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Plasma surface interactions are an important aspect of spacecraft design.
The spacecraft solar panel surfaces present in the backflow region of the plume
can acquire a negative potential with respect to the plume, attracting the slow
moving charge exchange ions created in the core plume region. The ions accel-
erating towards the surface can cause surface sputtering of the protective coat-
ing present on the solar panels. In this work, we present a three-dimensional
fully-kinetic numerical study of ion thruster plume plasma interactions with
spacecraft surfaces where all species are considered as particles and their indi-
vidual kinetics is resolved. A time explicit PIC-DSMC numerical technique is
used to perform plasma simulations using a hybrid MPI-GPU code, CHAOS,
which has been modified to include the effects of the surfaces present in the
backflow region. Here, we present the plasma macro-parameters, such as ion
and electron densities, and the kinetic parameters such as ion energy dis-
tribution and plasma-sheath thickness near the surface from our numerical
simulations. Finally, we estimate the surface erosion of solar panel surface us-
ing the kinetic model results and surface yield empirical relations, and relate

it with the plasma sheath thickness found near the solar panel surface.
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I. Introduction

Electric propulsion (EP) devices are widely used in space for orbit correction and station
keeping of the satellites™ Their high specific impulse makes them very efficient for propulsion
in space where the mass of propellant carried for the mission is limited. These devices, however,
provide a small propulsion force of the order of 5 mN for a long periods of time during their
operation in space.? The xenon gas is ionized and then accelerated through the electrostatically
charged grids to thruster exit velocities of about 40 km/s to create propulsion. Since these
devices operate for a long time during a space mission, their cumulative effect on the spacecraft
surfaces is crucial to the mission. The plasma plume generated by ion thrusters consists of
high-speed ions, neutralizing electrons, and slow moving neutrals of which the fast moving ions
are mainly responsible for the thrust produced and account for about 5 % of the total mass
flux from the thruster, while the rest of the mass is composed of neutrals which come from
the thruster exit at a much lower speed compared to the ions. Near the thruster exit, where
the number densities are high enough for ion-neutral collisions to occur, slow moving charge
exchanged (CEX) ions and fast moving neutrals are created.” The CEX ions have lower kinetic
energies than the beam ions, but they can be accelerated towards the backflow surfaces with
sufficiently high energy to cause sputtering damage on the solar cell array, affecting its longevity
and performance. In addition, a hollow cathode emits electrons to neutralize the plasma plume
which interact with the spacecraft surfaces to generate backflow electric fields hence affecting
the charge exchange ion plasma behavior in the backflow region*

Numerically, it is often hard to quantify and predict the near thruster plasma behavior over
the life-time of a mission because of multiple time and length scales involved in the plume and
backflow region due to the presence of gas species with different molecular masses and mobility.
The numerical studies of Roy et. al” show good agreement in the core plume region, with
ground based experiments, using a Boltzmann approximation for electron modeling, but do not
include the effect of surfaces in the backflow region. The Boltzmann model assumes a constant
electron temperature for the whole domain with quasi-neutrality assumed at every point. This
model does not model the electron temperature variation along the plume as it expands, and
is inaccurate outside the plume regions where quasi-neutrality is not a valid assumption. The
majority of other plume plasma studies®? treat electrons as a fluid medium and ions as particles.
Previous work by Cichoki et.al. and Taccogna et. al® used a polytropic electron expansion model
for ion plume expansion with a constant adiabatic coefficient. All these models exclude some
important physical aspects of plume plasma, such as electron trapping by the ion plume and
plasma sheath formation near the spacecraft surfaces. This merits the numerical resolution of
electron physics in a plume plasma using a kinetic approach.

A collisionless three dimensional plume plasma has been modelled using a fully kinetic
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PIC code, CHAOS, in Jambunathan et.al” and the thermal properties of electrons and electron

107128 and Usui

trapping by the plume were found consistent with the other studies by Hu et al.
et al.™¥ who used a kinetic model in a two dimensional numerical domain. A more recent
work* added the ion neutral particle collisions using DSMC model to the kinetic PIC to model
the charge exchange ion plasma in the regions near the plume, but excluded a detailed model
for the spacecraft solar panel surfaces present in the backflow region. In the current work, we
use the code CHAOS*2 modified to include the spacecraft surface interactions with the plume

plasma in the backflow region.

II. Methodology

A Particle-in-cell, Direct Simulation Monte carlo (PIC-DSMC) numerical technique is
used for modeling the electric field and collisions in the domain, respectively. Since numerical
calculations involve multiple orders of variation in length scales, unstructured octree forest of
trees (FOTs)'? grids are used for performing electric field and collision calculations for this
work. A number of simulations were performed to understand kinetic effects of plume plasma
interactions with spacecraft surfaces. The case using the kinetic model is designated as ‘Case A’

and the case using the Boltzmann model is named as ‘Case B’.

A. Particle in cell (PIC)

An explicit particle-in-cell (PIC) technique is used to solve for electric field.” The electric
potential is solved for using Poisson’s equation, which is solved numerically with a finite volume
method 21 and based on the electric field, ions and electrons are moved every time-step in that
order. Since electrons move at a time-scale of the electron plasma frequency, the time-step used
for the simulations is such that w,.At < 0.1, wy being the plasma frequency, and the electric
field is computed at every time-step. Also, since the effects of local charge extend to a length
scale on the order of local Debye length, the grid used for solving Poisson’s equation, E-FOT,
satisfies the grid refinement criteria of cell size being smaller than the local Debye length 10
Additionally, a charge and energy conserving boundary condition has been used to stabilize
the plume once the plume-front leaves the domain*” The spacecraft solar panel surface in the
backflow region is shown in Figs. [I] and 2] To emulate the spatial potential drop across solar
panel surfaces, a Dirichlet boundary has been used at the solar panel surface shown in blue
color in Fig. 2
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1. Solar panel surface boundary

The solar panel surfaces in space typically have a potential drop of 1000’s of volts across
their length with respect to the spacecraft ground as the solar cells are electrically connected in
series. To model a scenario where solar panels and ion thrusters are operating simultaneously,
a Dirichlet boundary condition is applied on the solar panel surface for Case A, and a potential
drop of 60 V is assigned along the solar panel span of 0.275 m and the spacecraft ground is

considered to lie at 0 V.

2. Boltzmann model

To compare with the kinetic simulation, we have used a Boltzmann electron temperature
model as described in Korkut et. al® The electric potential due to the plume plasma using

Boltzmann model is given by,

e

bt = bt + " elog (”—) , (1)

where ¢y, is potential due to plume plasma, ¢ is the reference potential, k is Boltzmann
constant, T, is reference electron temperature, e is the electron elementary charge, n. is the
electron number density and ng is the reference electron number density. The plasma is as-
sumed to be quasi-neutral in the whole domain, n., = n;, where n; is the ion number density.
Additionally, because there is a negative potential surface present in the backflow region, the
external field due to the voltage drop across the solar cell array is calculated in the domain by

solving,
VQ ¢ext = 07 (2)

with the solar panel surfaces assigned a spanwise varying potential with a linear potential drop

of 60 V. The superposition technique is used to obtain total electric potential,”

¢ = Cbpl + Cbext- (3)

For the model to be valid, the E-Octree should have a cell size (Az) of the order of the local
Debye length(Ap) and since there are no electron particles modeled in the domain, a two orders

of magnitude higher time-step may be used for this case.

B. Direct Simulation Monte Carlo (DSMC)

We have used the no-time counter (NTC) scheme'® to model collisions between xenon

atoms and ions based on their collision cross-sections.® Since length scale for collisions or the
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mean free path is much larger compared to plasma length scale or the Debye length, a different
coarser grid, C-FOT, is used for modeling collisions.*® The collision time-scale is about two
orders of magnitude greater than electron plasma frequency time-scale, therefore collisions are
performed about 100 times less frequently than electric field calculations in the simulation.
Also, because the time-scale difference is large, use of different time-steps does not affect the

time accuracy of simulations.

C. Surface sputtering

The charge exchange (CEX) ions from the plume are incident on the surface of solar panels
in the backflow region of the thruster plume. The number of particles of the target material
removed by an incident ion from the target surface is known as surface yield. As per empirical
models given in Yamamura et.al.'? the surface yield of an ion on a surface, Y, depends on
incident ion energy, E; and the angle of incidence 6;. An empirical relation of Bohdansky et.
al?% is used to calculate yield for every incident ion. Since each computational particle in
DSMC represents a finite, Fi,m, number of particles, each computational particle will remove
FoumY (Ei, 0;) number of target element atoms from the surface. Based on the material number
density of the target element, sputter-yield information and the number of particles incident,
the surface recession rate (m/s) at a point on the surface can be calculated by

Sy — Lt P (51, 0) ”

nrt

where, fxey is the number of computational Xe™ ions incident at the point on the surface per

m? per second and nr is the number density of the target element (atoms/volume).

III. Results and Discussion

The numerical simulations are performed in a computational domain of size (0.8 x 0.8 x
0.4) m shown in Fig. (1| with the thruster exit at (0.4, 0.4, 0.1) m as marked in red with co-
located ion and electron sources. A sectional view of the domain is shown in Fig. 2l The ions
enter the domain from the thruster exit with a Gaussian beam width of half angle of 12° and
a bulk velocity of 40 km/s. Case A was performed using 32 GPU’s in CUDA environment and
took 144 hours to finish. The following sections provide a detailed description of the numerical
cases performed for this work.

The plasma plume forms when electron and ion particles enter the domain from the same
location with inlet paramters shown in Fig. [l Since ions have a higher mass than electrons,
the plume front, i.e. the point along the plume axis till which the quasi-neutrality is satisfied,

moves at a speed of ions, i.e. 40 km/s in the z direction. However, because of their lower mass,
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the electrons quickly spread throughout the domain. The plume front for Case A reaches the
end of the domain at z = 0.4 m in about 27,000 time-steps (7.56 us), i.e. wpet = 1,350, for a
time-step PIC At = 2.8 x 10719 s, and the electric field reaches steady state in about 100,000
time-steps (28 ps), i.e. wpt = 5,000, when the electric potential in the backflow region does
not vary by more than 4 V with time. The electric field is sampled for about 50,000 time-steps
in the PIC calculations, after reaching steady state to reduce statistical errors. The charge
exchange ion collisions are performed every 100 time-steps making the DSMC time-step 100
times larger than that of the PIC time-step. Since the charge exchange ion number density
is about three orders of magnitude smaller than the plume ion number density, these ions are
inconsequential in forming the electric field in the domain. Hence, after a time that the electric
field is sufficiently time-sampled, only the DSMC calculations to model charged-neutral particle
collisions are performed to save the computational cost of solving Poisson’s equation at every
time step. The DSMC calculations reach steady state when the CEX ions start leaving the
domain from the domain boundaries or are neutralized on the solar panel surface. The DSMC
macro-parameters are sampled for an additional 50,000 DSMC times during which the electric
field calculations are not performed, electrons are not moved, only the neutral-neutral and
neutral-ion collisions are modelled, and neutrals and ions are moved subject to the steady state
electric field.

The presence of solar panel surfaces in the backflow region changes the electric in the
region outside the plume. A comparison of Figs. and shows that while the core
plume electric potential compares well for both YZ and XZ planes, the effect of the solar panel
surface, shown in Fig. , is visible on YZ plane section where the biased surface lies at
z = 0 m. The electric field affects the electrons more than the ions in a single time-step because
of their high mobility. The electron number density in the mid-plane (x = 0.4 m) of the domain,
shown in Fig. is very low near the solar panel surface at z = 0.0 m which repels electrons
in the plume plasma. Since F, is more negative when we move farther from thruster exit in
the spanwise direction, y direction, shown by the potential drop in Fig. , the solar panel
surface repels the electrons and the region devoid of electron particles increases in thickness.
This region is termed as an ‘ion plasma sheath’.

We define the plasma sheath thickness! as the distance from a point on the surface out to
where the local electron number density is at least two times smaller than the local ion number
density as shown in Fig. Where the electron number density falls below ion number density
by more than a factor of two at z = 0.23 and 0.26 m at y = 0.7 and 0.8 m respectively. The
plasma sheath thickness is affected by the Debye length of the quasi-neutral plasma and the
repulsion of electrons caused by the surface. The plasma sheath thickness magnitude increases
along the solar panel surface span as the surface potential drops from 0 V to -60 V in y direction
for Case A as shown in Fig. . The plasma sheath thickness for Case A ranges from 0.4 to
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2.5 times the local Debye length at z = 0.4 m.

The Boltzmann model is used for Case B with the same thruster exit parameters as Case
A, except here the electrons are not introduced as particles at the thruster exit and the electron
number density is assumed to be equal to the ion number density in the domain. An electron
temperature of 2 eV is used for the Boltzmann model with ¢,y = 0 V to compare with the
inlet conditions for the kinetic model cases where T, = 2 eV and ¢ = 0 V at the thruster exit.
The same surface potential as used in Case A is modelled using the superposition technique
described in Sec. ITA{2] Charge and momentum exchange reactions are modeled in DSMC as
in Case A with the inlet conditions shown in Tab. 2

The kinetic case (Case A) when compared with the Boltzmann model (Case B) gives
somewhat good agreement in the core plume region for the electric potential, as shown in Fig.
. The electric potential for the Boltzmann model drops by about 40 V outside the core
plume region because of a sudden drop in ion number density outside the plume, whereas it
drops by just 7 V for the kinetic model. The reason is that the Boltzmann model assumes quasi-
neutrality in the whole domain which makes the logarithm of Eq. [1|become very negative, hence
decreasing the potential outside the plume region drastically. In contrast, the kinetic model has
electrons present in the outside plume region which leads to a smoother transition of potential
from the core plume region to the outside plume region. Thus the Boltzmann model predicts
a higher radial electric field in the region outside the plume compared to the kinetic model as
shown in Fig. .

The radial electric field at the plume edge is responsible for driving the slow moving ions
out of the core plume region. Since the plume ions have a high axial velocity, the majority
of the xenon ions present outside the plume are charge exchanged ions which have a much
lower axial velocity compared to the plume ions. The normalized charge exchange (CEX) ion
number density for the Boltzmann model is comparable in the core plume regions with the
kinetic model but is slightly higher and more evenly spread in the backflow region as shown in
Fig. . For the kinetic model, the shape of the CEX streamlines in Fig. shows that
the CEX ions have a higher radial velocity (v,) compared to the z-velocity (v,) which causes a
very steep angle of incidence of CEX ions on the solar panel surface and a higher surface ion
flux towards the edge of the solar panel surface near y = 0.0 m and y = 0.8 m. In contrast, the
CEX streamlines for the Boltzmann model (Case B) are more uniformly inclined towards the
surface making the surface flux more uniform compared to the kinetic case. This is because
the higher y-electric field (radial electric field) extracts more charge exchange ions from the
core plume for the Boltzmann model and the z-electric field, comparable to the kinetic model,
results in a uniform flux on the solar panel surface. This is shown in Fig. where the ion
flux for the kinetic model (Case A) peaks towards the edge of the solar panel surface at y =

0.77 m while it is almost uniform for the Boltzmann model (Case B) along the span.
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Since the surface potential varies along the span, the y coordinate of the point of incidence
of the CEX ion on the surface determines the ion incidence energy. In Fig. , the ion
energy distribution function (IEDF) calculated over the whole span of the solar panel surface,
0.525 <y < 0.8 m and 0.0 < y < 0.275 m, for the Boltzmann model (Case B) peaks at about
34 eV with a thermal spread of about 25.8 eV. The energy peak of 34 eV lies in the expected
range of 0 to 60 eV for spanwise potential variation of 0 to -60 V on the surface. Since the CEX
ions are uniformly incident on a surface with a 60 V potential variation, the thermal spread
of 25.8 eV is higher than 10 eV which has been observed in the earlier work on ion thruster
plume plasma.#14 With the kinetic model (Case A), however, the surface flux of CEX ions is
not uniform but is much higher in the regions of the surface farther from the thruster where
the surface potential with respect to the ground is -60 V. This leads to an IEDF which is not
Maxwell-Boltzmann (MB) and peaks at about 63 eV as shown in Fig. [T(a)l As seen in Fig.
the IEDF for the kinetic model cannot be fit by a single MB distribution because the
fraction of ions incident towards the edge of the solar panel surface, y > 0.7 m and y < 0.1 m,
follow a MB distribution with a peak at 63 eV and a thermal spread of 5.6 eV. The fraction of
ions which incident in 0.525 <y < 0.7 m and 0.1 < y < 0.275 m central regions of the solar
panel surface generates a secondary peak at 12 eV in the IEDF with a thermal spread of 25.8
eV as shown in Fig.

As seen from the CEX ions streamlines in Fig. , the angle of incidence, measured
with respect to the normal to the surface, is higher for the kinetic model compared to the
Boltzmann model resulting in the angular distribution shown in Fig. on the entire solar
panel. The angle of incidence distribution for the kinetic model peaks at about 60° representing
the majority of CEX ions which are incident towards the edge (y > 0.7 m) of the solar panel
surface. The angle of incidence distribution for the Boltzmann model, in contrast, shows a wider
distribution and a peak at 40°. Both the energy and angle of incidence of CEX ions play a role in
estimating the surface sputtering that can be caused by these ions as was discussed in Sec. IIC]
Using the PIC-DSMC simulation data in Eq. [4] the surface recession rate estimates for Cases
A and B are shown in Fig. . It can be seen that the Boltzmann model predicts a higher
surface recession rate by an order of magnitude compared to the kinetic model, consistent with
the predicted surface flux for the Boltzmann model which is about an order of magnitude higher
than the kinetic model. Therefore, the surface flux is the most dominant factor in determining
the surface sputtering rate on the solar panel surface interacting with plume plasma.

The plasma sheath represents the spatial extent to which the surface affects the charged
particles in its vicinity. The ions leaving radially from the plume are intercepted by the ion
plasma sheath, which diverts their trajectories towards the solar panel surface. This means that
the plasma sheath thickness is directly correlated to the surface ion flux. As seen Fig. , the

surface flux for Case A is high towards the edge of the solar panel surface because the plasma
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sheath formed in front of the solar panel surface is thinner near the plume (0.2 <y < 0.6 m)
and the radially leaving ions’ trajectories are intercepted at a y location farther from the plume

making most of the ions turn towards the solar panel surface farther along the span.

IV. Conclusions

In this work, we performed PIC-DSMC simulations for an ion thruster with biased solar
panel surfaces in the backflow of its plume using a fully kinetic approach. We used a MPI-GPU
hybrid in-house code CHAOS for this work. The Xe™ ions, electrons and Xe atoms have a
co-located source at the thruster exit where macro-particles enter with inlet conditions of the
ion thruster. The results from the kinetic model cases with solar panel bias potential were
compared with an equivalent Boltzmann model with same thruster and solar panel surface
geometry. In the presence of biased solar panel surfaces with Dirichlet boundary condition of 0
to -60 V potential drop, the majority of xenon ions were found to be incident on the solar panel
surface towards the edge. These ions had a range of 12-100 eV in incidence energy on the solar
panel surface but did not follow a Maxwell-Boltzmann energy distribution. The peak energies
for the IEDF for the cases, listed in Tab. [3| were found to cause a noticeable surface damage
for the missions which will require a higher 10> m~2 density ion thruster operations for 20,000
hours or longer assuming the surface flux scales linearly with the thruster exit density. The
surface flux, and by extension the surface sputter rate, was found to be directly proportional
to the plasma sheath thickness where the radially moving CEX ions were most influenced by
the solar panel surface regions where the plasma sheath was thick. Since the number densities
in the backflow region of an ion thruster plume are low enough so that the plasma sheath
thickness is of the order of thruster geometry, a thin sheath approximation is not valid to study

the movement of charge exchange ions towards the surfaces.
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Table 1. PIC-DSMC parameters for Ny.+ =4 x 103 m~3 case (Case A)®?.

Species Xe Xet e

Bulk velocity(m/s) 200 40, 000 1
Ndens/Nxe+ 20.0 1.0 0.25
Temperature(K) 200 200 23210
Inlet type Half-Maxwellian 12° Gaussian beam Half-Maxwellian
time-step(s) 5.6 x 107° 2.8 x 10710 2.8 x 10710
species weight 1.0 0.005 0.005

% Frum = 3 % 10%; thruster exit radii is 0.0625 m.
b wpe = 1.78 x 10® s~ at thruster exit; Debye length at the thruster exit, Ap = 0.003 m.

Table 2. PIC-DSMC parameters for the Boltzmann model case (Case B)*°.

Species Xe Xet

Bulk velocity(m/s) 200 40,000
Naens/Nxe. 20.0 1.0
Temperature(K) 200 200

Inlet type Half-Maxwellian 12° Gaussian beam
time-step(s) 5.6 x 107° 28 x 1078
species weight 1.0 0.005

% Frum = 8 x 10%; thruster exit radii is 0.0625 m.
bT, =2eV,; Neret = 4 X 10" m~3 for Case B.
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Table 3. Maximum surface recession rates(um/s), Sy, at peak ion energies of the ions incident
on the solar panel surface for aluminum and silicon.

Case Peak ion energy(eV) Sie,aluminum
Kinetic model (A) 63.0 6.92 x 10713
Boltzmann model (B) 35.0 6.0 x 10712

0=00m,0.0m,0.0m
A=04m,04m,01m

'—: Solar panel surface

|:| Thruster 0.8m

|:| Thruster exit

04m

Figure 1. Schematic of computational domain. The center of circular thruster exit is marked by
the point ‘A’ in the figure and the solar panel surface is shown in blue. The outline of the conical
plume is marked in dashed lines starting from thruster exit.

SIC surface
r T L —
i i
i i
i
1

...........

Thruster exit

0.25m ../// T

X Z

Figure 2. Sectional views of computational domain. The left figure is in a XY plane at z = 0.0
m and the right figure is in a YZ plane at x = 0.4 m.
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Figure 3. Electric potential at different planes for Case A. The solar panel surface has been
assigned a spanwise variation of 0 V to -60 V.
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Figure 4. Electric potential from PIC simulation. The surface has been assigned a spanwise
variation of 0 V to -60 V. The line probes show that electron number density decreases away
from the plume.
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Figure 5. Comparison for results from Case A and B in a plane x=0.4 m with solar panel surfaces
in the backflow region.
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Figure 6. A comparison of ion z-velocity and CEX density results for Cases A and B in a plane
x=0.4 m. These results have solar panel surfaces in the backflow region with a spanwise variation
of potential.
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Figure 7. Ion distribution functions and sputter rate comparison for Cases A and B.
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Figure 8. Plasma sheath thickness for the kinetic case (Case A). The error bars to the right
figure represent the uncertainty in PST which is estimated by the size of the C-Octree cell where
the ratio n;/n. ~ 2.0.
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