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Experimental Characterization of a Micro-Hall Thruster
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The operation and performance of a micro-Hall thruster are characterized. The thruster is coaxial in design, with a
0.5 mm channel width and 4 mm outer diameter. The magnetic circuit includes a samarium cobalt permanent
magnet generating approximately 0.7 T at the exit plane and 1 T inside the channel. Operation with a commercial
hollow cathode neutralizer is achieved in the 10-40 W power range with an anode flow rate of 0.12-0.20 mg/s of
xenon. The measured thrust is in the range of 0.6-1.6 mN for an anode flow rate of 0.17-0.20 mg/s and an applied
voltage of 110-275 V. Anode thrust efficiency and specific impulse are in the range of 10-15% and 300-850 s,
respectively, for the same conditions. Relatively broad ion energy distributions and large beam divergence are
observed from an analysis of the plume using a retarding potential analyzer and ion current probe. The discharge
exhibits the characteristic Hall thruster “breathing mode” instability in the 35-70 kHz frequency range.

Nomenclature
E; = ionenergy
e = elementary electric charge
F = thrust
f = breathing mode frequency
go = universal gravitation constant
I, = discharge current
I, = anode specific impulse
J; = total ion current measured in the plume
jis = angle-dependent ion current
L = characteristic size of discharge
m; = ion mass
m = anode mass flow rate
T, = electron temperature
U, = discharge voltage
v; = ion velocity
v, = neutral velocity
n = anode thrust efficiency
¢. = cold probe floating potential
¢, = emissive probe floating potential
¢, = plasma potential

1. Introduction

ALL discharge plasma accelerators, also called Hall thrusters,

have been studied for satellite propulsion since the early 1960s
[1,2]. In a typical Hall thruster [3], a magnetic field is applied across
an electrical discharge sustained within a cylindrical dielectric
channel, which allows for closing the electron drift current in the Hall
(E x B)direction. The anode is located at the base of the channel, and
serves also as the source of propellant. A cathode external to the
channel provides electrons that migrate toward the anode across the
predominantly radial magnetic field, which typically peaks at 10—
20 mT near the channel exit. For such a magnetic field strength, and at
the relatively low channel pressure (~0.1 Pa), the electrons are
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highly magnetized, and have a Larmor radius of about 1 mm.
Although the precise mechanism for electron demagnetization is
unknown, it is now widely accepted that the cross-field electron
current is somewhat anomalous, varying in strength depending on
the location within the channel [4,5]. The partial confinement of the
electrons in the strong magnetic field region gives rise to enhanced
ionization due to the increased effective residence time of the
electrons. This confinement also serves to concentrate the region of
potential drop. The ions created in the confinement region are
negligibly affected by the magnetic field because of their large mass,
and are rapidly accelerated out of the channel by the self-consistent
electric field. The ion space charge is neutralized in the plume by
additional electrons emitted by the cathode. Modern Hall thrusters
operate in the 0.2-100 kW power range, with thrust efficiencies
(propulsive power over input power) in the 30-70% range, and
specific impulses (thrust over propellant flow rate) in the 1000—
4000 s range.

The past decade has seen an increased interest in scaling Hall
thrusters down to the 10-100 W range for use on power-limited and
small satellites [6]. A prototype Hall thruster with a 20 mm channel
outer diameter was operated by Guerrini et al. in the 30—130 W range
[7]. The measured thrust was 1-4 mN, and the efficiency was 7-9%.
The same power range was explored with a smaller device (4.8 mm
channel outer diameter) by Khayms and Martinez-Sanchez, who also
presented a detailed analysis of scaling laws for Hall thrusters [8,9].
An important result of their study is that the characteristic dimension
of the discharge L should scale as the discharge power I, - U, and
the magnetic field applied to the plasma should scale as 1/L. In turn,
the discharge power density (power per unit area) is also expected to
scale as 1 /L. If the conventional annular channel geometry is kept, a
reduction in scale thus leads to significant constraints on the central
part of the thruster (inner channel wall and pole piece) due to the
limited space and increased thermal stress. Indeed, the thruster
described in [9] could not be operated for an extended time at optimal
conditions because of discharge chamber overheating, and the
measured efficiency was relatively low (4—6% for a thrust of 0.4—
1.8 mN).

Various concepts were proposed to address these issues. Schmidt
et al. reported encouraging results with a linear channel Hall thruster
[10], although this type of discharge is inherently less efficient than
the annular one because of the electron Hall current striking the
sidewall instead of flowing in a closed annular drift. Another option
is to recess the central part of the annular channel, as in the so-called
cylindrical Hall thruster studied by Smirnov et al. [11-13]. One such
thruster, which had a 26 mm outer diameter channel, was
successfully operated in the range of 50-300 W with an efficiency of
15-32% and thrust of 2.5-12 mN.

In this paper, we evaluate the operation and performance of a
micro-Hall thruster, which has been originally developed for use as a
low-power (10-40 W), magnetized microdischarge (4 mm outer
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diameter channel) ion source [14]. The channel geometry is annular,
but as described in Sec. II, we use a dielectric diamond ceramic to
cover and protect the central magnet pole piece and water-cooling at
the iron base for better thermal management. In Sec. III, we present
the general operation of this micro-Hall thruster, investigate the
thruster plume with an ion probe (ion current density), a retarding
potential analyzer (ion energy distribution function), an emissive
probe (plasma potential), and we directly measure thrust to estimate
the specific impulse and efficiency.

II. Experiments
A. Test Facility

Two vacuum facilities were used for our experiments. The plume
characterization was carried out in a test facility consisting of a
nonmagnetic stainless steel chamber approximately 0.6 m in
diameter and 1.2 m in length. High vacuum conditions in the
chamber were obtained with a single-stage 50-cm-diam cryogenic
pumping system (CVI, model TM500). The base pressure of the
facility was 1-107* Pa, as measured by an ionization gauge
uncorrected for xenon. Thruster testing at xenon flow rates of
0.12-0.20 mg/s resulted in chamber background pressure of
1-1073 Pa. Thrust measurements were carried out in a larger test
facility consisting of a nonmagnetic stainless steel chamber
approximately 1.5 m in diameter and 3.3 min length, and a two-stage
cryopump (CVI, model TM1200). The pressure during the thrust
measurements was approximately 5-10~* Pa. Research grade
(99.995%) xenon was used for the main thruster discharge and for the
hollow cathode, with mass flow controller accuracy within 1% of the
total flow rate [1.25-2 sccm (standard cubic centimeters per minute),
or 0.12-0.2 mg/s Xe at the anode].

B. Micro-Hall Thruster

A schematic illustration of the micro-Hall thruster is shown in
Fig. 1, and a photograph of the actual thruster is shown in Fig. 2. The
magnetic circuit incorporates a ring-shaped samarium cobalt (SmCo)
permanent magnet in conjunction with a high-purity iron circuit. The
outer diameter of the magnet is 14 mm, the inner diameter is 4 mm,
and the thickness is 3 mm. The outer diameter of the iron core, which
is also the inner diameter of the channel, is 3 mm, and the channel
width is thus w = 0.5 mm. The metal part of the channel (magnet
and iron) is at anode potential, and its depth is 3 mm. The magnet ring
is covered with 230 pum of alumina ceramic, and the central pole
piece is covered with a 3-mm-diam, 400 pm-thick, polycrystalline
diamond disk. Note that both the alumina ring and the diamond disk
are dielectric, and in this way, the last half-millimeter of the channel
combined with the large upstream chamber at anode potential
resembles that of a classical stationary plasma thruster design. The
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Fig. 1 Schematic of the micro-Hall thruster.
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Fig. 3 Simulations of the micro-Hall thruster vacuum magnetic field.

magnetic field generated by the thruster is predominantly radial near
the exit of the channel, as verified by simulations for this circuit
carried out using a two-dimensional axisymmetric finite element
solver [15]. The magnetic field strength near the exit of the channel
(surface of the alumina insulator) is ~0.7 T and the maximum
strength in the channel is approximately 1 T (see Fig. 3).

The thruster main discharge is powered by a Sorensen SCR600-
1.7. Anode current oscillations are monitored by measuring the
voltage across a 4€2 shunt resistor in series with the discharge. The
ion plume electric charge is neutralized with a commercial hollow
cathode (Ion Tech, Inc., HCN-252) operating with a flow of
0.16 mg/s of xenon and located 1 cm downstream and 4 cm off the
axis of the channel. Note that in this paper, the cathode xenon and
electrical power consumption are not taken into account in
calculating the thruster performance. During thruster operation, to
prevent overheating, the iron base of the channel is water-cooled.

C. Plume and Performance Characterization

The plume is characterized by measuring the ion energy
distribution and the total ion current at various locations. A guarded
planar ion probe, 3 mm in diameter and biased to —30 V to repel the
electrons, is used to measure the ion current distribution and total ion
current in the plume. The ion current measurements are performed
22 cm downstream of the channel exit. The ion energy distribution is
characterized with a miniaturized retarding potential analyzer
(RPA), with a 4 mm entrance aperture. The outermost grid of the
RPA is electrically floating, the electron repelling grid is set to a
potential of —25 V, and the ion retarding grid is swept to a potential
of up to +350 V. The collector is coated with a graphite emulsion to
reduce secondary electron emission. The transmitted ion current
incident onto the collector is recorded with a picoammeter (Keithley
485). More details on our miniaturized RPA are presented in [16].
For the ion energy measurements, the entrance of the RPA is located
7 cm downstream of the channel exit. Plasma potential
measurements are required for a complete analysis of the RPA
data; they are obtained with an emissive probe at the same location.
The main component of the emissive probe is a 150-m-diam heated
tungsten wire coil (five turns). The ion probe, RPA, and emissive
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probe are mounted on a stepper motor-controlled rotational stage for
angle-resolved measurements.

Performance is evaluated through direct- and indirect-thrust
measurements. The direct-thrust measurements use an inverted
pendulum-type balance, which includes an electromechanical
damper for filtering the oscillations induced by the vacuum pumping
system, and is water-cooled to minimize thermal drift during thruster
operation. Calibration can be performed in situ at regular intervals
using an electric motor, pulleys, and several weights of known
masses (within 10~ relative uncertainty). The thrust signal is linear
within 1% tolerance and the system is capable of detecting horizontal
forces down to ~0.1 mN. More details on the thrust stand can be
found in [17]. Thrust is also calculated using the results of the ion
current and energy distribution measurements in the plume.

III. Results and Discussion
A. Micro-Hall Thruster Operation

In all the measurements presented here, the discharge was
operated in voltage-limited mode. Figure 4 shows a photograph of
the micro-Hall thruster during operation. The discharge generates an
intense blue emission most likely due to excited xenon ions. The light
emission from the discharge appears to be fairly uniform around the
coaxial channel. Discharge instabilities precluded operation below
about 0.11 mg/s of anode flow. The discharge stability at higher
flow rates (0.12-0.15 mg/s) was influenced by a slow thermal drift,
and although the discharge was sufficiently stable for documenting
current-voltage characteristics, the operating regime was found to
change for longer running times (~20 min). The /-V curves, which
are illustrated in Fig. 5, are somewhat typical of Hall thruster
discharges [3]. For the higher range of xenon flow rates
(0.17-0.20 mg/s), the inflection that is observed in the I-V curves
(e.g., 0.20 mg/s, ~150 V) and the higher voltage points are
associated with a high propellant utilization efficiency (>80%, see
next section), i.e., the ion current is saturated. However, the

Fig. 4 Photograph of the micro-Hall thruster during operation.
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Fig. 5 Voltage-current characteristics. Note: solid symbols are for
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characteristics do not saturate, contrary to what is commonly
observed in modern Hall thrusters [18], suggesting that a
supplemental electron current is present in the discharge. Several
factors could contribute to explaining this higher than expected
electron flow: the presence of multiply charged ions (see next
section), high near-wall conductivity resulting from the alumina
ring’s high secondary electron emission yield [19], and plasma
instabilities caused by the high magnetic field and negative field
gradient near the anode [20].

For all the operating conditions investigated here, the discharge
current exhibited strong oscillations that can be associated with the
so-called breathing mode bulk plasma instability [21]. Figures 6 and
7, respectively, show oscillograms and spectral analysis of the
discharge current. The observed oscillations are characterized by
sharp fundamental modes in the 35-70 kHz range, with less intense
harmonics. It should be noted that similar oscillations were also
observed when the thruster was operated with a wire filament instead
of a hollow cathode as neutralizer [16].

The breathing mode in Hall thrusters was analyzed with a
predator—prey instability model as described by Fife [5], and the
resulting scaling for the frequency

(€]

where v; and v,, are the ion and neutral fluid velocities, respectively,
and L is the characteristic length of the ionization/acceleration zone.
In the case that v, and L do not vary significantly, this leads to
f oS o« UYP. This trend was observed in the flight-qualified
SPT-100 thruster [18], but in our case, the frequency (shown in
Fig. 8) rises more steeply, with a voltage exponent of ~0.6. This
discrepancy cannot be explained by a shortening of the ionization/
acceleration when the discharge voltage is increased, as this is
contradicted by the results that will be presented in Sec. IIL.C.
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Fig. 6 Oscillograms of discharge current. Xenon flow rate is
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Fig. 7 Low-frequency spectral analysis of the discharge current.
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B. Ion Current Measurement

The results of plume ion current measurements are shown in
Fig. 9. The distributions are nearly symmetrical, perhaps slightly
affected by the cathode neutralizer, which is located on the negative
angle side of the scale shown. A large plume divergence, with a half-
width at half-maximum (HWHM) of ~80 deg, was observed at all
operating conditions. The peak density is located near 30-50 deg
(i.e., off axis). In contrast, the 1 kW level SPT-100 thruster has a peak
current density located at the center of the plume and the HWHM is
about 10 deg [22]. It is interesting to note that in high-voltage/low-
flow operation, the maximum of current density seems to be shifted
to greater angles (see Fig. 9a), which could be related to a shift of the
ionization/acceleration zone away from the channel. It is unclear,
however, why the current distribution variations with discharge
voltage seem to be opposite for the lower flow case (0.17 mg/s,
Fig. 9a) and the higher flow case (0.20 mg/s, Fig. 9b); a result that
continues to be examined experimentally.
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Fig. 8 Mean fundamental breathing mode frequency as a function of
the discharge voltage.
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Fig. 10 Discharge and ion current as a function of the discharge
voltage. Note: error bars (shown only on maximum or minimum points)
are based on the estimated 20% error in ion current.

We can obtain the total ion current by spatial integration over the
subtended solid angle of the distribution. The variation in the total ion
current with voltage is shown in Fig. 10. The estimated uncertainty in
the total ion current was at most ~20%. Also shown in this figure are
the discharge currents, for comparison. The discharge efficiencies,
defined by the ratio of total ion current to discharge current (J;/1,),
are in the range of 85-95%, as shown in Fig. 11. Also shown in this
figure are the utilization efficiencies, defined by the ratio of ion mass
flow to injected neutral mass flow, and calculated using the ion
current measurements assuming that all the ions are singly charged.
Utilization efficiencies higher than one (e.g., at 275 V discharge
voltage, 0.20 mg/s propellant flow rate) reveal the presence of
multiply charged ions in the plume. This could contribute to the
observed increase in efficiency with discharge voltage, as the
proportion of multiply charged ions should also increase.

C. Ion Energy Measurement

In the ion energy measurements, the retarding grid potential of the
RPA was set relative to ground (vacuum chamber) potential. A
proper analysis of the ion energy distribution requires a correction for
the local plasma potential, which was measured with an emissive
probe. At the RPA location (7 cm away from the channel exit plane),
the floating potential of the probe was found to be independent of the
thruster operating conditions, both in the cold and emissive (hot)
regimes. The measured cold probe potential ¢, was about —20 V and
the emissive probe potential ¢, was about 10 V, with slightly higher
values near the centerline than at high angles (2 V maximum
difference). It is possible to estimate the local electron temperature
and the plasma potential [12,23-25]. Assuming, as in [12], that the
electron energy distribution function is Maxwellian, the resulting
temperature and plasma potential are
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Fig. 11 Discharge and utilization efficiencies as a function of the
discharge voltage. The effect of multiply charged ions is neglected. Note:
error bars are based on the estimated 20% error in ion current.
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Examples of ion energy distributions (corrected for an estimated
plasma potential of 20 V) are shown in Fig. 12. For every
distribution, the main peak is located about 60 V lower than the
discharge voltage. This is in part a consequence of the energy
invested in ionizing the propellant (a minimum of 12.1 eV is needed
for producing Xell from the ground state of Xel), and of a significant
proportion of ions that are created at a lower electric potential than the
anode. It is interesting to note that the 60 eV energy deficit seems to
be independent of the operating conditions, which may indicate that
the shape and position of the ionization/acceleration zone do not
change significantly.

Most ion energy scans (more noticeably at higher mass flow rate)
exhibit a secondary peak in the range of 30-70 eV. This low-energy
peak was also observed in simulations of the Hall thruster using a
two-dimensional hybrid (particle-in-cell/fluid) model and was
attributed, in one case, to the dynamic shift between the ionization
region and the acceleration region during the breathing mode cycle
[26], and in another case to charge-exchange collisions between the
ions in the beam and neutral xenon emitted by the hollow cathode
[27]. In our measurements, this low-energy peak may also reflect the
presence of charge-exchange collisions with nonionized xenon
coming from the anode, because it appears to be weaker for operation
at lower anode flow rates.

The shape of the main peak is relatively broad in comparison to
what is seen in larger, higher power thrusters [28-30], as shown in
Fig. 13. This and the large plume divergence seen in the ion current
measurements (Sec. II1.B) suggest that the ionization zone is broader
relative to the acceleration zone, compared with what is seen in
optimized Hall thruster designs.

D. Thrust and Efficiency

Although the thrust stand was configured with flexures that were
more appropriate for larger-size thrusters (~1 kW design), direct-
thrust measurements were performed despite a relatively large
uncertainty of ~0.15 mN for comparison to indirect measurements
based on the ion current and ion energy distribution. From the angle-
dependent energy distribution and the angle-dependent ion current
Jig» wWe can estimate the thrust F' as follows:

F=/ M<1/—’>nsin(20)d9
0o € mifg

where E; and m; are the ion energy and mass, respectively, and e is
the elementary electric charge. It has been assumed that the
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Fig. 13 Width of the ion energy distribution (primary peak) as a
function of discharge voltage. Also shown are the widths measured in a
5 kW thruster [28].
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Fig. 14 Thrust as a function of the discharge voltage. Note: error bars
are based on estimated 20% error in ion current and 0.15 mN
uncertainty associated with direct-thrust measurements.

contribution to the thrust from the flow of neutrals is negligible. The
results of direct- and indirect-thrust measurements are compared in
Fig. 14. The thrust was found to be in the range of 0.6—1.6 mN for
0.20 mg/s anode flow rate and 110-225 V discharge voltage, and
0.9-1.3 mN for 0.17 mg/s anode flow rate and 200-275 V discharge
voltage. The direct-thrust measurements are found to be in
reasonable agreement with those estimated from plume parameters,
but it should be noted that the discharge current monitored during the
direct-thrust measurements in the larger vacuum facility are slightly
higher (by ~10%) than the discharge current observed during ion
current and ion energy measurements in the smaller (and higher
backpressure) vacuum facility, as shown in Fig. 5. This was
unexpected, because at higher facility pressure, the background gas
artificially increases the propellant flow in the channel, which tends
to result in a higher thrust. The exact cause for this surprising result
has not yet been identified, although it could be due to a combination
of the various uncertainties of measurement (thrust stand accuracy,
asymmetry of the plume) and of the impact of the maintenance
performed on the thruster between the two tests (seal replacement).

From the direct- and indirect-thrust measurements, the anode
thrust efficiency n and the anode specific impulse I, can be
calculated:

P _F

T=onu, 1, ® = e

The variation in thrust efficiency with discharge voltage is shown in
Fig. 15. Thrust efficiency is seen to increase with increasing voltage,
as expected, and is found to be in the range of approximately 10-15%
for the voltage range examined here. This efficiency is higher than
those reported for the 50 W power Hall thruster [8,9], and one
contributing factor might be that our thruster is water-cooled. Yet the
efficiency remains much lower than in 1 kW class Hall thrusters like
the SPT-100 (in which it is about 50%) [18].
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Fig. 15 Anode thrust efficiency as a function of the discharge voltage.
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Fig. 16 Anode specific impulse as a function of the discharge voltage.

The variation in anode specific impulse with discharge voltage is
shown in Fig. 16. The specific impulse is found to be in the range of
300-850 s for the test conditions, which can be compared with the
1500 s of the SPT-100 in nominal operating conditions [18]. This
relatively low specific impulse is attributed to the relatively low ion
energy (due to the 60 eV deficit) and large beam divergence in
comparison to typical higher power thrusters. For our thruster,
operation at higher specific impulses and higher thrust efficiencies
requires high discharge voltages. However, thermal drifts and
excessive heat transfer to the inner pole piece precluded operation at
lower mass flow rates and higher discharge voltages, at this time.
Future research will focus primarily on redesigning the discharge for
improved thermal management of the inner pole piece and a
reconfiguration of the magnetic circuit for optimization of the
magnetic field.

IV. Summary

The operation and performance of a 4-mm-diam micro-Hall
thruster was characterized, using measurements of ion current and
ion energy in the plume, and thrust measurements (direct and
indirect). The thruster was operated in the 10-40 W power range. The
thrust was found to be in the range of 0.6—1.6 mN. Anode thrust
efficiency is estimated to be 10-15% with an anode specific impulse
in the range of 300-850 s.

In spite of the successful operation of this thruster, improvements
are needed to increase performance. For long discharge operation
(more than half an hour), thermal stress becomes a concern, which
will necessitate an improved thermal design for heat removal from
the magnetic structure. The alumina insulator ring could be replaced
with a material with lower secondary electron emission (e.g., boron
nitride) for increased discharge efficiency. The magnetic field shape
and location relative to the channel could be optimized to reduce
plume divergence and also increase efficiency. Finally, in our study,
we have set aside the issue of the cathode/neutralizer, which is also
difficult to scale down in size and power. Nevertheless, the results
presented in this paper are encouraging, and it appears reasonable to
foresee the design and operation of complete, 10 W class Hall
thruster systems in the near future.
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