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Further Development of a Micro Hall Thruster
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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 per manent magnet gener ating 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 diver gence 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.

|. Introduction

HERE is increasednterestin scaling Hall plagna thrusers, which have beenstudied since the early 1960’s

[1,2] downinto the 10-100 W rangefor useon powe-limited and smaller satellies. The reductionin poweris
con@mitart with aredudion in thrustersize [3,4]. The desig of alow power Hall thruder should preservetheratio
of the Larmorradiusto channelwidth (whichis typically ~ 1 cmin 1 kW designs)necesdating operationat highe
magneticfields. The reduced Larmor scak increaseshe cydotron frequency,allowing operation at higher gas
denstty to preserve theclassicalHall Paameer.

We havedevebped a protaype micro Hall thrusterandoperatedit with a hot filamentcathod [5]. The chamé
of this prototypethrusterhasan oute and inner diamete of 4 mm and 3 mm, respectively. The magneticflux is
approximately 1 T in thechannéand0.7 T atthe exit plane Thethrusterwasoperatedwith a power in the range of
15-40W at arelatively high massflow rate (0.3-0.5 mg/s Xe). The study alsoindicatedthat the cathodehasa strong
effed on thruger opemtion. Here, we chaaderize the operaton of this micro Hall thruger with a hollow cathode
neutalizer. The thruser is opematedwith 10-40W of dischargepowerat an anodeflow rate of 0.12-0.20 mg/s Xe.
We investgde thethruger plumewith anion probe(ion current density),a retardingpoterial analyzer(ion enegy
distributionfunction), an emissiveprobe (plasma potental), and we directly measurehrustto estimatethe specific
impulseandefficiency.

. Experiments

A. Test facility

The plumecharacerizationwascarried outin atestfacility consising of a non-magneticstainlesssteelchamber
approximately 0.6 min diamete and1.2min length The chambeiis pumpel by a single 50 cm diametercryopump
(CVI-TM500) backedby a ~60 I/s mechanical pump. The basepressuref the facility is approximatey 10* Pa as
measuredby an ionizaion gauge, uncorreded for xeron. Thruster testing at xenan flow ratesof 0.12-0.20 mg/s
resuts in chamler backgraund pressue of apgoximately 10° Pa Thrustmeasuemens were caried outin alarge
test facility consisting of a nonrmagneticstainless steelchanber approximately 1.5 m in diameterand 3.3 m in
length and a two-stagecryogenic pumping system (CVI-TM1200. The pressureduring the thrus measuremets
wasapproimately 5x10* Pa Researctyrade (99.995%) xenon is usedfor the main thrusterdischarg andfor the
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hollow cathode, with massflow controller accuate within 1%
of thetotal flow rate(1.25-2 sccm or 0.12-0.2 mgk Xe).

B. MicroHall Thruster

A schemait ill ugration of the micro Hall thrusteris shown
in Fig. 1. A photogrgh of the actualthrusteris shown in Fig. 2.
The magretic circuit incorporates a ring-shgped SmCo
pemanentmagnetin conjuncton with a high purity iron circuit.
The outerdiameterof the magné is 14 mm, the inner diameer
is 4 mm, andthe thicknes is 3 mm. The outer diameer of the
iron coreis 3 mm, resulting in anannularchamel of width w =
0.5 mm. The metalchanné depth at anodepotental is 3 mm.
The insulabr outer wall depth, which is the thicknessof the
alumna insulator covering the maget, is approximaely 230
um, i.e., about half of the channelwidth.. The magnetic field
geneatedby this strucure is predominatdy radial near the exit
of the channg asverified by simulationsfor this circuit carried
out usinga two-dimensional(2D) axisymmeéric finite element
sdver [6]. The magneticfield strength near the exit of the
channel (suface of the alumina insulaor) is ~0.7 T and the
maximum strengh in the channelis appraimately 1 T. For
thermal manag@ment, the iron baseis water-cooled, and the
central pole pieceis covered with a 3 mm diameer, 400 pm
thick (approximagly the chamd width) polycrystdline
diamond plate,which alsoseves asthe chanrel inner wall.

The thruser main dischage is poweredby a Saersen
SCR600-1.7 power supply. Anode current oscilations are
monitoredby measunmg the voltage acrossa 4 Q shunt resigor
in serieswith the dischage The ion plume was neuralized
with a commercal hollow cathode(lon Tech Inc., HCN-252
operatingwith a flow of 0.16 mg/sof xeron and locaed 1 cm
downstreanand 4 cm off the axisof the chanrel.

C. Performance Characterization

The plume was chaactelized by measuring the spatal
distribution of ion current and ion energy distribution.
Peformancewas evduatedthroughdirect (and indired) thrust
measurenents

A guardedplararion probe (3 mm in diameter) biasedto ~
-30 V to repel the eledronswasusel to measurethe ion current
distributionandtotal ion currentin the plume. The ion current
measurenents were peformed 22 cm dowrstream of the
channelexit.

The ion enery distibution was characerized by a
miniaturized retardng potentid analyzer (RPA), with a 4 mm
entranceapeture. For the RPA measurerarts, the outermost
grid is electically floating, the second (electronrepeling) grid
is se to a potental of —25 V, andtheion retarding grid is swept
to a potentid of up to +350V. The collectoris coaed with a
graphiteemulsia, to reduce seconday eledron emission.The
trarsmittedion currentincident ontothe collector wasrecorded
with a picoammegr (Keithley 485). More detils of the RPA
were presentedn Ref. [5]. For the ion energy measirements,
the entranceof the RPA was locaed 7 cm downgreamof the
channel exit. Plasmapotential measurementsequiredfor the
andysis of the RPA daa were measuredby emissive probe
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Figure 1. Schematic of micro Hall thruster.

Figure2. Pho

toraph of micro Hall hruster.

Figure 3. Photograph of micro Hall thruster

during operation.
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Figure 4. Voltage-Current characteristics.
Note: open squares are for values observed
during direct thrust measurements.
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meaurenentsat the sane location. The emissiveprobeis
a 150 um diameterheakd tungsterwire coil (5 turns). The
ion probe, RPA, and emissiveprobe were mourted on a
stepper motar-contrdled rotationd stage for ande-
resolvedmeasurements.

Thrust was measued with an inverted perdulum type
thrust stard. The stand includes an electomechant
damperfor filt eringthe osdllations induced by the vacuum
pumping system,andis watercooledto minimize therma
drift during thruster opemtion. Calibration can be
performed in situ at regular intervals using an electric
motor, pulleys and seveal weights of known masse
(within 10 relative uncertanty). The thruststandsignalis
linear within 1% tolerance and capable of detkcing
horizontalforcesdownto ~0.1mN.

1. Resultsand Discussion

A. MicroHall Thruster Operation

Figure 3 shaws a photograh of the micro Hall thruster
during operation. The dischage generatedinterse blue
emission(dueto excitedxena ions)in theannubr channé
In all the measuremas presentedhere, the discharge was
operatedin voltage limited mode. The light emissionfrom
the dischage appeaedto be fairly uniform aroundthe co-
axid channel.The V-I chamactristics, which areillustratel
in Fig. 4, are somewhat typical of Hall discharges,
although the dischage current does not satuate at high
voltagescontraryto wha is obsavedin most modernHall
thrusters Discharge instabilities precludedoperaton bdow
abou 0.11 mg/s of armode flow. The dischargestability at
slightly higherflow rates (0.12-0.15 mg/s) wasinfluenced
by an obsened (slow) thermal drift, and athough the
dischargeis sufficiertly stable for documening V-l curves,
the operathng regimewasfound to drift for longe running
times(~20min).

Figure 5 showsoscillograns of dischargecurrent For
all the operatihg conditionsinvestigated here, the dischage
currentexhibited strong oscillationsassociatd with the so-
cdled “breathing mod€' instability [7]. Figure 6 depicts a
spedral analysis of these oscillograms. The distributions
arecharacterizetby shap fundanentalmodes in the 35-70
kHz range with less intenseharmonic, asalsoobsenedin
the previous study with awire filamentnetralizer[5]. In a
typical kW-level thruger, this instability is obseved at 10-
20 kHz. Fromthe ~1/20" size scalingof this thruster the
breahing mode was expectedto be sormrewhat higherin
frequencyWe suspet tha the low frequencyis due to a
relatively thick ionizaton layer. The frequerty of the
fundamentalcomponent is fourd to vary nearly linearly
with dischargevoltage asillustrated in Fig. 7.

B. lon Current M easurement

The resuts of plume ion curent measuremds are
shown in Fig. 8. The distributionsare nealy symmetricad,
perhapsslightly affectedby the cahodeneuralizer which
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Figure5. Oscillograms of discharge current. Xe
flow rateis0.17 mg/s.
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Figure6. Low frequency spectral analysis of the
discharge current (Xe 0.17 mg/s).
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is positionedon the negdive angle side of the scak
shown A fairy large plumedivergen® wasobseved
at all condiions. The pe& densityis locatal nea 30
50° (i.e., off axis). In the lower (0.17 mg's) flow case
shown higher voltage opemtion seemsto shift this
maximum towardsgreaterangle — a tendencynot seen
in the 0.20 mg/s case By spdial integrationover the
sultendedsolid argle of the spaial 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 Theionizationefficiendes, defined by the
ratio of total ion current to discharge current, are
estimatedto be in the range of 85-95% as shownin
Fig. 10. Of course, in estimating this efficieng, we
have assumedthat the fraction of doubly ionized
xenon in the beam is negligible. The estimaed
uncertaintyin thetotalion currentwas ~ 20%.

C. lon Energy M easurement

RPA measwemerns were pefformed with voltages
referenced to the grourd potentid. Therefae, the
aralysis of the ion eneagy distribution requres a
correction for the locd plasmapatential. The plasma
potential at a downsteam postion of 7 cm from the
thruster exit, where the RPA measurments were
performed, was detemined using an emissive probe,
asdescribedabove. The plasmapotential was found to
be almost uniform (independent of angk) at this
locaion, and measued to be 10+2 V for every
operation condition examinedfor the RPA andysis,
although there appeaed to be a slight deaeasewith
increasingande off of the certerline.

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

AmericanInstitute of Aeronauics andAstronauics



Off-axis angle (degrees)
—0
—15
30
—45
60
—90

Xe: 0.17 mg/s Off-axis angle (degrees) Xe: 0.20 mg/s
L 250V —0 200V

Intensity [a.u.]
N
T
Intensity [a.u.]
N
T

2r 2L
o = ol
n n n n 1 n n 1 n n 1 n 1 n 1 n 1 n 1 n 1 n
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
lon energy [eV] lon energy [eV]
8 8
Xe: 0.17 mg/s Anode voltage Xe: 0.20 mg/s Anode voltage
L 45° —— 225V I 30° 175V
——250v —— 200V
6} 275V 6 225V 1
ER El
S, S,
2 4r 2 4r b
@ @
c c
2 r 2
= =
21 21 E
e '
0} > ok _
n 1 n 1 n 1 n 1 n 1 n 1 n
0 50 100 150 200 250 300 350 0 100 150 200 250 300 350
lon energy [eV] lon energy [eV]

Figurell. Examples of RPA measurements. Note: the energy is shifted from the observed value based on
the ground potential by a plasma potential of 10V.

distributionis dominaed by enegetic ions pe&ked at a potertial of approxmately 50 €V lower than the discharge
voltage. This 50 eV energy ddficit seemedto be independenbf the operathg 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 dueto charge exchangecollisions between the ions in the beamand neutral xenon emitted by the hollow
cahode. However,this low-energy peakmay also reflect the presexe of charge exchangecadlisions with non
ionizedxenm exiting theanode beauseit wasnat asstrong for operathg condtionsat thelower arodeflow rates

The shapeof the main peak is relatively broad in comparisorto that seenin larger,higherpower thrugers[8].
We attributethis to a relatively broad ionizaion zone,which is consistentwith a relatively low frequency seenfor
the “breathingmode” instability. We suspecthat this broadionizaion zonemight alsobe at the rea®n for the large
beamdivergenceseenin theion current measuvements.

D. Thrust and Efficiency

Resultsof the thrugs measurd diredly usingthe thrust stard describedabove,are shown in Fig. 12. Although
the thruststard wasconfigured with flexuresthatweremoreappropride for alarge-size thruster(~ kW design) the
meaurenents were peformed despite a relaively large uncetainty of ~0.15mN, for comparson to indirect
meaurenents baed on the ion current and ion erergy distribuion. Theseindirect thrust measuremestare also
shown in Fig. 12. Thethrugt wasfoundto bein therange of 0.6-1.6 mN for conditiors of 0.20mg/sand110-225V,
and 0.9-1.3mN for 0.17mg/s and a voltage of 200-275V. The direct thrust measirementsare found to be in
reasonableageementwith those estmatal from plume parameers. Howe\er, it is noteworthy that the discharge
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currentmonitored during the direct thrustmeaswemens in
the larger facility are slightly higher (by ~10%) than the

discharge currert obseved during ion current ard ion 17 Fxe: 0.17 mg/s
enagy measuementsin the smadler (higher backpressure) o " slxef;‘;ﬁfeddfmm RPA and IP
facility. 5 Ixe: 0.20 mgls

Figure 13 shows the resulting varation in thrust 14T e Expected from RPA and IP

efficiency with dischargevoltage. Thruster efficiency is s Measured

- |

L L B X J

seen to increag with increasingvoltage,as expeded, ard ELL
is found to be in the rangeof approximately 10-15% for 8oL o
the voltagerange examined here. F ool
The variation in spedfic impulse with discharg osl
voltageis shownin Fig. 14. The speific impulseis found 07
to bein the rangeof 300-850s for conditions testal. This zz r

low specificimpulse is attributed to the relatively low ion S T ST S SR R
enagy (dueto the 50 eV deficit) in comparisonto typical O
higher powe thruders, It seemsthat operaion at higher node voliage IV

spedfic impulse, and higher thrust efficiency will requre
high dischargevoltage However thermal drifts ard

Figure 12. Thrust as a function of the discharge

. ) . voltage.
exessive heat trarsfer to the inner pole piece precuded g
operation at lower mas flow rates and higher dischage
voltages.at thistime. Future reseach will focus primarily 0.19 —
. . . . Xe: 0.17 mg/s
on redesignig the dischage for improved themd gij [ = Expected from RPA and IP
managemenof the inner pole piece, anda recorfiguration o1 Exer om0 e . .
of the magneic circuit for optimization of the magretic oasf o ExpectedfiomRPAand 1P % n "
field. 014 s o _
g oasf |
. S 012 °
IV. Conclusions 5 ouf
The operaion and performance charaterizaion of a 4 E ook
mm diameter micro Hall thruste is preseted. The 008 [
chaacterizatbn includes a measurementof plume ion 007 |
current,ion erergy, and thrust (direct and indired). The gg: F L
thruster was operatel in th_e 1Q—4(_)W_ power range. A S
reasonablethrust level and high ionization efficiercy has Anode voltage [V]

beenconfirmed Thethrustwasfoundto bein the rangeof
0.6-1.6 mN. Thrust efficiency is estmatedto be 10-15% Figure13. Thrust efficiency as a function of the
with a specifc impulsein the rangeof 300-850 s. dischar ge voltage.
Despite of the successiul operdion of this thruster,it
appearsto havea relatvely large beamdivergence. This

beam divergencewhich we attributeto a broadionization o017 oS
zone resultng from a less than optimum mageic field T 4 Expected from RPA and IP
. . . . . . 0 Measured
distribution mugt be improvedin future studies, for bette 800 |- xe: 0,20 mgfs % .
performance.The presenceof a broad ionizaion zoneis . o DoecledfomRPAENIIP B
consstent with a relatively low frequency seen for the =1 j[.
“breathing mode” instability and the relaively broad ion 3 oo
enegy distribution measured usingan RPA. £ " o %
(9]
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