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Abstract

This paper presents results of computations
using our existing PIC-DSMC numerical
code, upgraded to include more realistically
the interaction of the plasma particles with
surrounding walls. We studied the effects of
a Hall thruster plume shield, including its own
erosion and re-deposition of the sputtered
material. We also simulated operation of a
Hall thruster inside a vacuum tank,
accounting for the initial fill-up transient and
deposition of sputtered tank material.

Introduction

There is a continuing need for analytical
tools to help in the process of integrating
plasma thrusters onto spacecraft, and
several research groups have contributed
simulation codes for this purpose [
Previous MIT work has concentrated on
plasma effects, both, inside the thruster 7
and in the plume "2'% . More recently, we
have turned our attention to a better
understanding and modeling of the effects
of the plasma particles on solid surfaces in its
vicinity. This is of crucial importance to
spacecraft designers, who are typically
concerned about possible direct beam
impingement on deposition of material
sputtered from either the engine itself or
from other impacted objects. Part of this
effort has consisted of an expanded
literature review on the existing analytical
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and numerical methods related to
sputtering, followed by implementation of
relevant parts of these theories into our
existing plume codes. A second line of work
has involved the simulation of a Hall plume
inside a typical laboratory vacuum tank,
including tracking the sputtered debris from
the beam impact at its far end; the work
holds promise for the proper interpretation
of tank tests on plume effects. Finally, we
have examined the possible use of a plume
shield to protect surfaces near a Hall
thruster, including the effects of erosion of
the shield itself, and the deposition of the
sputtered shield material; this has yielded
insights into the issues facing the designer
of such a shield, and has provided the tools
to carry out this design rationally.

2. Code Description

2.1 The Basic Plume Code

The basic computational code is the same as
in Refs. [1], [2] and [10], and was originally
developed by D. Oh as his doctoral
dissertation ! . It treats heavy particles
(neutrals, plus 1% and 2™ Xe ions) using the
PIC method, while approximating electrons
as a neutralizing background fluid in
Boltzmann equilibrium at an assumed T, .
Elastic and charge exchange heavy particle
collisions are simulated using a Direct
Simulation Monte Carlo technique. The
code was verified in the original work against
a variety of test data, with at least a semi-
quantitative degree of agreement. One
important input for the plume calculations is
the state of the plasma exiting the thruster;
this was originally taken from some early
Russian experimental data (for one particular
condition), but Quarnain "% adapted J.M.
Fife’s Hall thruster internal simulator 7 as
the generator of exit plane data, thus
allowing directly for changes in operating
parameters. .

2.2 Model for Sputtering Yield

The originial work of D. Oh included a crude
calculation of sputtering rates from silver and
glass materials on a simulated solar array.
Quarnain "% improved on the sputtering
model by allowing for yield variation with
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incidence angle, but the formulation used
was appropriate to much higher energy ions
than typically seen in Hall plumes. In this
work, we have generalized this by adopting
the full Yamamura formulation [11] for the
ratio of yield to that at normal incidence,
coupled with the so-called “third Matsunami
formula” for the energy dependence of the
yield at normal incidence (also detailed in
Ref. 11). It is encouraging in this respect
that the recently reported measurements of
Duchemin and Polk "2 for Xe on Mo (100-
1000eV) agree reasonably well with this
formulation, as well as with numerical
simulations of the sputtering process by the
TRIM code. This latter code, now widely
available on-line, is a part of the SRIM
package (Stopping Range of lons in Solids),
explained in Ref. [13]. Figures 1 and 2 show
results at the incidence of maximum yield, for
a number of materials of interest.
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One important source of uncertainty in our
calculations is the relatively poor threshold
prediction capabilities of the various existing
models. This is exemplified in Fig. 3, which
contains predictions of threshold energy E,,
(normalized by U, the sublimation energy of
the substrate) vs. the ratio M,/M, of ion to
target atomic mass. Since U, varies from 3 to
about 8 eV for likely targets, the predicted
E;, values are sent to lie between 15 and
120 eV, roughly. Unfortunately, this is also
the energy range of the charge (CEX) ions
produced near the thruster exit, and the
range of uncertainty seen in Fig. 3 implies
that our predictions may range from “no
effect of CEX ions” to perhaps substantial
effects. It is of interest that the lowest
thresholds in Fig. 3 are from the recent work
of Mantenieks, although he based these
estimates on a selective re-examination of
old data of Wehner [17] .

Formulae for Sputtenng Threshold. See text for key
T T T T
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Fig. 3 Predictions of threshold for
sputtering:

1. Matsunami (quoted by Yamamura
(1981), Ref. 14)

Yamamura et al (1980) — (Ref. 15)
Yamamura (1981) — (Ref. 14)
Mantenieks (1997) — (Ref. 16)

o

650



For our purposes, we have used the model
of curve no. 3 in Fig. 1, as recommended in
Ref. 11.

2.3 Angular Distribution of Sputtered
Material

In addition to the concern about ion impact
damage, there is also a concern about
possible deposition of sputtered debris on
sensitive surfaces surrounding a thruster.
The sputtered particles are almost totally
neutral (the ionization potential usually
exceeds the work function of the substrate),
and will propagate in straight lines from the
eroded ‘surface. It becomes therefore
important to be able to predict the angular
distribution of this debris. A detailed model
for this distribution was given by Yamamura
04, Since the original formulae appear to
contain several misprints, they are repeated
here, with corrections. The differential
sputtering yield for incident energy E and
incidence angle 9 (from the normal), for
emission in the direction (9,, ¢), is defined as
S(E, 9; 94, ¢), such that its angular integral
over (9,, ¢) gives the yield:

2n n/2
Y(E9)=["dg[ S(E9:8,.¢)sin0,d0, (1)

Here, ¢=0 is the azimuth of the incoming ion.
Yamamura’s derivation produces the result

2
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In Eq. (2), the factors preceding cos 9, are
complex functions of M,/M, and ion energy,
and are fully explained in Refs. 14 or 18. In
terms of these same factors, the total yield
corresponds to the “first Matsunami
formula”, corrected for non-normal incidence
[14] :

Y:0.042ES—"{1— /ﬁcosﬁZI (4)
U, E
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The general character of this angular
distribution is shown in Fig. 4, where the
quantity plotted is that in Eq. (2) excluding

the factors 0;.42-@9" /U,- For normal
/4

incidence, the ejecta occupy a cone of
about 50°apex angle. For 9 > 30°, the in-
plane emission concentrates about 45°,
independent of 8, with a lateral distribution
which approaches a diffuse (cos 9,) shape
as O approaches 90°. For some purposes,
especially if normal incidence is not
dominant, a crude model with emission in-
plane only, at 45° forward, appears to be
adequate.

0.20948
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Fig. 4: Angular distribution of sputtered
material for E/E,=2.

Scattering in Perpendicular Plane
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Simulation of the Effects of a Plume Shield

Previous studies have shown that Hall
thruster plumes may produce ion erosion on
solar arrays or other spacecraft surfaces.
This may be due to primary ions emitted at
relatively large angles (say, more than 20°
from centerline), or to lower energy CEX
ions, which may be deflected 90° or more
from centerline by the positive potential of
the near-beam. The usual remedy against
primary ion impingement (on surfaces
relatively far downstream) is to cant the
engine by 30° or more, with some loss of
effective thrust; no clear-cut remedy has
been proposed against CEX ions, except for
the possible use of a plume shield, i.e., a
cylindrical or conical surface coaxial with the
plume and covering its initial length. Such a
shield could also be effective in limiting the
primary ions to a smaller divergence angle,
thus allowing a smaller canting angle. Aside
from these considerations, shield design
would need to confront the issues arising
from erosion of the shield material itself,
namely, shield lifetime (related to shield
weight), and fate of the shield-sputtered
material.

We have used the 3-D version of our Hall
plume code to perform an exploratory study
of these issues. For ease of gridding, the
engine and the shield are given a square,
rather than circular cross-section. The
simulated engine is a SPT-100 (10 cm
diameter) at nominal flow and current, and
the geometry is as shown in Fig. 5. The
shield diameter is 30 cm, and three shield
lengths were simulated: 10, 20 and 30 cm.
As Fig. 5 shows, for the 20 cm shield, its lip
would be aligned with the engine's
centerline and the downstream edge of the
target surface. This surface is meant to
represent elements such as radiators or
antennae, placed relatively near the engine;
a solar panel, as simulated by D. Oh U} 2
would normally lie further downstream. Figs.
6-10 show the effect of the shield in
reducing ion impingement rates. With no
shield (Fig. 6) one can see the presence of
the two ion populations: primary ions are
seen to still impact the plate’s downstream
edge, despite its location at 36° from
centerline.
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2.31m

Solar Array

Left Shield Wall
(case of L = 0.2m)

Thruster Centerline

Shi;eld Ler;gth, L Not to scale.
Fig. 5: Sketch showing important
dimensions used in shield study

In addition, CEX ion current can also be seen
near the upstream edge (although at a lower
level). A 10 cm shield has very little effect on
these ion fluxes (Fig. 7), while the
reductions become noticeable for the 20 cm
case (Fig. 8), and drastic for a 30 cm shield
(Fig. 8, notice the change of scale). This
corresponds to the fact that the lip of a 30 cm
shield would intercept the line of sight from
the engine’s center to the plate’s edge.
Interestingly, some enhanced CEX activity
can be seen for these longer shields
(energy surveys also show higher energy for
these ions); this is related to the higher
density of neutrals in the collimated plume,
which enhances CEX production further
downstream than usual, and also to the
higher plume potentials (due to higher
plasma densities). Overall, however, the
trend is clearly to reduce plate erosion as
shield length increases (Fig. 10), except for
a very small increase in going from 0 to 10
cm.

The shield internal surfaces are, of course,
subjected to high ion impingement rates.
Fig. 11 shows computed erosion rates for
hypothetical materials placed on these
surfaces. For a more realistic material
(Molibdenum, or even Aluminum), the
erosion rate, estimated for 200 eV ions, is
about 8 times lower than for Silver, but even
so, an erosion rate of 75 u/month is
indicated on a 30 c¢cm shield. If this shield
were made in Aluminum, and designed for
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Fig. 6: Current Density on Target Surface —
Shield Length = 0.00 m

8000 hrs of operation, with a factor of 3 for
safety on its thickness, it would have a mass
of 1.9 Kg, not unreasonable in principle.

The potential for contamination due to
sputtered shield material can be judged from
Figs. 12-13. It is assumed that the shield is
built from aluminum, and the 45° debris
ejection approximation is used. Fig. 12
shows that there is significant deposition
over the downstream half of the panel when
the shield length is 10 cm. By contrast, Fig.
13 (for a 30 cm shield), shows that most of
the aluminum debris is collimated away from
the panel.

Fig. 7: Current Density on Target Surface —
Shield Length = 0.10 m

Fig. 8: Current Density on Target Surface —
Shield Length =0.20m

Fig. 9: Current Density on Target Surface —
Shield Length =0.30 m
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Fig. 10: Erosion Rate for Silver, Silicon and
Quartz on Target Surface vs. Shield Length
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Average Erosion Rate on Left Shieid Wall vs. Shield Length
T T T T
—oe—  Silver
—+—  Silicon
——  Quartz

g

g

Average Erosion Rate [microns/month]
"9
8 g

g

. 1 L L "
008 01 015 0.2 0.25 03 0.35
Shield Length (m)

Fig. 11: Erosion Rates on Left Wall of Shield

The fact that the spreading angle in this case
is less than 45° indicates that most of the
aluminum is generated deep inside the
shield, near the thruster exit plane; there
must be significant deposition occurring
towards the lip, which would attenuate the
erosion profile shown in Fig. 11.

Fig. 13: Aluminum Deposition on Target
Surface — Shield Length = 0.30 m

4. Simulation of Vacuum Tank
Operation of a Hall Thruster

The original code of Oh and Qarnain was
designed for simulations of operation in
space, and had no provision outer walls (in
fact, particles hitting any wall were simply
removed from the simulation). A provision
was added for a non-zero background
pressure, by injecting at the boundaries
neutral gas atoms selected from a Maxwellian
distribution of prescribed density and
temperature.

For interpretation of tank test data, it is
desirable to include a somewhat more
detailed description of events. This includes
the possible recirculation of plasma inside
the tank, as well as the deposition of material
sputtered by the beam from the beam stop
or other tank surfaces. To this end, we have
modified the wall boundary conditions to be
: — more realistic, although, at this time, not yet
Fig. 12: Aluminum Deposition on Target quite rigorous.
Surface — Shield Length = 0.10 m

In particular, in its present form, the code
“reflects” any incident particle, neutralizing it



if charged, and subtracting 50% of its
incoming energy. The tank wall sputtering
rate is computed at each point, and the
sputtered atoms are assumed to leave with
random directions picked from the
distribution of Egs. (2) and (3), and with 10
eV energy. They are then traced in their
straight-line flight (collisions ignored) to
wherever they intercept another surface,
where they are assumed to stick with 100%
probability. Since all ions are assumed to be
neutralized, this model still excludes the
possibility of plasma recirculation. A future
refinement will include an ion reflection
coefficient to correct for this, although
preliminary considerations tend to favor very
small values for such a coefficient.

Unfortunately, at this time the results
showing deposition of sputtered material are
only available in numerical form, due to some
difficulties with our graphical interface. This is
a short-term issue, which will be resolved
soon.

Fig. 14: Vacuum Tank Configuration.
Includes Thrust Stand and Pumping Orifice

Geometrically, the tank is modeled, using
our 3-D code, as a rectangular enclosure,
with the engine mounted on an internal
“thrust stand” surface, and with a portion of
the wall removed, to act as an ideal vacuum

pump.

Conclusions

We have extended our Hall plume modeling
capabilities by incorporating better wall
sputtering modules. A critical need exists for
both, experimental and theoretical
sputtering results in the near-threshold
region, which coincides with the charge-
exchange energy range.

2. Oh, DY,
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