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Multiscale simulations of plasma plume collection by solar array and erosion of interconnects IEPC

This paper aims to address the problematic of the interconnectors erosion and degradation due to the plasma collection from the plasma thrusters. In this paper, we show a comparison of plasma collection measurement with respect to SPIS simulations. We also apply the new developed model in order to assess the mass loss due to erosion during realistic geostationary missions.

I.Introduction

With the development of the all-electric platform for spacecraft, the effect of electric thruster on the electrostatic behavior of the spacecraft and the plasma wall interactions assessment become more and more important for the spacecraft integrators [START_REF] Corey | Performance and evolution of stationary plasma thruster electric propulsion for large communications satellites[END_REF]- [START_REF] Wartelski | The Assessment of Interactions between Spacecraft and Electric Propulsion Systems Project[END_REF]. The Spacecraft Plasma Interaction System software (i.e. SPIS -http://dev.spis.org) has been improved to model the plasma interaction with spacecraft at the system scale [START_REF] Sarrailh | Simulations of plasma thruster effect on the electrostatic behavior of spacecrafts in GEO[END_REF] and validated using on-ground experiments [START_REF] Hess | Coupling of an all-electric spacecraft with its plasma plume and its environment[END_REF]- [START_REF] Sarrailh | Simulation of plasma plume experiments with Hall Thrusters: on-ground chamber effects on measurements and extrapolation to in-flight situation[END_REF]. At the Spacecraft scale, the plasma plume does not interact directly with the Spacecraft surface in most of the cases. The secondary plasma created by charge exchange in the plume is responsible of the effects related to the plume at this scale. The secondary plasma is collected by all the external surfaces of the Spacecraft and create different effects. On the external surfaces, the solar arrays and the surfaces related to the thermal control of the Spacecraft are particularly sensible to this plasma collection. The effects created by this plasma are current collection, surface degradation by erosion (mater losses, mechanical properties and thermo-optical properties changes) and creation of discharges.

In this paper, we will focus on the effects of the collection of plasma on the solar arrays interconnects that generates a current by the solar panel, a degradation of the interconnects by erosion or a discharge generated by the power deposited on the small elements. The effect of plasma collection by the interconnects between solar cells is often neglected when considering the charging of spacecraft. This is motivated by the quite small surface they represents when compared to the solar cell cover glass. However, when the difference of potential between the interconnects and the cover glass becomes large the effective collecting area of the interconnects may overcome that of the cover glass for particles with a given polarity. Such a situation can arise either when a large polarization is imposed to the interconnects (high voltage solar arrays) and/or when the ambient plasma temperature is very low (very low Earth orbits).
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The challenge is to consider the interaction between the electrostatic equilibrium at a very large scale (the spacecraft with solar panel -tens of meters) and a large number of very small components (several hundreds of interconnect with size lower than millimeter). We finally show how this large to small scale equilibrium changes the mass losses (and thus its lifetime) of the interconnects.

II.Approach

A. SPIS modelling of Electric propulsion

Initially released in March 2004 [START_REF] Corey | Performance and evolution of stationary plasma thruster electric propulsion for large communications satellites[END_REF], SPIS, the Spacecraft Plasma Interaction Software [START_REF] Corey | Performance and evolution of stationary plasma thruster electric propulsion for large communications satellites[END_REF][START_REF] Likar | Interaction of Charged Spacecraft with Electric Propulsion Plume: On Orbit Data and Ground Test Results[END_REF], was developed in order to model the charging effects of the space environment on the Spacecraft's. Since its beginning SPIS is freely available [START_REF] Masselin | Development of a hybrid PIC code for the simulation of plasma spacecraft interactions[END_REF] and, the software development and validation is animated around the Spacecraft Plasma Interaction Network in Europe (SPINE) [START_REF] Reissner | Development Status and Future of the European Electric Propulsion Plume Database[END_REF]. In this paper, we use the last version of SPIS (6.1) that represents a major evolution from the previous [START_REF] Wartelski | The Assessment of Interactions between Spacecraft and Electric Propulsion Systems Project[END_REF][START_REF] Sarrailh | Simulations of plasma thruster effect on the electrostatic behavior of spacecrafts in GEO[END_REF][START_REF] Hess | Coupling of an all-electric spacecraft with its plasma plume and its environment[END_REF]. SPIS has a quite large set of modelling capabilities relevant in for this kind of study that are illustrated in a large set of paper focused on to simulate spacecraft interactions with space plasmas [START_REF] Likar | Interaction of Charged Spacecraft with Electric Propulsion Plume: On Orbit Data and Ground Test Results[END_REF], [START_REF] Popelier | Model and Experimental validation of spacecraft-thruster Interactions for electric propulsion thrusters plumes[END_REF][START_REF] Sarrailh | Simulation of plasma plume experiments with Hall Thrusters: on-ground chamber effects on measurements and extrapolation to in-flight situation[END_REF][10][11][12][13][14] An standard simulations of electric propulsion using SPIS is decomposed on the definition of different element. The first one is the definition of the thrusters as surface sources of plasma (with different ionized and neutral populations that will be tracked as PIC populations in volume) plus a cathode model (composed by a Maxwell-Boltzmann like electron population in volume and an implicit current balance to compute the potential reference). The second element is the volume interactions such the charge exchange and elastic collisions, and charging interaction in case of droplet emitting thrusters. The last element are the surface interactions such as secondary emission by ion and electron impact, erosion and contamination. All these elements are couples to a Poisson solver in volume (implicit for the Maxwell-Boltzmann electrons) and a sophisticated circuit solver able to compute the potential evolution on the surfaces (dielectric cover, polarized element, resistances between nodes, etc…).

In addition to these modelling element, we developed a metamodel of the current collection by interconnects based on analytical modelling of particle trajectories around interconnects. This model was validated by small scale simulations of the interconnects with the Spacecraft-Plasma Interaction Software (SPIS). In the frame of this stydy, his model has been improved in order to assess the interconnects erosion and the power deposit on interconnects. This analytical modeling is much faster than detailed micro-scale simulations (although does not reach the same detail level) and thus allows to compute the current collected and erosion by all of the interconnects of a solar panel individually, which permits to provide a diagnosis of ESD risk for each of the interconnects of a panel in a single SPIS simulation. This provides solutions to help to assess the ESD risk and erosion for new panel designs and to better target the regions of interest that deserve more detailed modeling.

B. High voltage interconnects

The current collected by a charged surface is usually determined using an Orbital Motion Limited (OML) law. This kind of law allows computing an effective collection surface that corresponds to the limit after which all particle trajectories must necessarily cross the charged surface. The following sketch shows the trajectory for a particle with a trajectory tangent to the effective collection surface, which happens to be tangent to the charge surface too. This approximation is simple to compute for cylinder or spheres in free space, because of the symmetries: particles can arrive from all directions and the problem has a central symmetry in 2D (cylinder) or 3D (sphere). But for an interconnect on a solar panel, only some directions of arrival are possible. We build a model based on OML, but instead of collecting particles arriving from all directions, we define an acceptance angle. This angle depends on the impact factor: for interconnect at the surface of the panel the acceptance angle is larger for smaller impact factors (it can be different for an interconnect buried in the gap between the cells. (3)

ℎ 2 /ℎ 0 = { 0 ; 𝑞𝜙 ≪ 𝑚𝑣 2 1 ; 𝑞𝜙 ≫ 𝑚𝑣 2 (4) 
ℎ 3 /ℎ 0 = tan Φ (5) 
When the cover glass surface charges in a way that repels the species attracted by the interconnects, a Poisson-Boltzmann factor must be applied to the collected current.

C. Erosion Models

Based on the current collection modelling by the interconnects described in the previous section, we have defined the flux and the energy on the incoming ions on the interconnects. In the present case, all the populations of ions are define by macro-particles. The energy of the incoming ions calculation is the trivial. It correspond to the energy of the particle at the boundary of the domain plus the potential energy due to the potential difference between the top surface of the solar cell and the potential of the interconnect. The kinetic energy of the ion is thus reduced in case of an interconnect polarized positively and is increased in case of negatively polarized interconnects. In case of positive potential, there is no risk that the result of the sum between the kinetic and the potential energies become negative because the ion will not be collected in such a case (see the collection model). The SPIS-EP version allows the user to select the physical models determining the yield as a function of the Garcia-Rosales-Bodhansky-Yamamura yield model which is used in this study. The model is based on the model published in C. Garcia-Rosales paper 9 for the energy dependence and on the Yamamura model for the incidence dependence.

𝑌(𝐸 0 , 𝛼) = 𝑌(𝐸 0 , 𝛼 = 0°)(cos 𝛼) -𝑓 exp (𝑓[1 -(cos 𝛼) -1 ] cos 𝛼 𝑜𝑝𝑡 ) (5) Where the values 𝑓 and 𝛼 𝑜𝑝𝑡 are used as fitting parameters 𝛼 𝑜𝑝𝑡 is the angle which corresponds to the maximum of the sputtering yield). The incidence angle is compute supposing that the acceleration or de deceleration is in the direction of the solar cell surface normal.

D. Reference simulation details

The modelled spacecraft is covered with kapton on the body and an aluminum patch on the rear face. The solar panel is covered with solar cells in Cerium doped with MgF2. The rear face of the solar array is carbon fiber material. It measures 4.5 m × 2.5 m × 2.5 m. Four solar panels of 2.3 m × 10.0 m each rotate along the Y-axis.

Two solar arrays positions are represented in Fig. 5, with solar arrays oriented towards the thrusters and perpendicular to this direction. During the EOR phase, we expect the large antenna reflectors not to be deployed in order not to degrade them with the plume thus there are not represented in the geometry. Four high-power thrusters (PPS5000 type) are modelled. They are located at 0.5 m from the spacecraft body (booms not modelled) and emit a total Xenon ion current of 43 A with an ionizing efficiency of 95 %. Their drift energy is 160 eV. The unionized neutrals perform charge exchange (CEX) reaction with fast ions and generate low energy ions (temperature of a fraction of eV).

The dynamics and erosion by Xenon ions (fast and CEX) is computed self-consistently with the potential using the Spacecraft Plasma Interaction Software (SPIS). Plume neutralization by cathode electrons is of prime importance for assessing plasma potential and backflow of CEX ions to spacecraft surfaces. The hybrid model used in this paper is composed of a PIC model for ions and a Polytropic law derived from a Maxwell-Boltzmann distribution for electrons (ambient and from the neutralizer) with a reference temperature of 5 eV. In the reference simulation, each solar panels are composed by 83 strings organized in z-shape with three substrings of 28 cells. The solar cells have a dimension of 4 x 8 cm and an operating voltage of 2.6 V. Each sub strings have a voltage of 72.8 V that leads to a total voltage of each strings of 218.4 V. 

III.Reference simulation results

The results of the reference simulation are present below. First, we can have a look on the surface potentials on the spacecraft at the stationary state. The thruster reference potential (cathode potential) reaches a value of a +25 with respect to the potential reference with is the space environment corresponding to the current equilibrium between the electron and the ions current coming from the thruster and the source of current coming from the environment which is negligible here. The front face of the nearest solar arrays are floating at about -22V with respect to the thruster (or + 3V with respect to plasma environment). The farther solar arrays are floating at -27 V with respect to thruster and the rear face of the solar array at -43 V due to the wake effect in this case. 

IV.Interconnector model validation

In this part, we present a comparison between on-ground experimental (in JONAS chamber at ONERA) results of plasma collection by a solar array (depending of the layout of the solar panel) and numerical simulations. These simulations have permitted to validated the interaction between the metamodel of the interconnects and the electrostatic behavior at the solar panel scale. In the JONAS experiment, we can see that the floating potential of the solar array depends on the plasma density surrounding the solar array. In a classical plasma coming from charge exchange ions on a telecom platform, we van consider that the common potential (the most negative) is floating at Vbus/2. 

V.Erosion simulation results

In this final section, we present the configuration results in terms of current collection and mass losses by the interconnects in a realistic. The figure below represent the potential of the 20916 interconnects of the solar array 1 (nearest SA). We can see the z shape of the solar array. The erosion rate of the interconnect in this case is greater than 1 mg/month for more than 100 interconnects that are the nearest from the body. This phenomena ca represent a problem in such a case as the individual mass of an interconnect is in the order of magnitude of 1 mg. For the positive interconnector which are collecting electron, the power collected can reach more than 10 W/m2 which can represent an increase of 10 % power deposition with respect to the radiative heating by the sun flux. We have performed this calculations for different configuration that hate to be pondered by the time spent in each configuration in ordrer to have a complete analysis of the risk as certain configure have a lower risk and some other increase the both risks.
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 1 Fig. 1 Orbital Motion Limit (OML) impact parameter.
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 23 Fig. 2 Improved collection model based on OML theory.The acceptance angle can be expressed as the following expression: ∆𝑖 = ∆𝑖 1 + ∆𝑖 2 + ∆𝑖 3 -𝜋
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 4 Fig. 4 Comparison of angular dependence on the erosion yield between measurement results done at Onera anf the Oeshner and Yamamure fitting relations.
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 5 Fig. 5 Spacecraft geometry including electric thruster and solar array rotation during the EOR phase
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 6 Fig. 6 Spacecraft potential at the stationary stateThe volume potential is positive in the plasma plume and decreases rapidly to the reference value (ie 0V) in the computational domain.
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 789 Fig. 7 Volume potential at the stationary state The density map of the primary populations are represented below. We can see the different populations which are expanding with different divergences.
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 10 Fig. 10 Floating potential of a solar array polarized at Vbus = 300V in JONAS at two plasma density (10^11 m-3 and 10^12 m-3)
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 11 Fig. 11 Comparison of SPIS modelling with JONAS experiment. As it can be seen in the previous figure, the floating potential is well reproduce by the interconnect model developed in SPIS and represent a great enhancement with respect to the OMD 2D or 3D classically used in the literature.
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 12 Fig. 12 Potential of interconnect in the reference case on the solar array 1.The collecting current are going from 10^-5 mA for ions to -10^-3 mA for the potive interconnect collecting electrons. It depends a lot of the interconnect polarization and the distan with respect to the thruster.
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 13 Fig. 13Potential of interconnect in the reference case on the solar array 1.

Fig. 14

 14 Fig. 14 Erosion of the interconnects in the reference case on the solar array 1.

Fig. 15

 15 Fig. 15 Power deposit on the interconnects in the reference case on the solar array 1.

Table 1 Material properties used in SPIS
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	Name	Unit	Aluminium	Solar cell	Carbon fiber	Kapton
				(Cerium		
				doped+MgF2)		
	RPN2	[-]	1.76	1.65	1.04	1.77
	PEY	[A/m2]	4.0E-5	2.0E-5	7.2E-6	2.0E-5
	SEY	[-]	0.244	0.244	0.413	0.455
	RPN1	[-]	0.8	0.5	1.9	0.6
	RDC	[-]				

Table 2 Population from the thusters
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		Xe	Xe+	Xe++
	Mass flow rate [kg.s] 1.36 10^-5 4.8 10^-5 5.09 10^-5
	Current [A]	0	7.5	35.0
	Velocity [m/s]	240	18000	18000
	Temperature [eV]	0.11	26	20

Table 3 Definition of the solar array parameters Panel Cells Interconnects

 3 

		Thickness 2.0E-4 [m]	
	SubStringLayout z SubStringNb 3 StringNb 83 CellsPerString 84	Length 0.08 [m] Voltage 2.6 [V] IntercoNb 3 Material Germanium Width 0.04 [m]	StepPos 5.0E-4 [m] GapSize 0.001 [m] LoopHeight 4.0E-4 [m] Material Silver Width 0.005 [m]
		CGThickness 1.0E-4 [m]	
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