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Abstract: We present the development of a 3D electrostatic code to design for large-scale
GEO satellites with hall thruster. The electric potential distribution is obtained by Particle-
In-Cell, the effects of ion bombardment are computed by Particle Tracking and the deposition
by the sputtered particles is accumulated with averaged differential sputtering yield. The
accuracy of the code is shown by comparing with the experiment data for SPT-140 hall
thruster. Erosion and deposition have been illustrated for the medium scale
telecommunication satellite.

Nomenclature

D = deposition rate ds = surface area occupied by a computational node
E = sputtering rate e = element charge
Jp = current density caused by a super particle m; = ion mass
n = normal vector to surface element no = reference electron density in Boltzmann relation
n, = beam ion density ncex = charge exchange ion density
ne = electron density nn = neutral density
S = normalized differential sputtering yield T. = electron temperature
vi = ionvelocity Y = sputtering yield (m*/C)
a = polar angle measured from surface normal B = incident angle measured from surface normal
& = incident particle energy g* = sputtering threshold energy
& = permittivity of vacuum 6 = beam divergence angle
ocex = cross section of charge exchange ¢ = electric potential
drer = reference potential in Boltzmann relation suffix «s =attach/source indicator in deposition calculation
v = azimuthal angle in referring surface measured from incident direction

LIntroduction

all thruster system has opened an era of being adopted for not only station keeping (SK) but also orbit raising
(EOR) for GEO satellites. Some of the ions of the hall thruster plumes could impinge onto a satellite itself and
modification to the surface materials. It could cause the mechanical, optical and electrical degradation of the material
that is related to the reliability for spacecraft lifetime. Many engineering numerical codes have been developed
correspondingly to assess these adverse effects on the satellite design'™’
In Japan, the first EOR engineering test satellite, ETS-9, which mounts SPT-type hall thrusters® will be launched
in FY 2021. Plume analysis should be well-performed in satellite designing phase to ensure the normal operation until
EOL and to determine the configuration of the satellite through evaluating these effects. One of major concerns is
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surface erosion due to the ion sputtering. In addition, deposition is caused by a part of sputtered particles, scattered
toward another surfaces of the satellite structures.

We have been developing a numerical tool applying the numerical technique that had previously been developed
in three-dimensional electrostatic plasma simulations®!°. The code is designed to achieve for engineering use within
the acceptable computation time on commercial workstation. The consistency of the code results to ground
experiments and in flight properties is achieved the modeling based on the laboratory experiment data. In our previous
work!!, we had presented fundamental algorithm, numerical scheme, modeling of the hall thruster plume for SPT-100,
and estimation of the impingement torque for a Russian telecommunication satellite, Express-A. In this paper,
calculation result for SPT-140, additional and updated functions, especially deposition on satellite surface by sputtered
particles are presented.

II.Numerical Modeling and Algorithm

A. Computation Procedure

In the physical modeling, considered particles in a plume are electrons, beam ions, charge-exchange (CEX) ions,
and neutral particles. Fig. 1 (a) indicates the flowchart of the Particle-In-Cell (PIC) simulation to obtain the electric
potential distribution. Fig. 1 (b) shows the flow of the Particle Tracking (PT) simulation to evaluate the sputtering of
satellite surfaces. Fig. 1 (c) gives the scheme of the calculation of the deposition. In the numerical domain, three-
dimensional Cartesian coordinate with the cubic grid system of same spacing is adopted. The numerical modeling to
compute the interactions is as follows:

1) Determine the initial spatial distributions of ion beam and neutral gas emitted from a thruster under assumptions
of their steady state. The motion of neutral gas is integrated by non-collision particle method. The motion of ion
beam is integrated by PIC method self-consistently considered only singly charged beam ion.

2) Electrons are treated as a fluid obeying Boltzmann relationship with uniform electron temperature.

3) The motion of CEX ions, injected into each cell proportional to the beam ion and neutral densities and CEX
collision cross section, is integrated by PIC method.

4) The steady state potential distribution with beam and CEX ions is obtained.

5) The effects to spacecraft from both beam and CEX ions are calculated by PT method. Trajectories of test particles
colliding onto the surface of satellite are calculated under static electric field. Both singly and doubly charged
beam ions are considered. The quantities of these effects, such as sputtering rate are calculated accumulating
each contribution of all test particles collided onto surface.

6) The deposition is accumulated with the differential sputtering yield form each sputtered grid.

B. Neutral Gas

The neutral gas is assumed to be emitted with a thermal velocity correspond with the wall temperature of the
thruster and with the divergence of cos?0 distribution. The number density corresponding with the backpressure at
room temperature add uniformly to the spatial distribution of the neutral gas.
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Figure 1. Flowchart of the numerical simulation
(a) main loop with PIC method, (b) PT loop for ion impingement, (c) deposition calculation.
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C. Beam lon

We determined the spatial and velocity distributions of beam ion as follows. The spatial distribution was simply
determined to be uniform on the concentric circular area of the thruster exit. The velocity distribution is determined
by both the energy and the current distribution measured experimentally result of the ground test. The energy
distribution function is described as a function of the beam divergent angle, 8. In addition, we consider that the beam
ions have an isotropic temperature that is on the order of the wall temperature of the discharge chamber, so the ions
also have the velocity that is determined by an isotropic Maxwellian in three dimensions as well as the beam velocity.
Meanwhile, the angular current distribution function is determined by the linear combination of cosine distributions
fitting to the experimental result.

D. Charge Exchange Ion

We assumed that the charge exchange ion consisted of only a singly ionized ion that is produced in the plume by
charge exchange between the ion beam and the neutral gas. The production rate of CEX ion at a position x is computed
locally by (1) at each numerical grid'2.

dncgx

2 MMiOcex €9

The produced CEX ions have a velocity determined by a Maxwellian distribution function of neutral particles.
Meanwhile, CEX ions are accelerated outward by plume electric potential, Trajectories of CEX ions are computed by
PIC method imposed with the beam ion density distribution pre-calculated.

E. Electron and electric potential
We assume that the distribution of the electrons has the Boltzmann’s approximation as described in (2)

¢(x)_¢ref)
Te
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n, = nyexp (

The electric potential is calculated by the governing equation is a non-linear Poisson’s equation described in (3)

P () —Pre
8 ¢ () = £ [noexp (F52L) = 1y (1) = neex ()] 3)
In PIC method, the charged particles considered are singly charged ion. We iteratively solve the equation (3) using
three-dimensional successive over-relaxation (SOR) method. We
adopt the Neumann-type boundary condition for the outer boundary,
and all potential on and in the spacecraft are able to set any parametric Computation Grid

value on each object.

F. Sputtering Rate

Under the steady state of the electric potential obtained from the
PIC routine, collisions of charged particles onto a spacecraft surface
is computed by PT method. Both singly and doubly charged beam ions
and monovalent CEX ions are considered in this calculation: current,
momentum transfer from particles to surface, collision energy and
incident angle to the surface. The initial energy of the doubly
charged ions was assumed twice as high as by that of the singly ions.

We used the sputtering yield by the ion bombardment and the
incident angular dependency from the TRIM'" calculation.
Adjusting the surface energy in TRIM, we forced to fit the presumed ~ Thruster
yield function in the high energy region to the values of Yamamura’s
experimental formula'*!> and the previous experimental result.

We modeled the inner objects by the cubic cell as shown in Fig.
2. To compensate the difference of incident angle in the
computational model from the real shape of the component of the
satellite, each cell has surface property, which indicate the real Sputtered Source
surface shown blue line in Fig. 2. The judgements of the ion collision ~ Figure 3. Schematic diagram and angular

definition for calculating deposition

Figure 2. Numerical grid structure with
the correction for the real surface.

%5t

Attached Point
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onto surface are decided by the virtual cubic boundary, but the incident angles are calculated from real surface. The
sputtering rate at each grid position is calculated by following,

E;=3"jpY (e B) €
where N is the number of all test particles colliding onto referring surface.

G. Deposition
We did not choose the particle method to compute the deposition. We adopted the accumulation from the
differential sputtering yield function to lighten the computational load. The normalized differential sputtering yield

function we adopted is Zhang’s expression!® 17,

S(a, ) =C(B,¢) - cos(a) [1 - i\/%(cos(ﬁ)y(a) + %nsin (B )sin (a)cos(zp))] 5)

y(a) =

3sin?(a) — 1 cos?(a)(3sin?(a) + 1) (1 + sin(a)
(1 - sin(a))

sin?(a) 2sin®(a)

where C is the normalized constant depending on the ion incident angle and the energy. Integration of S over
hemisphere with o, y are to be 1 adjusting C. The ion incident angle are calculated by two way. A. In case of the grid
point visible from thruster exit center, the incident angle [ are calculated directly by the sputtered point - thruster
vector (Incident vector in Fig. 3), B. in case of the source point invisible from thruster the incident angle is assumed
the normal direction because the collision particles would be mainly CEX ion and the electric field is normal to the
plasma contacting surface. € was adopted the averaged energy weighted by sputtering rate in the PT part. We
accumulated the deposition rate at all grid on the satellite surfaces except the invisible points from sputtered source
points in following formula,.

D, =%

21

1 -—
=S Eds (6)
Tas
where N is the number of all sputtered source points, ras is the distance from the source to the attached point.

III.Simulation of SPT-140 Ground Test

We evaluated the validity of this plume code by comparing with the ground test result of SPT-140 thruster.
Parameters of the thruster, the simulation setting and conditions are shown in Table I and Fig. 4. The electron
temperature of 1.5 eV was adopted referring the result from hall thruster plume of SPT-100'8. This mode is 3 kW of
the thruster input power, supposing the station keeping mode. The sampling band to collect the current numerically is
determined along the circular line with 30 mm width of 1.0 m radius from the center of the thruster exit.

Figure 5 shows the comparison of current density between the

numerical result and the plume ions obtained by the ground test'®. The TABLEI
back pressure is 2.9x1073 Pa. It is reasonable agreement with the results Calculation Parameters
of ground testing. Figure 6 shows the calculated angular energy Spatialgrid width 25 mm
distribution. We fitted to the experimental energy distribution? by Temporal width (beam/cex) 6.0x107/4.9x10% s
Lorentz function as shown in Fig. 6, Calc. step (beam / cex) 3200 /4519 steps
Thruster potential ov
_ by Electron temp. 1.5eV
E(9) = bo + 62+b, (%) Neutral and CEX ion temp. 0.1 eV

a9
where bo-2 are the fitting parameter. We calculated once the sputtering SPT-140 hall thruster properties

rate for quartz and compared with the experimental rate of the cover ~ Thrust 192 mN
glass. The numerical result reduced by order of magnitude in order in the ~ Specific Impulse 1683 s
large divergence angular region, then we added the skirt distribution as ~ Flow rate (inc. cathode ) 11.6 mg/s
shown with the red solid line in Fig. 6. Figure 7 shows the sputtering rate | Pruster diameter (0./i.) 140/100 mm
of cover glasses at 1 m depart from the thruster exit with SPT-140 ground ~ Discharge voltage 300V
test?!. And it is shown the calculation result of the sputtering rate for ~Discharge current 104

Beam current 75A

Ratio of doubly charged ion curr. 14 %
4
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Figure 5. Comparison of current density between the
experimental result and calculation.
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ground test result and calculation.

Figure 7. Comparison of sputtering rate between the

quartz with the re-fitted energy distribution function shown in Fig. 6. These shows good agreement of the calculation

to experimental data.

IV.Sputtering and Re-deposition Estimation of Express A2

We introduce the numerical estimation of the medium-scale GEO satellite. We focus on the surface erosion and
deposition which are of importance for spacecraft design. The estimation was performed for the Russian Express-A
satellite that used SPT-100 hall thrusters for North-South station keeping. Fig. 8 shows the drawing of Express®2.
Express-A has the body of 4.1 m high and has four SAPs whose area is about 1.8 x 6.0 m for each. The SPT-100 hall
thrusters are mounted on almost middle of the body the X-axis points toward the Earth, the Y-axis points westward,

and the Z-axis points northward. The SAP angle was defined as
the rotation angle of the SAP that was measured clockwise
around the boom along the Z-axis?*. For the numerical
simulation, we employed a numerical model of Express-A,

TABLEII
Parameters for Express with SPT-100 Thruster!'®

Computational Domain

Thrust

Specific Impulse

Flow rate

Thruster diameter (0./1.)
Discharge voltage

Discharge current

Beam current

Ratio of doubly charged ion curr.

Temporal width (beam / cex)
Calc. step (beam / cex)

12 X4.2 X 5 m (semi wing)

85 mN
1610 s
5.54 mg/s
100/69 mm
300V
45A

327A
20 %

5.3x107/4.3x10°s

10100/ 7363 steps

The 36th International Electric Propulsion Conference, University of Vienna, Austria

September 15-20, 2019



J (A/m2) Sputtering rate (nm/hr.)
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Figure 9. In-flux current density distribution and Figure 10.  Sputtering rate in case that all the

plume plasma contour (ni= 4x10“*m™). surface is quartz.

which consisted of the body and one-side of the SAP. The
SAP was located so that its surface vector was the same
direction to that of the top surface of the body.

Figure 9 shows the in-flux current density and the
plume plasma shape of the Express-A satellite with a SAP
angle of 270 deg. Figure 10 shows the sputtering rate
obtained by the numerical simulation on the spacecraft
surface for quartz. We included 20%2* of doubly charged
ions as current in the ion beam as well as single Xe ions
to estimate sputtering rate. We adopted a model of the
uniform surface material, an example is quartz; the
material of the cover glass on the SAP. The maximum
sputtering rate for quartz was estimated about 40 nm/hr.

Meanwhile, we can recognize the current density of the S i s U

CEX ions on the surface of the body near the thruster |l ———— it

whose maximum value is about 170 mA/m? in Fig. 9, the ~Figure 11.  Deposition in case that all the sputtered
sputtering rate in this region is less than 4x10° mm/hr. surface is quartz

because the CEX ions have low energy below the threshold value of the quartz sputtering.

The deposition rate in Fig. 11 is remarkable on the satellite body. It is caused by the back scattering particle of the
sputtering of the SAP. The maximum deposition rate for quartz, however, is very small estimated below 4x10** nm/hr.
comparing from the sputtering rate. This result shows the deposition effects slightly to the satellite performance in this
case. In the result mentioned above, we used the real threshold energy and averaged collision energy weighting by the
sputtering rate as the energy dependent term in the formula (5): /€ */¢. In the literature!’, the measurement results
were not fitted for the Zhang's expression using the real threshold energy in Mo, They recommended the value of the
energy dependent term was 0.71 at the collision energy of 250 eV in the contrast with the real value of 0.43 and the
higher value was needed to matched in the lower collision energy. Therefore we also estimated using the constant
energy dependent term of 0.75. The deposition was a little larger than that in Fig. 11. In any case, an experimental
verification of deposition rate will be necessary.

V.Conclusion

We have developed a 3D electrostatic code to analyze the effect to spacecraft by hall thruster plume. The code
adopted a simplified algorithm for engineering use within acceptable calculation time on a commercial workstation
by the combination of PIC and PT methods to compute the trajectories of ions and the plume potential.

We presented a model of beam profile of SPT-140 hall thruster to adjust the angular distributions of the current
density and energy to the experiment data, which showed reasonable agreement with the experiment in the angular
distributions of current densities and sputtering ground test result.
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Then, we made the numerical estimation of the surface erosion due to the ion bombardment and the deposition by
the sputtered particles for Russian Express-A satellite. We could conclude the deposition did not significantly affect
the satellite performance, while the sputtering rate was high value in this system.

In this code, we hypothesized the uniform electron temperature model. This might cause the under estimation of
the potential around thruster exit and the reduction of the CEX ion back flow. The improvement of this issue is the
future work. We will apply to the satellite design practically while extending the functions and improving the accuracy
of this code.
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