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A comprehensive evaluation of erosion reduction mechanisms in Hall Effect Thrusters
with dielectric walls is performed. Two physical mechanisms: plasma density reduction at
key thruster wall positions and acceleration region displacement, are presented as the main
mechanisms which must be exploited in order to achieve reduced thruster wall erosion
rates. Initially derived through qualitative conclusions from wall sputtering models, these
mechanisms are reviewed against experimental and numerical evidence presented in the
existing literature; it is found that other reported mechanisms might be secondary to the
ones mentioned and that plasma lensing must be achieved to avoid requiring a trade-
off between erosion reduction and performance degradation in the thruster. Finally, an
in-depth theoretical study is carried out for the basis of these mechanisms, backed by
numerical simulations performed using the HallM A code.

I. Introduction

One of the main technological challenges faced by Hall Effect Thrusters (HETs) comes in the form
of an operational lifetime limitation due to erosion of the thruster channel walls due to plasma-material
interactions. Typical certification values are presently of the order of 10000h, which applies to any device
independent of its power-class and is low in comparison to other thrusters, limiting widespread use of HET
technology within the space industry.

Degradation in HETs is caused due to high energy ion impacts, responsible for sputtering of wall mate-
rials which, eventually, are fully abraded. HET walls are commonly manufactured from dielectric ceramic
materials which have low sputtering yields; however, erosion of the thruster walls eventually leads to an
exposure of the magnetic material to ion bombardment; this circumstance is generally associated with the
end of the thruster’s useful life.

The erosion phenomenon in HETs is also partly responsible for limitations to the operational voltage
(due to the need to limit the energy of impacting ions) and, as a consequence, to specific impulse (Isp). It is
also responsible for blocking attempts at miniaturizing HET technology as the effects of ion bombardment
and energy losses to the wall are more severe in smaller devices: HETs with power levels of the order of
100s of Watts are likely to fail after ~1000h of operation.?

Current development in the community is focused on a number of derived and optimized configurations
in order to deal with erosion related limitations: a number of laboratory and experimental thrusters have
based Erosion Reduction Strategies (ERS) on clever (and sometimes unintentional) modifications to magnetic
topologies and thruster geometries that retain the base principles of HETs while greatly reducing thruster
erosion: BPT-4000 (Aerojet Rocketdyne), H6MS (JPL), NASA-300MS (NASA Glenn & JPL), WL-HT
(ICARE), MIHA (Stanford University) (Section III).

These ERS have gained various technical names: Magnetic Shielding (MS), Magnetic Interference (MI),
etc.; the theoretical basis behind them has been greatly discussed, with a number of physical mechanisms
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standing as the underlying causes, or “first principles” for erosion reduction. However, careful investigation
on this matter suggests that only two main physical mechanisms are truly responsible for reduction in erosion
rates in any of the surveyed cases.

The goal of this paper is to review the existing ERS in the literature against the previously mentioned
“base” physical mechanisms for erosion reduction in HETs, and present numerical simulations which confirm
these ideas; simulations are carried out using the HallMa Hybrid-PIC code developed by Escobar & Ahedo*
on custom configurations of the SPT-100 HET. It is worth noting that reviews and proposals presented here
are focused on classical annular HETs with dielectric ceramic walls.

II. Erosion Mechanisms in HETs

A. Generalities

Erosion in the walls of EP thrusters such as HETs, TAL, HEMP of Helicon thursters implies the removal
of atoms from a solid’s surface by ion bombardment (sputtering). It is a complex and widely studied
phenomenon®~® that depends on a number of properties of the thruster being studied: wall material, magnetic
topology, operating condition, etc. Quantitatively, it is described through the wall recession rate &:®
=

Where g;,, is the ion particle flux to the wall and Y (E;,0;) is the volumetric sputtering coefficient or
sputtering yield of material, which depends on the properties of the wall material itself, the impacting ion
energy E; and the impact incidence angle 6;. Generally, the particle flux is not mono-energetic and the
above equation takes an integral form, but this rigor is not essential for the discussion here. More important
is that Y (E;, 6;) is negligible below an Energy Threshold Fy, (typically in the range 20-40eV -Ref. 3-) and
then tends to increase more or less linearly with E;. Essentially, this leaves two main paths for decreasing
the wall erosion rate: to reduce the energy of the impacting particles or to reduce the particle flux to the wall.

In HETs, ions gain energy through the plasma electric potential drop, biased by the applied discharge
potential Vy, and through the potential drop established in the sheath regions close to the walls (typically to
satisfy the null-current condition imposed by the dielectric walls). This sheath potential Vyjequ, increases
with the local electron temperature 7.° and also depends on other, more complex, events such as Secondary
Electron Emission (SEE).10

These physical effects, neglecting the influence of collisions between ions and heavy species (which have
not been taken into account for the sake of simplicity), may be summarized as:

Giw = i/ 17 & nev/Te;
E; = f(vacc);
Vacc = f{Ade V:s‘heath(Te)}§

That is, local ion flux to the wall depends on the ion (plasma) density and the ion velocity. Both ion
velocity and ion energy depend on the accumulated potential drop V.. that the ion experiences throughout
its trajectory to the wall; this takes into account the potential within the plasma bulk as well as the potential
drop developed at the sheath. Considering all of the above, we propose that the base physical mechanisms
for ERS are Plasma Density Reduction and Acceleration Region Displacement: in order to diminish the
wall recession rate due to erosion, plasma densities next to the thruster walls need to be kept low and ions
must not be subjected to large potential drops before reaching their impact points. The latter implies both
ensuring that potential gradients in the plasma do not result in heavily energetic ions colliding with the
walls, and that the high T, sheath regions do not supply additional energy to the bulk of the ion population
through high Vpeatn-

= Giw - Y (Ei, 0;) (1)

A main concern is how (and if) erosion reduction may be accomplished while retaining reasonable per-
formance values for the thruster, and what level of control we have over the separate effects. Performance
values in HETs are described through the total efficiency equation (Eq. (2)1!):

T2
~ 2, Py

n (2)
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However, a "partial efficiency"” or "phenomenological" approach may be preferred in order to understand
which physical mechanisms are affected by a particular change (Section V, Eq. (11) & (12)).

B. Sputtering Yield Empirical Models

The lack of easily accessible data on sputtering yields for typical HET wall materials for ion impacts with
energies typical of the bulk ion population in HETs has favored the use of theoretical based analytical
formulas which are fine tuned using available data. Such theoretical models were proposed by Yamamura
and Tawara;> % they consist on a “Normal Sputtering Yield” Y,,, calculated for mono-energetic ion beam
abrasion, and an adjusted “Angular Sputtering Yield” Yy which factors the effects of impacts at an angle.
Cheng and Martinez-Sanchez® found a “best-fit” for the Normal Yield and Angular Yield expressions
based on the data by Yalin” for the BN wall material used in the BHT-200 HET (BUSEK Space Propulsion
Systems); these models have proven to offer good prediction of erosion effects3! and are used in the simulation

results presented in Section V:
2.5
AF0-474 Eqn
YolB) = T pEos (1 VE ®)

Where A and B are experimentally adjusted coefficients that depend on the Energy Threshold FE;j, below
which sputtering is negligible; for a Ey,—30eV, A = 3.20828 - 10~* and B = —0.139106.

Y(Yn7E791) = Yn . }/0 = Y;L . COS_F(Qi) : eG (4)

F:f(1+2.5135%); G=—2<ﬁ(ai>_1)

Where f = 5.97563, a = —3.63786 and ¥ = 1.41355. The exactness of the theoretical model against
experimental data may be found in Ref. 8.
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Figure 1. Fitted curves for Normal and Angular Sputtering Yields (E;;, = 30eV)

It is worth noting that FEjj, is responsible for the lack of erosion typically seen on the back region of annular
HETs (close to the propellant feed); its effect over the sputtering yield somewhat modifies the understanding
of ERS based on reducing the particle flux to the wall, as this is only required in regions where ions have
attained energies higher than Fy, (typically, closer to the thruster exit).

III. Experimental and Theoretical Evidence for Erosion Reduction Strategies

This Section reviews the physical mechanisms and performances of various relevant examples of exper-
imental and theoretical evidence which might be found in the literature on HET erosion reduction. The
concepts introduced here are further discussed in Sections V and VI.
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A. BPT-4000

Aerojet’s BPT-4000 (now XR-5), as reported by deGrys,!! showed no measurable signs of erosion on the
insulator ring (i.e., the thruster channel walls) between 6,700 and 10,400 operation hours during qualification
testing of the thruster.

This test revealed that there were yet unexplored design opportunities to greatly reduce HET erosion;
because of the nature of the test, it was clear that a fortunate combination of the magnetic topology and
the End Of Life (EOL) channel geometry were responsible for the “zero erosion” state.

The physical mechanisms behind this achievement were reviewed by Mikellides et al.:'2 the term Magnetic
Shielding (MS) was coined to refer to the combination of local magnetic topology, sheath physics and two-
dimensional plasma potential distribution effects leading to the reduction of erosion (refer to Section IIL.C
for further examples of MS).

The discussion on MS is centered on which magnetic field lines “graze” the walls of the thruster. Indeed,
a typical assumption in HETs, due to the high anisotropy imposed by the confining magnetic field, is that
magnetic field lines are isothermal on T; i.e., in the direction parallel (]|) to the magnetic field:

VT, =0 (5)

This isothermality leads to a “reduced” expression for the electron momentum equation along magnetic
field lines known as the Maxwell-Boltzmann equilibrium law or “thermalized potential relation”:

6= bu+ Tuo-tn () ©
Te,0

Where n. o, T¢,o (the isothermal magnetic field line temperature) and ¢, (the thermalized potential) are
constants for each magnetic field line.

The MS theory proposes that as long as the magnetic field lines reaching or grazing the thruster walls have
sufficiently low T, the potential drop along them will be negligible, thus impeding the ions from acquiring
significant energies before reaching the walls. In addition, low T field lines have the advantage of providing
sheaths with reduced potential falls to the wall, further diminishing the total ion impact energy.

In the case of the BPT-4000, the conclusion reached was that the EOL configuration “revealed” a mag-
netic topology which led to low temperature lines reaching the exit of the thruster channel, the consequences
being the reduction of both ion energy and ion fluxes to the walls and reduced erosion.

In order to discuss if MS theory is sufficient to justify erosion reduction, we would like to focus on the
simulation results shown in Ref. 12 (specifically on the figures presenting the axilsymmetric plasma pro-
files*), which compare the simulated plasma discharge profiles for two geometries of the thruster channel:
one which takes into account the erosion produced after 1200hrs of operation, and one which represents the
steady-state (EOL) “zero erosion” configuration: these results showcase the downstream displacement of the
acceleration region (marked by the zone with large V@) in regards to the thruster geometry and on the
reduction of plasma density along the chamfered region.

To conclude, some performance data may be extracted from Ref. 11; for the 300V discharge potential
(V) configuration there is an initial reduction of ~4% in thrust during the first ~1500hrs of operation (which
coincides with the harshest erosion regime in the operation of the thruster). Because no data is shown in
regards to variations in discharge current, the discharge electric power ( Py) is assumed to remain constant
through operation. Using Eq. (2), we estimate that the thruster experienced at least a 7.4% degradation in
performance due to effects related to erosion in the thruster walls, as we expect (based on our own results
shown in Section V.B.2) that the discharge power would have likely increased.

B. WL-HT & MIHA

The Wall-Less Hall Thruster (WL-HT) developed by Mazouffre'? and the linear HET Magnetic Interference
Hall Accelerator (MTHA) developed by Thomas'# are two widely different HETs which, incidentally, utilize

2Fig. 13 in Ref. 12
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the same approach towards erosion reduction in the thruster walls: to shift the acceleration, and possibly
ionization, regions outside of the thruster channel.

A self-localized electric field (biased by the imposed discharge potential) exists in the plasma to accelerate
the ion population; the position of the acceleration region will be determined by complex interdependencies
given by the governing physical mechanisms, however, it is sufficient to know that the magnetic topology
and, specifically, the relative location of the magnetic field intensity peak, will play a predominant role.

In the WL-HT, the positioning of the electric potential drop is determined by both the magnetic field
peaking, and the anode being located (through a conducting ring with the biased anode potential), at the
thruster exit. In the MIHA, the electric potential drop is tuned through two distinct anode positions and
various configurations of magnetic field coils. Erosion results for both thrusters are not shown, but con-
cluding comments indicate that reduction in erosion rates is expected for both cases due to the shift in the
electric potential drop. Additionally, it is implied that this strategy may open up a design opportunity for
shortening the thruster channel length.

Performance wise, Mazouffre points out the deteriorated performances of the WL-HT vs. the un-modified
version of the thruster. Some relevant information on performance degradation might be extracted from Ref.
13: for V4 = 200V and rh, = lmg/s case, there is an increase in discharge current from 0.89A4 to 1.054
when going from the un-modified thruster to the WL version; additionally, if we take the most probable ion
velocity as an indicator for the thruster Specific Impulse (I,), we gather that the I, drops from 15200m/s
to 13510m/s (the ratio between the two may be translated directly to a thrust loss ratio, as I, = mlp)

Again, utilizing Eq. (2) we obtain that the thruster experienced an estimated ~33% degradation in
performance when the WL modifications were in place. In the case of the MIHA literature, no performance
indicators are offered, although comparison to a conventional annular HET might have proven difficult due

to its linear configuration.

C. MS thrusters: H6MS, NASA300-MS, MaSMi

High specific impulse and high efficiency HETs have been typically tied to higher Discharge Voltages and a
magnetic topology which favors a plasma lensing effect, as concluded by Hofer.'> Of course, higher I, & V;
devices will produce more energetic ion populations which, in turn, require careful consideration of erosion in
the thruster. The H6MS,'S the NASA300-MS'” and the MaSMi? are examples by NASA and JPL of highly
efficient thrusters which are aided by the reduction of erosion through the MS ERS.

The best description of the MS physical effect is given by Mikellides;'® MS thrusters consist of a channel
which ends in a chamfered region and a magnetic topology that produces magnetic field lines that are concave
in the axial direction (Fig. 2). The magnetic field lines “graze” the thruster walls and, additionally, define a

“magnetic lens”.!?

MS configuration

Figure 2. MS configuration by Mikellides et al.'® (left); typical (un-shielded) configuration in HETs -SPT-100-
(right)

MS is based, as per Eq. (5) and (6), on the isothermality of magnetic field lines and on the possibility
of them being nearly isopotential under certain conditions: low variation of plasma density along the line
and/or low T, in the line. In the H6MS and the NASA-300MS, the magnetic topology and plasma profile are
such that the electric field parallel to the lines (E = V| ¢ ~ 0) is small for most part of the discharge and

the electric field generated is mostly perpendicular (|ﬁ\ ~ FE) to the lines; because of the concave nature
of the lines, this favored F/, directs ions away from the walls of the thruster channel.
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It is worth noting that, whatever the magnetic topology, the immediate area next to the wall can never
present the electric field configuration shown in Fig. 2(left) due to the Bohm ion-kinetic condition and the
sheath potential drop, which implies ions being accelerated toward the walls.

Additionally, the concave magnetic field lines allow for the plasma lensing effect to be achieved: re-
portedly, this is one the reasons behind the high efficiency regimes in these thrusters, as the magnetic lens
generates a highly collimated ion beam.

The MS configuration is responsible for the erosion reduction: experimental and simulation results show
that the MS versions of the H6 and NASA-300 thrusters attain a reduction of ~8 orders of magnitude in
erosion rates as compared to the “un-shielded” (US) versions (for accumulated testing times of ~100hrs).

Changes on the plasma discharge profiles due to the MS ERS (results shown in Ref. 17 and Ref. 18)" and
Fig. 2 in Ref. 18) are the, now familiar, displacement of the acceleration region with regards to the thruster
geometry is present in the simulation results of both the H6MS and the NASA-300MS. Additionally, the
NASA-300MS reuslts show that the magnetic field intensity peak has been shifted downstream (presumably
dragging the acceleration region with it); a similar conclusion may be drawn from the results shown for T, in
the H6MS, as the peak in electron temperature (which is generally located in close proximity of the magnetic
field peak) is also shifted downstream.

Finally, performance wise, both thrusters distance themselves from other devices reviewed here: efficien-
cies in the MS thrusters are consistently >60% (reaching values as high as 70%). Moreover, the introduction
of the MS topology and geometry has very little effect over the performance of both devices: in the NASA-
300MS the performance degradation is of the order of 4% as compared to the US NASA-300; for the H6MS
the performance loss is of the order of 3% compared to the US H6 (according to data presented by Snyder?2#)

It is worth noting that the channel length in the NASA-300MS was shortened with no appreciable changes
in the thruster performances;'” this suggests that an additional improvement over thruster weight economy
might, be gained from the physical effects discussed here.

IV. Base Erosion Reduction Mechanisms

A. Density reduction at key thruster wall positions

Eq. (1) and the physical relations for HETs shown in Section II.A show that reducing the plasma (ion)
density n; . is desirable in order to achieve a reduction in erosion. For a typical anular HET, the plasma
density may be easily altered by changing the cross section of the thruster (~ height x diameter):

(]

At typical propellant utilization efficiencies in HETs, the ; is relatively fixed and thus, Eq. (7), shows
how the cross section may be used to alter plasma density. However, scaling methodologies for HETs pro-
posed in the literature (Misuri,?° Dannenmayer,?!2?2 Ahedo??) indicate that a critical propellant (neutral)
density is required for correct operation of the thruster; this density will also be affected by changes in the
cross section. In order to avoid altering the operation of the thruster while attempting to reduce erosion,
we may consider the effects of the Fyj, in the sputtering yield: it is not necessary to reduce plasma density
throughout the thruster, but only in those regions where high energy ions might impact the walls. In a
conventional HET configuration, these regions are the thruster channel exits, where a chamfer in the geom-
etry (such as the one presented in the HGMS, the NASA-300MS and even in the BPT-4000) allows for local
plasma density reduction and, thus, a reduction in the erosion rate; this is corroborated by the simulation
results presented in Section V.B.2.

An additional argument is that, as in the WL-HT configuration, chamfering of the thruster walls might
not be required as a means to achieve erosion reduction if the bulk electric potential drop is situated strictly
outside of the thruster channel (as suggested by the simulation results presented in Section V.B.3).

bFig. 3 and 4 in Ref. 17
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B. Acceleration region displacement

As can be implied from previous arguments, the displacement of the acceleration region downstream from
the thruster exit must constitute a reason for erosion rate reduction in the thruster, as ions will not attain
enough energy to cause damage to the ceramic walls until after they have cleared the thruster channel.

It is understood that the design of the magnetic topology is paramount in locating the acceleration re-
gion; its position is generally associated with areas of high electron resistivity in the plasma discharge. This
being said, the exact location of this region is difficult to predict without recurring to numerical simulations
and/or experimental set-ups; more so because it will greatly depend on the operational parameters of the
discharge.

Modeling of the electron population in the plasma discharge of HETs is typically done under the assump-
tion that it is a Maxwellian fluid of a highly anisotropic nature (caused by magnetic confinement). The fluid
description follows a “perturbed 1D” model which is described in detail by Escobar in Ref. 4; the system of
equations is solved for the evolution of the electron temperature T, the thermalized potential ¢y from Eq.
(6) and the total electron current I, crossing the magnetic field lines on its way from cathode to anode.

The acceleration region is self-localized by the plasma based mainly on the local confinement, in which
the magnetic field, the electron density and temperature, and other effects related to electron transport (such
as instabilities in the plasma), play a role. Typically, the region with the highest gradient of ¢y determines
the acceleration region and is established closely to the magnetic field intensity peak, which generally also
coincides with the peak T, region.

Modifying the magnetic topology of the thruster will have a direct effect over the location of the ac-
celeration region; it is in these cases where HET plasma discharge simulations become valuable to explore
optimization and configuration opportunities in conventional thrusters. Indeed, in a conventional HET, due
to the magnetic circuit design, the peak magnetic field is inside the thruster channel or very near its exit; the
resulting electric field guarantees that high-energy ions will impact the channel wall, limiting the operational
life of the thruster. This may help to understand why the magnetic topology utilized in thrusters such as
the MIHA or the HGMS and NASA-300MS favors an external acceleration region.

C. Further discussion
1. Discussion on Magnetic Shielding “grazing line” theory

The use of the “grazing line” theory in a plasma which presents isothermality and quasi-isopotential magnetic
field lines is used as a physical basis for the MS ERS. The theory implies that the £ in the concave magnetic
field is dominant and reduces the ion impact energy to the walls.

In oder to understand whether this is the main effect for erosion reduction, we perform a simple qualitative
analysis on the opposite problem: an “un-shielded” configuration; let us take the results from the magnetically
un-shielded SPT-100 configuration, from the simulations presented in Section V.B.1, as a representative case
(Fig. 3).

0.055 ¢) (V) gﬁg 30 - Sheath Potential Drop @ Inner wall
I 210.8 — — — — Sheath Potential Drop @ Outer wall
204 .4
- 198 ; I
0.05 Ap~20V 1916 = 25F
e 1852 &
178.8 6
172.4 B
0.045 166 s 20
T center-line 1596 2
Z . 1563.2 K] -
146.8 o I
0.04 1404 o 15
134 £ i
+ 1276 o -
5]
B 1212
0.035 114z ® 10 -
108.4 L
102 /
I 95.6
003f oy 89.2 5E, L Lo b -
0015 002 0025 0.03 0035 828 0 0.01 0.02 003 0.04 0.05 0.06
Z(m) 764 Length along wall (m)

Figure 3. Detail of radial Electric Potential drop @ thruster exit in Base simulation, zebra striped for clarifi-
cation (left); Sheath potential drop established at the walls (right)
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For the V; = 300V discharge, the radial bulk potential drop within the thruster channel region is of the
order of ~20V and the sheath potential drop accounts for an additional ~20V, this means that the radial
(or normal-to-the-wall) ion energy must be of the order of 40eV (a similar value to the FE;, -Ref. 3-). In
comparison, a typical value for ion axial energies under the given discharge potential would be of the order
of ~100eV (as the discharge potential only translates partially into the final ion kinetic energy due to the
various loss mechanisms).

We can conclude that, without the bulk potential drop occurring before the impact (within the channel),
ions would barely cross the sputtering threshold FE;,. We propose that this is also the case in the “MS
configuration” the erosion reduction effect may be explained through the acceleration region displacement
and density reduction mechanisms, of which experimental and numerical evidence has already been given in
Section III.C.

2. Clarification on magnetic lensing

The main challenge presented by ERS is to reduce erosion rates in HETs without affecting performances
and/or operation in the thruster. This is evidenced by the experimental results for the WL-HT or the BPT-
4000, in which thruster efficiency takes a toll in exchange for longer thruster operational lifetimes allowed by
reduced erosion; similar results in terms of performance degradation may be found in the simulation results
presented in Section V. An exception to this would be the results shown for the MS thrusters (Section I111.C),
in which consistently high efficiencies are obtained with little-to-none performance degradation caused by
changes in the magnetic topology between the US and the MS versions. Hofer!® ties these effects to a favor-
able scaling of thruster efficiencies with increasing Discharge Voltages and to the magnetic lensing topology.

Plasma lensing is considered paramount in retaining acceptable efficiency values once the acceleration
region has been shifted downstream from the thruster channel exit. This requirement may be understood
by comparing simulation results for the H6MS and the NASA-300MS to our own simulation results for a
custom SPT-100 configuration (Fig. 7 and 9): in our custom configuration, the electric field shows high
radial curvature and a “fanned out” topology in both Sections V.B.2 and V.B.3, which in turn is partly
responsible for a reduction in overall performance due to plume divergence (lower 7piyme, refer to Eq. (12)).

Comparison of both results also leads to a secondary conclusion: considering the Maxwell-Boltzmann
relation (Eq. (6)), because the bulk electric potential drop is established in the vicinity of the peak tem-
perature region, the plasma lensing, which depends on the electric field “following” the concave magnetic
field (i.e., having quasi-isopotential lines), can only occur if the density parallel gradients in such a region
are sufficiently small. This means that an external acceleration region also favors magnetic lensing, as the
density gradients are typically smaller downstream from the ionization region (which is generally near the
back of the thruster channel).

V. HET Modeling and Simulation Results

In order to complete the evaluation on ERS, a number of simulations have been carried out with the inten-
tion of showcasing the two main erosion reduction mechanisms proposed: density reduction and acceleration
region displacement. The simulations have been performed using the HallMA code on the SPT-100 magnetic
topology; thruster geometry and magnetic field intensity have been customized in order to understand both
strategies separately. Wall recession rates are obtained as described in Section IT.A.

A. HallMA simulation code and models

The HallMA code (Ahedo & Escobar?) is a recent iteration in the development of hybrid -particle/fluid-
HET simulation codes that was started by Fife?® with the well known HPHall, and continued with HPHall-2
(based on the work by Parra & Ahedo?% 29). Specifically, HallMA integrates the “perturbed” 1D axilsymmet-
ric fluid model for electrons (described in Section IV.B) under a quasi-neutral plasma approximation, with a
detailed treatment of plasma-wall interaction through the sheath’s physics, both for dielectric and metallic
walls. It retains the particle approach to the heavy species while reducing numerical noise and statistical
fluctuations through a series of well-proven strategies.
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A limitation appears in HallMA because of the lack of theoretical modeling behind certain phenomena
in HETs: non-local, non-classical, electron transport along magnetic field lines, plasma turbulent transport,
plasma instabilities, etc. This inconsistency is solved in the electron model through a phenomenological
approach towards electron perpendicular transport by utilizing the effective electron collision frequency v} :

Ve & (Ven + Vwall) + QturbWe,e (8)

Where we can define the terms as:

Ven Electron collision frequency with neutral atoms (collisions with ions are typically negligible)
responsible for cross-magnetic-field transport in “classical” terms

Vwall Wall transport coefficient appearing due to the existence of plasma-wall interaction (namely due
to unmagnetized secondary electrons and diffusively backscattered primary electrons)

Cpurb Turbulence parameter: a relative measure of plasma turbulent transport, which is scaled to the
electron cyclotron frequency (we,e).

In principle, ay-» can be considered to englobe the effects of azimuthal instabilities in the plasma which
give rise to a non-null forcing term in the electron momentum equation, contributing to electron transport.
Typical values in the literature are the classical Bohm value of ay,,, ~ 1/16 or values proposed by Fife? and
Ahedo®® of agyry, ~ 1/100; effectively, gy, is an additional degree of freedom in our problem which we adjust
to fit simulations to experimental results. The influence of v} appears through the effective Hall parameter,
which is a fundamental part of the electron transport equations:

gr =8 (9)

mel/}

*

The magnetic field affects the discharge only through the effective Hall parameter 3}; this may be com-
pared to a “classical” Hall parameter, (3., = mef , which only takes into account the collisional transport.
Turbulent transport may be then understood to atfect the effective confinement of the magnetic field, repre-

sented by an effective magnetic field intensity B*, which may be proven to satisfy:

eB eB* B* 1

(10)

mel/g meﬁen B 1+ aturbﬁen

That is, an electron population with turbulent transport modes and a magnetic field intensity B is

subjected to magnetic confinement in the same way as one in which only collisional transport modes are

considered but is magnetized by a field of intensity B*; while ay,, is a parameter inputted by the user

in the simulation, (., actually depends on the simulation results through the collisional frequency v, =
Ven (N, Ne, Te). This concept of effective magnetic field will be of use in Section V.B.

B. Simulation results
1. Base SPT-100 configuration

A base SPT-100 magnetic topology and thruster geometry has been simulated with the intent of acting as
a reference for the simulations showcasing ERS, also presented in this section. Moreover, the simulation
was used for adjusting the turbulent transport parameter oy, to achieve results which are comparable to
experimental results for the SPT-100, specifically to those published by Sankovic. 2

The SPT-100 is characterized by a straight thruster channel and a magnetic field topology that is mainly
radial and peaks in intensity near the channel exit; the simulation domain, as well as the field topology and
intensity are shown in Fig. 4.
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Magnetic Field line topology (right)

A parametric search on the turbulent parameter space and previous experience of typical in-simulation
values allow us to obtain reasonably well adjusted results for the base simulation; Table 1 compares thruster
performance values and efficiencies for the simulated case and the experimental values given by Sankovic.

Simulation (Base) | Experimental | A(%)
Va(V) 300 299 ~
I4(A) 42 45 6.6
Pa(W) 1262 1350 6.6
prop(™9/5) 5 5.18 36
T(mN) 78 82.7 5.6
Ip(s) 1570 1550 +1.3
nr 0.48 0.46 132
Nplume 0.91 - -
e 0.79 - ]
e 0.78 - -
o 0.77 - -

Table 1. Base Simulation results vs. Experimental values
The performances shown here attend to a phenomenological thruster performance model:

Nt = NoMplumeTcullq (11)

Where the partial efficiencies are defined as:

(12)

2 . .
e = o ) Vo i) i) () s
ptume <v12>soo sy mprop s Heurr Pd ) Hv Vd i <Id,i>soo

Soo represents an area well downstream from the thruster. The dependency of the turbulence parameter
aurp(z) with the axial coordinate (Z) is shown in Fig. 5, which also showcases the various magnetic fields
to take into account when analyzing the simulations: the magnetic field line along the center-line of the
thruster, the mean magnetic field strenght averaged over the field lines and the “Effective Magnetic Field”
intensity, as defined by the relation presented in Eq. (10). The averaged magnetic field is more consistent
with the actual confinement experienced by electrons, as the 1D model equations take average values over
each field line; this concept is important to explain why “portions of the magnetic field, buried into the
dielectric material in the BOL design of the thruster” © can induce changes in the plasma when the material
is eroded. Additionally, it is clear from this figure that the turbulent transport is the dominating term
throughout the discharge.

¢Quoted from Ref. 12
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The base plasma profiles and wall recession rates are presented in comparison to other simulations over the
following sections. Erosion statistics are given in Table 2; it is clear that erosion rates are highly aggressive;
projecting these rates throughout a typical thruster lifetime of 10,000 hrs, the total abrasion would amount to
~ 100mm of wall material at the thruster exit. The two channel walls experience slightly different recession
rates; this is due to slight asymmetries in the plasma profiles with regards to the center-line.

Base Simulation
Peak Erosion - inner (mm/100n) 0.664
Average Erosion - inner (mm/100h) 0.103
Peak Erosion - outer (mm/100n) 1.05
Average Erosion - outer (mm/100h) 0.149

Table 2. Summary on Base simulation erosion results (peak and average values)

2. Chamfered Geometry configuration: Plasma Density Reduction

The effect of denisty on erosion reduction in HET simulations is shown here. For this, the baseline magnetic
field topology from the SPT-100 is kept, but the thruster geometry is modified to accomodate a chamfered
region corresponding to the erosion peak as shown in Fig. 8. Incidentally, this configuration is reminiscent
of the BPT-4000 EOL geometry and will indeed exhibit a reduction in wall recession rates.

The axial profile for the turbulence parameter has also been obtained from the base simulation (shown in
Fig. 5), lacking a better approach towards determining it; the chamfered thruster geometry, magnetic field
intensity and characteristic magnetic fields are shown in Fig. 6: it is evidenced by the averaged magnetic
field that the chamfered geometry reveals a region of the magnetic topology which is closer to the magnetic
poles and thus counts with a higher field intensity.
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The performance results obtained from this simulation are shown in comparison to the base case in Table
3. The most obvious contrast is the general drop in the thruster’s performance; the reduction in thrust is
comparable to the one experienced by the BPT-4000 (refer to Section ITI.A) and is quite possibly directly tied
to a higher plume divergence (lower 7pyme). Additionally, the thruster establishes an increased discharge
current to operate, which is mainly an electron current (explaining the drop in 7.y.); this leads to a larger
discharge power, which, together with the reduced thrust takes a large toll on the overall performance.

Chamfered geom. sim. | Base sim. A(%)
Va(V) 300 300 ~
I (1o:) (A) 4.54 (3.33) 42 (3.30) | +8.1 (+0.9)
Pay(W) 1362 1262 +8.1
igrop (795 5 5 ~
T(mN) 70.7 78 9.3
Iy (s) 1496 1570 -4.7
nr 0.37 0.48 23
Nplume 0.85 0.91 -6.6
My 0.76 0.79 -3.8
e 0.73 0.78 6.4
T 0.75 0.77 2.6

Table 3. Chamfered geometry simulation results vs. Base simulation results

The plasma profiles in the chamfered geometry are shown in Fig. 7, with 1D averages presented in
comparison to the Base configuration results.

The most evident change is the much larger T, peak, which mainly affects the plasma density n. in the
channel through the ionization rate. The wall densities at the chamfered region (circled region in the figure)
experience a large drop: it is mainly due to this density drop, together with the the minor shift in the
location of the bulk electric potential drop (as shown in the figure), that the reduction in erosion is achieved.
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Quantitatively, the results on erosion reduction are presented in Fig. 8 and in Table 4. The change in
the thruster’s geometry has had a clear effect over the erosion experienced by the walls: while the reduction
in wall recession rates by ~ 5 times still far from the 3 orders of magnitude reported in the HGMS and the
NASA-300MS (Section ITI.C), these results cement the idea that an ERS based on plasma density reduction
at the thruster exit is an effective strategy and also shed light on why the BPT-4000 experienced its “zero
erosion state”.

The expected reduction in erosion might be valuable from a design point of view if we consider a trade-off
between the performance reduction and the total throughput of the thruster (the total amount of momen-
tum expelled by the thruster through its operational lifetime). Indeed, these results would imply that the
operational life-time of the thruster (if we assume that the erosion rate is maintained throughout operation)
may be extended by ~ 5 times, which, allowing for the thruster decay and the additional required propellant
mass, would report an increase in the total throughput of ~ 450%; this is done at the cost of an increase in
discharge power of ~ 8% in comparison to the Base SPT-100 which must be put in perspective of the total
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Chamfered config. Sim. | Base Sim. | A(%)
Peak Erosion - inner (mm/100n) 0.145 0.664 -78
Average Erosion - inner (mm/100h) 0.018 0.103 -81
Peak Erosion - outer (™m/100h) 0.198 1.05 -82
Average Erosion - outer (mm/100n) 0.021 0.149 -86

Table 4. Summary on Chamfered config. simulation erosion results (peak and average values)

3. Theoretical exercise on alternate Magnetic Configuration: Acceleration region displacement

It has been made evident throughout this manuscript, that the magnetic topology in HETs is very much
responsible for the resulting profiles of the plasma discharge. While modifying the base SPT-100 magnetic
topology is outside of the scope of this paper, a theoretical exercise oriented towards shifting the location of

the acceleration region is performed.
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Indeed, control over a multiplying factor for the magnetic field intensity and the turbulence parameter
allows changing the effective magnetic field in the simulation, in turn altering the plasma profiles. For this
section, the base thruster geometry is retained and the magnetic field intensity in the simulated domain
is uniformly increased by 20%; the turbulence parameter is modified as shown in Fig. 9 (the resulting
characteristic magnetic fields in the simulation are also shown in this figure).
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Figure 9. Alt. Magnetic config: Magnetic Field Intensity in simulation (left); Turbulence Parameter in
simulation (middle); Average, Center-line and Effective magnetic fields (right)

The effects of this altered magnetic configuration are best understood from the perspective of the effective
magnetic field, as a sort of magnetic screening of the interior region of the thruster. The authors are aware
that the results shown here might not be physically achievable, which is why we consider this to be a more
theoretical exercise; however, these results may serve as indication for the effects of shifting the acceleration

region downstream in the thruster over performances and plasma profiles, as evidenced in Table 5 and Fig.
10.

Alt. Magnetic config. sim. | Base sim. A (%)
Va(V) 300 300 ~
Iy (In) (A) 5.15 (3.32) 42 (3.30) | +22.6 (+0.6)
Pa(W) 1566 1262 +22.6
Tprop (™9/s) 5 5 ~
T(mN) 75.3 78 -3.4
Isp(s) 1474 1570 -6.1
nr 0.36 0.48 -25.5
Nplume 0.80 0.91 -12.1
N, 0.78 0.79 -1.2
Ne 0.64 0.78 -17.9
Ny 0.79 0.77 +2.6

Table 5. Alternate Magnetic config. simulation results vs. Base simulation results
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Figure 10. Alt. Magnetic config.: 2D Plasma profiles in simulation (left) and 1D averages (right). Electric
Potential (top); Electron Temperature (middle); Electron Density & Ion Velocity field (bottom). 1D profiles
are shown in comparison to base-line simulation

The combination of increased magnetic field intensity and the magnetic screening of the back of the
thruster produces a distinct T, profile and the displacement of the acceleration region so that it is mostly
external to the thruster; the electron density now showcases a double peak, which revels a secondary ion-
ization region at the thruster exit (undoubtedly because due to the influence of the higher peak electron
temperature). Again, the thruster efficiency is reduced due to the lower 7pyme (plume divergence is increased
because of the “fanned-out” profile of the bulk potential drop, heavily influenced by the high magnetic field
curvature of the region) and lower 7)., (larger electron current required to sustain de discharge); although,
the acceleration process is slightly more efficient, as understood from a larger 7. (possibly due to lower
ion energy losses in the thruster, a consequence of reduced erosion). It is worth noting that the performance
loss in the simulation is comparable to the one experienced by the WL-HT (refer to Section I111.B) where an
external acceleration region is also enforced.

Wall recession rates are shown in Fig. 11 and Table 5; the results coincide with what is expected given our
discussion in Section IV: erosion rates are reduced when the ions are accelerated externally to the thruster,
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more or less independently of the radial and sheath potential drops within the thruster.
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Chamfered config. Sim. | Base Sim. | A(%)
Peak Erosion - inner (mm/100n) 0.199 0.664 -70
Average Erosion - inner (mm/100h) 0.03 0.103 -70
Peak Erosion - outer (mm/100h) 0.311 1.05 -71
Average Erosion - outer (mm/100n) 0.0421 0.149 -72

Table 6. Summary on Alt. Magnetic config. simulation erosion results (peak and average values)

This theoretical exercise has allowed us to test the possibility of altering the magnetic configuration of the
SPT-100 in order to determine that an ERS based on acceleration region displacement is indeed and effective
strategy. While the particular configuration imposed might not be easily achievable through a combination
of coils in the magnetic circuit, our approach for using the turbulence parameter and the magnetic field
intensity factor in order to modify the effective magnetic topology could prove to be a “quick research tool”
for exploring optimization opportunities in the magnetic topology; e.g., in this case, the same effect could be
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attained though a magnetic circuit oriented towards increasing the magnetic intensity peak and screening
the thruster channel region.

Finally, the authors would like to add that simulations were carried out for this altered magnetic config-
uration and a thruster channel shortened by 1/5 of its length with no discernible effects over the discharge
profiles or wall recession results; this is in line with results for the NASA-300MS.

VI. Conclusions

The on-going discussion regarding the physical mechanisms behind the reduction of erosion rates in HETs
has been tackled on a “first principles” basis. Careful review of the theoretical ion bombardment erosion
models reveals that only two base mechanisms may exist in reducing erosion: the reduction of ion particle
flux to the wall (which may be achieved through a localized reduction of the ion density) and the reduction of
the accumulated ion energy before impact (which is achieved by shifting the acceleration region downstream
from the thruster).

These base mechanisms are reviewed against the existing literature for HETs, finding that indeed these
mechanisms are at play in thrusters in which a reduction of the wall recession rates has been achieved; other
proposed mechanisms are either secondary or not “first principles”. Magnetic lensing, or Plasma lensing,
appeared in the literature as a means to attain high thrust efficiencies when combined with the erosion
reduction mechanisms; although it is not strictly necessary for erosion reduction.

Modification of the thruster geometry (by chamfering the annulus exit) and of the magnetic topology in
the thruster (oriented toward the shifting of the magnetic field intensity peak downstream from the thruster
exit) appear as the natural steps to reduce the wall recession rates. These strategies have been reviewed from
a theoretical stand-point and simulations have been carried out to confirm that they are effective in reducing
thruster erosion; the simulations are in agreement with what was expected by the authors and with experi-
mental results found in the literature. Furthermore, it was confirmed that if a magnetic lensing topology is
not present, thruster design will have to trade-off operational lifetime against thruster performance; we assert
that, perhaps, this trade-off will be viewed from the perspective of the total throughput capability of the
thruster. Additionally, we will also suggest that magnetic lensing topologies lead to narrower acceleration
regions (i.e., electric potential drops confined to smaller axial distances) and that this has a positive effect
over the efficiency through the partial voltage utilization efficiency.

The intention of the authors is that these base erosion reduction mechanisms may be used as a starting
point for future scaling strategies in HET design. Additional work to be carried out would tackle the redesign
of the magnetic topology in a theoretical thruster with the intention of achieving a magnetic lensing, erosion
reducing, arrangement, and exploring the design and operational space opened by this configuration.

The efficiency peak for HETs has still not been reached, and it is precisely the achievement of consistent
Erosion Reduction Strategies which will allow us to explore the high Discharge Voltage, high Isp and high
efficiency operational regimes without compromising thruster operational lifetimes.
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