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Adhesion of dust to spacecraft surfaces is mainly due to two forces: electrostatic forces and the Van der Waals force. This paper deals with the experimental characterization of the latter. A centrifugal system is developed to determine the adhesion force as a function of the dust and substrate properties. For lunar dust simulant DNA-1 and for a technical substrate of uncontrolled roughness, the adhesion force ranges from 20 to 200 nN for particle size below 50 µm, which is in relatively good agreement with the results of the literature. The role of surface roughness of both dust and substrate is discussed.

INTRODUCTION

The prevention of spacecraft surface coverings contamination by dust is a long-standing challenge for space missions. On one hand, the use of clean rooms during spacecraft assembly, integration, verification and test (AIV/AIT), even though maintaining extremely low levels of particules, does not entirely prevent the deposit of volatile components such as textile fibres or tiny pieces of insulating materials. Vibrations at launch and electrical charging in space environment may be responsible for mobilizing and directing such residuals towards sensitive equipment. On the other hand, the very space also generates dust hazard: cosmic micrometeoroid impacts, adhesion of dust released from airless bodies (Moons, asteroids,). Whatever their origin, one common feature of dust ability to adhere to any surface relies in their level of electrical charging [START_REF] Hartzell | The role of cohesive forces in particle launching on the Moon and asteroids[END_REF]- [START_REF] Hartzell | Experimental demonstration of the role of cohesion in electrostatic dust lofting: COHESION IN ELECTROSTATIC DUST LOFTING[END_REF]. Pending on space plasma conditions, dust charge up (or down), which in turn modifies the force balance and the probability of dust lofting and transport to undesired locations. Electrostatic lofting is also a key mechanism responsible for dust mobilization inside Tokamak reactors, reducing the plasma lifetime [START_REF] Autricque | Adhesion force of tungsten dust on tokamak plasma-facing surfaces: the importance of the impact velocity[END_REF].

In the frame of solar system exploration, contamination by dust from airless body remains a severe issue that needs to be carefully taken into account. It was not a major concern during Apollo mission preparation until it was observed that dust layers quickly covered and sticked to every human-made equipment [START_REF] Wagner | The Apollo Experience Lessons Learned for COnstellation Lunar Dust Management[END_REF]. It therefore complicated the full exploitation of the facilities. Many of the next space missions will be initiated by robots, with no human intervention and no longer confined to the Moon: planets, comets and asteroids are also targeted. It therefore becomes more and more crucial to anticipate and bring under control the overall dust adhesion problem.

Particle adhesion on lunar exploration units is due to two factors: human and/or robotic activity, and the lunar environement. The Moon surface is likely to be negatively charged due to the solar-wind electron collection. On the day-side, however, photoemission phenomenon occurs and leads the surface to be positively charged. At the frontier of day and night-side (called terminator), the presence of both negative and positive charges on small distances make forces appear and dust is electrostatically lofted. This phenomenon called horizon glow is mainly seen at dawn and was observed by the Clementine probe during the Deep Space Program Science Experiment [START_REF] Zook | Lunar Horizon Glow and the Clementine Mission[END_REF]. More recent studies were provided thanks to the LADEE mission, whom purpose was to determine the origin of the horizon glow [START_REF] Horányi | The Lunar Dust Experiment (LDEX) Onboard the Lunar Atmosphere and Dust Environment Explorer (LADEE) Mission[END_REF]- [START_REF] Horanyi | A permanent, asymmetric dust cloud around the Moon[END_REF]. Results showed that most of the high altitude cloud around the surface of the Moon is due to dust ejecta from interplanetary dust bombardments. Lofting at low altitude is rather associated to dust particles mobilization by electrostatic forces. The horizon glow is thus composed of neutral and charged dust particles.

Recent experimental work, tend to mimic lunar plasma environment in order to replicate electrostatic conditions leading to dust lofting [START_REF] Champlain | Lunar dust simulant charging and transport under UV irradiation in vacuum: Experiments and numerical modeling: ELECTROSTATIC TRANSPORT OF LUNAR DUST[END_REF]- [START_REF] Wang | Dust charging and transport on airless planetary bodies: Electrostatic Dust Transport[END_REF]. Previous work modeling dust charging and lofting was also made and described in references [START_REF] Hess | Simulation of the electrostatic charging of Philae on 67P/Churyumov-Gerasimenko and of its interaction with the dusts[END_REF]- [START_REF] Zimmerman | Grain-scale supercharging and breakdown on airless regoliths: REGOLITH SUPERCHARGING AND BREAKDOWN[END_REF]. With the understanding of dust lofting, current work is also dedicated to the determination of adhesion force in order to prevent contamination (by removing dust from surfaces for instances) or to find coatings with limited dust adhesion properties.

The aim of this paper is to present the development of a test bench aiming at investigating dust adhesion experimentally. In section 2, we detail the theoritical adhesion forces and the models developed in order to study the equilibrium between forces. In section 3 we discuss the experimental setup developed to quantify adhesion force while section 4 shows preliminary results. In the final section we discuss the observations and compare the results with literature.

EXPRESSION OF ADHESION FORCES

Van der Waals force

The Van der Waals force is a distance-dependant force which appears when two materials come in close contact due to the inter-molecular and inter-particular dipolar electrical interactions. These interactions can be detailed into three: the Keesom interaction (between two permanent dipoles), the London interaction (between a permanent and an induced dipole) and the Debye interaction (between two induced dipoles). The well-known force exerted between a spherical particle and a plate is expressed by:

→ = 6 ² (1) 
With A 132 the Hamaker constant in J, R is the radius of the particle in m and d is the distance between the particle and the plate. The Hamaker constant is dependent on the interaction between material 1 and 2 through media 3. In the case of interaction in a vacuum, the Hamaker constant can be simplified as = [START_REF] Israelachvili | Intermolecular and surface forces[END_REF]. This parameter is highly dependent with its environment. Typical values of the Hamaker constant for interactions in vacuum are found between ~10 -20 [START_REF] Hartzell | Experimental demonstration of the role of cohesion in electrostatic dust lofting: COHESION IN ELECTROSTATIC DUST LOFTING[END_REF] and ~10 -19 [START_REF] Israelachvili | Intermolecular and surface forces[END_REF] Joules. Estimation of R and d parameters is challenging, as lunar particles are not spherical, even if values of d are frequently about several angstroms. [START_REF] Perko | Surface Cleanliness Effect on Lunar Soil Shear Strength[END_REF] proposed a formulation to describe the Van der Waals interaction where the force is expressed as a function of the parameter s, which is the surface cleanliness of a material. The force between two spheres of equal radii is:

→ = 48 ² ² (2) 
With Ω the diameter of an O 2-ion, as [START_REF] Perko | Surface Cleanliness Effect on Lunar Soil Shear Strength[END_REF] assumed lunar soil to be oxide-rich. From the previous relations, it is then possible to determine a new relation between s, Ω and d, only applicable when determining the adhesion force between two spheres of equal radii:

= 2 (3)

Effect of roughness on adhesion force

A more precise approach consists in considering dust as spheres covering a rough surface. [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF] proposed a new model of the adhesion of a spherical particle with an asperity on the surface of the substrate. The adhesion force is expressed by equation ( 4):
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with H 0 the distance of closest approach between surface (approximately 0.3 nm), rms the root-mean-square roughness of the substrate and the peak-to-peak distance λ. In [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF] work, the value of the Hamaker constant is 10 -19 J. The first term represents the contact interaction of an adhering spherical particle with an asperity on the surface and the second term accounts for the noncontact interaction of the adhering particle with the substrate. For a particle size 10µm and a rms substrate roughness of 10 nm, the adhesion force calculated is 20 nN. If the rms roughness decreases to 1 nm, the adhesion force becomes 200 nN. As substrate roughness increases, the adhesion force decreases.

A more detailed model combining two scales of roughness (of the substrate and the asperity itself) was validated by experimental data using the Atomic Force Microscope (AFM) techniques [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF]. On the AFM cantilever are placed either a micrometric glass spheres or a silicon nitride tip. Substrates are made using silicon wafers with controlled roughness covered by thin films of titanium (10 to 100 nm thick). The comparison of the two different geometries is intended to highlight the importance of the substrate roughness compared to the adhering particle size adhering. The glass sphere and the AFM tip radii are significantly larger and smaller than the asperity radius, respectively. As for [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF], the results show a decrease of the adhesion force with increasing substrate rms roughness. The adhesion force measured between the AFM silicon tip and the sample is a lot higher than the measurements between the glass sphere and the sample. This is supposed to be due to the fact that the tip as a lot more contact with the surface than the glass sphere.

Other AFM measurements were done by [START_REF] Peillon | Adhesion of tungsten microspheres on rough tungsten surfaces using Atomic Force Microscopy[END_REF] using tungsten spheres of diameter between 3.5 and 10.5 µm and three substrates: tungsten plate of roughness 15 nm, W plate of roughness 750 nm and glass plate of roughness 12 nm. For 15µm particles, the adhesion force is about 1000 nN for the smooth W substrate, 200 nN for the glass and around 20 nN for the rough surface tungsten. The roughness increase leads to decreased adhesion force.

[3] adapted the model of [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF]- [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF] to the problem of dust adhesion within tokamaks. The adhesion force of a 1µm size particle impacting a substrate at a given velocity is estimated analytically. The sample is supposed to have a rms roughness between 0.1µm and 100 µm. These high values are expected in tokamak due to the surface erosion induced by the plasma. For a particle impact velocity of 0.01 m/s and a rms roughness of 0.1µm, the estimated adhesion force is 200 nN. In the case of a roughness of 100 µm, the adhesion force increases up to 800 nN. Values are higher than the one previously described because the impact velocity of a dust particle is expected to increase the Van der Waals force by deforming the particle.

[20] used a centrifugal system under vacuum. Samples used are: black Kapton©, silicon and quartz. Each sample has its own roughness: 230nm and 1.5nm for black Kapton© and silicon, respectively. Roughness of quartz sample is not supplied. On average on a virgin surface, adhesion force of a non-spherical 8 µm particle made of JSC-1 lunar dust simulant is approximately about 10 -11 N. After treatment by ion bombardment, the adhesion force dropped by ~ 64%, ~ 40% and ~ 24% for the black Kapton©, silicon and quartz samples, respectively. According to the authors, the surface treatment decreased the substrates surface energy, thus reducing the Hamaker constant. The surface energy is the work required to separate two surfaces in contact by unit area.

EXPERIMENTAL SETUP

Dust adhesion forces can be measured by different kinds of techniques: AFM measurements (see details in [START_REF] Beach | Pull-off Force Measurements between Rough Surfaces by Atomic Force Microscopy[END_REF] and reference thereby for instance) and use of centrifugal force [START_REF] Salazar-Banda | Determination of the adhesion force between particles and a flat surface, using the centrifuge technique[END_REF]. Two-dimensional localised values can be extracted from AFM measurements while centrifugal system provides average values of the adhesion force over a given surface. In the case of non spherical dust grains, AFM method is very approximate because the result depends a lot on how the particle is attached to the AFM cantilever. Thus, the use of the centrifugal force seems the most appropriate to determine the adhesion of irregularly shaped dusts during space missions. We target to provide average forces to specify the risk associated to dust contamination.

The present work uses the centrifugal force to characterize the adhesion force. The expression of the centrifugal force on a particle is:

/ = ( 0² (5) 
with m the mass of the particle in kg, R the radius of the roller in m and ω is the angular speed of rotation in rad/s. The mass density of the lunar dust simulant is 2,9.10 3 kg/m 3 . Neglecting electrical forces, the maximum adhesion force F ad before detachment is:

= 12 / + 3 4 (6) 
With F g = mg, the gravitational force.

Centrifugal measurements were done in the vacuum Dust Regolith or Particles (DROP) chamber. The facility is a cylindrical tank of dimension 40 cm in diameter and 40 cm in length covered with a hemispherical cap. A pressure of 10 -6 mbar is obtained with a turbo-molecular pump. The centrifugal system is composed of an external motor driving a shaft that passes through a vacuum feedthrough into the chamber (see Figure 2). An octagon sample holder made of aluminium is placed on the internal part of the shaft.

The radius of the sample holder is 5,3 cm. The maximal rotation speed is 1500 rpm and is driven through a counting device which allows a precise measurement of the current speed. A control camera (CCD MS-101 Optovision + computar 10X zoom) is placed outside the chamber next to a window facing the substrates. A lamp is placed on another window, providing optimal illumination of the vacuum chamber for imaging. Exsitu imaging is made with a binocular magnifier of highest magnification 90X, with a resolution of ~0.3 pixel/µm.

Fig. 2. Experimental setup used for the determination of adhesion forces

Substrates used during the experiment are 20 by 20 mm long and 2 mm thick. They are made of technical aluminium. They are tightly taped to the rotor using carbon scotch. The dust simulant used in the experiment is DNA-1. This sample is made from milled terrestrial basaltic rocks. DNA-1 samples are sieved in order to get a better idea of dust particle size. Size ranges are: <25 µm, <50µm and <140µm. Obtaining a sample exclusively made of particle sizes ranging from 25µm to 50µm is impossible, due to the adhesion of small

Vacuum chamber

Rotor Motor on larger ones. Substrates are contaminated with dust simulants by placing them in a container filled with dust sample. The substrates are then picked using tweezers and gently tapped against the surface of the container in order to remove the excess dust.

Once the samples are contaminated, a picture is made using the binocular magnifier. To increase the contrast between the aluminium substrate and DNA-1 samples, the substrate were marked up with black ink dots (see Figure 3). The chosen pattern is asymmetrical. It is a safe way to guaranty the comparison of the same black dot between each picture. Then, they are placed on the rotor. In this work, after pumping the chamber down to 10 -6 mbar at room temperature, samples are centrifuged at 1500 rpm for a few minutes. The vacuum chamber is reset to atmospheric pressure and new pictures are made using the binocular magnifier. Fig. 3. Picture of dust deposited on a rough aluminium substrate. The contrast between the dust and substrate is locally improved by applying a black ink prior to deposit dusts.

It may be worth noticing that in-situ optical observation of dust is highly complicated by vacuum, which implies putting the camera outside, i.e. quite far from the scene to be observed (~30 cm). In-situ observations would require using an optical system with a higher resolution and solving some optical aberrations. As the optical observations made at ambient air with the binocular magnifier needs to shut down the pumping system, which in turn demands marge time resources, it was decided in this preliminary work to focus on maximal rotation speed tests. Consequently, only comparison of non-spun and fully-spun data (i.e. at 1500 rpm) is made here. All results are obtained at room temperature.

RESULTS

It is observed, right after the contamination and before the centrifugation that no particle size higher than 140µm adhered to the substrate.. First, single grains have been observed. Figure 4 and5 show pictures of single grains in the size range < 50µm before and after centrifugation. In both cases, a removal of the biggest grains is observable (orange circles). In Figure 4, the mean size of the circled particles is 22µm. Over the set of experiments performed in this study, we observed that approximately half of the 20 µm diameter dust continued to adhere to the surface even after the maximal rotation speed. From equation ( 5) and assuming particles are spherical, the averaged adhesion force can be estimated to around 20 nN. In Figure 5, the mean size of circled particles is 35µm. It was observed that all particles with a size in the range of 30 to 50 µm were expulsed from the sample. As a consequence, the adhesion force is necessarily lower than approximately 100 nN. Dust clusters are also observed for the particle size range < 25µm. Figure 6 shows picture of dust clusters taken before and after centrifugation at 1500 rpm, with colored circles indicating the same area. The orange circle shows that under centrifugal force, clusters are falling apart. Figure 7 shows before and after photos of both dust clusters and single grains, both around 50µm diameter.

Comparison of colored circles shows that both clusters and particles are removed by centrifugal suggesting that clusters of small particles tight together behave like big particles. Fig. 7. Before (left) and after (right) photos of dust clusters and single grains observed on a graphite substrate. The particle size range is < 50µm (scale:

100µm)

The adhesion force within the cluster is estimated using Equations ( 2) and ( 3) assuming the Hamaker constant of 4,3 × 10 -20 J for lunar soil [START_REF] Perko | Surface Cleanliness Effect on Lunar Soil Shear Strength[END_REF] and a surface cleanliness of approximately 0, 6. It is assumed a cluster of 50 µm is at least made of two particles of 12,5 µm radius. 

This theoretical results suggests that the adhesion force between two dust particles is higher than the adhesion force of a particle and an aluminum substrate. However, one should be very cautious about the results. Interpretation of dust cluster behavior is highly unknown and calculations are done assuming the particles are detached at the maximal centrifugal speed.

All particles with diameter below 10µm remained attached to the substrate, even after being centrifuged at 1500 rpm. That suggests that the adhesion force of 10 µm diameter particles is larger than 2 nN.

DISCUSSION

At the moment, only photos of sample being spun at 0 and 1500 RPM are available. Thus, quantification of adhesion force is complex, as access to intermediate speeds is impossible. It is only possible to find the upper limit of the centrifugal force.

/,B C 2'4 = 1,6.10 D ' A

With r in m.

Comparison of contributions of both gravitational and centrifugal forces shows that gravitational force is negligible ( 3 / /,B C ~10 G ). This justifies why only the centrifugal force has been used in determining the adhesion force (see Equation 6). Figure 8 compare the present results to the literature with different types of particle, whose size ranges from 1 to 25 µm, and with different types of substrates. In yellow dots, a force of around 1000 nN was measured using AFM techniques between a smooth tungsten sphere and a smooth tungsten surface (rms of 15 nm) [START_REF] Devaud | Surfaces that shed dust: unraveling the mechanisms[END_REF]. In blue dots, a force of 10 to 20 nN is measured using the same method between a smooth tungsten sphere and a rough substrate (rms of 750 nm) [START_REF] Devaud | Surfaces that shed dust: unraveling the mechanisms[END_REF]. Following the authors, their results, obtained in controlled conditions, confirm the [START_REF] Rabinovich | Adhesion between Nanoscale Rough Surfaces[END_REF] model. In violet dots, the force between a smooth tungsten sphere and a rough tokamak surface resulting from an analytical model is from 200 to 800 nN. The values are quite in agreement with the ones presented here. Finally, adhesion forces determined by [START_REF] Dove | Mitigation of lunar dust adhesion by surface modification[END_REF] are presented, using a very similar test setup (centrifugal system under vacuum) as presented in the present paper. Three samples are studied: in turquoise are the virgin samples and in orange are the same samples, after surface treatment. The force acting on JSC-1 lunar dust simulant with size of 8 µm is lower than the ones determined in the present paper with similar dust simulant. It is worth noticing however that ionic bombardment reduced the adhesion of dust by a factor of approximately 2.

Fig. 8. Comparison of adhesion forces as a function of the particle diameter

On a comparable basis with [START_REF] Dove | Mitigation of lunar dust adhesion by surface modification[END_REF], similar work has been done by [START_REF] Devaud | Surfaces that shed dust: unraveling the mechanisms[END_REF] and [START_REF] Gaier | Evaluation of Surface Modification as a Lunar Dust Mitigation Strategy for Thermal Control Surfaces[END_REF] where surface modification are made through ion bombardment or coatings. Conclusions are: surface modification seems to reduce surface energy, and thus, adhesion force. Photos before and after the treatment show apparition of roughness on the sample. However, and especially with contamination with a large size distribution, one treatment only applies for one type of particle. As it turns out, the same treatment could also be responsible for an increased adhesion of another particle type.

Numerical processing using ImageJ software is made in order to count the number of particles on the black dot before and after each spin. It appears, in most of cases the number of particles counted before is higher than after being spun. This is due to the fact that small particles are more likely to adhere than bigger ones. This need further work.

PERSPECTIVES

The use of centrifugal force as a method of determining adhesion force is reachable under vacuum and for lunar dust simulant down to at least 20 microns in diameter. However, one of the main improvements of the experiment would be the installation of an optic device providing high resolution in-situ measurements in real time.

First results of the centrifugal experiment are provided for DNA-1 simulant adhesion on aluminum. The results are in relatively good agreement with the literature but it has been seen that the effect of roughness on both particle and surface add a lot of complexity, which makes it difficult to quantitatively compare the results and properly link them to a unified theory. Future experiment should be done with spherical dusts dispersed over a substrate of controlled roughness. It has not been mentioned in this paper but with a significant impact for space mission, the effect of electrically charged dust should also be studied [START_REF] Horanyi | A permanent, asymmetric dust cloud around the Moon[END_REF]- [START_REF] Necmi Cihan Örger | Investigation of Electrostatic Transportation of Lunar Dust Grains due to Ambient Plasma Conditions[END_REF]. Electrostatic forces can be adhesive or repulsive depending on their direction (Coulomb force, image force, polarization force, dielectrophoretic force…). [START_REF] Soltani | Detachment of rough particles with electrostatic attraction from surfaces in turbulent flows[END_REF] developed a model based on the Johnson-Kendall-Roberts theory [START_REF] Johnson | Surface Energy and the Contact of Elastic Solids[END_REF] where the shape of a dust grain is a sphere with a given number of asperities, where electric charge stays.

Experimental and numerical computations could be combined to understand the physics at play down to the dust scale [START_REF] Oudayer | Ground Testing and Modelling of Dust Charging and Consequences on Adhesion Forces Estimation[END_REF].
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 4 Fig. 4. Before (left) and after (right) photos of single grains observed on an aluminum substrate (scale: 100µm).

Fig. 5 .

 5 Fig. 5. Before (left) and after (right) photos of single grains observed on an aluminum substrate (scale: 100µm).

Fig. 6 .

 6 Fig. 6. Before (left) and after (right) photos of dust clusters observed on a graphite substrate. The particle size range is < 25 µm (scale: 100µm).
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