EC model, the curve is a perfect linear function which extends to infinity. The plasma model, however, is able to predict the expected behavior of the ionization chamber (seeFig. 6.32) in the ion-chamber zone and below. The proportional or Geiger-Müller regimes cannot be simulated since the plasma model cannot produce secondary emissions.

  Figure6.34 -Vertical distribution of the positive ions density between the ionization chamber plates for various electric-fields applied. The larger the electric field, the more pronounced the drift of positive particles toward the most negative electrode. The density in the middle of the chamber when no-electric field is applied is the one expected in unperturbed medium, the sheaths can be seen above each electrode (at 0 and 0,4 m).

Figure 6 .

 6 Figure 6.35 -Electrode and surrounding medium geometry in SPIS. The medium is 1 m in dimension while the central collecting electrode has a 15 cm radius.

Figure 6

 6 Figure 6.36 -Relaxation test performed with SPIS: electrode potential and collected currents over time. The electrode is forced at a potential below its potential at rest (∼ -0,160 V) in this problem and left to relax. Only the ions have collisions with the continuum enabled, hence the behavior of collision-less electrons: They are collected by the electrode only when they can cross the potential barrier.

Figure 7

 7 Figure 7.1 -Micro-ARES flight model antenna (mounted on its Mechanical Ground Support Equipment).

  02 V with = 0 V ⋅ m -1 . Equipotentials every 0,1 V. (b) = 70,45 V with = -100 V ⋅ m -1 .Equipotentials every 10 V.

Figure 7 . 3 -

 73 Figure 7.3 -Simulated electric potential around the Cube electrode with the electric current model (see § 6.2). The atmospheric conductivity (in desert environments, Rycroft et al. 2008) is = 10 -14 S ⋅ m -1 . The same parasitic parameters used in Fig. 3.10 are used here: = 10 14 Ω and = 7,5 ⋅ 10 -14 A. The electric field visible is in (a) is caused by the potential at rest of the antenna, forced by the input leakage currents.

Figure 7

 7 Figure 7.4 -Simulated electric potential around the Cube electrode with the electric current model and the relay Low ( = 25 ⋅ 10 9 Ω) activated. The electric field is = -1000 V ⋅ m -1

  (a) Grounded = 58,34 V. (b) Micro-ARES = 70,45 V. (c) Divided in two = 68,94 V. (d) Divided in four = 68,71 V.

Figure 7 . 5 -Figure 7

 757 Figure 7.5 -Electric field simulations around the antenna for various bootstrap configurations: (a) Mast grounded, (b) mast at electrode potential (Micro-ARES configuration), (c) divided in two (bottom grounded and top at electrode potential) and (d) divided in four (gradually increasing from grounded to electrode potential). The electric field is = -100 V ⋅ m -1 (equipotentials every 10 V), atmospheric conductivity = 10 -14 S ⋅ m -1 and parasitic parameters = 10 14 Ω and = 7,5 ⋅ 10 -14 Ω.

Figure 7 . 8 -

 78 Figure 7.8 -Simulation of the electrode-atmosphere coupling through electric-current modeling (see § 6.2) and retrieval of the sheath parameters and with simulated dividing bridge (a) and relaxation (b).

  Earth antenna sheath parameters recapitulation.
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 79 Figure 7.9 -Measurement campaign region (Erg Chebbi, Merzouga, Morocco) and test site location (red circle)

  Figure 7.10 -DREAMS campaign instruments, mimicking the ExoMars DREAMS package instruments. MarsTEM was also tested during this campaign.

Figure 7

 7 Figure 7.11 -Desert map showing the main events during the Micro-ARES test campaign (schematic view based on Fig. 7.9).

Figure 7 .

 7 Figure 7.12 -Thunderstorm seen from 6 km away east of site (Northward view).

  Non-corrected electrode potential extracted from the desert measurements (10/07/2014). Each spike is an instrument reset (every 20 min).

Figure 7 .

 7 Figure 7.13 -Input equivalent scheme (a) and measured signal discontinuities (b). The discontinuities are produced by the instrument input being short-circuited to the ground at every reset, as (a) indicates.

Figure 7 .

 7 Figure 7.14 -Equivalent input scheme of the instrument with the measured electrode potential and the local atmospheric potential surrounding the electrode (and the sheath).

  Figure7.15 -Data processing iteration scheme. The first loop processes the signal for every value of and produces the 1 . The curve continuity is assessed by computing the difference between the signal before the reset and 60 s after (seeFig. 7.16). The minimum provides at the beginning of every 20 min measurement. The sigma vector is smoothed and the signal is processed to the final 2 result.

Figure 7

 7 Figure7.17 -Fair weather electric field measurement comparison between Micro-ARES and CS110 field-mill (the two curves are mostly superimposed). The correlation between the two datasets is 0,84 and the average difference ∼ 7,3 V ⋅ m -1 .

Figure 7

 7 Figure 7.18 -Dusty weather electric field measurement comparison between Micro-ARES and CS110 field-mill. The correlation between the two datasets is 0,78.

Figure 7

 7 Figure 7.19 -Dust devils cross-detection with Micro-ARES, CS110 field-mill and wind-speed measurement at 50 cm height.

Figure 7 .

 7 Figure 7.22 -Simulated dust-storm and consequent electrode potential. The dust storm is simulated with a Lorentzian function, after the Rankine vortex model. The instrument input is modeled after Fig. 7.2, = 25 ⋅ 10 9 Ω (relay Low activated) and = 3 pF. In the case (a), the strong relay attenuation and large makes the capacitive coupling dominant in the signal measured at the electrode. The asymmetries observed in Fig. 7.18 and 7.19 might be caused by this effect, despite the post-processing. In the case (b), closer to what is expected on Mars, the low coupling capacitance effects are not visible, only the expected dividing bridge due to the relay.

Figure 7

 7 Figure 7.23 -Dust-storm weather electric field measurement comparison between Micro-ARES and CS110 field-mill. The correlation between the two datasets is 0,9.

Figure 7 .

 7 Figure 7.24 -Evening dust storm the 10 th of July 2014 (Credits: Cesare Molfese).

Figure 7

 7 Figure 7.25 -Positive conductivity derived from optimization process (bounded by 5 ⋅ 10 -15 and 5 ⋅ 10 -13 S ⋅ m -1 )

Figure 7 .Figure 7 Figure 7 Figure 7

 7777 Figure 7.26 -Lightnings photographed from ∼ 6 km East of the test site, facing North. Given the method (long exposure) the precision on the timestamp is ∼ 30 s.

Figure 7 .

 7 Figure 7.30 -High-frequency band spectrogram during the Fig. 7.26 thunderstorm. The transverse resonance content (around 22:00) corresponds to the expected transverse resonance frequencies. Note that since this curves comes from the instrument's AC channel, the visible relaxation is due to AC channel filters and coupling capacitor (see § 2.3.3) and not the atmospheric relaxation.

Figure 7

 7 4 kHz) during the transverse resonances visible in Fig.7.30. The instrument measures two discharges, at 0,18 and 0,25 s, after the electric field build-up between 0,1 and 0,18 s. The steps a round 0,15 and 0,5 s and changes in the AC channel sensitivity.

  Figure 7.32 -Spectrogram of the 4 -52 Hz frequency range plotted during the four days of measurements. The Spectral peaks pinpointed by red arrows are due to the digital stage noise transmitted through the power supply. The Schumann resonances (first 6 harmonics) are pinpointed by white arrows.

Figure 7 .

 7 Figure 7.33 -Closeup spectrogram of the 10/07/2014 night and morning. The first to sixth SR are visible, with better contrast in the morning). The first SR has poor contrast, almost erased by the baseline removal. The data hole is due to GSE maintenance. The ∼ 25 Hz signal at 5:00 and 6:30 is unexplained.

Figure 7 .

 7 Figure 7.34 -Close-up spectrogram of the 11/07/2014 night and morning. The first to seventh SR are visible.

Figure 7 .

 7 Figure 7.35 -Close-up spectrogram of the 12/07/2014 night and morning. The first to fourth SR are visible. The averaged spectrum is exhibited in Fig. 7.36.

Figure 7

 7 Figure 7.36 -Average spectra between 5:30 and 7:30 the 12/07/2016 (date set exhibited in Fig. 7.35). The first to sixth SR are visible.

Figure 7 .

 7 Figure 7.38 -Base timeline for one measurement sol (Credits: Francesca Esposito, INAF).

Figure 7 .

 7 Figure 7.39 -Sol #2 timeline with the DREAMS measurements slots in green and the radiotransmission slots in red. The time is to be read clockwise, starting at 0,0 hour (top) and with each quarter representing 6 hours (Credits: Alessio Aboudan, CISAS).

Figure 7

 7 Figure 7.40 -Daily allocation of POUSSIERE pages selection, as a fraction of the total data budget dedicated to POUSSIERE pages.

Figure 7

 7 Figure7.41 -Total conductivity (positive+negative) simulated over 1 sol with theCardnell et al. 2016 model (see § 6.3.1). The considered dust content of the atmosphere corresponds to the "standard" dust scenario defined in the Mars Climate Database (based on Viking landers data).
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 81 Figure 8.1 -Air wiring of the pre-amplifier. The point-to-point air wiring of the instrument input is used on Earth relaxation probes. It minimizes the creation of parasitic bridges that appear at the pre-amplifier input when entirely mounted on a PCB (Credits: Texas Instruments, LMC6041 datasheet).

Figure 8

 8 Figure 8.2 -Schiaparelli crash site captured by the HiRISE camera on Mars Reconnaissance Orbiter (Credits: NASA/JPL-Caltech/University of Arizona).

  Figure B.1 -222 Rn and its products activities relative to222 Rn activity, computed from Eq. B.1 for an initial222 Rn injection (left) or a maintained222 Rn activity (right). In the first case Radon and its products all decay at the same rate ( 222 Rn) after stabilization. In the second case they all reach the same activity after stabilization, constant222 Rn injection is of course required.

Figure

  Figure B.2 -Stopping power of alpha particles in CO 2 at 1 kPa and Air at 1013 hPa, for = 300 K (right). The latter has been computed with the program SRIM (see SRIM -The Stopping and Range of Ions in Matter).

   integrated over crossed distance for the three particles produced by222 Rn and its alpha radioactive products. The stopping power of air at 1 atm is clearly visible here, since all three alphas depose their whole energy in a matter of a few millimeters, meanwhile in CO 2 at 1 kPa, each one deposes less than 1 MeV .

Figure

  Figure B.5 -Element densities and produced alpha deposed energy (normalized per decay or Bq ⋅ s) for 222 Rn (top left), 218 Po (top right), 224 Po (bottom). All the simulations shown have been performed at = 300 K and = 1000 Pa of CO 2 (simulations in air at atmospheric pressure not shown).

Figure

  Figure C.1 -COMSOL Multiphysics graphical user interface. The geometry definition view is shown with the lander 3D model.

  Fig. C.2, C.3, C.4 and C.5.

  Fig. C.4, where the squared elements at the boundary of the cylindrical domain (which is 5 m wide in total) actually represent hundreds of meter.

Figure

  Figure C.2 -3D meshing on COMSOL of the desert antenna for electric-currents simulations (see § 7.1). The mesh is refined near the antenna and base and then increases in size in the rest of the domain. The elements near the boundary of the domain are meter-sized while the ones on the antenna are centimeters large.

Figure

  Figure C.3 -3D meshing on COMSOL of the Micro-ARES antenna for electric-currents simulations (see Fig. 3.10). The mesh is refined near the antenna and base and then increases in size in the rest of the domain. The elements near the boundary of the domain are meter-sized while the ones on the antenna are millimeters large.

Figure

  Figure C.4 -3D meshing of the ExoMars 2016 Schiaparelli lander for electric-current simulations. The lander is in a refined mesh zone (blue half-sphere). The boundaries of the domain (rectangular meshing) uses a COMSOL mathematical "trick" to expand the effective size of the cells (1 m large cells actually covers tens of meters).

  Fig. C.7 (a)) and eventually on the simulated electrode potential (0,1 V in this example). The mesh refinement allows to reduce the instabilities and contain them near the corner (seeFig. C.7 (b)). The perturbations do not spread anymore in the whole

Figure

  Figure C.5 -Close-up view of the meshing of the Micro-ARES antenna zone on the lander (see Fig. C.4). The lowest mesh size is encountered near the critical zone of the antenna, where the simulations aim at retrieving the electrode potential.

Figure C. 6 -

 6 Figure C.6 -Meshing of the 2D-axisymmetric model of the Micro-ARES electrode in the electric-field chamber (see§ 3.1.3.3). This mesh is used with the plasma model (see § 6.3) and requires very fine meshing at the collecting walls boundary conditions (all the conductive surfaces). The element size near the electrode is 1 ⋅ 10 -4 m. The bottom left and right corners are highly refined, in order to avoid artifacts produced by high electric fields in these zones.

  (a) Non-refined mesh at the bottom-left corner. The artifacts and oscillations, caused by the strong electric field at the mast base, propagate through the whole domain.(b) Refined mesh at the bottom-left corner. The artifacts and oscillations are attenuated and contained in space. They do not affect the electrode vicinity and therefore have less impact on the simulation.

Figure C. 7 -

 7 Figure C.7 -Positive ions densities produced by the plasma model in the test chamber withMartian-like conditions (CO 2 atmosphere at 300 K/8 mbar). The imposed electric field is = -100 V ⋅ m -1 and the alpha-induced ionization is ≈ 1,6 ⋅ 10 9 m -3 ⋅ s -1 . The mesh refining limits the high-gradients artifacts and curtails their propagation in the domain.

  Figure D.1 -(Martian night, standard dust load) Vertical profiles of charge holders densities obtained when running the simulations for various electric fields forced at the top of the domain, in the unperturbed space (at 200 m height). NOTE: the scales are not identical!

  day, standard dust load.

Figure D. 4 -

 4 Figure D.4 -Potential of the soil surface obtained for the various electric fields applied at the top of the domain. In both cases, two regimes are visible, with negative and positive electric fields, according to the atmospheric polar conductivities.

  (a) Positive conductivity in Martian conditions. (b) Negative conductivity in Martian conditions. (c) Positive conductivity in Earth conditions. (d) Negative conductivity in Earth conditions.

Figure D. 5 -

 5 Figure D.5 -Conductivity (positive and negative) map comparison between Martian and Earth atmospheres with an electric field = 0 V ⋅ m -1 , obtained with the continuum-plasma model. The lower mobility of ions in the Earth conditions make the plasma less prone to reconfigure around the electrode, the unperturbed medium hypothesis on which is based the electriccurrent model seems more valid in Earth conditions.

Figure D. 7 -

 7 Figure D.7 -Electric-current and continuum-plasma models comparison ((a) and (b)) in Martian conditions and ions density map from the continuum-plasma model. The electric field is = 1 V ⋅ m -1 . One can observe that the position ions drift toward the top while negative charge carriers drift toward the bottom plate, under the electric field influence.

Figure D. 9 -

 9 Figure D.9 -Electric-current and continuum-plasma models comparison ((a) and (b)) in Martian conditions and ions density map from the continuum-plasma model. The electric field is = 50 V ⋅ m -1 . With this large electric field forced, the charge separation toward the bottom and top planes is very pronounced. One can note the effect of the mast which is forced at a uniform potential, electrode one: the closer to the bottom, the more repulsed are the negative charges.

Figure

  Figure D.11 -Electric-current and continuum-plasma models comparison ((a) and (b)) in Martian conditions and ions density map from the continuum-plasma model. The electric field is = -50 V ⋅ m -1 . The densities look very similar to the ones obtained with the same electric field but positive, except that the particles charges are switched.

Figure

  Figure D.13 -Time locations at which charge carriers densities and potentials maps during the relaxation are shown in the figures below.
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  POUSSIERE and SIGMOY data pages generation. SIGMOY data is continuously produced during a whole measurement while POUSSIERE pages are not produced when conductivity measurements are performed. POUSSIERE pages are selected by the DREAMS CEU according to a quality factor.

	1 SIGMOY value
	3 DC sequences averaged (0.48 s)
	1 POUSSIERE page (0.96s)
	6 sequences AC and DC
	Low-pass 256 Hz
	/12 decimation
	512 values DC + 512 values AC
	Quality factor: (SIGMOY N -SIGMOY N-2 )/G IN
	1 SIGMOY page
	1024 values
	Every 3072 sequences or ~492 s
	Relays activation flag for each value
	Figure 2.15 -

1 Spectrum + 1 TSP 4-100 Hz

  

	24 AC sequences
	Low-pass 125Hz
	/24 decimation
	FFT
	1

ONDES measurement sequence: 96 s 20 Spectra averaged 1 Spectrum + 1 TSP 100-3200 Hz

  

		1 SPECTRA generation: 4.8 s
		1 Spectrum 4-100Hz
	6 AC sequences 6 FFT averaged	1 Spectrum 100-3200Hz 1 TSP 4-100Hz 1 TSP 100-3200Hz
	1 Spectrum 4-50 Hz (Δf= 0.26 Hz)
	1 Spectrum 50-100 Hz (Δf= 0.52 Hz)
	1 Spectrum 100-3200Hz (Δf=25 Hz)
	20 TSP 4-100Hz
	20 TSP 100-3200Hz
	1 ONDES data page	
	Every 1296 sequences or ~207 s	
	Figure 2.16 -ONDES pages generation. Instead of transmitting all the spectra generated,
	the instrument reduced the spectral data to two kind of values: a frequency one, the average
	spectrum over the whole bandwidth of the instrument and a time-wise one, the Total Spectral
	Power (TSP, which transcribes the spectral content distribution over time.

. . . . . . . . . . No ONDES data generation during conductivity tests

  

	ΔV≈-1.5V	ΔV≈+1.5V
	injection	injection
	Positive conductivity test: 3,84s	Negative conductivity test: 3,84s
	6144 DC samples averaged over 40 ms	6144 DC samples averaged over 40 ms
	96 data points	96 data points
	1 CONDUCT test every 96 s
	1 CONDUCT data page
	Every 3240 sequences or ~518 s
	Figure 2.17 -CONDUCT pages generation. Each page contain 5 conductivity measure-ment waveforms (192 points each), representing 7,68 s of DC measurement averaged over 0,04 s spans. Conductivity measurements occur every 96 s; during these tests, no ONDES nor
	POUSSIERE data is generated.	
	data pages are expected to exhibit the signatures of cavity resonances phenomena
	(see § 1.2.6) from the lowest frequencies (Schumann resonances) to the highest ones (transverse

Chapter 3 Micro-ARES test equipment development

  

"Open the pod bay doors, Hal." -Dr. David Bowman in 2001: A Space Odyssey, Arthur C. Clarke

SDO 1 SDO REMAINS LOW IF FURTHER SCK CLOCKS ARE APPLIED WHILE CNV IS LOW.

  

			t CYC				
	CNV						
		t CONV		t ACQ			
	ACQUISITION	CONVERSION		ACQUISITION			
						t SCK	
				t SCKL			
	SCK	1	2	3	14	15	16 1
		t HSDO		t SCKH		
		t EN		t DSDO			t DIS
		D15	D14	D13		D1	D0
							05003-025

  Table 4.1 -Flight model linearity of the DC channel at 20 • C at successive stages (Input, preamplifier, end of DC chain, measured LSB) and comparison with theoretical values (th.).

								50,18	75,31	94,07
	End (V)	4,875	4,35	3,73	3,12	2,5	1,89	1,27	0,653	0,193
	End th.(V)	4,92	4,38	3,75	3,13	2,50	1,87	1,25	0,62	0,15
	LSB	30600 23630 15740 7870	-28	-7930 -15820 -23770 -29700
	LSB th.	31129 24248 16121 8126	0	-7996 -16122 -24209 -30239

Table 5 .
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	6,64 ⋅ 10 -2 6,08 ⋅ 10 -7 2 -2,71 ⋅ 10 -3 1 3 -4,03 ⋅ 10 -10 1,01 ⋅ 10 -11 3,81 ⋅ 10 -3 1,31 ⋅ 10 -7 2,92 ⋅ 10 -7
	4 5 -4,08 ⋅ 10 10 2,07 ⋅ 10 15	2,82 ⋅ 10 14 5,74 ⋅ 10 9
	6 7	1,06 ⋅ 10 -14 0,65 ⋅ 10 -14 3,72 ⋅ 10 -5 1,76 ⋅ 10 -5

1 -Results of the FM board DC calibration total least square fit, with

.

Table 5

 5 

.4 -Results of the FM board Temperature HK calibration total least square fit, with = 8 + 9 ⋅ (parameters values and standard deviation).

Table 5 .

 5 

5 -Results of the FM board +12 V HK gain calibration, with Eq. 5.11 (parameters values and standard deviation).

  Table 6.1 -Isolated capacitor model results for the flight version of the Micro-ARES antenna and Earth antenna used for the Saharan desert test campaign. These values are used with the equations listed in § 5.2.3 in order to retrieve the atmospheric electric field and conductivity

		(Ω)	(pF)	(m)
	Mars	1 0.187 ⋅	1,67	0,255
	Earth	1 5.23 ⋅	46,3	0,8

Table 6 .

 6 

			Electric current model	Relative difference (%)
	(Ω) (pF) (m)	1 ⁄0,1894 ⋅ 1,67 0,225	1 ⁄0,1463 ⋅ 1,30 0,3545	22,4 28,5 28

3 -Micro-ARES antenna retrieved sheath parameters with the isolated-capacitor and electric-current model comparison.

VI. Modélisation de l'interaction atmosphère-électrodela modélisation du couplage électrique entre l'instrument et l'atmosphère l'entourant est la dernière brique nécessaire au traitement des données de l'instrument, mais également à la compréhension et l'interprétation de ces données.Du modèle le plus simple, basé sur de nombreuses hypothèses simplificatrices et les équations de l'électrostatique, jusqu'à un modèle bien plus complexe et demandeur de puissance de calcul, basé sur des équations de plasma collisionnel, ce chapitre présente les quatre modèles que j'ai successivement développés afin de traiter au mieux des données de Micro-ARES ou de n'importe quel instrument similaire qui sera utilisé dans l'avenir.La dernière approche, celle considérant l'atmosphère comme un plasma plongé dans un continuum neutre et constitué de trois types de porteurs de charge (dont les électrons), montre des comportement impossibles a prévoir avec des approches électrostatiques classiques. De plus, de par la différence de comportement électriques inhérente aux différences Terre-Mars, ces phénomènes ne peuvent être observés dans l'atmosphère Terrestre, quand bien même l'instrument serait placé dans la stratosphère où les conductivités observées sont similaires à celles attendues sur Mars.Cette dernière approche de modélisation que j'ai développée serait potentiellement la clé de voute pour la compréhension de mesures de champs électrique martiens effectuées par des sondes type Micro-ARES ou bien même des moulins à champ, et de là, la compréhension des phénomènes électriques dans l'atmosphère martienne.

The obvious traces of heavy volcanic activity, Olympus Mons and the Tharsis Mons do hint for a fast internal energy loss.

The value is subject to a lot of discussion and variations since habitable zones limits strongly vary with the modeling method and the kind of body studied.

The difference between its orbit aphelion and perihelion is 18,7% on Mars while it is only 1,6% on Earth.

Which will be rather convenient for future colonization ...

The uninhibited 39 minutes occurring at the Martian midnight in Kim Stanley Robinson's Mars Trilogy.

The rotation speed is constant so is the sidereal day, but the varying orbital speed induces variations if the sol duration.

Eventhough various attempts were made in order to make a proper Martian calendar, with leap years to compensate the non-integer number of of sols within a year.

 10 This angle is the true anomaly, one of the six orbital elements and the vernal point corresponds to the northern spring equinox or equally to the ascending node of the equatorial plane with regards to the orbital one.

The Mars Orbiter Laser Altimeter (MOLA) instrument measurements on MGS were used to define the zeroelevation as the gravitational equipotential surface[START_REF] Smith | Mars Orbiter Laser Altimeter: Experiment summary after the first year of global mapping of Mars[END_REF]. Before that, the zero elevation was defined as the pressure 610,5 Pa.

 16 It plays a major role in global dust storms formation, see § 1.2.4.

Due to the lower density but also thinner atmosphere, the scale height on Mars is indeed only two third of the one on Earth, see Tab. 1.2.

From -90 • C in Antarctica up to 60 • C in the hottest deserts.

It persisted as a faint crustal field, see[START_REF] Kieffer | MARS[END_REF][START_REF] Acuña | Global Distribution of Crustal Magnetization Discovered by the Mars Global Surveyor MAG/ER Experiment[END_REF] 

The term is preferably used to describe powdered surface, such as the one on the Moon but actually describes any loose material on a planetary surface: the earth soil we all know is regolith too.

The dust/aerosols density ranges from 1 ⋅ 10 6 to 1 ⋅ 10 7 m -3 , see[START_REF] Montmessin | Aspects microphysiques de l'atmosphère martienne : de la poussière aux nuages de glace d'eau[END_REF][START_REF] Michael | Dust charging and electrical conductivity in the day and nighttime atmosphere of Mars[END_REF], Smith 2009[START_REF] Lemmon | Dust aerosol, clouds, and the atmospheric optical depth record over 5 Mars years of the Mars Exploration Rover mission[END_REF] 

The aerosols on Earth range from ∼ 1 nm to ∼ 1 µm while on Mars they range from 1 to 10 µm, see[START_REF] Oliver | Encyclopedia of World Climatology[END_REF], Smith 2009[START_REF] Lemmon | Dust aerosol, clouds, and the atmospheric optical depth record over 5 Mars years of the Mars Exploration Rover mission[END_REF] 

This phenomenon was observed by MER and MSL rovers when brushing rock surfaces or drilling in the ground.

The F layer, rather symmetrical regarding the day-night sides, covers the entire Earth and which enables the transmission of radio communication from one side of the Earth to the other one, see[START_REF] Chapman | The absorption and dissociative or ionizing effect of monochromatic radiation in an atmosphere on a rotating earth part II. Grazing incidence[END_REF] 

The Opportunity rover holds the off-Earth record of roving, with almost 44 km in January 2017, after 13 years of mission.

Saint Elmo's fires are luminous events occurring at the metallic point of boat masts during thunderstorm weather, due to a plasma corona discharge.

"Über Beobachtungen der durchdringenden Strahlung bei sieben Freiballonfahrten" or "On the observations of penetrating radiations during seven balloon flights".

Graupels are 2 to 5 mm small ice and snow pellets similar to hail formed un thunderstorm clouds.

The sprites/jets and cloud-ground lightning close the circuit, respectively at the top and the bottom of the cloud, see Fig.1.14.

respectively around 10 -14 S ⋅ m -1 , 10 -2 to 10 -7 S ⋅ m -1 and 10 -7 S ⋅ m -1 , see § 6.3.1,Chapman 1956[START_REF] Mozer | Balloon measurement of vertical and horizontal atmospheric electric fields[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Harrison | Vertical profile measurements of lower troposphere ionisation[END_REF] 

See Hess 1912[START_REF] Hays | A quasi-static model of global atmospheric electricity, 1. The lower atmosphere[END_REF][START_REF] Willett | The turbulent electrode effect as influenced by interfacial ion transfer[END_REF][START_REF] Ogawa | Fair-weather electricity[END_REF][START_REF] Berthelier | Balloon Flight Validation of Ares , an Atmospheric Electricity Instrument Proposed for the Exomars-Gep[END_REF][START_REF] Siingh | The atmospheric global electric circuit: An overview[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF] 

∼ 10 -10 S ⋅ m -1 for the atmosphere and 10 -9 S ⋅ m -1 for the surface, see § 6.3.1.

Only thin water ice clouds, see[START_REF] Montmessin | Aspects microphysiques de l'atmosphère martienne : de la poussière aux nuages de glace d'eau[END_REF][START_REF] Listowski | Modélisation des nuages de dioxyde de carbone ( CO2 ) sur Mars : application aux nuages mésosphériques[END_REF] 

See Chap. 7,[START_REF] Houser | ULF and ELF magnetic activity from a terrestrial dust devil[END_REF][START_REF] Farrell | Electric and magnetic signatures of dust devils from the 2000-2001 MATADOR desert tests[END_REF][START_REF] Jackson | Electrostatic fields in dust devils: An analog to Mars[END_REF], Rennó et al. 2008a[START_REF] Balme | Field measurements of horizontal forward motion velocities of terrestrial dust devils: Towards a proxy for ambient winds on Mars and Earth[END_REF][START_REF] Harrison | Applications of Electrified Dust and Dust Devil Electrodynamics to Martian Atmospheric Electricity[END_REF][START_REF] Esposito | The role of the atmospheric electric field in the dust-lifting process[END_REF][START_REF] Murphy | Field Measurements of Terrestrial and Martian Dust Devils[END_REF] 

See Farrell et al. 2006b, Farrell et al. 2006c[START_REF] Kurgansky | A simple model of the magnetic emission from a dust devil[END_REF][START_REF] Barth | Electric Fields in simulated martian dust devils[END_REF] 

The breakdown voltage is the threshold value necessary to trigger a discharge such as a lightning. The discharge is provoked by the acceleration of electrons by the large electric field which leads to an expanding cascade of secondary electrons emission.

Expected in Martian dust events if electrification processes occur similarly to the terrestrial ones.

The quality factor corresponds to the ratio between the energy stored in a resonating system and the energy lost every period. An oscillating system therefore has > 1.

The leftmost one is actually a helium tank used to pressurize the other three tanks

The first bit of the measurement duration command sent to the instrument with the first TC is a hidden command.

The amount of pages selected is also encoded in the measurement duration, in the 2 nd and 3 rd bits, in order to produce 0, 2, 3 or five pages.

Poussière is the French for dust.

Ondes is the French for waves.

The Micro-ARES ADC produces 16 bits data, see §

2.3.3. 2 Produced by the electronic manufacturer Digilent, see Fig.3.5.

The trailer is heavily shielded in order to protect the operators inside, used as a large Faraday cage in our case.

Where the distance between the plates must be smaller than the plate characteristic size.

Less ionization lead to a lower ion density and higher atmospheric density lead to a lower charge carrier mobility, hence the lower conductivity.

These are the expected electric field and conductivity values in European cities areas according to Rycroft

et al. 2008 and Nicoll 2012. 7 See http://marslab.au.dk

the DREAMS CEU startup in the ExoMars 2016 context

See http://www.oberhumer.com/opensource/lzo for further details.

The lower the voltage drop, the better the linear regulator efficiency since × is dissipated as heat.

Pre-amplifier → analog filters and attenuators → MUX → ADC → software.

30000 LSB in absolute value.

Selectivity is the ability to reject frequencies above the cutoff.

Poles are values that can nullify the denominator while zeros are values that can nullify the numerator.

The Hamming window is a 1-period cosine function in the time domain, equal to 0 at the bounds of the window and 1 in the middle.

is the number of samples.

Gibbs effect corresponds to the outbreak of ripples around strong discontinuities when high frequency content is removed, seeFig. 4.22. 

This high frequency content is below 1800 Hz since the electronic DC chain filters the signal with a cutoff at this frequency.

Poussière is the French for dust.

Equivalent to 6,3 ms, this threshold was introduced in order to avoid triggering the relays by small excursions or noise.

The deactivation threshold value is lower than the activation one in order to in troduce an hysteresis effect which avoids activation-deactivation loops.

Usually a little bit above the one triggering the relay.

The input impedance regroups the electronic input and sheath capacities and resistances.

HP 35670A, its uncertainties are 3 ppm on the value and 0.02% on the frequency.

in Volts or Volts squared for spectral values, see Fig.5.1.

A Heaviside function is defined as ( ) = 0 for < 0 and 1 above.

One conductivity measurement contains 192 data points across 7,68 s of measurement, see § 2.3.4.

Except in the case where the relays time budget is elapsed and the signal is saturated after the deactivation

The choice of this factor was not anodyne since it corresponds to a simple bit-shift by 6, easily executed by the DSP.

The adjoint in this case is the conjugate transpose since the matrix is unitary thanks to the √ normalization, not demonstrated here.

The central bay is at the ground potential.

28 V is the typical unregulated battery voltage used in space electronics. This maximum voltage assumption is valid as long as the instruments do not use any voltage amplifier.

and can vary between 1 and 4.

Any vertical flux of the species is neglected.

The electronic density is ∼ 1 order of magnitude smaller during the day and 3-4 orders of magnitude by night.

≈ 700 Pa and ≈ 210 K.

In these conditions the density of charge carriers is more than ten order of magnitude lower than the neutrals one, see § 6.3.1.

The densities result from the balance equation and are expected to be around 1 ⋅ 10 10 m -3 .

The computation is based on the charge carrier-wall probability of attachment.

The "unperturbed chamber" consists in the experimental chamber but without the antenna and = 0 V ⋅ m -1 .

The charges are attracted by the bottom or top plates according to their polarities, hence vertically sorted according to their polarity.

The behaviors are expected to be symmetric since only positive and negative ions are present under Earth conditions.

The final rapid drop at the wall due to the = 0 BC is not taken into account in this consideration.

This reconfiguration depends on the electrode's potential and the potential of the medium.

The sheath effects include biased electric field and conductivity measurements.

Indeed for ions on Mars, the expected mobility is around 2 ⋅ 10 -12 m 2 ⋅ V -1 ⋅ s -1 , see § 6.3.1.

NASA JSC MARS-1A analogue could be used, since it reproduces both the composition and grain size and shape.

For the ExoMars 2016 lander, the lander was effectively far much larger than the Micro-ARES electrode.

Office National d'Etudes et de Recherches Aérospatiales, a French national aerospace research center.

These values are close to the densities expected on Mars but slightly lower in order to limit the computation time.

and in this case they are considered thermalized hence

= 300 K.

With the existing relays the attenuations would respectively be 40000 and 100000.

The attenuation that the relays are expected to produce with the new antenna are respectively around 800 and 2000, which is closer to what is usually expected.

An excessive compensation of the field lines deformations tends to increase the electrode potential, in absolute value.

The dividing bridge of course tends to reduce the electrode potential, in absolute value.

The four sensors were placed at 50 cm, 1,5 m and 4 m above the ground.

A "shutter-type" field mill Campbell scientific CS110, operating at 1 Hz.

50 walking steps to be precise.

Up to a 50 • C air temperature at midday.

See Eq. 7.12 which is a second order in time hence with an error in ( 3 ).

The PROM used in the Proto2 v3 during the measurement produced SIGMOY data at this rate.

See Aplin 2006[START_REF] Nicoll | Measurements of Atmospheric Electricity Aloft[END_REF][START_REF] Rycroft | An Overview of Earth's Global Electric Circuit and Atmospheric Conductivity[END_REF][START_REF] Ogawa | Fair-weather electricity[END_REF], hence an electrode potential around 80 V measured by the instrument.

The correlation was calculated by first interpolating the Field-mill measurements over the Micro-ARES time grid, since the two measurement devices were not synchronized.

In order to separate the electric field which produces a speed-dependent signal and the charged particles, which produce a constant signal.

since it decreases the electrode potential and falsely appears as a positive electric field after data processing.

The passage is visible in the electric field content in Fig.7.28 and the meteorological parameters in Fig.7.27.

For example 611 10 s = 0010 0110 0011 2 will produce 6 BURST pages meanwhile 610 s will not.

Each page contains 0,16 s of AC raw waveforms sampled at 6,4 kHz.

The encoding length value, 14 in this example, must be stored too.

Surely, this modification also affects all the other bins but in minor way.

L'instrument Micro-ARES sur ExoMars 2016 soutenue

(5.20)

(5.21)

The house-keeping data processing is straightforward and follows Eq. 5.11 and Eq. 5.10. The uncertainty of these simple linear function is similar to Eq. 5.21 for the case.

Sheath parameters retrieval

The relaxation time The measurement mode CONDUCT, performing a relaxation test each 96 s, is dedicated to the measurement of the sheath parameters and (see Chap. 6 and § 2.2). This test is performed by injecting voltage steps (+12 → 0 V step first and 3,84 s later the reverse step) into the instrument input (the electrode) through the capacitor (see Fig. 5.1). The equivalent electronic scheme representing the input is depicted in Fig. 5.18.

Alternatively, the electric currents can be taken into account by adding to Eq. 6.1 the generalized Ohm law equation: ⃗ = ⋅ ⃗ . Since the is no spatial charge between and one can write that the current crossing the spherical surface ( ) is: ( ) = ( ) = ( ) (for <= <= ). And by definition if the current and combination with the generalized Ohm's law and the previous expression found for ( ) (see Eq. 6.5) comes Eq. 6.9.

By definition of the resistance = ⋅ hence Eq. 6.10 and the expression for found in Eq. 6.8.

⋅ (6.10)

"Sheath" parameters retrieval

One of the first assumptions made in this simplified case was that the electrode is isolated, in the sense that the atmosphere sphere surrounding the electrode has a radius >> . The simplification ensuing leads to Eq. 6.11, the sheath resistance and capacity discussed in Molina-Cuberos et al. 2010a and[START_REF] Berthelier | ARES, atmospheric relaxation and electric field sensor, the electric field experiment on NETLANDER[END_REF] if

With the isolated capacitor approximation, one can retrieve the atmospheric conductivity from the measurement of R and C (see Eq. 6.12). Moreover, the other hypothesis formulated is the absence of parasitic impedance at the instrument input. In this context the relaxation curves produced by the CONDUCT measurements mode (see § 5.2.2.3) has a time constant = ⋅ which directly leads to the conductivity.

⋅ = 1 4 ⋅ ⋅ 4 0 ⋅ = 0 (6.12)

Symmetry axis

Views cut plane

Figure 6.22 -Rotation symmetry axis and cut plane of the chamber used for the density, conductivity and potential map views.

and negative conductivities are conflated), so that the outputs can be compared to the experimentation.

The first step to be able to compare the CP model and the electric current model is to run both with similar atmospheric parameters: the ambipolar atmospheric conductivity for the EC model, and the atmospheric ionization rate (

) for the CP model (see Appendix B). The Martian case was run in a simulated chamber without the antenna and a radon activity of 250 kBq ⋅ m -3 , which lead to the conductivities + = 1,29 ⋅ 10 -11 S ⋅ m -1 and -= 2,25 ⋅ 10 -10 S ⋅ m -1 in the center of the chamber (see Fig. D.5 (a) in Appendix D). Note that the views presented are 2D views, axi-symmetrical, as illustrated in Fig. 6.22.

Similarly, the Earth case was ran with an activity 46 kBq ⋅ m -3 , which lead to the conductivities + = 5,24 ⋅ 10 -12 S ⋅ m -1 and -= 4,71 ⋅ 10 -10 S ⋅ m -1 in the center of the chamber (see Fig. D.5 (b) in Appendix D). The conductivity difference here is solely due to the mobility difference set between positive and negative ions:

Electric-field sensitivity test

In both cases the positive conductivity was taken for the EC simulations. The simulations were first ran with forced electric fields ranging from -200 to 200 V ⋅ m -1 . The results presented in Fig. 6.23 and Fig. 6.25 show the potential map in the chamber for the three simulations and electric fields of 0 and 500 V ⋅ m -1 . Fig. 6.23 and 6.25 show the positive and negative conductivities maps in the same electric field conditions for the Earth and Mars cases (only for the CP model of course). Further results of the charges carries densities in the Martian case and for other forced electric fields are presented in § D.2.2.

The electrode potential measured by the electrode and simulated with the two models in 

Typical ionization chamber regimes

Proportionnal region

Ion-chamber region

Geiger-Müller region

Figure 6.32 -Typical ionization chamber response to the plates' potential difference for a constant irradiation. It represents the collected current by the ground plate against the applied electric field between the plates, both in arbitrary scales. The first part of the curve is not used when using an ionization chamber. The second part, the ion-chamber regime is the constant plateau used with typical ionization chambers it corresponds to the collection by the electrodes of all the ion-electron pairs created, hence the non-dependence on the electric-field. The last two part, proportional and Geiger-Müller zones, correspond to regimes where the electricfiled, intense enough, accelerates the ions and electrons to a point where secondary emissions are triggered, hence the increasing current with the increasing electric-field.

ondary emissions phenomena, the "proportional" and "Geiger-Müller" regimes are impossible to simulate and are indeed not observed in Fig. 6.33. The behavior 21 of the charge carriers between the plates is exhibited in Fig. 6.34. It shows how the positive ions are more and more attracted by the negative plate with the increasing electric field.

Sheathes above both plates are visible. The "ion-chamber" regime -the current plateauis reached when ≈ 100 V ⋅ m -1 , which corresponds in Fig. 6.34 to the moment when the density curve is monotonic 22 .

Model results and further model developments

Plasma approach interest

The continuum-plasma model results exhibited and discussed above show that this approach corrects the remaining issues and lacks observed in the electric-current model: The unperturbed atmosphere approximation is no longer used since the plasma approach describes the displacement of each charge carrier type and is therefore able to simulate spatial charge unbalance near In order to properly process the data (see § 7.1.4), the relation between the sheath parameters ( and ), the atmospheric conductivity ( ), the antenna geometry, the electrode potential and the electric field have to be determined. This was achieved with the electric-current model (see § 6.2), previously used to perform the simulations presented in Fig. 7.3,Fig. 7.4,Fig. 7.5 and Fig. 3.10. As discussed in Chap. 6, § 6.2 and § 6.3, this electric-current model is sufficient to model the electrode behavior in the Earth atmosphere.

The first simulation aims at retrieving the "apparent height" of the electrode, ℎ as defined in § 5.2.3. It consists in using the simulation shown in Fig. 7.3 but without any parasitic resistance and current at the input. With this configuration the electrode potential and atmospheric potential , as defined in Eq. 7.1, are equal. can therefore be fitted against the electric field (which is vertically constant in the simulations) in order to retrieve ℎ .

The second set of simulations (Fig. 7.8) is meant to retrieve the sheath resistance through the evaluation of the relay attenuation for various atmospheric conductivities. The configuration of Fig. 7.4 has been employed, with the parasitic parameters = 10 14 Ω and = 7,5 ⋅ 10 -14 A, the relay Low = 25 ⋅ 10 9 Ω activated and the electric field = -1000 V ⋅ m -1 . The atmospheric conductivity sigma is swept from 10 -15 S ⋅ m -1 to 10 -13 S ⋅ m -1 .

For each , the simulations outputs the electrode potential and is retrieved according to Eq. 7.5, with = 803,2 V since = -1000 V ⋅ m -1 . The resulting ( ) are fitted with a hyperbola ( ) = 1∕ ⋅ , by similarity with Eq. 7.2. The coefficient of determination of the fit, 2 , being equal to 1, the fit is perfect.

The fit parameter , expressed in meters, is eventually equal to 6,3810 m. This parameter actually describes the geometry of the electrode. For example in the spherical capacitor case (Eq. 7.5), = 4 =  , the ratio between the electrode surface  and its radius .

= -⋅ ℎ (7.5)

The other sheath parameter, the capacitance can be retrieved by simulating the conductivity test through relaxation (see § 2.3.3, § 2.3.5, and § 5.2). This second simulation (Fig. 7.8 (b)) is performed with the same configuration used for producing Fig. 7.3 that is the parasitic parameters = 10 14 Ω, = 7,5 ⋅ 10 -14 A and = 2,5 pF and the atmospheric conductivity = 10 -14 S ⋅ m -1 . Just like the instrument performs the conductivity test, a = -12 V

step is injected at the electrode through a = 0,5 pF capacitor (see Fig. 7.2), resulting in a 0 spike injected effectively at the electrode, followed by a relaxation. The relaxation is fitted with an exponential curve ( ) = 0 ⋅ exp(-∕ ), which is again ideal in this case since 2 = 0.9998. The fit result are 0 ≈ -0,1016 V and ≈ 821,13 s. As discussed in § 5.2, 0 allows the retrieval of alone according to Eq. 7.6 (bottom) while can be inferred from according to Eq. 7.7 (top). Since ( ) is already known from the previous simulation, the equation will be used as a double-check for the calculation of .

The calculation results are respectively = 56,05 pF and 57,6 pF for Eq. 7.6 and Eq. 7.7 ( = 1∕6.3810 ⋅ 10 -14 S ⋅ m -1 ≈ 1,57 ⋅ 10 13 Ω is computed from the previous simulation).

The ∼5% difference between the two computed is likely to originate from uncertainty in the simulation. The value used in the Earth data processing will therefore be the average of the two values:

= 56,83 pF.

Note that a third way of retrieving from is to use the Eq. 7.2 (first), the results being = ⋅ 0 ≈ 57,47 pF ( is the geometric factor), a value very close to the previous one (∼0,8% difference), despite the fact that Eq. 7.2 describes the perfect spherical capacitor (see § 6.1). Also note that the sheath capacitance is not computed as a function of . Indeed, as shown in § 6.2 and § 6.3, the sheath capacitance seems to be only dependent on the geometry of the antenna, unlike the sheath resistance which depends on the atmospheric conductivity too. The spherical capacitor model (Eq. 7.2) gives a hint about that fact since it gives = 4 0 , thus independent on .

DREAMS test campaign

The experiment campaign was conducted in the Moroccan Sahara desert, 700 km east of Marrakesh approximately, near the Algerian border, in a place called the "Doors of the desert" famous for the dunes of the Erg Chebbi. Given the mission 3 sols (baseline) planned lifetime, the instrument package DREAMS (see § 2.1.4) could not be remotely operated like other long-lifetime mission, with a new scientific program sent every day. Instead, the entire measurement timeline was sent to the DREAMS on-board computer at the end of September 2016, 3 weeks before the landing. Due to the low total available energy (∼ 120 W ⋅ h), the first constraint of this timeline production was power management, allowing only certain total measurement duration within each of the 3 sols. After concentration between instruments teams of the DREAMS package, the measurement slots were dispersed through a typical day, as depicted in Fig. 7.38.

This timeline has been established with the following requirements:

• Maximize the chances of capturing dust events, by increasing the duration and density of measurements slots in the Martian afternoon;

• Capture the sunset and sunrise electric field and conductivity variations (for Micro-ARES) as well as the other changes in the meteorological parameters (temperature, winds, solar flux), with 40 minutes long measurements slots;

• Uniformly and regularly sample the day and night electric fields and meteorological parameters, for survey purpose (monitor the apparition and dissipation of the boundary layer, Schumann resonances during the ''calmer" moments, etc.).

On top of this timeline, an additional constraint reorganized the Micro-ARES measurements: the mutual incompatibility of radio transmission with Micro-ARES, the noise radiated by the instrument being above the specifications, and the radio-transmission inducing a high

Appendix A

The correction coefficients compression

The 408 spectral corrections coefficients (decimal numbers) had to be reduced to 160 and turned into integers, since the Micro-ARES processor (see § 2.3.3) only handles operations with this data type.

A.1 The compression principle

The solution was to store in each one of these 160 values both the correction coefficient encoded on bits and an interval on which it applies encoded on (16-) bits (the correction coefficient on this span would therefore be the original coefficient averaged over said span). The concept is illustrated by Fig.

A.1, where the initial ten coefficients # (float values) are first reduced to 5 different coefficients # through averaging. In the Fig. A.1 example, 0 is the average of 0, 1 and 2 while 2 is equal to 5. But this reduction alone is not enough, since the correction coefficients still need to be applied on 10 values. Therefore the span # on which each # coefficient applies consecutively must be stored too. The compression ratio in the example is two, the reconstruction of the 10 correction coefficients vector, necessary for data processing, is done by reading the # values successively, splitting them in the coefficient and span part and filling the vector accordingly 1 .

In order to maximize the dynamic of the coefficients encoded on bits (again, 14 in the example), the # coefficients (float numbers) are multiplied by 2 -1∕ (L) before conversion into bits integers, the # values. Of course, the 2 -1∕ (L) correction ratio is saved for later post-processing of the spectra (see § 5.2).

A.2 Compression induced error minimization

An optimization process is naturally required to minimize the error between the original distribution of 408 coefficients and the reduced one. This optimization is performed by starting from an initial uniform distribution of spans and by iterating over the distribution by applying a -1 on the span where the squared error compared to the original distribution is the highest while 1 is applied on the span where the error is the lowest 2 . The iteration loops until the total sum of squared errors does not decrease anymore. This is ran for various values, from 9 to 14. No solution could have an larger than 14 since the

Appendix B

Monte-Carlo modeling of the Radon222-induced ionization B.1 Radon and decay products activities

The first prerequisite is the relation between the initial 222 Rn activity injected in the chamber and the decay product ones. This is obtained by simply solving the concurrent decay-production equation (Eq. B.1), where and are the activities of the considered species and its precursor, respectively, and its decay constant (which is NOT the half-life, listed in Fig. 3.15).

The resolution of the concurrent decay equation for all the decay products (we will need to simulate all of them for the Monte-Carlo simulation) is shown in Fig. B.1 and provides the activities for all the decay products as a function of time after the initial injection.

B.2 Alpha particles deposed energy

The second prerequisite is the computation of the energy deposed by alpha particles per volume unit and according to the medium composition, density and the alpha energies. This For the presented values, the temperature is 300 K and pressure at 1 kPa for CO 2 (chamber in Martian conditions, with traces of O 2 and H 2 O) and 1013 hPa for Air (N 2 , O 2 , CO 2 and Ar • Meanwhile, in the opposite direction, the alpha particle trajectory in straight line is computed until it reaches a surface. With the = ( ) function of the 1 particle, the volume energy deposition is computed.

• If the alpha particle landing site is the electrode, it is accounted as a +4 charge entering the electrode.

• The whole process is repeated with 218 Po instead of 222 Rn and so on, but with the distribution computed previously.

• If the decaying element produces aparticle, its deposed energy is not computed (there is none) but the trajectory still is. Id the landing site is the electrode, it is accounted as a charge entering the electrode.

• The final energy densities are divided but the amount of sown particles in order to obtain the average energy density per disintegration of the concerned species.

• The current on the electrode is also divided by the shots in order to obtain Coulombs per disintegration. This is only a verification value, indeed, when multiplied by the activity in the chamber, it provides the parasitic collected current ( C ∕decay × Bq = C ∕decay × decay ∕s = C ∕s = A) at the electrode. It appears that even with a very high activity (MBq) this values remains below femto-amperes, thus comparable to noise parasitic currents at the input of the instrument (see § 5.1).

• Given the chamber shape and configuration, eventhough the simulations were performed in 3D, the results have been shrunk down to 2D-axisymmetric (a function of radius and height). 

2) The result at each step, for a Martian-like atmosphere, is shown Fig. B.5. The uniform 222 Rn produces an almost uniform energy density (small side effects) meanwhile the adsorption of the decay products by the walls (expected, as observed in [START_REF] Meslin | Le radon, traceur géophysique de l'environnement martien : étude de son transport, première mise en évidence et développement d'une instrumentation pour sa mesure[END_REF]) produces an inversed side-effect for the alphas 2 and 3.

The summation of all these three energy densities distribution enables the calculation of the spatial distribution of ionization rate in the chamber at a time after the initial Radon 222 injection according to Eq. B.2. In this formulation ( ) are the relative activities, ( , )

the energy density of the alphas per decay, 222 (0) the volume activity of Radon injected and the energy deposed by the alphas at each collision to create an ion-electron pair (32,9 eV in CO 2 and 34,1 eV in Air, see [START_REF] Weiss | Energy Required to Produce One Ion Pair for Several Gases[END_REF].

The spatial distribution of the ionization rate in the chamber, the result of this simulation is shown in Fig. B.6, for the Earth atmospheric and Martian-like conditions. Note that in Earth atmosphere conditions, for the same 222 Rn activity injected, the ionization rate is 100 time higher that in the Martian-like case. This is due to the energy deposition of alphas (see Fig. B.3) being more efficient in the higher density atmosphere.

Appendix C

Finite-elements modeling with COMSOL Multiphysics

The electric-current and plasma simulations (see § 6.2 and § 6.3) of the conductive atmosphere and its interaction with Micro-ARES' electrode were performed using a finite-element method. Such method enabled the description of complex 3D shapes for the ExoMars lander or the electric-field test chamber (see § 2.1) and § 3.1.3). But the development of a "home-made" finite elements or volumes simulation program, able to work with various equations sets and geometries would have constituted a whole thesis in itself (probably more than one). Therefore, by convenience and in order to rapidly obtain usable results, a third-party software was employed: COMSOL Multiphysics.

C.1 Software presentation

COMSOL Multiphysics is a finite element solver software dedicated to the simulation of various physical phenomena (fluid mechanics, electromagnetism, structural mechanics, etc.). It has the particularity of being able to resolve coupled systems involving different physical phenomena. More details can be found at https://www.comsol.com/.

The user interacts with the software through a GUI (see Fig. C.1) which enables the construction of the model through "interfaces", which refer to packages simulating a specific physical phenomena. These interfaces are actually equivalent to a given system of equations that the software will solve.

The steps necessary to build up a model are the following:

• The user first builds the geometry in the selected referential (0D, 1D, 2D with or without revolution symmetry or 3D) with the embedded geometry builder or by importing an existing 3D model. In the case of the ExoMars lander, a CAD model provided by Thales Alenia Space and cleaned up from unnecessary details is used.

• Then the required physical "interface" is setup and parametrized (boundary conditions, initial state, model-specific settings, couplings, etc.). For example for electrostatic mod- The vertical scale was voluntarily set so that the curves appear similar. Such disposition emphasizes the linear dependence of vertical charge densities profiles on the electric field at the top of the domain, in the unperturbed space. For example one can easily see in Fig. D.1 that the profiles for = -10 V ⋅ m -1 with a vertical scale of 200 m are super-imposable with the profiles for = -1 V ⋅ m -1 (10 times lower) with a vertical scale of 20 m (10 times lower too). The same goes for positive electric field, both in day and night simulations. These results emphasize the asymmetrical behavior, regarding the electric field, observed in the Martian case. Indeed one can see that in the Earth case (Fig. D.3) the same amplitude electric field with opposite directions produce exactly the same curves but with the ion types switched (actually there is a slight difference due to the small mobility disparity introduced on purpose in the Earth case).

D.2 Electric-field chamber simulations

The following figures are meant to provide further understanding on the simulation results and interpretations discussed in § 6.3.5.1. The plots simulating the chamber presented in this section are 2D cut views as explained in Fig. 6.22.

D.2.1 Unperturbed atmosphere conductivity

The continuum-plasma simulations do not take the atmospheric conductivity as an input, but instead are based on charge carriers densities and mobilities. In order to produce comparable electric-current and continuum-plasma simulations, both require to exhibit the same conductivity.

This conductivity is obtained by running the continuum-plasma model in a minimally perturbed case where the chamber is empty (no antenna is present) and a null electric-field is applied (0 V ⋅ m -1 ). Of course, the charges collection by the walls still perturbs the medium. The resulting conductivity (see Fig. D.5) is the one fed into the electric-current model. Since it can only be based on one conductivity, the positive one is chosen (this choice is arbitrary).

One can note that the Earth-Mars different behaviors are visible in Fig. D.5: the sheath at the wall interfaces is far much smaller in the Earth case, due to lower mobilities and the absence of electrons. This almost entirely uniform conductivity in the Earth case explains why the electric-current model is a valid approximation in this environment but potentially a bad one under Martian conditions.

D.2.2 Electric-field amplitude and relays effects

The figures D.6, D.7, D.8, D.9, D.10 and D.11 provide two types of data each: a comparison of the potential in the chamber obtained with the electric-current and the continuum plasma model, and then the densities of the three charge carrier species obtained with the continuumplasma model under the same conditions. The simulations from which are extracted these figures are based on the Martian-like conditions (CO 2 at 1 kPa) that would be used in the chamber. The difference between each one of the cases is the electric field applied.

The various electric field conditions show how the charges behave in the chamber, around the electrode and the mast. The measurable effect when the electric field increases is the charge depletion around the height of the electrode due to the attraction of the charge by the top and bottom plates; The consequence is a drop in conductivity which leads to more attenuation at the instrument input (due to the larger sheath resistance) and of course a lower apparent conductivity when measuring it with the instrument. L'étude de l'activité électrique ainsi que de la génération de ces champs électriques dans les tempêtes de poussières martiennes permettrait de faire la lumière sur divers phénomènes physiques : La dynamique des poussières à l'échelle locale et planétaire, élément clé du climat martien, la peu comprise ionosphère martienne ou encore la chimie atmosphérique et plus précisément l'énigme du méthane martien.

La thèse présentée ici détaille le développement matériel et logiciel de Micro-ARES, les tests subits par l'instrument aussi bien en chambre que sur le terrain, ainsi que le traitement des données et la physique qui sous-tend le fonctionnement de l'instrument. Puisque de futures mission embarqueront très probablement ce type de capteur polyvalent, léger et consommant peu, l'accent a été mis sur la modélisation de l'interaction entre l'électrode et l'atmosphère. Ce travail théorique dépasse le cadre de Micro-ARES sur ExoMars 2016 et est une étape nécessaire dans la compréhension et le traitement des biais induits aussi bien par l'environnement de l'instrument, son design simplifié et les comportements inattendus de l'atmosphère martienne. The study of the electrical activity and electric field generation in Martian dust events might bring new capital knowledge on a wide range of phenomena: The local and planetary scale dust dynamics, a major component of the Martian climate, the partially understood Martian ionosphere, atmospheric chemistry and more precisely the production and destruction of the Martian methane, a still unresolved mystery.

The following thesis details the hardware and software development of Micro-ARES, its testing phases, both in laboratory and on the field, and the data processing and physical processes underlying the instrument's operation. Since future missions may carry again these kind of polyvalent, lightweight and energy-efficient sensor, emphasis was put on the modeling of the instrument's electrical coupling with the atmosphere. This theoretical work exceeds the frame of Micro-ARES in ExoMars 2016 and is necessary in order to understand and accurately compensate the biases induced by the instrument's surroundings, its simplified design and the unexpected electrical behavior of the Martian atmosphere.