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Abstract : The available methods for modelling spacecraft plasma interactions are reviewed. Analytic equations
describing the physics and numerical solving methods are discussed. The cases of spacecraft in GEO, in LEO, and in
presence of electric propulsion are more specifically addressed.

1. Introduction

The modelling of spacecraft plasma interactions is a vast domain. The first aim of that course will be to provide a
general view of the available methods in that field. The second shall be to provide more practical information on some
of those methods of particular interest.

Concerning its domain of application the scope of that course shal be limited to quasi-static charging of
spacecraft. Wave propagation or transient phenomena like the development of an electrostatic discharges are thus
excluded, but all types of plasma environment will be addressed, with a specific emphasis on GEO, LEO and Electric
Propulsion environments (section 4). Concerning the modelling methods, the scope will be rather large: from the
theoretical basis (section 2.1) of the equations to their possible simplifications in practice (section 2.2) and finally the
numerical solving methods (section 3). Concerning the audience, that course primarily aims at modellers, but
experimenters can learn something about what modellers do (some of them may also go directly to section 4 for specific
situation studies).

2. Modelling: from the physics to the equations

Thefirst step in any simulation, is to represent the physics through equations. The physics shall dictate which kind
of equations are to be used, and how far they can be simplified. The general equations are discussed first, and
simplifications possible in usua flight conditions are addressed next.

2.1. Thetheoretical side: general equations

The fundamental equations necessary to represent the particles (or matter) and fields involved in a plasma
dynamics are recalled here, to establish a solid basis to a self-contained view of spacecraft plasma interaction
modelling.

2.1.1.The matter

The material particles constitutive of space plasma are mainly electrons, protons and positive ions. They cannot in
general be considered as thermalised and having a Maxwellian distribution. They must be described following a kinetic
approach, also called microscopic, in contract to the fluid or macroscopic approach (Euler or Navier-Stokes equations).

The number dN; and dN,of ions and electrons with space co-ordinate X, up to d3x, and with velocity v, up to d3v,
are given through the ion and electron distribution functions f;(X,V,t) or f(%,V,t) in phase space (3D of space, 3D of
velocity space, at agiven time) by:
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The evolution of those distribution functions are ruled by the following Boltzmann equation:
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where the right hand side term accounting for elastic or reactive collisions depends on the type of collisions. That
equation is called Vlasov eguation in the absence of collisions, Fokker-Plank equation for a Coulomb type collision
term, while the Boltzmann equation name is most often used for neutral species without electromagnetic force. When
the collision terms are inelastic (ionisation, charge exchange, reactions, excitations), severa species, some of them
possibly neutral, are to be taken into account, each with its own distribution function.

2.1.2.The fields

The general field equations are the well known Maxwell equations:
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OxE=-0B/ot (Faraday Eq.) (4)
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with the charge and current densitizand | coming from matter distribution functions through
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Maxwell equations are given here in vacuum since the reactions of the matter to the fields are included in the
charge and current densities. This is the “charges in vacuum” description.

Another description is the dielectric description, which is of common use for electromagnetic propagation in a
material medium. It consists in solving the equations of motion for matter in reaction to the fields and putting the result
in the form of a dielectric constas in Maxwell equations. However the equations of motions cannot be analytically

solved in their general form (2) and some assumptions are necessary to get a dielectric constant (fluid approach, cold
plasma, linearisation...). This description lacks thus of generality to be described here. In practice it is mostly used to

model the propagation of waves in plasma. In such a case linearising the equations of motion is often unavoidable and
the separation of the different modes (frequencies) allows to compute a well defined dielectric constant. In the opposite
static case, a plasma screens constant electric fields, which makes the dielectric constant of plasma infinite at zero
frequency, and thus the dielectric description unusable.

2.1.3. The Boundary Conditions

The space environment is an infinite medium (or almost...) but computation boxes are finite. That forces the
modeller to define at the external boundaries of his simulation box, both the fields (in fact their normal component or
some other mathematically consistent component) and the matter fluxes. The boundary conditions also require a
specific treatment at the boundaries of the objects or spacecraft (S/C) embedded in the plasma.

2.1.3.1. External boundary conditions: the environment

The general principle is to have a computation box large enough for the perturbation of the natural environment
due to S/C to be negligible. The external boundaries are then simply described as the natural unperturbed environment.
This is the situation described in the present general section. That idyllic situation is however not always reachable, and
specific boundary conditions are to be considered. Some cases shall be addressed later in 2.2.3.1.

Concerning matter, the required boundary conditions are fluxes incoming into the computation box. Consistently
with the kinetic approach, a microscopic description of those fluxes is needed. The “microscopic flux” incoming
through a boundary surface of incoming normais given by the “flux distribution”:
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where H(X) is Heaviside step function (1 far0, 0 forx<0). That microscopic description requires lots of information

for velocity distribution of particles in the space environment, and will often be simplified (isotropic, or Maxwellian
distributions, see 2.2.3.1 below).
Concerning the fields, the ambient electric field is usually zero because of plasma screening (at least at S/C scale).

In a frame moving with S/C, an electric fieldx B exists when magnetic lines are crossed. It is however negligible in
GEO and small in LEO (of the order of 0.3 V/m).

On the contrary, the earth magnetic field may be important in some simulations. In the general framework
presented here it is to be considered as boundary conditions to be propagated inside the computation box through
Maxwell equations, but in practice, due to the linear character of Maxwell equations, that ambient magnetic field is
usually considered as a uniform “background” field to be added to the local fields in the simulation.

2.1.3.2. Boundary conditions for the objects: spacecraft modelling

The charging will be limited here to surface charging. One must be aware that in reality, the plasma charges and
fields do not stop at the surface of embedded objects. Energetic particles may go through the S/C coatings and then into
internal devices (cable insulators, electronic devices...). That physics covers the large domains of deep dielectric



charging, particle transport in matter, dose deposition, singular events, etc. This course shall however be limited to
lower energy plasma (below 10-100 keV), which is stopped by the first microns of coatings.

The matter fluxes, or currents as far as charge fluxes are concerned, are thus considered to be collected by S/IC
surfaces. Those oncoming fluxes create outgoing fluxes of particles re-emitted by surfaces. A non exhaustive list of
phenomena can be given:
¢ Electrons produce secondary electrons
» lons produce secondary electrons
» Energetic ions sputter materials and produce atoms or ions
» Photons produce photo-electrons
Their relative importance is variable. Secondary emission and photo-emission are magjor phenomena in GEO charging,
sputtering is important in electric propulsion, etc. The yields of these effects and the distribution functions of the
emitted particles are usually taken from experiments. Physical microscopic models of those phenomena (cascade of
collisionsin the materials e. g.) do exist, but usually have a reduced predictive character.

Those collected and emitted currents result in surface charge a'(it) build-up on S/C surfaces
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for all species s of charge gs. That is to be trandated in electric field and/or potential boundary conditions on S/C. A
basic approach could be to solve Poisson eguation outside and inside spacecraft taking into account charges both on S/C
surfaces and outside S/C, skipping thus the issue of electrical boundary conditions on S/C. This approach is however
intractable in practice for two main reasons. dielectric coatings on metals create very thin capacitors (typically 100 pm)
that would require a meshing at that microscopic scale, and the computation of image charges on conductors adds an
extra difficulty. We shall discuss below (2.2.3.2) a practical approach.

The electric charges on spacecraft may also redistribute internally to the S/C through some conductivity. Surface
and volume conductivities are thus to be taken into account. They can also be enhanced through dose (rate) or UV flux.
Those data are also mainly taken form experimental measurements.

Magnetic field boundary conditions on S/C surfaces are usually easier to handle since they are due to current loops
in S/C, that are known from S/C design. They show up in case of wave emissions (coupled electromagnetic conditions
for antennas or tubes) or e. g. for Hall thrusters (static magnetic field of thruster). Things get more involved in case of
electrostatic discharge, since afull electromagnetic model of the coupling of S/C electrical structure must be performed.
It isyet beyond the scope of that course that is limited to surface effects concerning spacecraft.

2.2. The practical side: possible simplifications - difficulties

2.2.1. The matter

The general Boltzmann kinetic equation (2) given in 2.1.1 is very costly to solve. Working in high dimensional
phase space (6D in genera) is costly, but computing accurate collision or interaction terms may be even more (right
hand side of (2), not explicitly written).

That approach is thus simplified as soon as it proves possible. A key parameter is the collision/interaction
frequency, or mean free path. For very low or zero collision frequency no collisions are modelled and Eq. (2) reduces to
Vlasov equation

ofise +\7_afiie 4 Yire (E+\7><L5,)af‘ie =0 (12)
ot oX  mye ov

Thisis often applicable to ions, since they are little affected by collisions with electrons.
On the contrary, when collisions are frequent (compared to transit times), local thermal equilibrium is achieved.
One can then assume that vel ocity distributions are Maxwellian
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perfectly described by their first three moments, density n, mean velocity G and temperature T (which are local). The
dynamics is then ruled by fluid equations that are obtained by integration of the moments of Boltzmann equation (2):

the continuity equation for zero order moment (simply integrate (2) over d3v)
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and the momentum equation for first order moment of (2) (multiply (2) by V and integrate over dv), equivalent to
Euler or Navier-Stokes equation for charged particles
i
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with a possible extra term for collisions with another species. The pressure tensor or scalar Py, has to be obtained from
medium state equation (P = nkT, e. g. with isotherma hypothesis, or an extra energy transport equation from second
moment of (2)).

Electrons can sometimes be considered in that situation of local thermal equilibrium.

They can first be thermalised due to a large collision frequency, either with neutrals or ions. Typical collisions
frequencies are estimated in the table below for ionosphere and magnetosphere typical densities and temperatures from
the following collision frequencies given in MKSA units [Quémada]:
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Electrons can thus be considered as thermalised in ionosphere after a fraction of second, but not necessarily within the
transit time in a spacecraft vicinity (below 1 ms).

lonosphere Magnetosphere
Mion 10°-10“ m*® 10°-10" m*
Nneutral 10%to 10° m* -
Te 1000 K leVv
Veion 10-1000 & 10% st
Ve neutral 0.1t0 1008 -

Table 1 — Orders of magnitude of electron collision frequency

It was however observed experimentally that many plasma exhibit Maxwellian distribution in spite of very low
computed collisions frequencies. This is Langmuir paradox. Its origin lies in other sources of thermalisation like
plasma-wave interactions, gyration in magnetic field, etc. Wave-particle interactions are for example thought to be the
source of solar wind observed thermal character, in spite of a collision mean free path larger than sun-earth distance.

In some cases, an even stronger simplification can be achieved. When thermal equilibrium is achieved not only
locally but also globally, particles follow the global Maxwell-Boltzmann distribution of thermal equilibrium
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which reduces to Boltzmann distribution for densities
ep(x,t)
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for alocal potential distribution ¢{X,t).

This is a tremendous simplification that is thus to be used as soon as it proves possible. Solving fluid equations
(13) and (14) in 3D isfaster than solving kinetic equations (2) or (11) in 6D, but getting a direct analytical solution (17)
and (18) is even better. Moreover it avoids any time integration at electron dynamics time scale, which is usually
overwhelmingly costly. Let us remark that Boltzmann distribution can also be obtained from fluid equation (14) by
neglecting electron inertia (m, — 0), and assuming the electric field derives from a potential (electrostatic assumption).

The conditions of validity of that Boltzmann distribution are thus very important. From its “global thermal
equilibrium derivation”, it is clear that they are the conditions of a closed system at thermal equilibrium:
¢ asingle system (no potential barrier)
¢ enough time to reach equilibrium
¢ closed: no (important) losses.



The last point is sometimes translated as “no positive potentials on the spacecraft” (potential reference being the
bulk plasma), which is somewhat inaccurate. There could be for example somewhere a grid with positive potential but
collecting no charges (infinite transparency) and its potential energy well would be filled accordingly to (18) when
thermalisation is achieved. On the contrary some electrons are collected by the negatively floating surfaces of a
spacecraft (the tail of the distribution function) and the electron distribution in the sheath is not perfectly Maxwell-
Boltzmann (the tail of outgoing electrons is truncated).

However, since surfaces at a positive potential not collecting electrons yet, are rare, and since the losses on surfaces
at (floating) negative potential are small, the condition “no positive potentials on the spacecraft” is not so bad.
Moreover, even though the Boltzmann distribution is inaccurate for electron density in the sheath, the current collected

on the surface
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that can be derived from Maxwell-Boltzmann distribution is exact (from Liouville theorem that says that distribution
functions are unchanged along phase space trajectories, hence if particles with enough total energy are not prevented to
reach the surface by a potential barrier, they do reach it, and integrating over them gives (19), which is correct). It is
even exact if thermalisation within the computation box is insufficient, but that the distributions of electrons entering it
are Maxwellian (same reasons). Those are the reasons of the great success of Boltzmann distribution in plasma
modelling.

Let us finally note that ions are usually not in this situation of global thermal equilibrium (this is why only the
electron subscripé was noted here): they are in a directional supersonic flow in LEO (which leads e. g. to the non
equilibrium wake phenomenon) contrary to the subsonic quasi-isotropic flow of electrons. Moreover, the negative
floating potential of spacecraft makes the closed system assumption invalid for ions.

2.2.2. Thefidds

The magnetic field induced by plasma is usually small. Although plasma is diamagnetic and reduces any magnetic
field through electron gyration, that effect is very small. It is in particular much less efficient that electric potential
screening (if such a comparison can be done). So the magnetic field induced by plasma currents through Ampére law
(6) is usually negligible and not considered.

The plasma induced magnetic field may yet be important in some very specific cases. In solar wind ambient
magnetic field is much lower that around earth, and the plasma induced magnetic field is no more negligible. During
electrostatic discharges currents are large, displacement currents (second term in the right hand side of Ampére Law
(6)) are also large, and often larger due the rapidity of the phenomenon, which may induce important magnetic fields.
The propagation of high frequency electromagnetic waves in plasmas also involved magnetic counter-reactions. Those
cases shall not be treated in the scope of that course yet.

The major field of interest is thus the electric field, and it may even most of the time be treated in the electrostatic
approximation: the electric field has zero rotational Bneariation in Faraday law (4)), and is thus the gradient of an
electrostatic potential.

2.2.3. The boundary conditions

2.2.3.1. External boundary conditions: the environment

In the framework of a microscopic, or kinetic, modelling the microscopic particle fluxes are to be entered at the
boundaries. The cold plasma that exists at all altitudes with variable density is an approximately thermalised
Maxwellian plasma (see typical densities in table 1, above), also approximately at rest (there are some “winds” in the
ionosphere yet). The fluxes to be injected are thus Maxwellian fluxes (half-Maxwellian). Since the spacecraft velocity is
always negligible with respect to electron velocities, they are Maxwellian at rest for electrons. On the contrary S/C
velocity is (much) larger than ion velocities in LEO, and the injected Maxwellian distributions are to be shifted by S/C
velocity, which gives a microscopic flux through a boundary of incoming normal

~vie 2T H(uA) (20)
In case of Monte Carlo simulations discussed below, the random generation of such ions may be impossible with direct
analytical methods whew.ig, is not zero. That small difficulty may be circumvented by the approximation
v.n ~lg,c.N  since microscopic velocities are close to average velocity at large mach riiniberect for O+ ai

~10 but not for H+ aM ~ 2), or by other random generation techniques (numerical integration of the partial probability
function, or rejection methods).



More energetic electrons are also to be taken into account: trapped electrons in radiation belts and precipitating
electrons in the auroral zones. While the former have an approximately isotropic distribution function, the auroral
electrons rather have velocities along magnetic field lines, which must be properly modelled.

The fluxes discussed so forth are conform to the idyllic image of an unperturbed plasma at mesh boundary
presented in 2.1.3.1. The external boundary conditions for potential or electric field in such a framework can simply be
zero electric potential at all boundaries (Dirichlet conditions), or zero electric field at some boundaries (Neumann
conditions).

But things are not as simple, since the perturbation generated by a spacecraft only vanishes asymptotically. For
example, the negative floating potential of a body in a plasma at rest, after an exponential decay in the sheath, only
vanishes following a 1/r? law in the pre-sheath [Bernstein and Rabinowitz]. That can be easily understood if one
considers that at a distance r from the body of radius ro, ion density is reduced by a factor 1-r%ry? (no ions are coming
from the solid angle covered by the body). Equating that ion density with electron (linearised) Boltzmann density gives
a potential decay in 1/r? in the pre-sheath. That kind of mixed boundary conditions can be implemented through their
homogeneous form:
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that are correct mixed Dirichlet-Neumann boundary conditions.

2.2.3.2. Boundary conditions for the objects: spacecraft modelling

The boundary conditions on S/C surfaces are straightforward concerning matter modelling: ions and electrons
impinging fluxes are collected and other secondary fluxes are re-emitted accordingly to the physical phenomena listed
discussed in 2.1.3.2 (with yields and distribution function yet to be known, most of the time from experiments). The
impinging fluxes may be simplified by therma equilibrium hypotheses consistently with the matter modelling in
volume.

The major issue resides in electric field boundary conditions. The integration of collected and emitted currents
gives surface charge, but the resolution of Poisson equation requires potential or electric field conditions on surfaces.
The relation between charges and potentials is given by capacitances. However plasma and sheaths are non linear and
there isthus no linear relationship between the charge on a S/C and its potential, since the extension of the sheath varies
with the potential.

In the absence of plasma yet, the physics is governed by Laplace equation (Poisson Eg. without charge), which is
homogeneous (no 2™ member). Hence the potential to charge relation is linear and the capacitance of a spacecraft in
vacuum is constant

Qs = Cot Pt
and can be computed, ase. g.
Cq = 4mEgR

for aspherical body of radius R (typically hundreds of pF for SC in GEO).

In presence of a plasma, the relation between charge and potential is only linear for a fixed charge density. The
practical method to determine a S/C potential is to find the solution g of Poisson eguation (3) as the sum of an arbitrary
solution @ of the inhomogeneous equation (3) and a solution ¢ of the homogeneous Laplace equation, normalised so as
to account for the right charge Q on S/C (the result of the dynamics at a given time):

1. Solve Laplace equation (once for al) and normalise the solution ¢ so that the charge on spacecraft is unity (through
Gauss theorem, the integral form of Poisson Eq.).
2. Solve Poisson equation (at each time step) with the right charge density (at that time step) but an arbitrary fixed
potential on S/C.
3. Applying Gauss theorem to that solution ¢ gives the corresponding arbitrary charge on S/C, Q;.
4. The correct solution is g= @ + (Q —Q4) @: it verifies inhomogeneous Poisson equation, and accounts for the right
charge Q on S/C.
Let us also note that, if only homogeneous boundary condition were used at mesh external boundaries (Dirichlet,
Neumann, or mixed like (21)) afh, @ and @ verify them. If non homogeneous boundary conditions (& @nday =
given constant) are to be used, they must be useg @ly.

That was the simple case of an equipotential S/C. A first complication arises for more realistic non equipotential
S/C. The charge on surface dielectric is local and has to be translated in local potentials. The general principle is to use



Green functions, i. e. solutions of Poisson equation with alocal charge only (vacuum in volume and no charge on the
rest of the surfaces). They are the equivalent of ¢ solution of Poisson homogeneous equation (Laplace) with a singular
charge on a S/C point (instead of a global charge on S/C).

General Green function formalisms involves Dirac singular distributions (for local charge) and we shall thus
immediately consider the spacecraft surfaces as discretised (meshed) in that sub-section in order to avoid that
complication. For adiscretised S/C surface the Green functions are the sol utions of Poisson homogeneous eguation with
only a unity charge on a point of the surface mesh. Doing that for each surface point alows to compute column by
column the inverse capacitance matrix D relating potentials to charges

Q= ; Dij Qj (22)
surfacemesh points j
The capacitance matrix C relating the charges to the potentials
Q=2 G4 (23)
J

is the inverse of that D matrix. Those computations are the equivalent of the point 1 above for equipotential S/C. The

general procedureis still the same:

1. Compute capacity matrix

2. Solve inhomogeneous Poisson equation (3) with the right charge density but arbitrary potentials on S/C.

3. Determine the corresponding arbitrary charge on S/C, Q; (local now).

4. The correct solutionis ¢= ¢ + D.(Q — Q) for potentials on S/C (a correct track of potentials in volume is to be kept
from each computation to determibematrix, for example in a rectangularmatrix).

The second and last step to realistic spacecraft is to take into account thin capacitors constituted by S/C coatings
(coverglasses, paints...) over grounded structure. Applying the general scheme just described would require meshing at
the scale of those coatings (typically 1@8), which is unrealistic. Those capacitors are thus to be taken into account
explicitly. The general method consists simply in distributing the charges on all surfaces consistently with the capacitor
network, with opposite charges on corresponding capacitor electrodes (relative charging). The differential potentials are
deduced from those capacitor charging. There remains then to distribute the overall S/C charge (global charging) over
all the external surfaces to determine the global potential.

3. Solving: from analytical equations to numerical results

3.1. Analytical solutions

Analytical solutions of equations are often considered as the most valuable ones. Their numerical evaluation is
direct and has almost no cost. They immediately give physically valuable information: how does that result behave
when that parameter is changed, etc. They are not subject to numerical instabilities. They are also the subject of many
school teachings for a long time before numerical methods are even addressed !

Unfortunately in most practical problems of interest to spacecraft plasma interaction, there is no analytical
solution. The reason lies in the complexity of the equations and of the spacecraft geometry.

However, when the equation and/or the geometry is simplified, such solutions exist. They deal mostly with 1D
geometry and/or simplified transport equations (linearised, only one species...). They give however good physical
insight that proves very useful for a physical understanding of more complicated case. This is why we give a brief non-
exhaustive overview of some of these results relevant to S/C plasma interactions. The interested reader shall look at the
many existing plasma books for details [Chen, Chapman...].

The first and simplest of those analytical solutions is given in introduction of any plasma course. It is
straightforward to show that a small (negative) potential is screened exponentially by a plasma with a decay length
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This solution relies on the following simplifications of the problem: constant ion density, Boltzmann density (18) for
electrons, linearisation of Boltzmann exponential law for potential small compared to electron temperature (or close).

The second problem of interest is Child-Langmuir model. In 1D geometry again, considering one single charged
species at zero temperature particles, the current between to planes is limited by space charge to a value called Child-
Langmuir current, and the potential variesc& That result can be applied to the region containing only the attracted
species of a 1D sheath in case of a large surface potgntinlthat case the current is the thermal current that can be
attracted from sheath edge, and the space charge limitation now determines the sheath size:
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which can now be much larger than Debye length.

In case of higher dimensionality the sheath size is no longer analytical, but some power law analytical fits of
numerical results are reviewed in [Cooke 1996], a ong with some analytical results concerning S/C wakes.

Linearising fluid eguations (14) is aso the key to a third class of anaytical computations: linear plasma wave
analysis. The mgjor difficulty of the non linear transport equations is circumvented by linearising them around a known
solution (plasma at rest), a bit similarly to the first problem of the small potentia sheaths (24), where Boltzmann
distribution was linearised.

Some cases can aso be solved analytically in spite of a more complex kinetic approach. One can cite kinetic
sheath models with secondary emission in 1D planar geometry ([Stephens I and Ordonez, 1999] and references
therein), and some Langmuir probe models (quasi 1D thanks to cylindrical or spherical symmetry, numerous
publications).

3.2. Numerical solving methods

The power of numerical solving is that it can a priori cope with any geometry and any distribution function,
contrarily to analytic solving. That may however be difficult or very time consuming in practice.

Kinetic modelling is especially costly since one must work in 6D phase space for a 3D modelling. Direct method
consists in discretising (meshing) the velocity space like the distance space. The number of particles in each of these
phase space cellsisthen stored in the 6D table. Thisisvery costly in memory, and also CPU time, and in practice thisis
limited to lower dimensionality.

A kinetic modelling is however often required as was discussed in section 2: for ions that undergo few collisions,
for electrons attracted by positive potentials, in case non Maxwellian injected distributions, etc.

The most popular kinetic modelling method is of Monte Carlo type. Particles representing many real particles are
generated at random and moved according to single particle equations of motions through the electric field map that is
stored on a mesh. Those particles generate a charge density on the mesh points close to them. The charge can be
attributed to the Nearest Grid Point (NGP) are to all neighbouring points through alinear weighting (call called Particle-
In-Cell, PIC) or higher order weighing (see the reference book [Birdsall and Langdon, 1985] for details). Then the field
equations (mostly Poisson) are solved on that mesh, using those charges and the boundary conditions. The loop starts
again with the particle moving.

The physicist may see that method as mimicking reality, with a large numbers of real particles of close position
and velocity grouped within computer super-particles. The mathematician considers the super-particles as a way of
representing the real distribution function f in phase space as a sum of Dirac singular distribution o (the particle i of
weight W, contributes to f;(%,V,t) of the amount W.a(X — % (t))a(V Vi (t))). That sum of Dirac distributions is then
naturally smoothed at the scale of the mesh cell.

That method is faster than direct method because some tens of particles per cell are usually used to represent the
distribution function. This is enough for a crude description of a velocity distribution, and that description is improved
over time thanks to the renewal of particlesin a cell. Those Monte Carlo methods remain noisy (statistical fluctuations)
and averaging over time is often necessary to get smooth densities. Moreover the random statistical noise only reduces
as the sguare root of the number of particles. So, reducing it by increasing the particle number is very costly. Generating
particles at regular space and velocity intervals (accordingly to probability) instead of purely at random allows yet to
reduce the noise (see “quiet start” in [Birdsall and Langdon 1985] for details).

Fluid equations like (13) and (14) are usually solved by direct methods on space meshes. It is also possible to solve
that kind of equations by particle methods (Smooth Particle Hydrodynamics, or Particle-In-Cell again), in which the
sampling particles are a way of representing densities and fluxes (the physicist can view them as overlapping droplets).
These particle methods for fluid equations allow to represent the transition between an expanding medium and vacuum
more easily than direct methods, which have difficulties with vacuum. As Monte Carlo methods, they are noisy.

We discuss now specific issues related to humerical modelling. They were a bit arbitrarily grouped in time and
space grid issues, but many have also to do with stability.

3.3. Time scaleissues

The general scheme to compute time evolution of a plasma is the following. Transport is computed over a time
step4t in a given map of fields (by integrating either particle motion or fluid equations), then new densities and charge
build-up on spacecraft are used to determine the new fields. Then the loop starts again. That can be called a Real Time
(RT) computation. It allows to solve time dependent problems.



In such computations the integration time step is basically limited by the collective reaction time of particles. A
new potential map must be computed before the density changes induce important changes in potential, which compels
to stop transport integration. For electrons the integration time step 4t, must thus verify

Aty <<1, Withw,, =4/ne’/g;m, (26)

where @ is the electron plasma pulsation, the frequency of natural reactions or oscillations of electrons. Implicit
methods (taking into account the potential changes generated by the integration over 4t to integrate over A4t) allow to
increase that time step somewhat, but the order of magnitude remains.

When steady state solutions are searched for, a possible opposite method consists in computing the whole
tragjectories of particles on a given potential map, from the time particles enter the computation box to the time they
come out of it, or are collected. Then, and only then, the charges generated by those trajectories are used to compute a
new potential map, and then loop again. This may be called a Steady State Technique (SST).

It is approximately equivalent to using the previous RT method with a time step equal to the time of transit of
particles through the mesh. It usualy violates (26) unless the whole mesh is smaller than one Debye length (which is
usually not the case, by definition if we are in “plasma situation”, and not in a “charges in vacuum situation”!) That
method is thus in general fundamentally unstable, and requires a large relaxation of the charge densities (use e. g. 99.9%
of the density at step-1 with just a small contribution of 0.1% of the newly computed density forngtégp recover
stability. That may be very costly.

The theoretical (and practical) analysis of the general iterative charge relaxed Vlasov-Poisson problem in [Parker
and Sullivan 1974] allows a good understanding on that problem. In that study, the relaxed Poisson-Vlasov iteration is
written in the following form:

A®,, =aF[P,]+(1-a)Ad, (27)

where®, is the reduced potential field (i, units) at stem, F[®P] is the reduced charge density (with opposite sign)

which has a non-local non-linear dependence on the potential field and summarises in our case the result of the particle
trajectory integration through the whole domain. The non-dimensional relaxation paransebetween zero and one,

but shall usually be small. The first term of right hand side is the density computed with the new pbteetiaiced

by the smalla parameter (relaxation), and the second term stands for the overall density used at previous step (write
(27) withn replaced by-1) normalised by Xx The (linear) stability of the iteration procebs — @, requires that no
eigenvalue of the Jacobian of that transfer function fdgo @,., be larger than 1 (in absolute value). Studying the
eigenvalues of the Laplacian operator on a cubic mesh, it can be shown that this stability condition imposes

a<a,~ _B_ (28)
12 drF

do

wherel is the total reduced mesh size (i. e. in Debye length udE&I® stands for an eigenvalue of the Jacobian
matrix of the a priori unknowhk functional (the largest is OK), amglis a numerical parameter depending on boundary
conditions in the range of 15 to 60 in 3D (it summarisg#$CK of equation (6) in [Parker and Sullivan 1974]). In
general the computation box extension is many Debye lengthd amdarge, which tends to make a very small
relaxation parameter, and to require of course many iterations (iteration number must be several tinétsrémains

yet to determine the eigenvalues of the non-local dependieateharge density as a function of potential. In case of a
simple dependence like for drifting cold ions or Boltzmann electron distribution it can be easily computed and is of the
order of 1 (remember those are reduced quantities, i. e. non-dimensional), or a bit smaller for ion kinetic energy much
larger tharil.. Hence in general, for relevant meshes much larger than Debye length, the gain obtained compared to real
time methods thanks to fewer potential computations and larger integration time steps is largely lost.

That method may however be suitable in specific more stable cases. For example deep within a sheath, accelerated
particles have a density less sensitive to potential changes and the eigenv&luiscobian in (28) become small.

They can thus compensate for the large fatfoand allow to work witha not too small. That kind of Steady State
Technique is indeed used in POLAR code for modelling sheaths [Lilley et al, 1989] and also NASCAP/LEO and
DynaPAC [Cooke 1996]. It compels yet to use another technique outside the sheath (that method is unstable there in
quiet plasma, unless very small relaxation parameter is used) and thus to explicitly handle the sheath boundary (sharp
sheath approximation in POLAR).

It can be noted that a stabilisation technique different from charge relaxation is proposed in [Parker and Sullivan
1974] for the iterative solution of steady state Vlasov-Poisson problem. It is however close to Newton-type
implicitisation (see next section below) and requires much information on the eigenvalues of the Ja€ghiduicbfis
not available in general, especially wHers the result of a general Vlasov solver, and not known analytically thus.



Another time integration issue shows up when both ion and electron dynamics are to be modelled. Within one
electron time step, ions move very little since their velocities are smaller typically by aratio of square root of their mass
ratio, that may be from 40 for protons to 500 for heavy ions. Many electron time steps are thus required to have the ions
moved significantly. That enormous cost is the main reason why the use of a Boltzmann equilibrium density is so
popular: it allows to skip the time scale of electron dynamics (its result is Boltzmann distribution) and to work at ion
dynamics time scale. Other direct methods to determine electron densities (and fields) have the same enormous
advantage, and should be used whenever possible: analytic computation of electron densities even with positive
potentials in some simple geometries, Ohm’s law in resistive plasmas (quasi-neutrality gives electron density, and their
gradients gives electric field through Ohm’s law), etc.

Let us note that the Steady State Techniques described above avoid that velocity ratio issue, but in general at the
price of a very large charge relaxation, which may also be very costly.

When none of these direct or steady state methods is available, a first trick consists of making larger time steps for
ions (sub-cycling) but the gain is of a factor of 2 at maximum when the computation cost for ions becomes negligible.
This is very often insufficient. Another trick is to artificially reduce the ion to electron mass ratio to small unphysical
values (e.gm/m, = 100 instead of 1836 or more). This is sometimes used as a test but cannot be of real use for space
application since it induces unphysical biases.

The next possible idea is to get rid of the constraints of the physical time steps when one looks for steady states or
slowly varying states. That was already the idea of the Steady State Technique described above, but the absence of
reaction before the particles have crossed the mesh is excessive, and leads to instabilities in most cases: any potential
deviation from the solution produces a density correction at next step over the whole domain (many Debye lengths),
which in turn yields an even larger deviation of opposite sign for next computed potential. A more stable method
consists in computing a time evolution like in the standard Real Time simulation described above (moving particle and
computing fields when particles moved less than a cell) but with non-physical Numerical Times (NT) for electrons and
ions: while electrons are moved of e. qus] ions are moved of e. g. fi, which allows them to move substantially in
spite of their smaller velocity. Similarly to the Steady State Technique previously described, the steady state solution
found by NT method is perfectly physical, even though the convergence to it is not, provided convergence happens! But
contrarily to SST the dynamics is modelled in a “short loop”: electrons and ions can react immediately to a potential
fluctuation (they react only after a full crossing of the mesh in SST) and stabilise the scheme. lons react faster than they
do in reality (of a factor 50 in the example above), so it may generate unphysical transients, but the general stabilising
reaction of the plasma is present. That method was applied to the modelling of the ROSETTA orbiter floating at a
positive potential in a drifting comet plasma (see [Roussel and Berthelier, 2001] presented at that conference). Its
application to the modelling of a sheath in presence of secondary emission [Jolivet and Roussel, 2001] was also
successful although some non-physical instabilities showed up due to the Numerical Times method (well understood
two-stream instabilities enhanced by the non physical dynamics of the ions). We discovered later that the method had
already been used and described in detail in [Meyer and Winner, 1997] where it was called Asynchronous Cycling. It
may have been used elsewhere.

3.4. Space grid issues

A first issue concerning space meshing is that many different scales are involves. It goes from the small feature or
device on a S/C to the S/C size. The whole sheath is also to be included in the computation box (quiet plasma
assumption at boundaries) and it can be much larger than S/C in low plasma density (GEO, higher orbits, non terrestrial
environments...).

The natural answer to that is to use a multi-scale mesh. It can be an unstructured mesh (irregular tetrahedra usually
of very variable size). Building such 3D meshes is a bit difficult, but commercial software exit today. When Monte
Carlo particle methods are used (PIC Real Time or Steady State), that kind of mesh has some extra cost in computing
since determining in which cell the particle is has already some non negligible cost. Another method consists in using
nested regular sub-meshes. The mesh of lower level has cells twice smaller than the embedding mesh.

Multi-scale meshes are very suitable to solve field equations on a large scale, but taking into account of particles
remains a bit complicated: if the densities are similar everywhere, variable super-particle weights are to be used so that
the number of super-particles in large cells remains reasonable. That requires some particle grouping or re-sampling at
mesh boundaries.

Another solution to multi-scale problems consists in modelling only at the scale at which results are required, and
handling other scales on an effective or empirical basis. This is mostly used for lower scale phenomena: reflection of
electrons by a thin sheath in dense plasma, photo-sheath conductivity in GEO, plasma emission by a plasma device,
collection by small areas (gap between solar cells e. g.), etc. can be very suitably taken into account thanks to
appropriate analytical boundary conditions (particle source, reflection conditions, etc.). The larger scale physics can
also be accounted for without using a real external mesh: potential conditions can be put in boundary conditions (for
example mixed Dirichlet Neumann conditions for potential like (21) mimicking it®dhaviour in vacuum or r#/in
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plasma presheath in case of 3D spherical symmetry), while the incoming fluxes are to be modified accordingly to those
non-rest conditions at external boundaries when possible (e. g. analytic models for spherical Langmuir probes, etc.).

The size of mesh cells is another important question. The basic “classical” criterion is that cells should be smaller
than Debye lengthlp. There are two main reasons to that. First the potentials at a scale largdp thizould be
screened, hence the interesting physics is at Debye length scale (or below). Second and most, cells kygeayhan
generate instabilities: non neutrality /&t scale generates potentials of the ordef.p60 non neutrality at the scale of
larger cells generates larger potentials and instabilities in many cases. That classical criterion for thé cell size

h<Ap (29)
together with the fact that particles should not cross more than one cell during one time step

is perfectly consistent with the time step criterion (26) since (29) and (30) give (26) when using electron thermal
velocity.

It is however common now to go beyond these limitations. It is first often necessary, because there may be physics
of interest at scales larger thag, for instance in case of large potentials on S/C (see e. g. Child-Langmuir 1D sheath
size (25) much larger thakp). Using such large cells is then possible, thanks to implicit methods. When modelling
electron dynamics implicit methods allow to go beyond (26) and (29) simultaneously. When using a macroscopic law as
the result of electron dynamics (Boltzmann distribution, Ohm’s law...), the electron time step is no longer considered,
and impliciting those laws allows to go to larger cells.

We detail a little bit the case of Boltzmann distribution for the electrons that is of very common use. It will also
show the general principle of implicit methods. The explicit problem of solving Poisson equation with a Boltzmann
distribution for the electrons is the following:

—AD =M, - eXp(q)n) (31)

for non-dimensional quantities, with a given ion density, and a Boltzmann electron density depending on the
potential®. The potentiakb, at previous step is used to compute electron density. This is a particular case of the
iterative problem stated in (27) where no relaxation is envisaged(@) and where the form of the dependence of
density on potential is known (fixed for ions + exponential dependence for electrons). Hence the same kind of
theoretical linear analysis as in [Parker and Sullivan 74] applies. The eigenvalue of the Jacobian of the charge density
law dF/d® = d(exp@))/d® = exp(P) is of the order of 1 in small potential regions. Linearising (31) around the solution
shows that a perturbatia¥® with Laplacian eigenvalud_ gets at next step

a:Dn+1 :d:pn//‘L (32)

Laplacian eigenvalues aké for eigenvectod = coskx), with the minimum value fok close to one over the box size
(perturbation wave length is the box size). The iteration is thus divergent as soon as the total size of the system is larger
than Ap! In practice however those long wave perturbations do not easily show up, either because they are difficulty
excited or because they are damped due to the non linear behaviour of exponential law (for negative potentials at least,
and a cut-off is usually used for positive potentials). Remember this is only a linear analysis. In practice shorter wave
length show up for which Laplacian has larger eigenvalues. This scheme becomes thus divergent when Debye length is
smaller than a couple of cells.

Since we want to have Debye length smaller than one cell, much progress is still needed. This is done by the
implicit scheme. The exact solution would be obtained in one step by solving

-A® nt = Mon ~ exp(dJ n+1) (33)

but this is a non-linear transcendent equation that cannot be solved directly. Hence the implicit scheme consists in
approximating (33) through a linearisation of the exponential

exp(cbnﬂ) - exp(d)n) + (cbn+1 - q:’n)exp(q)n) (34)
which gives the tractable linear equation
_A¢n+1_q)n+leXp((Dn): Mion _(1_¢'n)9Xp(¢'n) (35)

for that implicit scheme. Linear analysis shows that small perturbations around the solution are always damped
(stability). Since the exponential is not linear, problems may still arise for large perturbations towards positive
potentials, and some correction methods may be applied then [Parker 1977].
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That can of course be applied to any charge distribution as a function of potential (non Boltzmann). Implicit
methods have of much larger scope and are very powerful when a system is strongly self-coupled. It the framework of
S/C-plasma interactions they can be used to integrate currents on surfaces when those currents depend sharply on
potentials, to model the electron dynamics with larger time steps by estimating the potential change induced by their
own movement, etc.

4. Examples

Three common plasma environments are addressed here: the natura GEO and LEO plasma, and the artificial
plasma environment induced by electric propulsion (EP), which is of a more and more frequent use on spacecraft. For
each of them the physics of that environment is briefly sketched as a necessary base before describing the specificities
of its modelling.

4.1. GEO

4.1.1. The environment and the physicsin brief

In geosynchronous orbit, the plasma density is very low. Densities found in literature are in the range of 1 to 100
cm’ for the cold plasma at temperature around 1 eV, and around 1 cm™ for the very variable hot plasma of temperature
10 to 100 keV during sub-storms.

The Debye length, dominated by the cold plasma, is thus in the range of 1 to 10 meters. The typica currents that
may be collected or emitted by spacecraft surfaces are summarised in table 2. The physics is thus dominated by
energetic electrons (during sub-storms) and photo-emission.

Collected Collected Collected Emitted
thermal hot thermal ions photo-
electrons electrons electrons
~10 pA/cm® | ~1nA/cm? | ~.1 pAlem? | ~ 5 nA/cm?

Table 2- typical currentson S'C in GEO

We also recall the typical behaviour of spacecraft during storms. They charge negatively due to energetic electrons
(hot plasma), and the photo-emission is generally not able to cancel that charging because a potential barrier builds up
in from of the sunlit surfaces due to the more negative potentials on the shaded sides, as it can be seen on the drawing
below.

Sun side Equiptential at

Saddle point a—=3200 V

array

(S/C ground)

-3500 V

Shade side
Figure 1- typical potential barrier (or saddle point) situation in GEO

4.1.2. Modéelling: possible approximations

In GEO, the Debye length is comparable to S/IC size. Moreover the S/C potentials are large, which results in a
sheath much larger than S/C (see 3.1 and (25)). The drastic simplification that is thus possible is to completely ignore
the plasma density to solve Poisson equation. This is for example done in NASCAP. That does not mean of course
ignoring current collection on surfaces.

Since Debye length is similar to S/C size, and although sheath extension is much larger than S/C size, that
simplification may change somewhat the quantitative values (the general qualitative results with potential barrier is not
put into question yet). The consequence of taking into account the plasma density (mostly cold ions, either coming onto
the S/C or going back after an open orbital trgjectory) would be some potential screening. That would lead to larger
fields on the S/C, thus to a larger capacity and above al to a reduced potential barrier effect, hence to a larger
differential charging. That effect might be small but would be worth testing.
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That simplification is of course enormous since field equations and particle movement are uncoupled, at least in
volume. The charged particles are moved in fields that do not depend on the densities they generate (energetic electrons
of tens of keV may even be moved without electric field considerations). This is no longer considered as a plasma
situation but as a “charges in vacuum” situation. The charge-potential coupling still exists through the collection of
charges by S/C, which generates surface potentials, and thus volume potentials, but is not as complex as the general
Vlasov-Poisson coupling.

4.1.3. Practical difficulties

So, in GEO, the usually difficult problem of the strongly coupled non-linear Vlasov-Poisson equations does not
exist. Some difficulties do exist yet. They have much to do with multi-scale issues either in time or in space, similar to
some discussed in 3.3 and 3.4 sections above.

The absolute capacitance of S/C in GEO is much smaller than the capacitance of its dielectric coatings
(coverglasses...): a fraction of nF versus sevgFalHence the time scale for absolute potential charging is much
smaller than the time scale for relative charging between the mass and the sunlit coverglass: typically tens of
milliseconds versus hundreds of seconds. Crude numerical integration should use time steps at the scale of the
millisecond, during which the absolute potential changes little. But integrating over hundreds of seconds would then be
costly. Fortunately implicit methods (see 3.4 for an example of implicit method) allow to integrate with time steps
closer to the large time scale of differential charging: the potential at next iteration step is taken into account to compute
the current until next step. This is implemented in NASCAP.

The other difficulty has to do with multi-scale in space. First, the large Debye length and large potentials in GEO
induce large sheaths (hundreds of meters). This can be handled thanks to larger meshes containing the smaller mesh ai
S/C scale (NASCAP), or also by using appropriate mixed Dirichlet-Neumann conditions to mimic asymptotic spherical
potential behaviour at some distance of S/C (see 3.4), for example around 20 meters, although that does not allow to
follow emitted electrons beyond that limit. On the opposite side, small scale volume phenomena may be important:
photo-sheath of re-collected photo-electrons, local potential gradient at dielectric/conductor/vacuum triple points that
are risks of electrostatic discharges (ESD), current collection by small surfaces (e. g. interconnectors), influence of
potentials in intercellular gaps on currents onto coverglasses, etc. The best way to take these phenomena into account is
through an empirical description. Meshing at their small scale would be required on a whole spacecraft, which would be
too costly. Their empirical description can yet be obtained through a (single) numerical modelling (that e. g. gives the
current enhancement factor for a collection by a small biased surface in given conditions).

In spite of those local phenomena, the general GEO S/C modelling is relatively simple from a point of view of
volume effects, since space charge can be neglected. Most of the difficulty is transferred on the surface modelling with
many surface phenomena to be taken into account (see 2.1.3.2 or NASCAP information). There is a great difference
between volume and surface phenomena. Volume phenomena involve simple physics (basically electrostatics and
particle motions) and difficult modelling (non-linear strongly coupled Vlasov-Poisson equations). Surfaces phenomena
involve much more difficult physics (particle-matter interactions, induced conductivity...) which turns out eventually to
be easy to model, since it is taken into account empirically, through coefficients taken from experiment. So, in GEO a
large part of the difficulties is transferred to the experimenters! Hence we shall let them discuss the measurement issues
of all of those parameters. We may just warn the modeller that many parameters are not well known since they require a
very large experimental work on many different materials. Moreover, some of them are very sensitive to surface state
(secondary emission is very sensitive to contamination...). Of course, those comments on modelling simplicity in GEO
only deal with the situation under study here: quasi-static charge build-up. They are not valid for model predictions of
ESD triggering, which depends on more complex volume and surface physics at a microscopic scale.

4.2.LEO

4.2.1. The environment and the physicsin brief

In low earth orbit, the plasma density is higher than in GEO, with densities in the rdnge*1® 1¢ cm?, and
sometimes down to £@m?* in auroral zones crossed by Polar Orbits (PEO). Typical temperatures are 1000 to 2000 K.
The Debye length ranges thus from millimetres to centimetres. The energetic electrons trapped in the radiation belts
produce currents negligible when compared to the cold plasma thermal currents. Such is not necessarily the case for
auroral electrons that may impinge S/C in plasma depleted auroral regions. The typical currents that may be collected or
emitted by spacecraft surfaces are summarised in table 3. The last row dealing with auroral regions shows a risk of
charging in those zones.
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Collected | Collected | Collected | Emitted
thermal auroral drifting photo-
electrons | electrons ions electrons
LEO | 10- 1000 - 0.1-10 5
PEO 1 up to 5-10 0.01 5
very
transiently

Table 3- typical currentson SC in LEO and in plasma depleted auroral zones crossed in PEO (assumed 10° cm),
currentsin nA/cn?

Themain origins for large potential s are thus the following in low earth orbits. charging in auroral zones (hundreds
of Volts negative have been measured), active device or power supply voltage (electrical power is produced at almost
200V on ISS), tethers (due to the electromotive force when the tether crosses magnetic field lines).

Other remarkable phenomena show up on wake side of S/C. Due to the mesothermic flow (supersonic ions and
subsonic electronsin S/C frame), the wake ision depleted. First, that yields moderate negative volume potentials in the
wake. Then, ions cannot be collected on wake surfaces of S/C. Dielectric surfaces in the wake are thus the surfaces
reaching high negative potentialsin the auroral zones most easily.

4.2.2. Practice: possible approximations, difficulties

Floating potentials on a passive body are a couple of times the electron temperature negative. In such a case the
extension of the sheath is close to Debye length, typically centimetres. Its extension is also small in case of relatively
small positive potentials, that may show up on the most positive part of solar arrays. The sheath extension can then be
neglected, and the sheath handled as a simple boundary condition.

In case of a negative floating potential, the ions can thus be assumed to be collected and most electrons reflected.
The potential drop coming from current balance can be approximated by (see e. g. [Chapman])

kae m kae H m
- ~-The| ~-Tbe|
Bart ~ Plasma % nEZITe_l m, E 2e n52_3me

from total current balance on an insulated surface (or isolated body) for Maxwellian electrons and a cold ion current
entering the sheath after acceleration up to Bohm criterion by the presheath from a plasma at rest at a large distance.
Thisisvalid for walls parallel to S/C velocity, and a correct formulafor ram facing wallsis

k,T, / k,T,
Paurt ~ Polasma ~_%|nH %’;//QCE
e

which takes into account ion drift at S/C velocity Vgc. The electron collected currents follow from the same analysis.

If the current balance involves collection by small parts of S/C, like collection by interconnectors for S/C global
current balance, a very local simulation at the scale of solar cells is to be performed to assess the enhancement of
collection by ion or electron focussing. It may then be used as an empirical collecting model for interconnectors or any
other pinholein a coating.

All of that makes the modelling of “standard situations” in LEQO, i. e. without charging, rather straightforward. A
specific treatment may only be required for the electron collection by the positively biased part of solar arrays or other
devices (analytic approximation thanks to Langmuir probe models, local numerical modelling...), but the whole
computation can almost be handled analytically without numerical modelling (putting together all currents that led to
formulas (36) and (37), all over S/C).

The interest of modelling such “standard situations” in LEO is however limited. Standard S/C with low voltage
electrical supply encounter no problem: their ground floats some tens of Volts negative and the most positive part of
their solar arrays floats some (tens of) Volts positive.

The issue is more serious for higher voltage power supplies, like ISS. That may induce floating potentials of the
order of =150V (which lead to take a plasma contactor onboard ISS to avoid the subsequent ESD and sputtering risks).
In such an ‘“interesting” situation those potentials are around a thousand of times larg&r dhdnproduce large
sheaths (decimetres to metres according to the Child Langmuir law (25) for 1D sheaths).

(36)

(37)

We are thus coming to non trivial cases, when large potentials arise on S/C and produce large sheaths. That
happens in case of large voltage power supply, of charging in auroral regions, of tethered systems, etc. When large
sheaths develop on scales similar to the ones of S/C, simple analytical formulas can no longer be used because of the
focussing of the attracted species. Extra complications show up due to the drift of ions, which further reduces the
possibilities to use analytic formulas for sheaths, and due to the magnetic field in case of electron collection by positive
potentials (ion gyration radius is large and ion collection can be considered as an unmagnetised phenomenon).
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However some analytical work is still possible. In case of collection by probes in a magnetised plasma analytical
results for the collected current exist [Parker and Murphy 1967]. Currents measured in flight on the Tethered System
were higher than predicted yet, certainly due to pre-sheath turbulence and heating not present in the Parker-Murphy
model [Cooke and Katz, 1998]. The density of attracted (and focussed) ionsis also used in an approximated analytical
formin POLAR, NASCAP/LEO and DynaPAC models (see their manual usersor e. g. [Mandell et al, 1991]).

Returning to the general scheme for modelling high potentials on LEO S/C, it clearly requires the explicit
numerical modelling of (large) sheaths. We discuss briefly the main features of such a modelling, since most of have
aready been discussed in section 3.

Potential profiles at small scale lengths as e. g. sheath or wake edge that can be at Debye length scale (~1 cm)
cannot be easily modelled with a mesh at S/C scale. Modelling such edges with a decimetre coarse resolution (cells of
10cme. g.) essentialy resultsin a smoothing of that edge at cell scale, with a subsequent inaccuracy on potential at that
scale also.

When only negative potentials or involved, Boltzmann equation is usually used for cold electrons. Using an
implicit Boltzmann-Poisson solver (see 3.4) stabilises the iterative VIasov-Poisson scheme and alows to use cells larger
than Debye length.

When electron dynamics must really be modelled due to positive potentials (tethers, active bias), stability issues
become more acute while computation time issues arise due to very different velocities for ions and electrons. Stability
can be achieved through relaxation or implicit techniques, while computation time is reduced by steady state or
numerical time techniques (see 3.3).

A more “technological” improvement was implemented in NASCAP/LEO, POLAR and DynaPAC code series,
where the boundary of the sheath and pre-sheath is explicitly computed. That allows to use different modelling in the
sheath, and in the pre-sheath (analytical ion density or not, steady state or PIC method...). That certainly improves
computation time and stability, at the price of extra complexity, coding time, and sharp edge approximation between
sheath and pre-sheath.

4.3. Electric Propulsion

4.3.1. Theinduced environment in brief

The environment produced by electric thrusters is first described briefly. By electric thruster, we mainly mean Hall
thruster (SPT, Stationary Plasma Thruster) or ion engine (gridded, principle similar to Kaufmann source), although
other thrusters may have partially similar effects (Arcjets, MPD, FEEP, PPT...).

The primary effluents are of such thrusters are:
 Fast accelerated ions: typically xenon at 300 or 1000 eV for Hall and ion thrusters respectively
» Non ionised neutrals: typically some percents of xenon
* Products of thruster erosion by fast ions: ceramics of SPT walls (often BN®8i@rids of ion engines (Molybdenum,

Carbon...).

The dynamics out of the thruster itself, i. e. in the plume and on S/C surfaces, first involves collisions:

» Charge exchange (CEX) collisions, mainly in the near field plume, since they are proportional to both decreasing ion
and neutral densities: Xt Xeyow — Xe€agt XE gow

« Elastic collisions (and others), mainly in the near field plume again: cross sections are a decade smaller than CEX

» Impingement on S/C surfaces produces sputtering. The sputtered atoms/molecules are potential sources of
contamination through re-deposition elsewhere.

It also involves collective plasma behaviour:

» The presence of a dense plasma in the plume and also all around S/C due to the spreading of the cold plasma
generated by CEX (~1bcm? at SPT exit down to densities typical of LEO in outer regions of the plume)

» The ordinary consequences of the presence of relatively dense plasma: capability to conduct currents, current
leakages, capacity discharging, potential screening... In particular an electric thruster is considered to act as a plasma
contactor and discharge relative and absolute potentials thanks to the induced plasma conductivity.

* Electromagnetic and plasma noise on a wide frequency spectrum (oscillations of SPT around 20 kHz, higher
frequency noise...).

4.3.2. Modelling: possible approximations

Due to the recent great interest in Electric Propulsion (EP), many studies were performed and published in the last
five or ten years. We will stick to the modelling principles here.

A first basic approach concerning fast ions is to assume they are little affected by the 20 to 40 Volts of potential
existing in the plume. They follow straight lines and their impingement on S/C surfaces (essentially on solar array in
north-south station keeping configurations envisaged GEO) can be computed by simple ray tracing. The angle and
energy distribution functions of ions are taken from experiments in the vicinity of thruster exit (decimetres to 1 meter

15



usually). That simple approach is rather valid as long as high energy ions are concerned, but misses the cold plasma
generated by CEX.

The next widespread approach is to make a standard PIC modelling of ions including CEX for the generation of
cold plasma. Since experimental measurements show that the electron distribution function in the plume is close to
Maxwellian with a rather homogeneous temperature (with some temperature gradient approximately from2to 5 eV at
most), almost all modellers assume an isothermal Boltzmann electron distribution. The advantages of using isothermal
Boltzmann distribution are so important (simplicity, rapidity, stability...), that this reasonable simplification is
understandable. However it is directly at the origin of the predicted potentials in the plume, since Boltzmann
distribution and quasi-neutrality yield the following potential as a function of density

¢)(Y()=¢b+kb—(:elng%):()a (38)

(potentials can in fact be obtained directly from that formula when no space charge region exists, which is sometimes
called the plasma approximation). The potentials in the plume appear thus to be directly proporfipraaidtiahat
approximation reduces somewhat their accuracy.

The CEX collisions between ions and neutrals can be modelled either by assuming a fixed “background” neutral
density (unaffected by those collisions), or by also modelling the effect of those collisions on the neutral density
through a more accurate and complex Direct Simulation Monte Carlo (DSMC) for example. The difference looks to be
small, since indeed the neutral density is little affected by the CEX collisions in the plume.

4.3.3. Resultsand comments

Due to the Boltzmann distribution used, or equivalently to Eq. (38) the potentials in the plume are a cbuple of
away from the surrounding environment (e. g.Ti4or 6 decades in density). Typical temperature3.af to 5 eV
yield tens of Volts between plume centre and surrounding CEX generated plasma.

As a first consequence, accelerated CEX ions are thought to produce no or little sputtering on S/C. The second
consequence is that such small potentials have little effect on fast ions, as stated previously. On the one hand that
justifies the basic modelling of fast ions by straight-line ray tracing, but on the other hand that means that concerning
fast ions, one approximately gets in the plume far field what one used as input in the plume near field. That emphasises
the importance of the fast ion distribution function used as sources in such models, especially at large divergence angle
(~60°) where ions may impinge S/C solar arrays, but are not very well characterised experimentally on ground.

This is however important essentially for non-charging effects like forces and torques computations, sputtering and
subsequent contamination. The major effect concerning charging is that the CEX generated dense plasma spreads all
over the S/C and discharges any relative or absolute potential. That requires first to model the CEX phenomenon, and
then to correctly model the expansion of the cold plasma produced (quasi-neutrality leading to (38) cannot be
maintained at very small density, e. g. on S/C side opposite to the thruster, as e. g. zero ion density leads to infinity in
(38)). Even though electron Boltzmann distribution is approximate, the qualitative plasma contactor behaviour of the
thruster (i. e. the capacity to furnish large currents) is corrected modelled this way.

A more difficult issue is related to a pre-charged S/C in GEO. The discharging of the absolute and relative
potentials is granted due to the plasma contactor effect, but whether it shall be smooth or disruptive may still be
guestioned. Since microscopic ESD ignition is not yet accurately modelled to reach a predictive character, pretending
from pure modelling results that the arrival of a dense thruster plasma on differential potentials will lead to their smooth
discharging is certainly abusive. The triggering of an avalanche by the incoming dense plasma may still be feared, as
long as a perfect understanding and modelling capability of the ESD ignition is not developed.

5. Conclusion

General and specific equations were described. Numerical methods for solving them were discussed. Their
possible applications to three situations of common interest, GEO, LEO and EP environments, were reviewed.

The physical validity of the results was always the guiding principle for choosing or possibly simplifying the
equations. When the modeller comes to that final step of physical validation, he should remember that two steps are to
be validated. First, did the chosen equations correctly model reality ? Secondly, were the equations correctly solved ?

The comparison of simulation results with analytical results or other code results only validate the second step.
Real validation can only arise through comparison to experimental data, that validates both equations and their solving.
The dark side of experimental validations is that they can sometimes lack of generality and accuracy on each step, due
to their global character. In particular they are not always well suited to check the accuracy of equation solving, since
the experimental data are often the “results” of more complex physics than the simplified equations solved in the
simulation. Those comments should of course not be understood as restricting the necessity to go through experimental
validation to estimate the overall validity of simulation results.
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