A Champlain 
email: amandine.champlain@onera.fr
  
J.-C Matéo Velez 
  
J.-F Roussel 
  
J P Chardon 
  
Theoretical and Experimental Study of Lunar Dust Dynamics

One of the most important problems on the Moon, reported during the Apollo missions, is lunar dust. Its surface is covered with a layer of very fine grains (20 µm and less), very abrasive which tend to stick on any surface, producing malfunction of devices, degradation of thermal control coatings or bad accuracy of measurements. These dusts were also observed to levitate above the lunar surface by astronauts and, thereby, generated a reduced visibility. It is therefore necessary to understand the physical mechanisms that govern this dynamics on the Moon and on asteroids by providing a physical model taking into account electrostatic charge phenomena, transport and adhesion of dust, stemming from interactions with the space environment and materials of interest for exploration systems. Consequently, it is required to know the environmental conditions favoring transport of particles to set up experiments. In this article, semi-analytical models of charged dust dynamics will be presented, based on literature data of the conditions over the Moon surface. We also present experimental investigations conducted in ONERA vacuum chamber in Toulouse. The main objective of this experimental study is to observe the levitation of dust grains as a function of key parameters: electric field, dust radius distribution, charging environments.

INTRODUCTION

Since Apollo missions, it has been observed that an amount of lunar dusts are suspended above the lunar surface. The "Horizon Glow", described for the first time in [START_REF] Criswell | Horizon-Glow and the Motion of Lunar Dust[END_REF], was detected by Surveyor 5, 6 and 7 and later by the Clementine spacecraft. It is thought that the interactions between the dusts grains and the space environment are at the origin of this phenomenon. Indeed, at the surface of the Moon, there are several charging processes: collection of solar wind electrons and ions, photoemission and secondary electron emission. The exposure of the surface to the solar UVs and to the solar wind varies with the position of the Moon on its orbit.

On the dayside, the surface collects solar wind ions and electrons but is also subjected to photoemission. Because of the VUV photons, photoelectrons are emitted from the surface and the surface potential is positive, around +10 V as reported by [START_REF] Colwell | Lunar surface: Dust dynamics and regolith mechanics[END_REF]. According to [START_REF] Sternovsky | Variability of the lunar photoelectron sheath and dust mobility due to solar activity[END_REF], the surface photoelectrons flux is 4,5 µA/m². These photoelectrons create a sheath above the dayside surface i.e a barrier of potential of a few volts negative, in which the electric field is pointed upward so that photoelectrons are repelled back to the surface. On the night side, the surface is not exposed to UV beams anymore and only collects solar wind ions and electrons. Ions are supersonic since their drift velocity, around 100 km/s, is faster than their thermal velocity (50 km/s for 10 eV protons). Electrons are subsonic and can easily fill in the wake created behind the Moon by ion depletion. Consequently, the surface potential is negative, between -35 V and -100 V according to [START_REF] Colwell | Lunar surface: Dust dynamics and regolith mechanics[END_REF]. Furthermore, secondary electron emission is also observed. As on the dayside, a plasma sheath is formed above the surface. The collection of ions by the negative face is made complicate because of their large Mach number. Finally, the transition region between dayside and night side, called terminator, is probably the most important. Indeed, the low conductivity of the lunar surface allows a local surface charge and it is possible to find a large gradient of potential at a small length scale. It is thought that in those regions, a strong electric field is created and can yield to dust levitation. The Horizon Glow was observed at sunlit and sunset at the terminator, but in smaller regions, like in a crater, where a natural border between light and shadow is created, dust lofting may be possible.

In this paper, we will first present our work about favourable conditions leading theoretically to dust grain levitation. Then, we describe our experimental device implemented to investigate on the impact of key parameters on dust levitation. Conclusions are drawn in the last section.

THEORETICAL MODEL

The purpose of the present semi-analytical model was to find the evolution of the electrostatic force acting on dust grain in the gaseous phase:

𝐹 𝑒 = 𝑄𝐸𝐸.
(1) This work is performed for different particle radius r and at several heights above the lunar surface. The charge on the dust grain is given by:

𝑄 = 𝐶�𝜙𝜙 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 -𝜙𝜙 𝑝𝑝𝑙𝑎𝑑𝑑𝑚𝑎 � = 𝐶𝛿𝛿𝜙𝜙 (2)
where C is the capacitance of the dust grain and ϕ dust its potential. As the dust grain is small (µm scale) with respect to the Debye length (meter scale), and assuming that dust inter-distance is large, we can approximate the dust capacitance with respect to plasma as in vacuum:

𝐶 = 4𝜋𝜀 0 𝑟, (3) 
The potential of a dust will then depend on the location on the Moon.

Dayside

On the dayside, the main currents on a isolated dust grain are the collection of solar wind ions and electrons, the emission of photoelectrons and the recollection of these photoelectrons. In this work, we assumed that the photoemission takes place only on half of the surface of a spherical grain. The solar wind plasma was supposed maxwellian and isotropic. Finally, we wrote the current balance as:

� 𝐼 = 𝐼 𝑖 -𝐼 𝑒 -𝐼 ℎ𝜐 + 𝐼 𝑝𝑝ℎ = 0 (4)
where I e , I i , and I ph are the current collection from solar wind electron, solar wind ion and from photoelectrons emitted by the lunar surface respectively. I hν is the net photoemission current emitted by the dust itself, i.e. the difference between what is emitted and recollected due to local barrier of potential effects.

In order to calculate dust grain charging at different locations above the lunar surface, we used the numerical data computed in [START_REF] Poppe | Simulations of the photoelectron sheath and dust levitation on the lunar surface[END_REF]. It gave us photoelectron, solar wind ion and electron densities (N), plasma potential (ϕ p ) and electric field (E) versus height above the lunar surface. We choose seven heights. The environmental characteristics are detailed in Table 1. We can distinguish two cases. The first one is a dust particle with a potential larger than the plasma. When 𝛿𝛿𝜙𝜙 ≥ 0 , according to the OML theory of [START_REF] Laframboise | Probe design for orbit-limited current collection[END_REF], the currents write:

𝐼 𝑒 = 𝐽 𝑒 𝑆 𝑑𝑑 �1 + 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑒 � (5) 
𝐽 𝑒 = 𝑒𝑒𝑁 𝑒,𝑙𝑜𝑐𝑐𝑎𝑙 � 𝑘𝑇 𝑒 2𝜋𝑚 𝑒 (6) 𝐼 𝑖 = 𝐽 𝑖 𝑆 𝑑𝑑 exp �- 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑖 � (7) 
𝐽 𝑖 = 𝑒𝑒𝑁 𝑖,𝑙𝑜𝑐𝑐𝑎𝑙 � 𝑘𝑇 𝑖 2𝜋𝑚 𝑖 (8) 𝐼 𝑝𝑝ℎ = 𝐽 𝑝𝑝ℎ 𝑆 𝑑𝑑 4 exp �- 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑝𝑝ℎ � (9) 
𝐼 ℎ𝜈 = 𝐽 ℎ𝜈 𝑆 𝑑𝑑 �1 + 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑝𝑝ℎ � (10) 
𝐽 ℎ𝜈 = 𝑒𝑒𝑁 𝑝𝑝ℎ,𝑙𝑜𝑐𝑐𝑎𝑙 � 𝑘𝑇 𝑝𝑝ℎ 2𝜋𝑚 𝑒 [START_REF] Mori | Development of a Laboratory Simulation System for Lunar Dust Charging and Levitation[END_REF] where J e , J i , J ph = 4,5 µA/m² and J hν are current densities, S d is the surface of the dust grain, e the elementary charge, kT e = kT i = 10 eV are the electron and ion temperatures, kT ph = 2,2 eV is the photoelectron temperature, m e and m i are the electron and ion masses.

Here we assume that all populations follow a Maxwell velocity distribution. When 𝛿𝛿𝜙𝜙 < 0, we have:

𝐼 𝑒 = 𝐽 𝑒 𝑆 𝑑𝑑 exp � 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑒 � (12) 
𝐼 𝑖 = 𝐽 𝑖 𝑆 𝑑𝑑 �1 - 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑖 � (13) 
𝐼 𝑝𝑝ℎ = 𝐽 𝑝𝑝ℎ 𝑆 𝑑𝑑 4 (14) 
𝐼 ℎ𝜐 = 𝐽 ℎ𝜐 𝑆 𝑑𝑑 exp � 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑝𝑝ℎ � (15) 
Thanks to these equations, we were able to find the evolution of the grain charge and the electrostatic force acting on it versus its radius, as shown in Fig. 1. We can see that the charge is negative below 1 m above the lunar surface and is positive for the larger heights. Since, according to [START_REF] Poppe | Simulations of the photoelectron sheath and dust levitation on the lunar surface[END_REF], the electric field is positive until the altitude of 3 m and the charge is positive between 1-2 m and over, the electrostatic force will be pointing upward only for heights between 1-2 m and 3 m. Furthermore, at 2 m, it seems that only the grains with radii inferior to ~ 31 nm are subjected to a sufficiently strong electrostatic force to counterbalance the gravitational force.

In order to refine this model, we also estimated the time needed by a grain to reach the equilibrium charge and compared it with its velocity. The time constant δt and the velocity of the grain are:

𝛿𝛿𝑒𝑒 = � 𝐶𝛿𝛿𝜙𝜙 max�𝐽 𝑖 , 𝐽 𝑒 , 𝐽 𝑝𝑝ℎ , 𝐽 ℎ𝜈 � × 4𝜋𝑟 2 � (16) 𝑣(𝑋 𝑖 ) = � 2 𝑚 𝑑𝑑 � 𝑚 𝑑𝑑 2 𝑣(𝑋 𝑖-1 ) 2 + |𝑄(𝑋 𝑖-1 )𝜙𝜙 𝑑𝑑 (𝑋 𝑖-1 ) -𝑄(𝑋 𝑖 )𝜙𝜙 𝑑𝑑 (𝑋 𝑖 )|� 1/2 (17) 
with m d the mass of the grain and X the height of the grain. For X = 0, the velocity of the grain is zero and the charge Q is equal to the one calculated for X = 0,1 m. The results for each height and as a function of the radius are presented in Fig. 2. We can see that for each altitude, the time needed by the grain to be at the equilibrium charge is larger for very small grains (~ 10 nm) than for small grains (~ 1 µm). At X = 2 m, grains of radius equal to 30 nm need approximately 60 s to reach the equilibrium charge. However, this same grain is going at a velocity of 0,5 m/s. Consequently, it does not have the time to charge enough to reach the equilibrium.

Night side Figure 1. Charge and electrostatic force as a function of the grain radius on the dayside.

On the night side, there is no photoemission but it is replaced by the emission of secondary electrons. In this part of the model, we assumed that the plasma was maxwellian and isotropic at the infinity, thanks to the OML theory of [START_REF] Laframboise | Probe design for orbit-limited current collection[END_REF], and the potential balance is written as in [START_REF] Criswell | Horizon-Glow and the Motion of Lunar Dust[END_REF]. The aim was the same as on the dayside, finding the evolution of the charge and the electrostatic force at several heights. However, the secondary emission yield δ, as explained in [START_REF] Chow | Role of Grain Size and Particle Velocity Distribution in Secondary Electron Emission in Space Plasmas[END_REF], depends on the radius of the dust particle. Thus, we had to choose a radius in order to use a value of δ. In this calculation, r = 1 µm so that, according to [START_REF] Chow | Role of Grain Size and Particle Velocity Distribution in Secondary Electron Emission in Space Plasmas[END_REF], δ = 0,16. The evolution of the plasma potential was given by [START_REF] Farrell | Complex electric fields near the lunar terminator: The near-surface wake and accelerated dust[END_REF]:

𝜙𝜙 𝑝𝑝𝑙𝑎𝑑𝑑𝑚𝑎 (𝑧) = 𝜙𝜙 0 exp �- 𝑧 𝜆 𝐷 � (18) 
𝜆 𝐷 = � 𝜀 0 𝑘𝑇 𝑒 𝑁 0𝑒 𝑒𝑒 2 � 1/2 ( 19 
)
where z is the height above the lunar surface, ϕ 0 = -100 V is the surface potential, λ D is the Debye length and N 0e is the electron density at infinity. Here, λ D is around 10 m. Ions, electrons and secondary electrons densities are written using the OML theory. Here, ϕ p is always negative. We can distinguish three different cases, as showed on Fig. 3. The first one is if the dust particle has a negative potential and δϕ is positive. The second one is if ϕ d and δϕ are positive and the last one is if δϕ is negative, regardless of the sign of ϕ d . If 𝛿𝛿𝜙𝜙 ≥ 0 and ϕ d < 0, the current densities are:

𝐽 𝑖 = 𝐽 0𝑖 �1 - 𝑒𝑒𝜙𝜙 𝑑𝑑 𝑘𝑇 𝑖 � (20) 
𝐽 0𝑖 = 𝑒𝑒𝑁 0𝑖 � 𝑘𝑇 𝑖 2𝜋𝑚 𝑖 (21) 𝐽 𝑒 = 𝐽 0𝑒 exp � 𝑒𝑒𝜙𝜙 𝑝𝑝𝑙𝑎𝑑𝑑𝑚𝑎 𝑘𝑇 𝑒 � �1 + 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑒 � (22) 𝐽 0𝑒 = 𝑒𝑒𝑁 0𝑒 � 𝑘𝑇 𝑒 2𝜋𝑚 𝑒 (23) 𝐽 𝑑𝑑𝑒𝑐𝑐 = 𝐽 𝑒 𝛿𝛿 �1 + 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑑𝑑 � exp �- 𝑒𝑒𝛿𝛿𝜙𝜙 𝑘𝑇 𝑑𝑑 � (24)
where J sec is the net current density emission from secondary electrons, J 0i and J 0e are the current densities collection from ion and electron from the undisturbed plasma, N 0i = N 0e = 5 cm -3 are the ion and electron densities at the infinity and kT s = 2 eV is the secondary electron temperature. Equation ( 20) is obtained because there is no potential barrier for the ions at the surface of the grain. On the other hand, there is one potential barrier for the electrons and that is why ( 22) is not corresponding to the OML theory. Finally, ( 24) is written as proposed in [START_REF] Prokopenko | High-Voltage Differential Charging of Geostationary Spacecraft[END_REF]. In the second case, where 𝛿𝛿𝜙𝜙 ≥ 0 and ϕ d > 0, only the current density for ions collection is changing, since the potential barrier is unchanged for electrons:

𝐽 𝑖 = 𝐽 0𝑖 exp �- 𝑒𝑒𝜙𝜙 𝑑𝑑 𝑘𝑇 𝑖 � (25) 
For the last case, δϕ < 0, we obtain:

𝐽 𝑖 = 𝐽 0𝑖 �1 - 𝑒𝑒𝜙𝜙 𝑑𝑑 𝑘𝑇 𝑖 � (26) 
𝐽 𝑒 = 𝐽 0𝑒 exp � 𝑒𝑒𝜙𝜙 𝑑𝑑 𝑘𝑇 𝑒 � ( 27 
)
𝐽 𝑑𝑑𝑒𝑐𝑐 = 𝐽 0𝑒 𝛿𝛿 exp � 𝑒𝑒𝜙𝜙 𝑑𝑑 𝑘𝑇 𝑒 � (28) 
In order to be able to write (26), we assume that the OML theory is valid since the dust grain has a negative potential and there is no potential barrier even more negative. The OML theory is applied for ( 27) and ( 28) is, once again, proposed by [START_REF] Prokopenko | High-Voltage Differential Charging of Geostationary Spacecraft[END_REF].

As for the dayside, these equations allowed us to estimate the evolution of a dust grain charge and the electrostatic force as a function of its height. In Fig. 4., we can observe that the charge on a grain of 1µm is positive until 15 m above the lunar surface and then becomes negative. This is leading to a negative electrostatic force until a height of 15 m and beyond 33 m. However, the electrostatic force seems to be too weak in comparison with the gravitational force. It would be impossible for a grain of 1 µm to levitate above the lunar surface.

Discussion

According to this model, it seems very difficult for a dust grain to levitate above the lunar surface both on dayside and night side. The present model does not yet take into several key aspects of dust charging on the lunar surface. First, dusts are initially charged on the surface. Assuming some of them are ejected, it signifies that they have the initial charge sufficient to counterbalance gravity and Van der Waals cohesive forces. As a result, some dust may be able to reach favourable levitation zones. Second, the model assumes a planar and uniform surface. It is well known that the lunar surface is made of rocks and craters, which may change significantly the surface potentials and electric fields. Sunlit surfaces may tend to be more positive than negative shaded areas. As a matter of fact, horizon glow was mainly observed at the transition between sun and night, so-called terminator, in which the shading effects is enhanced by the sunlight grazing incidence angle. It is expected that a combination of macroscopic electric field enhancement at terminator combined with microscopic enhancement at rock, dust level is responsible for dust lofting. During previous experiments, presented in [START_REF] Wang | Investigation of dust transport on the lunar surface in a laboratory plasma with an electron beam[END_REF][START_REF] Wang | Dust transport near electron beam impact and shadow boundaries[END_REF][START_REF] Mori | Development of a Laboratory Simulation System for Lunar Dust Charging and Levitation[END_REF][START_REF] Sickafoose | Experimental levitation of dust grains in a plasma sheath[END_REF], it was noticed that an electric field of around 1000 V/cm was necessary to levitate dust simulant. In the next part, we propose to assess the conditions of dust ejection by photoemission charging and acceleration by an electric field. The experiments are conducted in a cylindrical stainless steel vacuum chamber of 50 cm in diameter and 80 cm long, see Fig. 5. The chamber is pumped approximately to 10 -7 mbars by a turbomolecular pump. Several dust simulants are used: JSC-1A and DNA-1. The grains are sieved at different sizes: inferior to 25 µm, 25-50 µm, 50-100 µm and superior to 100 µm. The particles are then placed on an aluminium plate of 5x5 cm. This plate is covered by a Teflon plate of 6 mm thickness. In the middle of the Teflon plate, a hole of 1 cm in diameter contains the dust grains. About 5 mm above this support, we placed two aluminium objects, as we can see on Fig. 5. The left one is covered on the edge with an aluminium scotch tape, the adhesive side facing the second object. This way, it is possible to collect efficiently the levitated dust particles and observe them.

EXPERIMENTAL RESULTS

Apparatus

The distance between the objects can vary since then can translate in their support.

Dust charging

A study of the dust conductivity is first made by irradiating 25 µm sieved dust grains (DNA-1 from Monolite UK ltd) with a VUV Deuterium lamp during one minute, the aluminium plate being polarised at -1 kV and the metallic bars being removed. At the end of the photoemission charging period, the dust potential was -60 V, meaning they were positively charged of +940 V with respect to the underlying plate. The decrease of potential version time was measured with a Kelvin probe, after turning off the UV lamp, see the blue curve in Fig. 6. The tangent at the origin is presented in red and allows us to find the dust grains resistivity since we can find the time constant of the potential decrease, τ = 28 minutes. Since the resistivity is:

𝜌 = 𝜏 𝜀 0 𝜀 𝑟 (29)
where ε r = 3 is the dust permittivity, we have ρ = 6,24.10 13 Ω.m. We also fitted the blue curve with the ideal behaviour of a condenser discharge of time constant equal to 81 minutes, presented with the green curve. Its resistivity is equal to 1,83.10 14 Ω.m. It seems that our dust resistivity is between 6.10 13 and 2.10 14 Ω.m. Those values allow us to be sure that our dust grains will be charged by our UV lamp photons and maintain the charge on long periods.

Aerodynamics effects

Fig. 7. is an example of the dust levitated by aerodynamic effects if no attention is paid when getting the chamber back to ambient pressure. A micro-leak was installed on the chamber in order to increase slowly the pressure. Applying this method increases a lot the procedure but reduces the risks of misunderstanding.

Definition of the experimental protocol for dust levitation assessment

This section defines the set of experiments to be conducted in the ONERA chamber. In the first series of experiments, we will use a VUV in order to charge the dust particles by photoemission. We will test two configurations. In the first one, the aluminium plate is polarised at V p = -100 V. Then, the UV lamp is turned on and dust particles are charging for 5 minutes. After that, we put V 1 = -100 V and V 2 = +100 V, in order to create a strong electric field, and again, charging is going for 5 minutes. After each charging process (5 minutes), V 1 and V 2 are increased by -100 and +100 V respectively, until we reach -1 and +1 kV. V 1 is positive in order to extract photoelectrons from dust grains and from the Teflon plate and avoid local recollection. It permits to get a dust surface positive with respect to V p . V 2 is negative in order to attract positively charged dust grains. We will use different ranges of dust grain radii in order to see the impact of this parameter. A schematic view of the electric field map applied is presented in Fig. 8.

In the second one, we will not polarise both aluminium bars (V 1 = V 2 = 0 V). V p is increased by -100 V at each charging process, from -100 to -1000 V, with VUV on. After 5 minutes, V p and the UV lamp are turned off and V p is varying between +100 and +1000 V. In a second series of tests, we will use instead the electron gun to charge the dust particles and polarise all the aluminium parts positively. This way, the dust grains will be charged negatively because of the electron beam and attracted to the positive objects. 

SUMMARY

Thanks to literature data, we were able to propose a theoretical and semi-analytical model of dust lofting at the Moon surface. We saw that on the dayside, levitation is theoretically possible for very small grains but the time necessary to reach the equilibrium charge is to long comparing with the velocity of the grain. On the night side, we saw that dust lofting seems very difficult. Because of those results, we started to think of the terminator as the most probable location for dust levitating since it can combine complex and stronger electric field structures able to levitate dust as illustrated in the experimental literature. We defined an experimental protocol using photoemission and electron gun charging, in order to reproduce the physics on the lunar surface.

Preliminary results have led to the estimation of the dust resistivity and conclude that our grains can be charged by photoemission. As of today, the protocols are still under validation. We also plan to use advanced in-situ diagnostics for dust levitation, such as video and laser systems or Quartz Cristal Microbalances. 
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 2 Figure 2. Time to reach the equilibrium charge and velocity of the grain as a function of the grain radius on the dayside.

Figure 3 .

 3 Figure 3. Evolution of the plasma potential as a function of height and energy needed by an electron to be collected by a dust grain.

Figure 4 .

 4 Figure 4. Charge and electrostatic force as a function of the height for a dust grain radius of 1 µm on the night side.

Figure 5 .

 5 Figure 5. Schematic view of the entire vacuum chamber and the detailed view of the vicinity of the dusts

2 Figure 6 .

 26 Figure 6. Decrease of the dust potential after UV charging during one minute. The blue curve represents the dust potential, the green curve is the fitting data and the red line is the tangent at the origin.

Figure 8 .

 8 Figure 8. Schematic view of the electric field map.

Figure 7 .

 7 Figure 7. Microscopic picture of the tape filled with dust levitated by aerodynamic effects

Table 1 .

 1 Environmental

			values versus height from [4]
	Altitude (m)	N i,local (m -3 )	N e,local (m -3 )	N ph,local (m -3 )	ϕ p (V)	E (V/m)
	0,1	1,2.10 7 2,2.10 6 1,8.10 8	-0,8	3,1
	1	1,2.10 7 3,8.10 6 7,3.10 7 -2,25	0,7
	2	1,2.10 7 4,5.10 6 2.10 7	-2,5	0,1
	3	1,2.10 7 5.10 6 1,3.10 7	-2,6	-0,05
	10	1,2.10 7 7,2.10 6 4.10 6	-1,5	-0,12
	25	1,2.10 7 9.10 6	3.10 6	-0,25	-0,03
	50	1,2.10 7 9,2.10 6 2,8.10 6	0	0
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