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The ion velocity distribution functions in the near-wall region of a 9-kW
magnetically shielded Hall thruster, the H9, and a 33-kW two-channel mag-
netically shielded Hall thruster, the N30, are experimentally characterized
as a function of local neutral density to assess changes to ion trajectories
and high energy tails. Velocity measurements are performed using laser-
induced fluorescence for the H9 operating at 300 V and 15 A at 4.6 and
15.8 pTorr-Xe and the N30 inner channel operating at 300 V and 15 A
with and without the outer channel nominal flow. Mean ion velocity mea-
surements along the channel centerline show that the main acceleration
region is downstream of the exit plane of these Hall thrusters and that
as the local neutral density increases, the acceleration region shifts up-
stream. This is consistent with previous studies on magnetically-shielded
Hall thrusters. Ion velocity measurements along the H9 chamfers show
that while the mean ion trajectories in the near-wall region do not change
appreciably with changing neutral density, the high energy tail towards the
wall does increase at high pressure, likely yielding a higher erosion rate.
The N30, on the other hand, demonstrates no increase in the high-energy
tail of the energy distribution. Both results suggest that a grazing line
electron temperature of 7 eV would protect the walls from erosion. It is
argued that this condition is satisfied for both systems. Combined, these
results indicate that neutral density impacts are minimal on the magnetic
shielding of Hall thrusters.
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Nomenclature

e = Elementary charge

E = Electric field

E = Secondary electron emission crossover energy
f(u) = Ion velocity distribution function
k = Boltzmann’s constant

L = Length scale

m = Mass

Te = Electron density

r = Radial position

T = Electron temperature

U = lon velocity

= Axial position

Ye = Secondary electron emission yield
10} = Plasma potential
o = Effective yield at zero energy

I. Introduction

Agnetic shielding has effectively eliminated the historical main failure mechanism for Hall thrusters,

discharge chamber erosion. ™" The technology works by exploiting the isothermality of magnetic
field lines in the thruster. By shaping the magnetic field such that the field lines adjacent to the
wall reach into the near anode region, “cold” electrons extend along the entirety of the discharge
chamber walls. At this low temperature, the field lines are approximately equipotential, resulting in
high plasma potential along the grazing field line, comparable to the anode potential. This potential
structure results in near-wall ions with low kinetic energy and a low sheath potential drop from the
grazing line to the wall. Combined, these two effects lower the impact energy of ions to the wall to
below that of the threshold sputtering energy of most common discharge chamber materials. This
advancement in Hall thruster technology has enabled these thrusters to be viable for a wider mission
realm, including deep space missions.©

The exact implications of this new magnetic field configuration on Hall thruster operation remains an
open area of research. While the technology is an extension of current Hall thruster configurations,
the subtle differences induced by shielding when compared to traditional thruster configurations are
crucial to understand from both a physics and flight-risk perspective. To this end, there have been
numerous studies which have investigated potential changes in performance'® and stability. > 1! Over-
all, these studies found that for high-power thrusters (>1kW), the overall efficiency only decreased
1% as compared to un-shielded thrusters.! Additionally, they found that of the three main oscillation
types typically seen in Hall thrusters (breathing mode between 1 and 20 kHz, cathode oscillations
between 70 and 100 kHz, and azimuthal spokes between 10 and 40 kHz), only the breathing mode
and cathode oscillations were present for magnetically shielded thrusters. ! However, this lack of
azimuthal modes does not appear to impact the overall performance of the thruster. Finally, it was
found that magnetically shielded thrusters have increased pole erosion?!? and could react differently
to facility effects when compared to their unshielded counterparts.!4 Of particular importance is
the latter effect: facility impacts. These are related to the known difference in the behavior of Hall
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thrusters in ground test facilities versus in-space operation. These changes are often associated with
differences in the neutral density environment induced by the pressure changes. While many parame-
ters are impacted by the neutral density, the location of the bulk plasma is known to shift depending
on facility pressure.®16 This location, called the “acceleration region,” has broad ranging influence
on other thruster parameters, such as performance and stability. However, its impact on the lifetime
of the thruster, particularly for magnetically shielded thrusters, remains unknown.

In this study, we aim to investigate the impact of neutral density from two different sources on
the magnetic shielding of Hall thrusters. First, we consider the facility pressure changes. Other
works have measured the movement of the acceleration region with varying pressure. %17 Thus, there
is reason to believe the temperature of the grazing line is also changing with pressure. However,
to our knowledge, there has been no investigation of ion velocities along the wall of magnetically
shielded Hall thrusters to quantify facility impacts on the shielding and therefore liftime. These
potential changes to lifetime take on additional importance when we consider the next generation
of Hall thrusters such as nested Hall thrusters (NHTs). NHTs are being invested in for human and
cargo missions to Mars. ¥ These thrusters concentrically nest multiple discharges together and can be
operated in single- or multi-channel mode. However, in multi-channel operation, adjacent channels
act as significant neutral sources. Indeed, previous studies have shown shifts in the location of the
acceleration region depending on firing configuration.® Therefore, neutrals from adjacent channels
could impact the grazing line temperature of magnetically shielded NHTs, ultimately impacting the
overall lifetime of these devices. This comprises our second source for neutral impacts on magnetically
shielded Hall thrusters.

The goal of this work is to understand the impact neutral changes have on the magnetic shield-
ing of Hall thrusters. In order to accomplish this goal, we organize the paper as follows: we begin
with a discussion of magnetic shielding theory, specifically focusing on how neutrals could impact
this theory. We then present our experimental apparatus, followed by the results from the facility
pressure study. Next, we show the results from the NHT study. Finally, we discuss the implications
of our results and make concluding remarks.

I1. Theory
In principle, magnetic shielding works by exploiting two fundamental properties of Hall thrusters: (1)
the isothermality of magnetic force lines and (2) the magnetic-force-line equipotentialization at low
electron temperatures. Mathematically, the first principle can be expressed as

V”Te ~ 0, (1)
where T¢ is the electron temperature and V|| is the gradient parallel to the magnetic field. The second
principle stems from the Boltzmann relation:

Ne

(2)

where ¢ is the plasma potential and n. is the plasma density. The subscript 0 indicates an integration
constant. Equation 2 yields a critical component to magnetic shielding in that the induced parallel
electric field is,

¢ ~ ¢0 + TeO IOg

Te0

EH = _TSVH logne. (3)

The first equation arises from the thermal transport of electrons along magnetic force lines resulting
in rapid equilibrium and constant electron temperature along the line. The second equation implies

3
The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



Unshielded Magnetically Shielded

Anode Discharge

I | I I /chamber
_|L|'| A 4 _ll_rl

e

] N
Magnetic__» Ceramic
Circuit walls
A
¢
__________ T.
> >
z along wall z along wall

Fig. 1 Graphic depicting the differences between un-shielded and magnetically shielded
Hall thrusters as well as the results electron temperature and plasma potential profiles
along the wall.

that when electrons have a high mobility and low temperature (i.e. T, < 10 €V), then there are only
small changes in potential along the field line. This relation arises from Ohm’s Law in the limit of
low electron collisionality. This results in an electric field perpendicular to the magnetic-force-lines
which accelerates ions away from the walls in addition to reducing the flux of ions to the walls.
However, even ions that have low kinetic energy upon reaching the wall will still gain energy as they
fall through the sheath potential. In order to consider this effect, we note that the sheath potential
for boron nitride, the discharge chamber wall material, is dependent on the electron temperature
and the secondary electron emission yield. Here, we follow the same process as Hofer et al.? The
secondary electron emission yield is given by2°

75%00+(1—00)%n7 (4)

1

where oq is the effective yield at zero energy and E; is the crossover energy. For boron nitride, the
literature?® gives values of 0.54 and 40 eV respectively. Assuming the sheath is not in the space
charge limited regime (i.e. T, < 19.3 €V), we can then calculate the resulting potential based on the
one-dimensional equations from Hobbs and Wesson?!' as adapted by Goebel and Katz as??

kTe [ mxe
— In

e 8Tme

bs ~ (1- %)} . (5)
Since the wall sheath is proportional to the electron temperature, a very small sheath exists for low
electron temperatures. Thus, should there be sufficiently cold electrons near the walls, the kinetic en-
ergy of ions towards the wall is significantly reduced and with it, the wall erosion is also reduced. The
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erosion rate of the discharge channel is directly proportional to ion flux and the sputtering yield. This
is also convolved with the incidence angle; however, for the purpose of this analysis we will assume all
ions impact the wall perpendicularly. To define a metric for how much erosion occurs, we note that
several works have suggested that ions as low as 30 eV can result in sputtering of wall materials. %2324

As previously discussed, the erosion rate of the discharge chamber walls is dependent on the temper-
ature of the grazing line. Equation 3 shows that if the electron temperature rises, then the plasma
potential would decrease along the grazing line. This would then lead to a higher flux of ions to-
wards the walls. Additionally, Eqn. 5 shows that increases in the electron temperature would also
lead to an increase in the sheath potential magnitude. For instance, an increase from an electron
temperature of 7 eV to 8 eV increases the sheath potential from -23.6 V to -26.3 V. Even though this
is a very modest increase in temperature, the combined effects of the change in ion kinetic energy
perpendicular to the walls with the increment in sheath potential could lead to ion impact energies
above the sputtering threshold. However, it is challenging to predict what the influence of the shifting
acceleration region due to neutral changes will be on the temperature of the grazing line. Thus, an
experimental investigation of this effect is critical.

I11. Experimental Apparatus

A. Thrusters

We used two thrusters for this investigation: the H9 and the N30. The H9 is a 9-kW single-channel
magnetically shielded Hall thruster developed by NASA’s Jet Propulsion Laboratory in collaboration
with the University of Michigan and the Air Force Research Laboratory.?> We operated the thruster
at 4.5 kW of discharge power and 300 V of discharge current for this investigation which is well
within its nominal operational power range of 4.5-9 kW. The thruster was operated in cathode tied
configuration.?® The N30 is a 33-kW two-channel magnetically shielded hall thruster developed by
the University of Michigan in collaboration with the Jet Propulsion Laboratory.?” The inner channel
of this thruster shares geometry with the H9 Hall thruster. For this campaign, we operated in single-
channel mode (inner channel only) at 4.5 kW and 300 V, again within the nominal operational range.
For both thrusters, the same cathode design, with a nominal current up to 60 A, was used.?” A picture
of the setup can be seen in Fig. 2. The anode and cathodes were supplied with research-grade xenon
through commercially available mass flow controllers. Power for the electromagnets and discharge
was supplied with commercially available power supplies external to the chamber.

B. Facility

All testing occurred in the Large Vacuum Test Facility (LVTF) at the University of Michigan. LVTF
is a 9 meter long, 6 meter diameter vacuum chamber with a base pressure of 0.1 pTorr-Xe. Nomi-
nally, the chamber is pumped with five cryosails and thirteen LNs-backed cryopumps. Pressure was
measured using a Stabil Ion gauge located approximately 1 meter away from the thruster in line with
the exit plane as seen in Figure 2. The gauge has a grounded mesh attached to the entrance per
industry standard.?® In order to vary the background pressure during testing, a combination of a
reduced number of pumps and downstream gas injection was used. For the downstream gas injec-
tion, the flow was introduced approximately two meters away radially and one meter downstream of
the thruster with the flow injected axially away from the thruster to ensure that neutrals did not
preferentially go towards the thruster.
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Fig. 2 The H9 Hall thruster setup for chamfer LIF. The thruster is mounted on two-
dimensional motion stages to vary the interrogation point. The collection optics can be
seen. One of the injection optics is outside of the picture and the other is blocked from
view by the collection optics.

C. Diagnostics

In order to assess the centerline and near-wall ion velocity vectors, we employed a standard, mul-
tiplexed, non-resonant laser-induced fluorescence (LIF) scheme. We targeted the 5d§ /2 6pg /2
metastable transition of xenon ions using a tunable diode laser with a taper amplifier. The inter-
rogation volume, the intersection of the injection and collection optics, was approximately 1 mm?.
Collected light was sent through a +4 nm filter before being amplified through a photomultiplier tube
and trans-impedance amplifier. Ultimately, this signal was measured with lock-in amplification. No

corrections were made for Zeeman splitting, hyperfine structure, or broadening.

During testing, the optics were stationary and the thrusters were placed on radial-axial motion stages
to vary the interrogation point. For each test point, we made three measurements: a channel centerline
measurement of the acceleration region (axial velocity), a two-dimensional (parallel and perpendicu-
lar velocities) sweep along the inner chamfer, and a two-dimensional sweep along the outer chamfer.
A notional diagram detailing the interrogation points is shown in Fig. 3. Ion velocity distribution
functions were measured at six equally space points along the chamfer at two different axial distances
away. In order to analyze the recorded data, we start by integral-normalizing the intensity to get
the ion velocity distribution function (IVDF). For all the data, we fit a sum of Gaussians in order
to reduce numerical noise in our calculations. An example of this fitting technique is seen in Fig.
4a. Additionally, for some traces, particularly on the inner chamfer, signal from the main ion beam
was detected due to the orientation of the collection and injection optics. This only appeared in
the perpendicular traces. In these cases, the Gaussian corresponding to this beam was subtracted
from the trace. An example of a data set where this technique was performed is shown in Fig. 4b.
Only the Gaussian associated with the chamfer data was integral-normalized. We then take the first
moment of the distribution to calculate the mean as,

i = | " (w)du (6)

1
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Fig. 3 Interrogation points along the chamfer to measured the ion velocity distribution
functions.
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Fig. 4 Fitting technique for collected data. (a) An example of a single Gaussian fit
used for the majority of the data. (b) An example of data where the main ion beam was
detected. These data were fit with the sum of three Gaussians and the first Gaussian
was taken as the true signal as the other two were associated with the main beam.

where u1 and ug are the upper and lower bounds of velocity space, and f(u) is the IVDF. For the
centerline data, we then plot this mean velocity versus position to construct the “acceleration region.”
For the chamfer data, we take the mean velocity in each direction to create a two-dimensional vector
plot of ion trajectories.
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D. Test Matrix

In order to study the impact of neutral density on the magnetic shielding of Hall thrusters, we
performed studies at four operating conditions. For the H9, we operated at the base pressure (4.8
puTorr-Xe) well as an elevated background pressure (15.8 pTorr-Xe). For the N30, we operated the
inner channel alone (at 4.5 kW) as well as the inner channel running (at 4.5 kW) with the outer channel
nominal flow. The “nominal flow” for the outer channel is the flow for the equivalent condition on
the outer channel: 300 V, 38.9 A. For all these test, the thrusters were operated at constant power
and in cathode-tied configuration.

IV. Results
In this section, we first present the centerline profiles for each thruster. We then show the near-wall
vector plots and detailed IVDF measurements for the H9. Next, we present the sheath analysis for
the H9 before repeating all three of these results for the N30.
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Fig. 5 Centerline profiles for both cases for the H9 (a) and the N30 (b).

To start, we plot the centerline profiles for each condition in Fig. 5. Figure 5a shows the acceleration
region for both pressure cases for the H9 Hall thruster. We find that, as expected, there is an axial
shift upstream of the acceleration with an increase in pressure and the overall shape of curve remains
the same. Figure 5b shows the data, as well as fitted splines, for each condition of the N30 study.
Similar to the H9, the plasma shifts axially inward when the outer channel flow is turned on. The
magnitude of the shift is larger than the shift for the H9 with pressure. This is expected as the
neutral density increase at the inner channel from neutrals emanating from the outer channel is much
larger than the neutral density increase due to background pressure changes. Notably, it appears
the shape of the acceleration region also changes with the introduction of neutrals from the outer
channel. Studies on the X2, an unshielded two-channel Hall thruster, showed similar results.? While
this result may be physical, we note that the oscillation strength increased significantly from 69.8%
to 101.8% peak-to-peak of the mean current with the introduction of outer channel flow. Oscillations
are known to widen measured velocity distributions which could lead to this change in perceived
shape. 16:3931 Finally, due to the increase in oscillation strength, the signal-to-noise ratio decreased
significantly. This could also be a contributing factor to the data shown in Fig. 5b. Regardless, both
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Fig. 6 Ion velocity vectors for both the base pressure case and the high pressure case
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along the inner (a) and outer (b) wall of the H9 Hall thruster.

centerline studies show the bulk plasma has shifted and thus, an investigation into how this shift
impacts the near-wall ion velocities is warranted.
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Fig. 7 Perpendicular VDFs along the outer channel wall (a) and (b) an analysis of the
sheath for Point 6.

Figure 6 shows the vector plots (of the mean velocity) along both walls for each case of the HO.
Overall, we see the profiles are qualitatively similar for both chamfers. Both chamfers show vectors
that are expected, with the majority of the motion out of the channel and very little motion towards
the wall. The outer wall of the H9 does show that in some locations, the vector has “turned” towards
the wall at high pressure as compared to low pressure. This is expected with an increase in temper-
ature of the grazing line. Regardless, the largest mean velocity towards the wall is 160 m/s. This
corresponds to a very low directed energy and even with an electron temperature of 10 eV, the sheath
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would still be sufficiently small (31 V) to eliminate erosion. However, we must also look at the width
of the distribution, as an increase in the high velocity tail may contribute to enhanced erosion.

Figure 7a shows the perpendicular velocity distribution functions along the wall of the outer chamfer
for the base pressure case of the H9, for points shown in Fig. 3 All points are a constant distance
from the wall. We see that although Point 6 has one of the most positive average velocities, it also
has the longest “tail” in the negative (toward the wall) velocity space. This was also true for the high
pressure case. Thus, in order to perform a sheath analysis, we look at Point 6 for both cases. We
convert the negative velocity portion of the VDF for each case to an ion energy distribution function
(IEDF) and then accelerate it through a sheath corresponding to an electron temperature of 7 eV.
This temperature was chosen based on results from the H6MS studies.? The results of this analysis
are seen in Fig. 7b. While the majority of the ions are below the sputtering threshold, we do see
that at higher pressures, a larger fraction (from 0.1% to 4.0%) have sufficient energy to sputter the
wall. Thus, while very subtle, we would expect the erosion rate to be higher for the high pressure
case than the low pressure case.
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Fig. 8 Ion velocity vectors for both the base pressure case and the high pressure case
along the inner (a) and outer (b) wall of the N30.

Next, we look at the N30 results. The two-dimensional vector plots for both the inner and outer
chamfers are seen in Fig. 8. Unfortunately, due to signal-to-noise issues for the outer flow case, we
were unable to resolve points 5 and 6 for the outer chamfer. Overall, we see the results are very
similar to the H9 study. There does not appear to be any major changes to the velocity vectors near
the wall. The outer wall does seem to show that the average parallel velocity is lower when flowing
through the outer channel than when just firing the inner channel.

Finally, we look at the actual VDFs, and the corresponding sheath analysis. Due to the missing
data at Point 6, and based on the results shown in Fig. 9a, we chose to analyze Point 1 for the
N30. These results are seen in Figure 9b. Surprisingly, there does not appear to be a significant
difference between the two traces. This could be indicative that changes in the plasma behavior (for
instance, oscillations) are affecting the near wall ion trajectories. Alternatively, we consider that the
acceleration region did not actually shift and was instead just compressed, as the results suggested.
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Fig. 9 Perpendicular VDFs along the outer channel wall (a) and (b) an analysis of the
sheath for Point 1 for the N30.

If this was true, while the downstream ion velocity profile (as well as potential and electron tempera-
ture) profiles would change, the upstream profile would not change. Thus, the grazing line would be
intersecting the centerline at the same electron temperature in both cases. This would suggest that
no change in ion wall trajectories would be expected as the results show.

V. Discussion

In this study, we showed the result of changing the local neutral density on the shielding of mag-
netically shielded Hall thrusters. In general, we find that the impacts are small and likely do not
have a large impact on lifetime. The study on the H9 tells us that higher pressures will likely lead
to slightly higher erosion rates due to a larger fraction of ions above the sputtering limit. However,
this behavior would actually correlate to a longer lifetime in space than on the ground as pressure
decreases between the two locations. If the plasma is moved downstream, like in flight, the grazing
lines may be sampling even colder plasma. This typically leads to higher divergence, which could alter
the trajectories beyond the measurements we presented here. This is important for other thruster
parameters, such as performance and pole erosion, as well as spacecraft interactions. While the ion
trajectories are not changing substantially, a slight increase in the electron temperature (from say 7
to 8 eV) would result in a larger sheath potential. In turn, this could accelerate a much larger portion
of the ions to above the sputtering threshold. We did not attempt to characterize this temperature
during this study; however, based on our results, we do not believe this temperature is changing
significantly. Because the ion trajectories, as well as the magnitude of the mean velocity in each
direction, does not change substantially between conditions, we argue that this implies there are no
substantial changes to the electron temperature of the grazing line.

For the NHT, we do not see any major impacts on the IEDF or the ion trajectories. We do note that
the lack of data at Points 5 and 6 do present an incomplete picture. We believe the large change in
oscillatory behavior between the two cases is the reason for both the lack of signal-to-noise at the
outer flow case and the lack of a clear trend for the study. Ideally, this study would be repeated
with the outer channel plasma on, as without the plasma, the neutral density is higher than would
be expected in dual-channel mode. This may have contributed to the change in oscillation behavior.

11
The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



Overall, this study indicates that the erosion profile of the thruster is not dependent on firing config-
uration. This conclusion would be strengthened with wall electron temperature measurements which
could indicate whether these subtle changes are impacting the overall sheath potential, and therefore,
erosion.

With decreasing pressure, the acceleration region moves outward. This is a well documented phe-
nomenon throughout literature. 1632 This, in turn, typically decreases performance. Previous stud-
ies have suggested that running the cathode flow rich can “push” this acceleration region inwards to
recover any lost performance.3® However, there did exist a risk for magnetically shielded thrusters
that this would lead to higher erosion if the location was not precisely controlled. This study indicates
that this is not a large concern as the shifts in the plasma location here did not drastically alter the
near-wall behavior.

VI. Conclusion

We presented a study into the impact of neutral density on the magnetic shielding of Hall thrusters.
To accomplish this, we first probed the near-wall ion velocity distributions of the H9 Hall thruster
at low and high pressure. We then measured these profiles on the inner channel of the N30 with
and without outer channel flow. The centerline profiles indicated that the bulk plasma was indeed
shifting as the neutral density changed. Near-wall velocity vector plots showed that for both the
N30 and the H9, there were only slight changes in the ion trajectories between the cases. For the
H9, a sheath analysis showed that higher erosion was expected with increasing pressure; however,
the majority (96%) of the plasma remained below the sputtering limit. For the N30, the tail of the
distribution did not change noticeably and no change in erosion is expected. Combined, these results
indicate that while neutral density will change the bulk plasma significantly, the near-wall behavior
of the ions is not affected by this movement.
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