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Spacecraft Plasma Environment and Contamination
Simulation Code: Description and First Tests

Jean-François Roussel¤

ONERA, 31055 Toulouse, France

A new codedevotedto spacecraft local induced environmentsimulationis presented. Its general frame, spacecraft
geometry and mesh, and plasma module are described. The three-dimensional mesh, although of a structured
rectangular type, allows a goodrepresentation of spacecraft surface positionsand orientationsdue to the automatic
generation of partial cubes by an object description language. The particle-in-cell plasma module can simulate
time evolution and was stable for cell-size-to-Debye-length ratios as large as 60. The main contributions of this
study are four test simulations.The � rst three, Child–Langmuir law and two Langmuirprobes, are borrowed from
plasma physics, and their solutions are known, either analytically or numerically. They constitute extensive testing
of the plasma code over a wide range of Debye lengths. The last simulation,a typical low-Earth-orbit environment,
was more complex, and only partial validation was achieved.

Nomenclature
B = magnetic � eld
E = electric � eld
En = normal electric � eld at mesh boundary
e = elementary electric charge, C1.6 £ 10¡19 C
fi,e,s = ionic/electronic distribution function in phase

space (function of x, v, t )
Ii,e = ionic/electronic collected current
JCL = Child–Langmuir space charge limited current
k = Boltzmann constant
L = distance between injection and collection planes

(Child–Langmuir one dimensional)
m i,e,s = particle mass
n(x) = local particle density
n0 = reference density (at in� nity for Boltzmann

equation)
qi,e,s = particle charge
S = probe surface, 1.37 cm2 for the cylindrical probe
Ti,e,s = ionic/electronic temperature
t = time
v = velocity vector
x = position vector
x = distance from injection plane (Child–Langmuir

one dimensional)
a DN = coef� cient for mixed Dirichlet–Neumann

boundary conditions
e 0 = vacuum electrical permittivity
q i,e,s (x) = ionic/electronic local charge density
v = probe electric potential
v (x), v (x) = local electric potential
v b = electric potential at mesh boundary
v 0 = potential of the biased plane (Child–Langmuir one

dimensional), ¡35 V

Subscripts

e = electronic
i = ionic
s = generic, either i or e
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Introduction

U NDERSTANDING the interaction of the space environment
involves two different aspects: knowledge of the undisturbed

space environment and the evaluation of its effects on spacecraft
subsystems. The presence of the spacecraft does not signi� cantly
alter some components of the space environment, such as ioniz-
ing radiations,micrometeoroids,atomic oxygen (ATOX) � uxes, uv
� uxes,etc.Other components,however,have a locally inducedenvi-
ronment that is drasticallydifferent from the undisturbedone. Such
is the case for the local molecular and (cold) plasma environments.
Spacecrafts modify them by their presence (wake, ram pressure in-
crease) and above all by the emission of various products (see, e.g.,
the brief review in Ref. 1). The induced plasma environmentcan re-
sult in an electricallyenhanced contamination,in� uence spacecraft
charging,and enhance the risk of electrostaticdischarges.Focus has
recently been placed on the plasma environment created by electric
propulsion devices, but this induced plasma always exists through
ionizationof neutrals by charge exchange (CEX) or ultraviolet (see
Refs. 2, 3, or 4 or Ref. 5 for a review). A precise evaluation of this
local environment and the damage it can induce requires a numeri-
cal simulation, and this is why the code for simulation of the local
environment and contamination of spacecraft (SILECS), presented
here, was created.

SILECS consists of a general framework for dealing with space-
craft geometry, preprocessingand postprocessing,and several mod-
ules describingdifferentkindsof environmentsor physicalphenom-
ena. This paper describes the plasma environment module and the
general framework. Other modules concerning the neutral environ-
ment, dust dynamics, and ejecta productionby micrometeoroidsare
under development. All of the modules can communicate with one
another: A neutral particle may be ionized and enter the plasma
module, for instance, and the potential and densities computed by
plasma and neutral modules are also used for the dust dynamics
module, etc. This makes the tool quite powerful and innovative.

The model is describedin the � rst section,and variousmethodsof
simulation are brie� y discussed. The second section includes four
SILECS simulation examples, essentially devoted to a validation
of the code. The comparison to theoretical results was deliberately
favored because it allows a more accurate testing of the model,
whereas comparisons to experimental results always suffer from
uncertainties due to the approximations of the physics involved.
(A comparisonof SILECS computationsto experimentalLangmuir
probe characteristics can be found in Ref. 6.) This is why three
simple cases, with known theoreticalsolutions,were selected as the
� rst test cases of the second section. This allowed validation of the
model over a rangeof situations.The fourth simulationof the second
section demonstrates the potential applicability of the code to the
more complex case of realistic spacecraft.
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Description of the Model
Introduction: Choice of the Method

Typical spatial densities, either of plasma or of neutrals, yield
large mean free paths compared to spacecraft dimensions. Ther-
malization is, hence, very inef� cient, and � uid equations such as
Navier–Stokes equations are inadequate.Gases or plasmas (or even
macroparticles) then must be described through their full distribu-
tion functions fs(x, v, t) in phase space. They obey the Boltzmann
equation, or the Vlasov equation when collisions are neglected:
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D collision terms, or 0 (1)

The direct resolution of the Vlasov or Boltzmann equation in six-
dimensional phase space is very costly in computer time and mem-
ory.This is why theMonteCarlomethodwas preferred,in particular,
the direct simulationMonte Carlo method7,8 (DSMC) for collisions
of the Boltzmann equation. Beyond their somewhat more versatile
character, Monte Carlo methods have the advantage of resulting in
relatively faster codes, provided that some statistical noise is ac-
cepted because the reduction of numerical statistical � uctuations
is again time consuming. From a mathematical point of view, this
method gives approximate solutions of the Boltzmann equation,
whereas from a physical point of view, it consists of sampling real
particles and representing them by fewer numeric superparticles.

The dynamicsof a plasma involvingno electromagneticwave ac-
tivity is governedby the couplingof the Boltzmann and the Poisson
equations. However, for charged particles, collisions are negligi-
ble with respect to electrostatic forces in usual applications. The
model presented here is, therefore, a coupling of the Vlasov and
the Poisson equations. This plasma module of the code is based on
a code developed at the Département d’Etudes et de Recherches
en Technologie Spatiale, which was devoted to steady-state com-
putations of wakes on basic spacecraft geometries. (See the code
descriptionand comparison to experimental and in-� ight results for
a � rst two-dimensional code9 and for a three-dimensional code.10)
The evolution of the new plasma code is as follows: It computes
real-time evolution owing to a true particle-in-cell (PIC) scheme
(see subsection, “PIC Plasma Model”), which is more stable, deals
with complex geometry (see next subsection, “Mesh”), and is in-
tegrated in the general frame, which makes it much more versatile
(see subsection, “General Structure”).

Mesh
In contrast with simpler methods such as ray tracing, as, e.g.,

in ESABASE,11,12 or test particle Monte Carlo,13 the Vlasov–
Poisson equation resolution and the DSMC method require a three-
dimensionalmesh to compute local potentialand autocoherentlocal
densities.

A good approximationof the objects embedded in a computation
box, concerning both surface position and orientation, is obtained
by a triangulation of their surfaces. This creates an irregular two-
dimensional mesh.11,12,14 The natural three-dimensional continua-
tion of this two-dimensional mesh is an unstructured mesh. How-
ever, unstructured meshes are not well suited for the Monte Carlo
method because something as simple as determining in which cell
a particle is becomes very time consuming. This drawback coun-
terbalances the advantages of adaptability of unstructured meshes
and makes the method hazardous, although possible. Another pos-
sibility is to simply embed objects in a structuredmesh without any
adaptation. A cell can then be only partially occupied by an ob-
ject. It is possible to implement a DSMC code on such a mesh, but
one must take special care of each cell that could be split by a thin
surface so that particles of both sides do not collide (see, e.g., the
SOCRATES code15,16 ). It seems, however, impossible to correctly
solve the Poisson equationon such a mesh as one needs mesh points
on object surfaces.

The chosensolutionwas to use a structuredrectangularmesh with
the capability of splitting cubes along face and cube diagonals.The
possible geometry of objects is close to those of the NASCAP and
POLAR codes.17 However, the underlyingmethod is very different.
In the POLAR code,objectsarebuilt by hand fromprede� ned build-

Fig. 1 Cylinder and cone with true and approximated normals to sur-
faces (long and short lines, respectively).

ing blocks,which are aggregatesof (partial) cubes. On the contrary,
here objects are de� ned from elementary geometrical shapes such
as spheres, cones, prisms, plates, etc., which purely describe the ge-
ometry of spacecraft and have nothing to do with mesh. This object
descriptionlanguageis hierarchicaland compatiblewith ESABASE
language.11,12 The dif� culty is then to embed these objects in a rect-
angular mesh allowing diagonally split cubes with the best approx-
imation of surface position and orientation. A rather sophisticated
algorithm that uses information concerning normals and edges of
elementary shapes was implemented. Figure 1 shows two examples
of elementary thin shapes giving the true normals (to a perfect cone
or cylinder), approximated normals (to split cubes), and the angle
between them. This angle is usually less than 25 deg (see the cylin-
der) but can sometimes be about 45 deg (see some surfaces of the
cone). The true normals can be used for physical processes such as
re� ection and emission. (See, also, the subsequentwake simulation
for normals and � ux computation.) Other approximationsof object
surfaces can be seen in the geometry of the simulations described
subsequently.The elementary shapes can be either volumes or sur-
faces, and different potentials can exist on both sides of surfaces.

PIC Plasma Model
The Vlasov–Poisson equation is solved by a classical PIC meth-

od18: The particledynamics in an electrostatic� eld (and possiblyan
externalmagnetic� eld) is modeledby theMonteCarlomethod;each
particle deposits its charge on the eight closest mesh points with vo-
lumic weight,which givesdensitiesand allows the Poisson equation
to be solvedand thenallows particledynamicsagainto be computed.

The integrationof particle trajectories is performed by a leapfrog
method, exact to second order in time increment. The local electric
� eld for a particle is obtained from the electric � eld at the eight
closest mesh points throughPIC volumicweights.This electric � eld
at the mesh points is obtained from the potential at the six closest
neighborsand does not need to be computed again for each particle.
This and the use of volumic weights of the PIC method result in
a rather fast algorithm. Moreover, it gives a continuous electrical
� eld, which is exact to second order in the space interval.

For the time being, the Poisson equation is simply solved by the
Gauss–Seidel iterative method. Implementation of a conjugate gra-
dient method is foreseen but does not seem urgent because Poisson
resolution is still shorter than particle motion in typical computa-
tions. The boundary conditions

En D ¡ v b/ a DN (2)

can be of Dirichlet, Neumann, or mixed type for the a DN length
equal to 1, 0, or in ]0, 1[, respectively. Mixed conditions are a
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way of simulating a potential that goes to zero at in� nity but is not
zero at boundaries. Potentials at the surface of objects may either
be � xed or be left � oating by capacitive coupling to a ground.

The electrons are usually supposed to be thermalized and de-
scribed by a Boltzmann distribution. This is valid for negative po-
tentials and in the absenceof potentialbarriers. It gives a semilinear
Poisson equation

¡D v (x) D q i (x) ¡ e n0 exp
e v (x)
kTe

,
e 0 (3)

It is solved by an implicit Newton method.19,20 However, the code is
multispecies and the electrons can simply be modeled as one of the
species, but this increases computation time dramatically because
their dynamics necessitates much smaller time steps.

General Structure
All modules share the same common structure for geometry and

graphical representations,as well as densities and � uxes, which al-
lows intercommunicability.According to the general scheme, den-
sities (respectively, � uxes) of charged or neutral particles are al-
ways represented by lists of superparticles inside the mesh (re-
spectively, at the boundaries of mesh or objects). Thus, any kind
of particle can experience (possibly reactive) collisions with an-
other. Gas phase collisions can be performed either between lists
of particles through DSMC (neutral module) or with a background
density. The code structure allows modeling of any kind of elas-
tic or reactivecollision,e.g., CEX XeC C Xe ! Xe C XeC , reaction
H2OC C H2O ! H3OC C OH, ionization, etc., but few cross sec-
tions are availableyet. Collisionson surfaces can similarly be simu-
lated for selected surface and particles, e.g., speci� ed molecule and
origin. The list of particles representative of the impinging � ux is
treated in a subroutine accounting for the physics involved (specu-
lar/accommodative bounce, neutralization of ions, sputtering, ero-
sion by ATOX, etc.), which produces a list representative of the
reemitted particles. An example of application to electric propul-
sion can be found in Ref. 21, where CEX in the plume, sputter-
ing of solar arrays, and contamination by sputtering products were
modeled. As another example, Langmuir probe characteristics in a
ground facility containing fast ionospheric and slow CEX plasma
were computed in Ref. 6 and allowed the determination of fast and
slow plasma densities by comparison with experimental data.

The code was written in standard Fortran 90 and works on any
UNIX workstation, although it was not primarily designed to be
distributedto a large community.The inclusionof partial cubes into
the mesh structure added some tests in the dynamics and Poisson
equation resolution. These tests resulted in a more complex treat-
ment of some particles and points close to partial cubes. It led to
a longer code and lower optimization, increasingcomputation time
by half. It takes now about 17 l s/particle/step for particle dynamics
and 6 l s/cell/step for Gauss–Seidel Poisson on a basic DEC Alpha
workstationor 10 l s/particle/step and 4 l s/cell/step on an SUN Ul-
traSparc,respectively.The resultingglobalcomputationtimes range
from tens of minutes to hours. Optimization is still in progress.

Examples of Simulations: Code Validation
Four simulations that primarily aim at testing the code accuracy

and reliabilityare presented.Results of SILECS computationswere
compared with other results on simple plasma problems for which
there existeitheranalyticalresultsor speci� c referencemodels:one-
dimensional Child–Langmuir law (� rst simulation) or Langmuir
probes (second and third simulations). The last (fourth) simulation,
which addresses the more complex case of a space station wake, the
kind of problems the code is primarily devoted to, could be only
partially validated.

Child–Langmuir Law (One Dimensional)
One of the simplest cases to test a plasma code is the one-

dimensional Child–Langmuir law because the solution is analyti-
cal. This one-dimensional case was tested on the SILECS three-
dimensional code by reducing two dimensions by translational
invariance.Therefore,it amountedto testinga charge-limitedcollec-
tion of one charged species by a plane, with homogeneous injection

Fig. 2 Child–Langmuir law; comparison of PIC simulation and ana-
lytical results.

of particles on the opposite boundary and periodic conditions for
the other four boundaries.

Figure 2 provides the density and potential vs distance to the in-
jection plane. The bars are the simulation results. Their height gives
the distribution dispersion to one standard deviation in the plane at
the given distance. This dispersion is visible for density and negli-
gible for potential.The lines show the analyticalwell-known results
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(4)

There are 40 cells in the relevant direction and 10 in the two oth-
ers. Cells are cubic and 2.5 cm in size. The particles are posi-
tive ions of mass 18 (H2OC), whereas experimentally electrons are
more convenient.The agreement is very good, concerning both the
space-dependentquantities of Fig. 2 and the total collected Child–
Langmuir current density JCL (see subsequent discussion).

In this simulationthe only dif� culty lies in the injection;the quan-
tity of injected particles must be regulated by space charge. There-
fore, moreparticlesthan necessaryare injected,and the spacecharge
builds up a small barrier of potential about 5 cm from the left-hand-
side boundary of the computation box (too small to be visible in
Fig. 2) that repels the particles of smallest energy. If the average en-
ergy, or temperature,of the injectedparticlesis small, a small poten-
tial barrier is enough to repel all of them, which results in a very bru-
tal and unstableautoregulation.Among injectedparticlesof a higher
temperature, however, only the slowest will be repelled by a small
potential barrier, resulting in a smooth autoregulation. It must be
realized that this regulation is nonlocal (the potential barrier comes
from the space charge in the whole domain) and that its stability is,
therefore, not as easy to achieve. However, the simulation becomes
stable with a temperature of 1000 K (or 0.086 eV), which remains
small comparedto v 0 D ¡35 V, and so does not violate the assump-
tion of zero-temperatureparticles of the Child–Langmuir law.

As a consequence of the potential barrier, the effective injection
plane is shifted by 5 cm and the L parameterof the Child–Langmuir
law is 0.95 m and not 1.00 m, the full size of the mesh. Thus, the
analyticalresultsyield the followingvalues:n0 D 0.94£109 m¡3 and
JCL D

p
(2e/ m i )4e 0 v

3/ 2
0 / 9L2 D 2.9 £ 10¡6 A/m2 , consistent with

the numerical simulation results n0 D 0.95 £ 109 m¡3 [as shown in
Fig. 2, giving n(x)] and JCL D 3.0 £ 10¡6 A/m2 . This also explains
the difference between simulation and theory in the � rst 5 cm of
Fig. 2: Theoretical density is in� nite at 5 cm (injection plane) and
unde� ned earlier, whereas PIC density gives the density at the left
of the injection plane.

Spherical Langmuir Probe
The in� uence of the computation box size, cell size, boundary

conditions, and time step was tested on the case of a spherical



208 ROUSSEL

Fig. 3 Spherical Langmuir probe; cell size 5 mm, bias ¡ 25kTe /e, den-
sity distribution and particle trajectories.

Fig. 4 Spherical Langmuir probe; cell size 2.5 mm, potential distribu-
tion.

Langmuir probe. Most of these results could as well be compared
with those obtained by Laframboise,22 which can be considered as
a reference concerning Langmuir probes.

A plasma at rest was modeled, with density 7£106 cm¡3 for ArC

ions, ionic and electronic temperatures0.5 eV or 5800 K, and, thus,
of 2-mm Debye length. The probe radius was 1 cm. Two different
cell sizes (5 and 2.5 mm), three different sizes of computationboxes
(10, 15, and 20 cm), and two types of Dirichlet–Neumann boundary
conditions were used. The integration time step for the particle tra-
jectories was adjusted so that no particle crosses a cell in fewer than
three steps. A shorter time step was attempted but did not signi� -
cantly change the result and is not presented. It may slightly change
individual trajectoriesdue to improved numerical integration,but it
did not affect the global densities and currents.

Figures 3 and 4 show the geometric approximation to a 1-cm-
radius sphericalprobe for5- and 2.5-mm cell sizes, respectively,and
a computation box of 10 cm. As an example, particle trajectories,
density, and potential are also shown on � ctitious planes for a probe
bias of ¡25 in electronic temperature units, i.e., ¡12.5 V.

For a more quantitativeappreciationof potential and density, the
pro� les of all of the cases introduced before are given as a function
of radius in Figs. 5 and 6 and in Fig. 7 as a zoom on the small-
radius zone. The probe bias was held constant at ¡25kTe / e. The
standard boundary conditions are of Dirichlet type for the Poisson
equation (potential � xed at zero), and the standardcell size is 5 mm.
The nonstandard boundary condition and cell size are given in the
legendfor the two caseswhere theydiffer.The errorbars in oneof the
density pro� les of Fig. 6 give the density dispersion to one standard
deviation.The errors are similar for other pro� les and are not given
for clarity’s sake.

Potentials and densities from small-box simulations show some
discrepancies with the ones from larger computation boxes (espe-
cially around the outsidemesh boundaries). These discrepanciesare

Fig. 5 Potential vs radius for various computation box sizes D.

Fig. 6 Ion density vs radius for various computation box sizes D.

Fig. 7 Detailed ion density.

small between 15- and 20-cm computation boxes, which indicates
that a box of about 20 cm is suf� ciently large. Not surprisingly,
the discrepanciesbetween 10- and 15-cm simulations are larger. It
shows that, at a radius of 5 cm with a potential of about 0.1 kTe/ e,
the presheath already begins: The approximate potential descrip-
tion in the 10-cm-box simulation with standard Dirichlet condi-
tions ( v b D 0) yields too high a density. Therefore, better bound-
ary conditionswere tested, namely, mixed Dirichlet–Neumann con-
ditions with a DN D r/ 2 in Eq. (2), as proposed by Bernstein and
Rabinowitz23 from the asymptotical presheath potential in r¡2 they
computed for spherical probes. (This r ¡2 behavior in the presheath
was checkedin the20-cm-boxsimulation,as shown in Fig. 5.)These
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Table 1 Comparison between simulated and Laframboise22 collected currents

Simulation approximate Simulation approximate
Real sphere sphere, cell D 2.5 mm sphere, cell D 5 mm

Surface, cm2 12.6 15.1 16.2
Equivalent radius, cm 1.00 1.10 1.14
Radius / k Debye 5.0 5.5 5.7
Current of Ref. 22 Fig. 24 9.8 9.5 9.4

(normalized to thermal
current density)

Current of Ref. 22, l A 6.0 7.0 7.5
Numerical simulation 6.7 7.6

current, l A

boundaryconditionsgivebetteragreementwith larger-computation-
box simulations.

The last simulation was performed with a cell size of 2.5 mm,
standardDirichletconditions,anda 10-cmcomputationbox (thicker
line of Fig. 7). It exhibits differenceswith the corresponding5-mm-
cell simulation only at small radius. In the cases of coarser mesh
(5-mm cells), the higher density value for radius between 1.4 and
2 cm, at the place of highest curvature, certainly comes from a
smoothing of sharp variations due to lower spatial resolution. It is
con� rmed by the better agreement of � ner-mesh results with those
of Ref. 22obtainedwith a speci� c modeldevotedto Langmuirprobe
simulations, as shown in Figs. 6 and 7 (thicker lines).

These thicker lines originate from the density pro� les around a
sphericalprobe for equal ionic and electronic temperaturesgiven in
Fig. 14 of Ref. 22 (for ratio of probe radius to Debye length of 5 in
the present case). The general agreement with SILECS computa-
tions is good. It worsens in the small-radius zone, between 1.0 and
1.3 cm; the pro� le ofRef. 22 is convexand goes to 0.62 for radius1.0
cm, whereas the pro� les of Fig. 7 for cells of 5 mm have an in� ec-
tion point and go only to 0.56. Here again better agreement is found
for a � ner mesh (2.5-mm-cell size), which shows no in� ection point
and goes to 0.59 of normalized density for minimal radius (Fig. 7).
This proves that this slightdiscrepancycomes from the coarsemesh.
The underestimated density at the probe surface was � rst thought
to result from particles coming close to the probe at grazing inci-
dence, which could be captured due to the rough approximation of
a sphere used here (see Fig. 3), whereas they should not be captured
by a perfect sphere. However, there are no such trajectoriesbecause
it is not an orbital-motion-limitedcase22 but a case of unpopulated
(trapped) orbits. In fact, this discrepancy certainly also originates
from the coarse mesh because there are few mesh points between
1.0 and 1.3 cm from probe center in the case of 0.5-cm cells.

The computed collected currents were � nally compared with
those of Ref. 22. In the case of 5-mm-cell simulations, the com-
puted current shows little variation with computation box size or
boundaryconditions and remains between 7.45 and 7.70 l A. In the
case of 2.5-mm cells, the current is 6.7 l A. The collected current is
given in Fig. 24 of Ref. 22. It is 9.8 units of thermal current density,
which is 49.1 nA/cm2 for 5800-K ArC ions. On a sphere of radius
1 cm it gives 6.0 l A, which is quite different from the present re-
sults. It turns out that the main cause of discrepancy is simply the
size of the approximatespheresbuilt frompartial cubes:The spheres
they approximate best are larger than 1 cm in radius. As shown in
Table 1, equivalent radii were computed from the surfaces of the
approximate spheres, and then new currents from Ref. 22 (7.0 and
7.5 l A) compare favorably with the values computed here.

Cylindrical Langmuir Probe
The bias of a cylindrical Langmuir probe was swept from 0 to

¡10 V or from 0 to ¡50kTe / e (Te D 0.2 eV). The positive bias was
not swept because electrons can no longer be described by a Boltz-
mann distribution, and simulating their dynamics would have led
to very long simulations. To obtain a realistic time dependence, no
underrelaxation was used. In this simulation, results again were
compared to those of Ref. 22 (for permanent regime currents). This
test case shows the real-time capabilities of the code, whereas all
others were steady-state computations.

Fig. 8 Cylindrical Langmuir probe; potential and particle trajecto-
ries.

Fig. 9 Time evolution of currents and probe bias.

The mesh, the probe, and the potential distribution for the step
¡3 V are shown in Fig. 8. Some particle trajectoriesare also shown.
Many of them appear to stop on the mesh boundary, but in fact they
go on after symmetrization and are no longer shown. The three-
dimensionalmesh has been reduced to 2 cells of 5 mm in the invari-
ant direction.There are 60 cells of 1 mm in the other two directions.
The density of undisturbed ArC plasma is 105 cm¡3. The ion and
electrontemperaturesare both 0.2 eV. This results in a Debye length
of 10 mm, much larger than the probe (and cell) size. Contrary to
the last simulation (spherical probe with Debye length � ve times
smaller than radius), this case is orbital-motion limited,22 as can
be checked on some particle trajectories approaching the probe at
grazing incidence in Fig. 8 (as compared with Fig. 3).

Figure 9 shows the time variation of currents on the probe and
on the mesh boundaries (except the two boundaries perpendicular
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to the probe axis). The potential bias of the probe is also included.
At each new step of probe potential, the currents � rst exhibit a tran-
sient regime before they reach a permanent regime. It may be asked
whether the permanent regime has really been reached at the end
of each bias step of Fig. 9, inasmuch as the statistical � uctuations
due to the rather small number of particles used for this simple
test case make the asymptotical behavior of the curves not com-
pletely obvious. For some potential steps, it was checked on longer
times that the permanent regime was effectively reached within the
0.063 ms of a step.

This transient regime is easy to understand; at each new step,
the higher probe potential expands in the volume before the ions
have enough time to react and to screen it by an enlarged sheath.
More precisely, according to the method discussed earlier, inter-
mediate time steps are used during which the ions move little but
the electrons have time to thermalize. Numerically, this means that,
between each step for ions, the semilinear Poisson equation (3) is
solved, which includes the Boltzmann distribution of thermalized
electrons. In fact, the electron density opposes the potential expan-
sion but not the ion density as yet, and the potential expands more
than it will in the permanent regime. This transiently too strong at-
tractive potential results in transiently increased probe current and
decreased boundary current. Note that this extension of potential
up to the boundaries can make the results sensitive to the boundary
conditions but only in the transient regime.

The current–voltage characteristics, obtained from asymptotic
values of the permanent regime, are given in Fig. 10. The elec-
tron current is given by the thermal � ux consistentwith Boltzmann
distribution

Ie D S kTe / 2 p meen0 exp(e v / kTe) (5)

In this orbital-motion-limited case with large Debye length com-
pared to probe radius, Laframboise22 obtained an analyticalexpres-
sion for stationary ion current density [Eqs. (14.2) and (E.21) of
Ref. 22], which can be written in dimensional form as

Ii D Sen0
kTi

2 p m i

2
p

p

¡e v

kTe

C
p

p

2
1 ¡ erf

¡e v

kTe

(6)

with an undisturbed thermal ion current density en0(kTi / 2p m i )1/ 2

D 0.443 nA/cm2. This ion current is given in Figs. 9 and 10 for all
of the steps of v . The PIC simulation current shows remarkable
agreement with it. The electronic current of Ref. 22 is similar to the
one used in Eq. (5) and is, therefore, not shown again.

Complex Spacecraft Wake
The last simulation demonstrates the capability of SILECS to

model complex realistic spacecraft. The wake structure of a small

Fig. 10 I-V characteristics (built from Fig. 9).

Fig. 11 Space station; view from ram, � ux of oxygen ions.

Fig. 12 Wake of a space station.

orbital station in low Earth orbit was computed. (It is composed, in
fact, of the main modulesof the MIR station,where the Echantillons
module of the Aragatz experiment can be recognized.)

The mesh contains40 £ 60 £ 80 cubic cells of 60 cm. The plasma
characteristicsare typical of low Earth orbit: a density of 105 cm¡3

for OC ions, an ionic temperature of 1000 K, an electronic temper-
ature of 0.2 eV or 2320 K, and, hence, a Debye length of 1 cm,
a drifting velocity of 7.8 km, and, with an acoustic ionic speed of
720 m/s, a Mach number of 11. The station geometry can be seen
in Fig. 11, where the incident � ux on ram surfaces was plotted.
The � ux variations intimately connected to the surface orientations
reveal their imperfections.It is anticipated to improve the � ux com-
putation by taking into account the true normals to surfaces owing
to a correction coef� cient of the type cos( h )/ cos( h 0), with h and
h 0 particle incidence angles with respect to the true and approxi-
mated normals, respectively. Figure 12 shows the plasma density
on three � ctitious planes, seen from wake side. The wakes of both
solar panels and the main body combine.

The checkthat canbeperformedin this caseconcernsthepotential
in the � rst partof thewakes,where the iondensity is zero.The lowest
potential in the wakes (not represented here) is ¡6.3kTe / e behind
solar panels, ¡7.2kTe / e behind the thinner part of the main body,
and ¡7.7kTe / e behind the largest part of the main body. Theoreti-
cal values have been obtained for various geometries24,25 and are all
close to ¡2 log(d/ k Debye), where d is the object smallest dimension
in the planenormal to speed.Thereare some extra constantsdepend-
ing on the consideredgeometry, which have a small contribution in
the present case where d / k Debye is larger than 100. This gives the-
oretical potentials, respectively, of ¡6.35kTe / e, ¡7.17kTe / e and
¡7.74kTe/ e, which are very close to ours, and even surprisingly
close due to the approximate theoretical value. This essentially
checks the resolution of the semilinear Poisson equation but not
really the ion dynamics.
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Discussion
The code validitywas checked in several different cases. The � rst

case, the one-dimensional Child–Langmuir law, showed good sta-
bility of the injection of one single-ion species (no electrons) and
exhibited a very good agreement with the analytical solution. The
next three cases were plasma simulations with a very wide range
of cell size to Debye length ratios, 2.5, 0.1, and 60, respectively. In
particular, the second and fourth simulations showed that the PIC
scheme used (alternate resolution of dynamics and Poisson equa-
tion) is stable even for cells much larger than Debye length (60
times in the fourth case). Steady-states schemes, in which particles
are moved all over the computationbox before the Poisson equation
is solved, are a priori not stable for such a large ratio.26 Of course,
structures at the level of Debye length cannot be modeled and are
smoothed, e.g., wake boundaries in the last simulation, but the sec-
ondsimulationshowedthatthis smoothingmay notdrasticallyaffect
variations at the scale of cell size.

The second simulation was certainly the most conclusive be-
causedetailedcomparisons(densityand potentialpro� les)wereper-
formed and the sensitivity to model parameters was examined. The
variouscomputationboxsizesshowedthatthe simulationwas freeof
boundary effects for large-enough sizes and that mixed Dirichlet–
Neumann boundary conditions could give better results for small
sizes. Variation of cell size showed the limitations in the case of
too coarse a mesh; too approximatean object descriptionyields dis-
crepancies at the object surface, and too large a cell size smooths
sharp density variations (see Figs. 6 and 7). These drawbacks can
be either accepted or corrected by using a � ner mesh, as was done.

These examples also demonstrated some speci� c capabilities of
the code. The third simulation showed a real-time computation,and
the fourth one described a somewhat realistic and complex space-
craft geometry, although its capabilities are much larger, as was
discussed in the preceding section.

Conclusions
A plasma model that constitutesone of the modules of the general

code SILECS was presented. It will soon form an integratedsimula-
tion tool with the neutralenvironment,ejecta,and dust modules.The
common geometrical frame has been devised to allow 1) the sim-
ulation of volume phenomena owing to a three-dimensional mesh
(Poisson, Boltzmann equations), 2) the convenient use of Monte
Carlo methods owing to a structuredmesh, and 3) a correct descrip-
tion of spacecraft geometry owing to an automatic generation of
split cubes from an object description language, and it seems to be
a good compromise among these constraints.

The results of the four simulationsdescribedhere were compared
to establishedresults. The comparisonswere conclusive, exhibiting
a good agreement most of the time and sometimes identifying the
validity limits, usually due to coarse meshing. Now that the code
has been tested to a large extent on pure cases, where the involved
physicalphenomenaare identi� ed, more complex in-� ight or exper-
imental realistic cases may be addressed,as exempli� ed by the case
of the small station treated here, where the main issues are usually
to correctly describe all of the relevant physical phenomena.
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d’Etudes et de Recherches en Technologie Spatiale, Ecole Nationale
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Toulouse, France, 1996, pp. 271–288.

25Crow, J. E., Auer, P. L., and Allen, J. E., “The Expansion of a Plasma
into Vaccum,” Journal of Plasma Physics, Vol. 14, Aug. 1975, pp. 65–76.

26Parker, L. W., and Sullivan,E. C., “Iterative Methodsfor Plasma-Sheath
Calculations—Application to Spherical Probe,” NASA TN D-7409, March
1974.

I. D. Boyd
Associate Editor


