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The operation of an inverted-pendulum thrust stand to measure thrust for high-power steady-
state plasmathrusters is preserted. An extensive calibration procedurethat characterizesthe thrust
stand response to thrust and forces induced by the interaction of current carrying conductors is
discussed. Tedhniques are also described that reduce thrust measuremen errors induced by thermal
e ects on the stand. Sensitivities of 3.00 0.32 mV/mN are achieved using a laser-basedsystem to
measurestand de ection. Data taken with the 30 kW Lorentz Force Accelerator with lithium vapor
propellant operating at 500 A, 9.5 mg/s lithium o w rate and a0.07 T applied eld give a measured
thrust of 265 48 mN and a nominal 20% thrust e ciency .

I. INTR ODUCTION

High-power electric propulsion systems have long
beenrecognizedas among the most promising options
for heavy-payload orbit raising and piloted planetary
missions [1], [2], but they have lagged behind their
lower-power cournterparts in laboratory testing. With
NASA's renewedinterestin the developmern of nuclear
power systemsfor spacecraft, the steady-state space-
craft power necessaryfor the practical application of
thesethrusters may soon be available. The di culties
of laboratory experiments with steady-state plasma
thrusters at power levels exceedingtens of kilowatts
are numerous. Pumping, power, and cooling require-
mens necessitatelarge, expensiwe facilities. Analyt-
ical and numerical models can provide some insight,
but performance data are required to validate their
results and assumptions. Critical to determining per-
formance, the measuremen of steady-state thrust has
proven to be a unique challenge.

The problem of high-power steady-state thrust
measuremeh for plasma thrusters is not a simple
one. The low thrust-to-w eight ratio of these devices
(25 mN/kg) results in poor thrust resolution with
standard pendulum designs. Thermal loadsdue to the
conduction of steady-state current and radiation from
the thruster in uence the behavior of the thrust stand.
Finally, electromagnetic forcesimparted to the stand
through interactions of the thruster current with the
applied magnetic eld coils and other current conduc-
tors must be accurately measured. We have chosen
an inverted-pendulum designbasedupon that of Haag
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[4]. Details of the theory, implementation, and cali-
bration are presened in this paper. We will show that
the designconstraints mentioned above make the care-
ful calibration of the thrust stand and the method of
data acquisition critical to obtaining accurate thrust
measuremets.

The inverted-pendulum thrust stand described here
is used as an integral part of our lithium Lorentz
Force Accelerator (LILFA) researd program. The
demonstration of 50% e ciency at 0.5 MW with 500
hours of nearly erosion-freeoperation [3] have put LiL-
FAs at the forefront of high-power electric propulsion
researtr. A 30 kW applied- eld thruster, designed
and manufactured at the Moscown Aviation Institute
(MAI), is currently being investigated. The use of
alkali-metal propellants introduce additional di cul-
ties in obtaining accuratethrust measuremets. Heat-
ing is required to vaporize the propellant, adding to
the thermal loading of the thrust stand. Also, more
complicated feedingsystems,in our casea mecdanical-
piston system located on the thrust stand, must be
considered.

Section |1 focuseson the theory and operation of
the inverted-pendulum thrust stand. In sectionlll we
presert the primary componerts of the thruster, its
subsystems,and the experimental facilities. The chal-
lengesof accurate thrust measuremeh are covered in
section V. A detailed description of the thrust stand
calibration and data analysisis givenin sectionV. Fi-
nally, samplethrust data taken during a recert ring
of the MAI thruster are preseried in VI.

Il.  THR UST STAND

The thrust stand used to measure steady-state
thrust is based on the concept of an inverted-
pendulum, aswill be describedin sectionll A. Obtain-
ing accurate thrust measuremets using the inverted-
pendulum designdependscritically on three factors;



Maintaining an accurate knowledge of the sensi-
tivit y of the stand asit de ects due to thruster
operation.

Maintaining the stand near its vertical position
where the de ection is a linear function of the
force applied, the stand sensitivity is near its
maximum and the thermal drifts are minimized.

An accurate accounting of forces other than
thrust on the stand.

These factors e ect every aspect of the thrust stand
designand thruster operation, aswill be shown in this
section. Section || B will describe the design of the
thrust stand. The method of thrust measuremen is
described in section |l C.

A. Inverted-P endulum Thrust Stand Theory

Unlike a standard pendulum, in which it takes a
larger force to move a heavier massthrough the same
de ection angle, an inverted-pendulum takes advan-
tage of the weight of the thruster to amplify the de-
ection dueto the applied force. For small de ections:
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where d is the horizontal stand displacemen, F the
total force applied to the stand, L the length of the
exures, M the masssupported by the stand and M,
is a characteristic masswhich dependsupon the stand
characteristics. M- is de ned as:

M» Lk=g @)

where k the e ectiv e spring constart, or elasticity, of
the stand exures.

From equation 1, it is clearthat the sensitivity of the
stand, de ned asthe ratio of stand displacemer to ap-
plied force, will increaseas the mass, M, approadces
the value of the characteristic mass,M,. We have not
attempted to modify the the stand weight to approach
the characteristic mass,but rather we attempt to char-
acterizethe sensitivity of the stand under experimental
conditions. It is alsoclearthat the stand displacemen
is directly proportional to the applied force. As will
be seenlater, we measurethe changein the angle of
the stand tilt, not the stand displacemen. Becauseof
the small anglesof de ection we can assumea linear
relation betweenforce and angle and this was veri ed
by the calibration.

B. Thrust Stand Description

There are two primary componerts of the thrust
stand: 1) the exures that serwe asthe pendulum arm

and support and 2) the aluminum support structure
for the thruster and feed system. A schematic of the
thrust stand, whoseinitial designand implementation
is described in [5], is shown in Fig. 1. The pendulum
arm consists of nine parallel \b" shaped 3/8" diam-
eter copper tubes. The exures are held in place at
their baseby a b erglassbeam attached to the vac-
uum chamber. Thin (5 mil), 5 cm wide sections of
exural brasssheetattachedto either side of the main
exures limit stand twisting. The aluminum support
structure is mounted to the top of the exures by an-
other b erglassbeam.
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FIG. 1: The schematic of the inverted-pendulum thrust stand,

thruster and lithium feed system.

The copper exures ful ll three important purposes:

Support and sere asthe pivot point of the thrust
stand.

Conduct electrical power for the thruster com-
ponerts and subsystems.

Carry cooling water to the thruster and subsys-
tems located on the stand.

Electrical power for the thruster, cathode heater, and
solenoidis brought to the baseof the thrust stand via
copper wires. The exures carry the power to the top
of the stand where it is distributed to the thruster
and various sub-systems. Cooling water is delivered
to the exures and circulated through the thrust stand
componerts.

A seriesof four calibration weights attached to the
stand via a pulley/motor systemallow for in-situ cali-
bration of the stand. A total of 534mN can be added



to the stand immediately prior to and after taking
thrust data to ensurea constart sensitivity during the
measuremeh Normally two weights (267 mN) are
added at a time determine the thrust stand sensitiv-
ity.

A counterweight system has beendeweloped to cor-
rect for large stand drifts due to thermal loading. It
is important to maintain the stand near vertical to ac-
curately measurethrust. The tendency of the stand
to drift into regions of non-linear and low sensitivity
are compensatedfor by adjusting the certer of mass
of the stand. Approximately 10 kg of weight can be
moved forward or badkward relative to the exures via
a remotely controlled motor to re-adjust the certer of
massof the stand. A Crossbow CXTA-01-T tilt sensor
measureghe inclination angleof the stand throughout
the experiment to aid in maintaining the stand near
its vertical position.

C. Laser-based De ection Measuremen t

Using a Linear Voltage Displacement Transducer
(LDVT) proved to be impractical for high-power,
steady-state thrust measuremeh The stand drifts
seweral millimeters during the heat-up of the feed sys-
tem and cathode, which is not commensuratewith the
closetolerancesrequired for an LVDT. In addition to
drifts in the direction of thrust, a small amount of
twisting occurs which makes alignment of an LVDT
di cult, if not impossible.

A laser-basedoptical measuremeh systemhasbeen
deweloped to measurestand de ection and is shown in
Fig. 2. Stand de ection is determined by measuring
the angle through which the stand moveswhen a force
is applied. To increasethe sensitivity of the measure-
ments we desirethe longest possiblelaser path length
from the stand to the sensor. This is accomplished
with a seriesof mirrors within the chamber. The total
path length of the beam is approximately 2 m. The
componerts are:

A 3 mW Helium-Neon laser mounted on the out-
side of the vacuum chamber and directed at the
thrust stand through a Pyrex window.

A 5 cm diameter mirror mounted at approxi-
mately 45 relative to the laser beam on the
stand.

Three 5 cm diameter mirrors mounted within a
box above the thrust stand for protection from
lithium.

The primary componert of the systemis a 2-D
Position SensingDetector (PSD) manufactured
by On-Trak. The 1 cm by 1 cm photodetector
array determinesthe certroid of anincident light
source. The output is a two dimensional position
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(' 5V) which is independert of the intensity of
the incident beam.

A 52 mm lenswith a 2 m focal length positioned
just in front of the laser to maintain a focused
beam at the detector.

The laser-basedthrust measuremeh system has
proven to be immune to many of the problems that
plaguethe LVDT. It is not adverselye ected by radio-
frequency noise generatedby the thruster or thermal
drifts of the thrust stand, and most of its compo-
nents can be placed away from the thruster. It can
also be con gured to measuredi erent magnitudes of
stand de ection simply by changing the path length of
the laser beam. Sensitivities of 3.0 mV/mN are eas-
ily achievable with this con guration, translating to a
1.5V signal at nominal thruster operating conditions
(500 mN thrust).

I1l.  EXPERIMENT AL APP ARA TUS

The steady-state low-power facility (SSLPF) at EP-
PDyL has been designedto measurethrust of alkali
metal propellant steady-stateLFAs. Preserly, the ex-
perimental apparatus is equipped to operate with the
Moscav Aviation Institute 30 kW LiLFA, described
in the next subsection. The lithium feed system that
supplies propellant to the thruster is described in the
section |11 B. Sectionlll C describesthe facilities and
equipmert required to support the MAI LiLFA thrust
measuremen

A.  MAI LiLF A

The 30kW thruster usedin this investigation, Fig.3,
was developed and manufactured at the Moscaw Avia-
tion Institute undera NASA-JPL cortract [6], [7]. Un-
like the vapor-fed open-heat-pipe thruster deweloped
by EPPDyL and Thermacore [5], the MAI LiLFA re-
lies on being fed liquid lithium that is vaporized inside
the cathode. The proled anode is made of tungsten
by plasma spraying and with the pro led surfacecor-
responding to the ux lines of the applied magnetic
eld. The cathode is a multichannel hollow cathode
design. The body is of tungsten and hasan outer diam-
eter of 24 mm. Lithium enters the cathode asa liquid
and travels through an internal spiral-shaped channel
that surrounds a 1.3 kW lithium-v aporizing graphite
heater. The front of the cathode is padked with tung-
sten wire 1.5-2 mm in diameter recessedé mm from
the exit plane to form the channels. The electrical
insulator is aluminum boron nitride. Power to the
thruster and cathode heater is supplied to molybde-
num anges. The external, mostly axial, magnetic
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FIG. 2: The layout of the components of the laser-basedthrust measuremen system.
Left: The position of the mirror on the thrust stand and the box containing the PSD and mirrors.

Right: The top view of the system box.

eld is generatedby a water-cooled solenoidsurround-
ing the anode. The coil is 56 turns of 8 mm diameter
copper tubing, which at 100 A producesa 0.032T at
the cathode tip.
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FIG. 3: A schematic of the 30 kW MAI thruster.

With the cathode preheated to approximately
1200 C and no applied magnetic eld, reliable
thruster ignition occurs with 80 V applied acrossthe
electrodesand a nominal lithium o w rate of 9.5 mg/s.
Onceestablished,the arc will provide additional cath-
ode heating increasing the vaporization rate of the
lithium as it ernters the cathode allowing for opera-
tion at larger mass o w rates. The stabilization of the
vaporization point within the cathode, and therefore

the lithium o w rate, is reported in MAI data to occur
6-15 minutes after ignition.

B. Lithium Feed System

A medanically-driven lithium feeding system was
deweloped through a collaboration between EPPDyL
and the Advanced Propulsion Group at JPL, [8]. It
suppliesliquid lithium to the vaporizer cathode within
the MAI thruster. Lithium mass ow is directly pro-
portional to piston speed and is determined by cal-
ibration. The calibration resulted in a coe cient of
819 4 mg/mm. Flow ratesof 10-120mg/s are achiev-
able with an error of 1%.

A schematic of the systemis showvn in Fig. 4 with
arrows indicating the path of lithium o w through the
system. Solid lithium is loaded into the vacuum fa-
cility under argon via the leak-tight resenoir. Un-
der vacuum, the lithium is then melted and fed into
the lithium chamber below the piston. Chilled wa-
ter applied to the feedline betweenthe resenoir and
chamber solidi es (< 180 C) the lithium there, form-
ing a plug, and preverting badk- ow to the resenoir
during thruster operation. A stepper motor and con-
troller set the piston speed and allow for corntinuous
feedbak on speedand position asthe lithium is fedto
the thruster. A chilled-water loop above the lithium
chamber \freezes" the lithium there preventing leak-
age during feeding. Liquid lithium temperatures are
maintained between200and 300 C during operation.

The entire systemis positioned on the thrust stand
behind the thruster so as not to impedethe free mo-
tion of the stand. Alumina insulators electrically iso-
late the feedsystem(cathode potential) from the stand
(ground potential). Chilled water for the sealsis pro-
vided by a closedloop system, discussedin the fol-
lowing section, and is brought to the thrust stand via



copper exures, asdescribed in Section |l B.

FIG. 4. A schematic of the liquid-lithium
arrows indicate the path of lithium o w.

C. Facilities

Experiments are conductedin a 1.5 m diameter by
3.6 m steel vacuum chamber. The ultimate pressure
is4 10 5 Torr, obtained with a 1.22m CVC di u-
sion pump badked by a RUVAC SU2000roots blower
and a 150 CFM Stokes Microvac Pump. Lithium is a
condensiblepropellant that doesnot raisethe pressure
during an experiment and thus the e ect of pressure
on thrust measuremen is not a concern. In order to
simplify the post-experiment clean-up, the inside of
the chamber is covered with aluminum foil, held to
the walls by hundreds of small magnets, to capture
the lithium asit condenseson the walls. A set of alu-
minum ba es is mounted approximately 2.7 m from
the end of the chamber to block direct ow of lithium
into the di usion pump.

Three separatehigh-current, DC power suppliesare
required to operate the MAI LiLFA, plus smaller sup-
plies to heat the feed system. A current-controlled
Miller welding power supply providesthe thruster with
up to 40 kW. The cathode heater is supplied with
1.3 kW at 150 A by an Electronic Measuremelits,
Inc. EMHP power supply. The applied magnetic eld
solenoidcan be provided with up to 230A by a Rapid
Electric Co., Inc. power supply to producea 0.07 T
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eld. The propellant feed system also requires power
to melt and maintain liquid lithium. Three separate
600W Variacs supply power to the componerts of the
feed system: the resenwoir, the piston/cylinder, and
the pipes/freezingvalve.

Thermal cortrol is achieved with a closed-lop
chilled water system. Power dissipated by the solenoid
and current conductors, plus the thermal radiation
must cortin uously be removed with the water system
to prevent overheating. Two componerts of the feed
system, the lithium freezing valve and the cylinder,
rely on water cooling to prevent the ow of liquid
lithium where and when it is not desired. Most im-
portantly, the temperature of the thrust stand ex-
ures must be maintained at a constart temperature
throughout the experiment to allow thrust measure-
mernt. The aforemertioned usesof the water system
lead to a designthat includes v e separatewater cir-
cuits that supply water to dierent componerts of
the experiment at 125 ml/s ead. A high-head pres-
sure model Sta-Rite certrifugal pump suppliesup to
630ml/s at 240kPa. The heat is rejectedto the build-
ing chilled water system using SWEP North Amer-
ica Inc. models 10046-030and 10002-026water-water
heat exchangers.

feed system. The

V. STEAD Y STATE THR UST
MEASUREMENT OVER VIEW

Two types of stand e ects must be taken into ac-
court in order to obtain accuratethrust data: 1) long-
term thermal drifts and 2) forces other than thrust,
including lithium feeding and current-induced forces.
Long-term thermal drifts occur for the duration of
the experiment (approximately 20 minutes). When-
ever the solenoidor thruster current is varied the drift
rate or direction changes. To characterize the stand
responseto ead changewe allow the stand to drift for
four minutes beforeand after any event. The wait time
is basedon the time required for the drifts to become
linear and have a small magnitude, lessthan 10% of
the PSD rangeover ead portion of the experiment. In
our facility, the drift direction and rate roughly corre-
spond to the changein the temperature of the water
that ows through the exures. Careful calibration is
required to account for other forcesa ecting the stand
displacemen. The two primary forcesthat add to the
thrust measuredare due to the propellant feedingand
current conduction,

F =T+ Fcurrent + Fieeding )

and will be described in sectionslV B and IV C.



A. Thermal Eects on Stand Sensitivit y

Perhapsthe most troublesome stand behavior is its
tendency to drift due to changing thermal loads. In a
standard pendulum the harmonic responseis ensured
by the gravitational forceacting on the load. Howewer,
with the inverted-pendulum this responsebecomesie-
penden on the elasticity of the exures, i.e. the char-
acteristic massM,. For low thrust-to-w eight ratio de-
vices the inverted designis more sensitive to applied
forcesthan the traditional pendulum. Howewer, it has
the disadvantage of alsobeing sensitive to temperature
variations in the exures. Asthe exure temperatures
change so doesthe e ectiv e spring constart and thus
the sensitivity of the stand.

The ewlution of the exure temperature has three
main sources:

Radiation from the feed system, thruster, and
plasma. This e ect has been minimized by in-
stalling radiation shieldsaround the exures.

Joule heating of the exures due to the current
conducted along their length. It is estimated
that this cortribution will be a maximum of
200W per exure which can raise the cooling
water temperature only a fraction of a degree.

Changesin exure cooling water temperature is
the largest cortribution to thermal drift. This
e ect is unavoidable due to the role of the water
in removing heat from the feed system, thruster
and solenoid.

The dewelopmert of these temperature induced
drifts in time is governed by the thermal inertia of
the water system and the thermal power deposited in
it. The water system has a large thermal inertia that
results in an overall rate of temperature change that
is lessthan 5 C per hour under conditions of maxi-
mum changein thermal power deposition. During an
experimert, temperature gradients are limited by al-
lowing most componerts to reach a steady state tem-
perature and thus constart thermal power deposition.
The temperature of the water leaving the thrust stand
only varies by a fraction of a degreeduring a thrust
measuremen

B. Lithium Feeding E ects

The placemernt of the lithium feed system on the
thrust stand introduces the possibility that thrust
measuremets will be adversely e ected by vibrations
induced by the stepper motor, thermal loads due to
feed system heating and cooling requiremerts, and/or
the motion of the piston and lithium on the stand.
Vibrational e ects due to the operation of the feed
system motor were determined to be negligible. The
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e ect of thermal loading hasbeendiscussedn the pre-
vious section, the cortribution from the feedsystemis
a small fraction of the total thermal load. Calibrations

of the stand have determinedthat the stand de ection

due to the movemert of the piston and lithium during

a ring are both small and linear while the piston is
moving at a constart velocity. Averageslopes of less
than 0:1 1% mV/s are expected at typical lithium

feedingrates (10-30mg/s). This is an order of magni-
tude smaller than typical drifts due to thermal e ects
obsened during calibrations. Since thrust measure-
mens are taken during periods of constart lithium

feedingand the e ect is small comparedwith thermal

e ects, no further considerationis given to feeding ef-
fects.

C. Curren t-Induced Forces

As current is brought to the thruster and its assai-
ated subsystems,the interaction of these current car-
rying elemers produce forceswhich cannot be easily
discriminated from thrust. It is to be noted that this
e ect is quite complex becausethe total force exerted
on the thrust stand dependsnot only on the current
to one subsystembut on the interaction of all subsys-
tems. The magnetic elds induced by current to the
thruster, the cathode heater, and the solenoid inter-
act with ead other and also with the eld generated
by the solenoidto produce a composite e ect. Care-
ful distribution of the current paths among the eight
current carrying exures and the placemen of cabling
within the facility minimizes the e ect of the current
induced force by creating symmetrical and small area
dipoles. The power leadshave beentwisted and paired
to reducethe magnetic eld generated.

V. CALIBRA TION

Characterization of the thrust stand sensitivity and
determination of the current-induced force are the
goals of the calibration. First, the region of linear re-
sponseto force of the thrust stand is determined. Sec-
ond, the repeatability of the thrust stand de ection to
a known force is measured. Third, the force induced
by the interaction of the thruster current with the fa-
cility is characterized. To nd the linear region of the
thrust stand, 534 mN of force is applied to the stand
by the calibration weights at various stand tilt angles.
Coarsemeasuremen of the de ection angleis accom-
plished with the Crosshow tilt sensor. The resulting
ne de ection is measuredwith the laser based mea-
suremer device. It was found that the linear region
encompassedpproximately 1 from the vertical po-
sition.

The repeatability of the stand responseto a given



TABLE |I: Calibration Data

Thruster Current | Current On | Current O
(A) (mV/mN) (mV/mN)
500 -3.06 0.26/-2.91 0.59
600 -2.97 0.39/-3.05 0.16

forceis demonstratedthrough an extensive calibration
procedure. Sensitivity calibration is combined with
the measuremen of the current induced forceto prove
repeatability in situations asnear a ring aspossible.
The thruster is shorted during calibration to simulate
a ring. The solenoid,cathode heater and feed system
are brought to their steady-state operating tempera-
tures. This takes between one and two hours. The
thruster current is then brought to the desired value.
All subsequen events occur at four minute intervals.
This time was chosento allow the collection of enough
data to reducethe uncertainty in the measuremen by
accurately characterizing the linear stand drift. The
calibration procedureis as follows:

A force of 267mN is applied with the calibration
weights to measurestand sensitivity.

The thruster current is turned o to measure
the de ection of the stand due to the current-
induced force.

Another 267 mN is applied to determine if the
sensitivity of the stand is constart.

The thruster current is turned badk on.
The 534 mN of force is removed.

The procedureis repeated at least v e times for
ead operation point.

Analysis of the data beginswith a linear t of the
recorded stand de ection. Each four minutes of data
are t using an lgor Pro curve tting macro. The o -
set, slope and the uncertainties of eadh t are noted
for the next step. The time at which the calibra-
tion weights were removed or the thruster current was
turned o is located within the data by the \jumps" in
the position data. The lines tted to the position data
just before and after the evert are usedto determine
the de ection of the stand. The di erence betweenthe
values of the lines givesthe changein position of the
stand. The uncertainty of the changein stand location
is determined from the uncertainties of the coe cien ts
in the two line ts.

We calibrated the thrust stand for a magnetic eld
of 0.07T at 500and 600A. Table| cortains the results
of the sensitivity calibration, the rst and third steps
of the calibration procedure. The sensitivity of the
stand was determined by the calibration to be 3:00
0:32 mV/mN.

The current-induced force data, step two of the cali-
bration procedure,was analyzedin manner analogous
to the sensitivity data. Unfortunately, the induced
force was not as repeatable as that produced by the
calibration weights, resulting in an uncertainty greater
than 30%, Fig. 5. It can be seenthat the data has a
tendency to drift during the calibration and the force
is not dierent between 500 and 600 A. At 500 A
the induced force, normalized by thruster current, was
0:32 0:08mN/A andwas0:29 0:13mN/A at 600A.
The sourceof the spreadin the data is unknown and
further calibrations will be required to better under-
stand the stand response.
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FIG. 5: The current induced force calibration at 500 and
600 A.

VI.  SAMPLE THR UST MEASUREMENT

We have measuredthrust while operating the MAI
LILFA at 518 A, 9.5mg/s and 0.07 T magnetic eld.
The data werenot obtained under ideal conditions due
to an arc attachmernt to the stand which causeda pre-
mature termination of the experimernt. Only a minute
of stable current had occurred beforethe thruster was
turned o and a calibration of the stand during the
ring was not attempted. Those conditions led to in-
creasederror in the measuremeh becausethe stand
de ection was more dicult to characterize and the
drifts did not have a linear slope, Fig. 6. Even with
these problems, the e ect of thrust could easily be
detected by the thrust stand. As noted in the g-
ure, only a small amourt of data before and after the
thruster wasturned o was t. Using an analysissim-
ilar to the calibration, the changein stand de ection
as measuredby the laser-basedmeasuremen device
was 297 40mV. Dividing by the stand sensitivity



and including the uncertainties of both the sensitiv-
ity and stand de ection voltage gives a net force of
99 17 mN. The current-induced force acts in the op-
posite direction of thrust and thus we must calculate
this forceand add it to the net forceto nd the thrust.
At 518 28 A, the induced forceis 166 42mN. The
resulting thrust and thrust e ciency are 265 58 mN
and 20 8%, respectively, assumingthe uncertainty
of the mass ow rate is the same as the uncertainty
of the thrust. The large uncertainty is attributed to
the vaporization point of lithium not being stabilized
within the cathode.
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FIG. 6: Raw laser-based measuremern system data from
the sample thrust measuremen.

VI 1.  CONCLUSIONS

The operation of an inverted-pendulum thrust stand
for high-power steady-state thrust measuremeis has
beenpreseried. Stand responseto a known force has
beenshawn to be linear and repeatable with sensitivi-
ties of 3:00 0:32mV/mN. A procedurefor determin-
ing forceson the stand due to thruster current and an
applied magnetic eld has beendeweloped and imple-
mented. Thrust measuremen has beendemonstrated
usingthe 30kW applied- eld MAI LiLFA. More exten-
sive calibrations of the thrust stand and longer steady-
state rings of the thruster are required to reducethe
error bars.
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