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FEEP model integration in SPIS software, applications to the modelling of vacuum chamber test-bed and nano-satellite in low earth orbit

The FEEP and electrospray thrusters are innovative technologies of electric propulsion based on field emission phenomena. These technologies offer numerous advantages which makes them interesting for micro-and nano-satellite applications. Nonetheless, there is a real need for the characterization and the assessment of the contamination induced by these thrusters on satellite body. Throughout this article, the new capabilities of SPIS software to model liquid ion sources (FEEP and electrosprays) are used to set a parametric model of a FEEP thruster based on experimental data. This model is then used in a SPIS simulation of an inflight geometry of a cubesat to assess the risk of contamination induced by the use of FEEP thrusters. 

I. Nomenclature

II. Introduction

The micro and nano-satellite market is experiencing a rapid growth, which is predicted to accelerate during the next decades. With this market has emerged the need for new plasma thrusters fitted to this satellites configurations: low mass and low available electric power.

One of the promising new technology for this ranges of satellites are the field emission electric propulsion (FEEP) thrusters [START_REF] Jelem | Direct thrust and plume divergence measurements of the IFM Nano Thruster[END_REF][START_REF] Leomanni | Propulsion options for very low Earth orbit microsatellites[END_REF][START_REF] Tajmar | Indium Field Emission Electric Propulsion Microthruster Experimental Characterization[END_REF][START_REF] Jia | Experimental study of a porous electrospray thruster with different number of emitter-strips[END_REF][START_REF] Bock | Highly miniaturized FEEP propulsion system (NanoFEEP) for attitude and orbit control of CubeSats[END_REF]. FEEP are characterized by a very high specific impulse, a low thrust, a low electric power consumption, good compactness and low total mass (cf. 

Fig. 1 Microthrusters characteristics assessment protocol

and nano-satellites applications. However, one of the main point of concern of FEEP thrusters is the emission of metal (commonly Indium) ions and droplets, which may contaminate some parts of the carrying spacecraft.

This article presents the development of SPIS software in order to simulate the FEEP and electrospray thrusters (micro-thrusters) as well as the emitted particles dynamics (especially the droplets). In this article, the new developments of SPIS software are used to assess the influence of micro-thrusters on spacecraft cleanliness.

The global process suggested in this article can be described as following. First of all, the emitted particles populations are set in term of mass flows, mean velocity, temperature, etc. Second, a simulation replicating an experimental test-bed used for micro-thrusters qualifications is set and the defined microthruster is embedded in it. Third a simulation of this experimental test bed is run and the characteristics of the measured populations are extracted. Then these data are compared with experimental measurements. Depending on the concordance between experimental data and simulation data, the numerical setting of the microthruster is modified in order to fit to experimental data and the test-bed simulation is re-run. Once the modelling of the microthruster fits to experimental data, the micro-thrusters setting are used in an inflight simulation in order to assess the influence of these thrusters on spacecraft cleanliness. This process is summed up in Figure 1, p.2. This article will focus on the case of the FEEP Nano of Enpulsion as a significant number of experimental data are available on this thruster.

III. Modelling of experimental test-bed for micro-thruster qualification

In this part, we try to reproduce a vacuum chamber similar to LIFET-4 vacuum chamber used by Mühlich et Al. to measure the characteristcs of a FEEP-Nano Thruster (cf. Figure 2, p.4) [START_REF] Mühlich | Simultaneously measured direct and indirect thrust of a FEEP thruster using novel thrust balance and beam diagnostics[END_REF]. The geometry of this vacuum chamber including a FEEP Nano thruster was replicated in SPIS (cf. Figure 3, p.5) [START_REF] Mühlich | Retarding Potential Analyser Development for Low Density FEEP Thruster Beam Diagnostics[END_REF]. It has been considered that the FEEP-Nano thruster populations could be set with the following values :

The figure 4, p.5 shows the final plasma potential in the vacuum chamber. It can be observed that the potential is increasing until 260 V due to the emitted In + ions density. The figure 5 Knowing the total emission current and mass flow of the FEEP-Nano thruster, we try here to simulate the operation of FEEP-Nano thruster in a vacuum chamber and to reproduce the In + ion flux divergence. The figure 6, p.7 shows the experimental values of emitted ions current flux divergence measured by Mühlich et Al. [START_REF] Mühlich | IFM Nano Thruster performance studied by experiments and numerical simulations[END_REF] (blue dots) and the emitted ions current divergence obtained with several SPIS simulations (plain lines). It appears that the divergence obtained fit for = 2 is the closest to experimental data. These new settings of the FEEP-Nano thruster will now be used as input to an in-flight simulation of a cubesat equipped with four FEEP Nano thrusters in order to assess the impact of this kind of thruster on cubesat surface contamination and electrostatic cleanliness.

IV. Modelling of cubesat in LEO equipped with FEEP thrusters

In this part, a design of a cubesat equipped with four FEEP Nano is suggested and a simulation is run with the four FEEP-Nano switched on (cf. Figure 7, p.7). It is supposed that the cubesat is operating in low earth orbit.

A LEO plasma orbit has been represented in this simulation with the characteristics given in the Table 2, p.3. It is considered that the LEO plasma is composed of electrons and O + ions. In order to run this simulation in a reasonable duration the ambient electrons populations have been represented as Maxwellian whereas the ambient protons have been simulated as Particle-In-Cell (PIC) populations. All the thrusters populations have been simulated as PIC populations. The results of this simulation shows a negligible contamination of the spacecraft body by the FEEP thrusters. This is in agreement with the feedback from nanosatellites using this technology which have not experience any noticible contamination issue during their missions. Besides it is highly probable that in LEO, the ambient plasma (atomic oxygen among other populations) reduces contamination issues by eroding spacecraft surface. Besides, the high plasma density and thus the low Debye length and spacecraft surface potential prevent emitted In + ions and indium droplet from being attracted by spacecraft surface. However, this situation could be less favorable in other environment such as GEO where low plasma density induces a high surface potential that could attract a non-negligible fraction of the indium populations. 

V. Conclusion

The objective of this article was to detail a process combining experimental data from FEEP thruster in qualification test-bench with the new capabilities of SPIS software regarding the modelling of FEEP and electrospray thrusters and emitted droplets dynamics. On one hand, this process should allow to reduce the experimental biases due to the interaction between microthrusters plasma and the vacuum chamber. On the other hand, it could allow assessing the contamination and electrostatic risks that these thrusters induced on their cubesats.

Throughout these simulations, it has been shown that it is possible, with the use of the new capabilities of SPIS software, to set a parametric model of FEEP thruster. This model is based on experimental data and SPIS software allows to correct a significant part of the measurements biases induced by the interaction between the thruster plasma and the vacuum chamber. This setting setting of FEEP thruster has then been used to assess the influence of the FEEP thrusters on an arbitrary geometry of a cubesat, especially concerning the contamination and the electrostatic cleanliness of the spacecraft surface.

Nonetheless, it is clear that the current results are not sufficient to rely on these simulations results. A thorough comparison between experimental results and SPIS modelling should be performed to ensure the reliability of the parametric model extracted from SPIS. Among other problematic that should be taken into account, the following can be quoted. First the modelling of the charge exchange ions in the case of indium. Second, much more precise modelling of the emitted droplets population. Indeed, the knowledge on this population are quite scarce. Among other informations, it is important to estimate the divergence of the emitted droplet flux, their mass, charge and angle distributions and the evolution of these values with the thruster settings. Finally, concerning the simulation of the interactions of the FEEP emitted populations and the satellite body, it is important to have a more accurate mode of these interactions. Among other interactions can be quoted : the possible chemical reactions between the impinging indium flux and the spacecraft surface materials, the sticking and bouncing of the droplets at the spacecraft surface, etc. The further developments of SPIS liquid ion source module will consist in the improvement of these specific points. 

  SPIS = Spacecraft Plasma Interaction Software FEEP = Field Emission Electric Propulsion LEO = Low Earth Orbit GEO = Geostationnary Orbit PIC = Particle In Cell = ion mass [kg] = ambient electron density [m -3 ] = ambient ion density [m -3 ] = electron temperature [eV] = ion temperature [eV] = ion drift velocity [eV]

  p.6 shows the different populations of particles emitted by the thrusters. The figure 5a and 5b show the In + ions and the indium droplets density. The figures 5c shows the density of neutral indium atoms generated by droplets evaporation. The figure 5d shows the density of droplets

  p.8 shows the emitted In + ions density around the satellite body. It can be observed that the latter becomes negligible at the spacecraft surface. This indicates that the risk of surface contamination by indium ions remains low.The figure 10, p.8 shows the surface contamination by incident In + ions flux. It is clear that this contamination is fully negligible on cubesat surface except at the thruster exhaust.
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 a Front view of LIFET-4 vacuum chamber. (b) Rear view of LIFET-4 vacuum chamber. (c) Artist view of a cubesat spacecraft. (d) Model of the same cubesat as simulated in SPIS.
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 2 Fig. 2 The LIFET-4 vacuum chamber from FOTEC Forschungs-und Technologietransfer GmbH []
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 34 Fig. 3 Representation of the vacuum chamber in SPIS.
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 546 Fig. 5 Density of the emitted and generated populations in the vacuum chamber after 100 s of simulation.
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 789 Fig. 7 Exemple of a cubesat (3U) using FEEP.

Table 1 a

 1 ). These characteristics make them particularly well fitted for micro

	Setting of micro-thrusters emit-		
	ted populations characteristics		
	Simulation of micro-thrusters		
	tested in vacuum chamber		
	Comparison of test modelling		
	to experimental data of micro-		
	thruster in vacuum chmaber		
	Matching of experimental and simulation data?	NO	Modification of emitted populations settings
	YES		
	Use of micro-thruster set-		
	tings for inflight simulation		
	Assessment of spacecraft		
	surface contamination		

Table 1 FEEP-Nano populations characteristics set in SPIS simulations.

 1 against the vacuum chamber walls. It can be observed that both the evaporated indium atoms and bouncing droplets densities are not negligible and that the latters could induce a bias in FEEP thruster performance measurement.

	Parameter	Symbol	Value
	In + ions massflow	i	1.9 ng/s
	In + ions current	i	1.9 ng/s
	Indium droplets mean mass	d	3.8 × 10 -18 kg
	Indium droplets mean charge	d	2000 C
	Indium droplets massflow	d	4.35 g/s
	Indium droplets current	d	1.19 g/s
	that have rebounced		

Table 2 In-flight simulation parameter.
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	Parameter	Symbol	Value
	Ambient electrons density		
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