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Further Development of a Micro Hall Thruster

Tsuyohito Ito*, NicolasGascon†, W. ScottCrawford‡, andMark A. Cappelli §

Stanford University, Stanford, California 94305-3032

The operation and performance characterization of a micro Hall thruster is presented.
The thruster is co-axial in design, with a 0.5 mm channel width and 4 mm outer diameter.
The magnetic circuit includes a SmCo permanent magnet generating approximately 0.7 T at
the exit plane and 1 T in the channel. Operation with a hollow cathode neutralizer is
achieved in the 10-40 W power range with an anode flow rate of 0.12-0.20 mg/s Xe. The
thrust is measured to be 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 110-275V. Thrust efficiency and the 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 thruster exhibits the
characteristic “breathing mode” instability in the 35-70 kHz frequency range.

I. Introduction
HERE is increasedinterest in scaling Hall plasma thrusters, which have beenstudied since the early 1960’s
[1,2] down into the 10-100 W rangefor useon power-limited andsmaller satellites. The reductionin poweris

concomitant with a reduction in thrustersize [3,4]. Thedesign of a low power Hall thruster should preservetheratio
of theLarmorradiusto channelwidth (which is typically ~ 1 cm in 1 kW designs),necessitating operationat higher
magneticfields. The reducedLarmor scale increasesthe cyclotron frequency,allowing operation at higher gas
density to preserve theclassicalHall Parameter.

We havedevelopeda prototypemicro Hall thrusterandoperated it with a hot filamentcathode [5]. Thechannel
of this prototypethrusterhasan outer and inner diameter of 4 mm and 3 mm, respectively. The magneticflux is
approximately 1 T in thechannel and0.7T at the exit plane. Thethrusterwasoperatedwith a power in therange of
15-40W at a relatively high massflow rate (0.3-0.5 mg/s Xe). Thestudy also indicatedthat thecathodehasa strong
effect on thruster operation. Here, we characterize the operation of this micro Hall thruster with a hollow cathode
neutralizer.The thruster is operatedwith 10-40W of dischargepowerat an anodeflow rateof 0.12-0.20 mg/sXe.
We investigate the thruster plumewith an ion probe(ion current density),a retardingpotential analyzer(ion energy
distributionfunction), anemissiveprobe(plasma potential), andwe directly measurethrustto estimatethe specific
impulseandefficiency.

II. Experiments

A. Test facility
Theplumecharacterizationwascarried out in a testfacility consisting of a non-magneticstainlesssteelchamber

approximately 0.6 m in diameter and1.2m in length. Thechamberis pumped by a single50 cm diametercryopump
(CVI-TM500) backedby a ~60 l/s mechanical pump.The basepressureof the facility is approximately 10-4 Pa, as
measuredby an ionization gauge, uncorrected for xenon. Thruster testing at xenon flow ratesof 0.12-0.20 mg/s
results in chamber background pressure of approximately 10-3 Pa. Thrustmeasurements were carried out in a larger
test facility consisting of a non-magneticstainless steelchamber approximately 1.5 m in diameterand 3.3 m in
length, and a two-stagecryogenic pumping system (CVI -TM1200). The pressureduring the thrust measurements
wasapproximately 5×10-4 Pa. Researchgrade (99.995%) xenon is usedfor the main thrusterdischarge andfor the
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hollow cathode,with massflow controller accurate within 1%
of thetotal flow rate(1.25-2 sccm, or 0.12-0.2mg/sXe).  

B. Micro Hall Thruster
A schematic ill ustration of themicro Hall thrusteris shown

in Fig. 1. A photograph of theactualthrusteris shown in Fig. 2.
The magnetic circuit incorporates a ring-shaped SmCo
permanentmagnetin conjunction with a high purity iron circuit.
The outerdiameterof the magnet is 14 mm, the innerdiameter
is 4 mm, andthe thickness is 3 mm. The outer diameter of the
iron coreis 3 mm, resulting in anannularchannel of width w =
0.5 mm. The metalchannel depth at anodepotential is 3 mm.
The insulator outer wall depth, which is the thicknessof the
alumina insulator covering the magnet, is approximately 230
µm, i.e., about half of the channelwidth.. The magnetic field
generatedby this structure is predominately radialnear theexit
of thechannel, asverified by simulationsfor this circuit carried
out usinga two-dimensional(2D) axisymmetric finite element
solver [6]. 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 channelis approximately 1 T. For
thermal management, the iron base is water-cooled, and the
central pole piece is covered with a 3 mm diameter, 400 µm
thick (approximately the channel width) polycrystall ine
diamondplate,which alsoservesasthechannel inner wall.

The thruster main discharge is powered by a Sorensen
SCR600-1.7 power supply. Anode current oscillations are
monitoredby measuring thevoltageacrossa 4Ω shunt resistor
in serieswith the discharge. The ion plume was neutralized
with a commercial hollow cathode(Ion Tech Inc., HCN-252)
operatingwith a flow of 0.16 mg/sof xenon and located 1 cm
downstreamand 4 cmoff theaxisof the channel.

C. Performance Characterization
The plume was characterized by measuring the spatial

distribution of ion current and ion energy distribution.
Performancewasevaluatedthroughdirect (and indirect) thrust
measurements.

A guardedplanar ion probe (3 mm in diameter) biasedto ~
-30 V to repel the electronswasused to measurethe ion current
distributionandtotal ion current in the plume.The ion current
measurements were performed 22 cm downstream of the
channelexit.

The ion energy distribution was characterized by a
miniaturized retarding potential analyzer (RPA), with a 4 mm
entranceaperture. For the RPA measurements, the outermost
grid is electrically floating, the second(electronrepelling) grid
is set to a potential of –25 V, andtheion retarding grid is swept
to a potential of up to +350V. The collector is coated with a
graphiteemulsion, to reduce secondary electron emission.The
transmittedion currentincident onto thecollector wasrecorded
with a picoammeter (Keithley 485). More details of the RPA
were presentedin Ref. [5]. For the ion energy measurements,
the entranceof the RPA was located 7 cm downstreamof the
channel exit. Plasmapotential measurementsrequiredfor the
analysis of the RPA data were measuredby emissive probe

Figure 1. Schematic of micro Hall thruster.

Figure 2. Photograph of micro Hall thruster.

Figure 3. Photograph of micro Hall thruster
during operation.
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measurementsat the same location.The emissiveprobeis
a 150µm diameterheated tungstenwire coil (5 turns). The
ion probe,RPA, and emissiveprobe were mounted on a
stepper motor-controlled rotational stage for angle-
resolvedmeasurements.

Thrust was measured with an inverted pendulum type
thrust stand. The stand includes an electromechanic
damperfor filt eringtheoscillations induced by thevacuum
pumping system,andis water-cooledto 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 10-4 relative uncertainty). The thruststandsignalis
linear within 1% tolerance and capable of detecting
horizontalforcesdownto ~0.1mN.

III. Results and Discussion

A. Micro Hall Thruster Operation
Figure3 shows a photograph of themicro Hall thruster

during operation. The discharge generatedintense blue
emission(dueto excitedxenon ions)in theannular channel.
In all the measurements presentedhere, the discharge was
operatedin voltage limited mode.The light emissionfrom
the discharge appeared to be fairly uniform aroundthe co-
axial channel.The V-I characteristics, which areil lustrated
in Fig. 4, are somewhat typical of Hall discharges,
although the discharge current does not saturate at high
voltages,contraryto what is observedin most modernHall
thrusters. Discharge instabilitiesprecludedoperation below
about 0.11 mg/s of anode flow. The dischargestability at
slightly higher flow rates(0.12-0.15 mg/s)wasinfluenced
by an observed (slow) thermal drift, and although the
dischargeis sufficiently stable for documenting V-I curves,
the operating regimewasfound to drift for longer running
times(~20min).

Figure 5 showsoscillograms of dischargecurrent. For
all theoperatingconditionsinvestigated here, the discharge
currentexhibitedstrongoscillationsassociatedwith theso-
called “breathing mode” instability [7]. Figure 6 depicts a
spectral analysis of these oscillograms. The distributions
arecharacterizedby sharp fundamentalmodes in the35-70
kHz range, with less intenseharmonics,asalsoobservedin
the previous study with a wire filamentneutralizer[5]. In a
typical kW-level thruster, this instability is observedat 10-
20 kHz. From the ~1/20th sizescalingof this thruster, the
breathing mode was expected to be somewhat higher in
frequency.We suspect that the low frequencyis due to a
relatively thick ionization layer. The frequency of the
fundamentalcomponent is found to vary nearly linearly
with dischargevoltage, asillustrated in Fig. 7. 

B. Ion Current Measurement
The results of plume ion current measurements are

shown in Fig. 8. The distributionsare nearly symmetrical,
perhapsslightly affectedby the cathodeneutralizer which
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Figure 5. Oscillograms of discharge current. Xe
flow rate is 0.17 mg/s.
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discharge current (Xe 0.17 mg/s).
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is positionedon the negative angle side of the scale
shown. A fairy largeplumedivergence wasobserved
at all conditions. The peak densityis located near 30-
50˚ (i.e., off axis). In the lower (0.17 mg/s) flow case
shown, higher voltage operation seemsto shift this
maximum towardsgreaterangle – a tendencynot seen
in the 0.20 mg/s case. By spatial integrationover the
subtendedsolid angle of the spatial distribution, we
can obtain the total ion current. The variation in the
total ion currentwith voltageis shownin Fig. 9. Also
shown in this figure are the discharge currents, for
comparison. Theionizationefficiencies,definedby the
ratio of total ion current to discharge current, are
estimatedto be in the rangeof 85-95% as shown in
Fig. 10. Of course, in estimating this efficiency, we
have assumedthat the fraction of doubly ionized
xenon in the beam is negligible. The estimated
uncertaintyin thetotal ion currentwas~ 20%.

C. Ion Energy Measurement
RPA measurements wereperformed with voltages

referenced to the ground potential. Therefore, the
analysis of the ion energy distribution requires a
correction for the local plasmapotential. The plasma
potential at a downstreamposition of 7 cm from the
thruster exit, where the RPA measurements were
performed, was determined using an emissive probe,
asdescribedabove. Theplasmapotential was found to
be almost uniform (independent of angle) at this
location, and measured to be 10±2 V for every
operation condition examinedfor the RPA analysis,
although there appeared to be a slight decreasewith
increasingangle off of thecenterline.

Examplesof extracted ion energy distributions are
shownin Fig. 11. The distributions shown have been
corrected for a plasma potential of 10 V. The

160 180 200 220 240 260 280
100

110

120

130

140

150

160

C
ur

re
nt

[m
A

]

Anode voltage [V]

Xe: 0.17 mg/s
Discharge current
Estimated ion current

Xe: 0.20 mg/s
Discharge current
Estimated ion current

Figure 9. Discharge and ion currents as a function
of the discharge voltage.

160 180 200 220 240 260 280
0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10
Xe: 0.17 mg/s

Discharge efficiency
Utilization efficiency

Xe: 0.20 mg/s
Discharge efficiency
Utilization efficiency

E
ffi

ci
en

cy

Anode voltage [V]

Figure 10. Discharge and Utilization efficiencies
as a function of the discharge voltage. The effect of
multiply charged ions is neglected.

-60 -40 -20 0 20 40 60 80 100 120 140

0

10

20

30

40

50

60

Io
n

cu
rr

en
t

[µ
A

/c
m

2 ]

Off-axis angle [degrees]

Xe: 0.17 mg/s
225 V
225 V
250 V
250 V
275 V
275 V

-60 -40 -20 0 20 40 60 80 100 120 140

0

10

20

30

40

50

60

Io
n

cu
rr

en
t[

µA
/c

m
2 ]

Off-axis angle [degrees]

Xe: 0.20 mg/s
175 V
175 V
200 V
200 V
225 V
225 V

Figure 8. Ion current distributions measured at 22 cm downstream from the anode surface.



AmericanInstitute of AeronauticsandAstronautics
5

distribution is dominated by energetic ions peaked at a potential of approximately 50 eV lower than the discharge
voltage. This 50 eV energy deficit seemedto be independentof the operating conditions. Most scans(more
noticeablyat higher massflow rate)exhibit a low energypeak in the rangeof 50-80 eV. We believe that this peak
may be due to chargeexchangecollisions between the ions in the beamandneutral xenon emitted by the hollow
cathode. However,this low-energy peakmay also reflect the presence of charge exchangecollisions with non-
ionizedxenon exiting theanode,becauseit wasnot asstrong for operatingconditionsat thelower anodeflow rates.

The shapeof the main peak is relatively broad in comparisonto that seen in larger,higherpower thrusters[8].
We attributethis to a relatively broad ionization zone,which is consistentwith a relatively low frequency seenfor
the “breathingmode” instability.We suspectthat this broadionization zonemight alsobeat thereason for the large
beamdivergenceseenin theion current measurements.

D. Thrust and Efficiency
Resultsof the thrusts measured directly usingthe thrust stand describedabove,areshown in Fig. 12. Although

the thruststand wasconfigured with flexuresthatweremoreappropriate for a larger-size thruster(~ kW design),the
measurements were performed despite a relatively large uncertainty of ~0.15mN, for comparison to indirect
measurementsbased on the ion current and ion energy distribution. Theseindirect thrust measurements are also
shown in Fig. 12. Thethrust wasfoundto bein therange of 0.6-1.6mN for conditions of 0.20mg/sand110-225V,
and 0.9-1.3mN for 0.17mg/s and a voltage of 200-275V. The direct thrust measurementsare found to be in
reasonableagreementwith those estimated from plume parameters.However, it is noteworthy that the discharge
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currentmonitoredduringthedirect thrustmeasurements in
the larger facili ty are slightly higher (by ~10%) than the
discharge current observed during ion current and ion
energy measurementsin the smaller (higher backpressure)
facili ty.

Figure 13 shows the resulting variation in thrust
efficiency with dischargevoltage. Thruster efficiency is
seen to increase with increasingvoltage,asexpected, and
is found to be in the rangeof approximately 10-15% for
the voltagerangeexamined here.

The variation in specific impulse with discharge
voltageis shownin Fig. 14. The specific impulse is found
to be in the rangeof 300-850s for conditions tested. This
low specific impulse is attributed to the relatively low ion
energy (dueto the 50 eV deficit) in comparisonto typical
higher power thrusters, It seemsthat operation at higher
specific impulse, and higher thrust efficiency will require
high discharge voltage. 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 wil l focusprimarily
on redesigning the discharge for improved thermal
managementof the inner pole piece, anda reconfiguration
of the magnetic circuit for optimization of the magnetic
field.

IV. Conclusions
The operation andperformancecharacterization of a 4

mm diameter micro Hall thruster is presented. The
characterization includes a measurementof plume ion
current, ion energy, and thrust (direct and indirect). The
thruster was operated in the 10-40W power range. A
reasonablethrust level and high ionization eff iciency has
beenconfirmed. Thethrustwasfoundto bein the rangeof
0.6-1.6 mN. Thrust efficiency is estimatedto be 10-15%
with a specific impulsein therangeof 300-850 s.

Despite of the successful operation of this thruster,it
appears to havea relatively large beamdivergence. This
beam divergence,which we attributeto a broadionization
zone resulting from a less than optimum magnetic field
distribution must be improved in future studies, for better
performance.The presenceof a broad ionization zone is
consistent with a relatively low frequency seen for the
“breathing mode” instabili ty and the relatively broad ion
energy distribution measured usinganRPA.
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