Sengitivity Testing of the NSTAR lon Thruster

|EPC-2007-010

Presented at the $Qnternational Electric Propulsion Conference, Fémce, Italy
September 17-20, 2007

Anita Senguptaand John AndersonJohn Brophy.
Jet Propulsion Laboratory, California Institute ®échnology, Pasadena, CA, 91109, US

Abstract: During the Extended Life Test (ELT) of the DSL flight spareion thruster, the
engine was subjected to senstivity testing in order to characterize the dependence of
dischar ge plasma production on operating conditions and component wear. The discharge
chamber sensitivity to small variationsin main flow, cathode flow, beam current, and grid
voltages, was determined for 0.5 to 2.3 kW operation. The degree of variation was consistent
with the control band provided by the DS1 PPU and feed system (3-5%). For each power
level investigated, 16 high/low operating conditions were chosen to vary the flows, beam
current, and grid voltages in a matrix that mapped out the entire parameter space. The
matrix of data generated was used to determine the partial derivative or sensitivity of the
dependent discharge parameters to the variations in the independent parameters (throttle
set points). The sensitivities of each dependent parameter with respect to each independent
parameter were determined using a least-squar esfit routine. Several key findings have been
ascertained from the sensitivity testing. Dischar ge operation is most sensitive to changes in
cathode flow and to a lesser degree main flow. The data also confirms that the NSTAR
thruster plasma production is limited by primary electron input for a fixed neutral
population. Key sensitivitiesalong with their change with thruster wear (oper ating time) will
be presented. In addition double ion content measurements with an ExB probe will be
presented to illustrate beam ion content sensitivity to discharge chamber operating
parameters.

Nomenclature

NSTAR = NASA Solar Electric Propulsion Application Reagks
ELT = Extended Life Test

BOL = Beginning of Life

TH = Throttle Level

PPU = Power Processing Unit

Js = Beam Current

Jo = Discharge Current

Vp = Discharge Voltage

& = Discharge Loss

m = Flow Rate
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I. Introduction

he Extended Life Test (ELT) of the Deep Space 11()Itgght spare ion thruster (FT2) is the longeséi@tion

of an ion thruster on record, processing over 28%kxenon propellant and accumulating 30,352 haiirs
operation during its five year rinThe test was started in October of 1998, justrpio the launch of the DS1
spacecraft, with the primary purpose of determirtimg ultimate service life capability of the NASA-8m-ion
thruster technology. The objectives of the testewercharacterize known failure modes, identify umkn failure
modes, and measure performance degradation witistémr wear. Thruster performance data and opasdtio
characteristics over the full DS1 throttle rangeeneollected and analyzed extensively during thesmof the test.
Experimental characterization of the discharge dianperformance as a function of operating conditias also
periodically assessed via a series of sensitieystroughly every few thousand hours of operat@msitivity tests
were used to determine the functional dependengéasfna production, ionization efficiency, and bwllcathode
efficiency on the extracted ion fraction, primatgatron input, and neutral density input to thecdage chamber
and hollow cathode (main and cathode flow rates)matrix of sensitivity operating points was gertecato map
out the sensitivity of discharge variations in thottle set points. The level of parameter vasiativas based on the
control band provided by the DS1 PPU and feed sysldere was a need to understand how such variatold
affect engine performance and to measure the etdemtich nominal fluctuations in the control systenight place
the engine in an overstressed condition. The coedpsensitivities or partial derivative of the degemt discharge
parameters to throttle table set points will besprgéed along with a discussion of their implicagi@mn discharge
chamber plasma production and thruster wear.

[I.  Experimental Setup

A. Test Article and Facility

The flight spare engine (FT2) used in the ELT wawitated by Boeing,
formerly Hughes Electron Dynamics (HED). The theastmploys a conical-
cylindrical discharge chamber with a three-ringpcusagnetic field design. A
two-grid molybdenum optics system focuses and relestatically accelerates
the ionized xenon propellant, to produce thrustuigsten impregnated hollo
cathode in the discharge chamber serves as theosleource. The neutralize
hollow cathode, located external to the dischalganber provides electrons t
charge neutralize the ion beam. The discharge chansbenclosed in a
perforated plasma screen to prevent beam-neutraledectrons from reaching Figure 1. FT2 thruster in
high voltage surfaces. Details on the 30-cm thruste be found in reference JPL Test Facility.

2.

The ELT was conducted in the Jet Propulsion LaboygEndurance Test Facility; a 3-m by 10-m-longwan
chamber with a total xenon system pumping spedd@fkL/s. The vacuum system provided a base pressuess
than 5.3x10 Pa at the full power flow rates. The pumping stefawere regenerated periodically, but the engine
was kept under vacuum for the duration of the fBseé chamber was lined with graphite panels to miice the
amount of material back sputtered onto the engmktest diagnostics. The propellant feed systensistad of two
mass flow meters in series for each of the cathadejralizer, and main lines, each independenthtrotied.
Laboratory power supplies, with similar capabibti®o the DS1 flight PPU, were used to run the terusA
computer data acquisition system was used to nmotiitoengine and test facility. Details of thet tesility and
electrical system can be found in reference 3 an&everal diagnostics were used to measure thééam
characteristics as well as general engine perfocsmparameters. Specific details on the operationdasign of the
diagnostics can be found in references 3 and 4.

B. Experimental Procedure

As mentioned previously, sensitivity tests wereduse determine the functional dependence of plasma
production, ionization efficiency, and hollow catleoefficiency on the extracted ion fractials)( primary electron
input Jp), grid potential, and neutral density input to thscharge chamber and hollow cathode (main arttbdat
flow rates). Specifically, a matrix of sensitivigperating points was generated to map out the tagtysiof
discharge voltage, discharge current, double i@dyetion, and discharge loss to variations in naaid cathode
flow rate, beam current, applied electric fielddgower level. The discharge chamber sensitivity3® variation
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in main flow, cathode flow, and beam
current, and to +5% variation in beam and .
accelerator voltage, was determined for the Experiment| My .in
minimum (THO, 0.5kW), half (TH8, 1.1 kW), (sccm)
and full-power (TH15, 2.3kW) points. For 3%
each power level investigated, 16 high/low

operating conditions were chosen to vary the —3%
flows, beam current, and grid voltages in a +3%
matrix that mapped out the entire parameter
space in accordance with the Taguchi theory
of experiments (Table-1)A 16x5 matrix of
data was used instead of a full factorial
matrix to reduce runtime and operational
costs at these off nominal, sometimes
stressful conditions.

The engine was required to reach steady
state, which was approximately an hour of
operation, at each of these off nominal
conditions, before the discharge electrical
parameters were recorded. It should also be
noted that the thruster operated in beam
control mode, meaning that the discharge
current is varied by the DAQ system to
maintain a beam current set point. This is
required to maintain a given thrust and
specific impulse.

The 16 x 5 matrix of data generated wa:
used to determine the sensitivity of the
dependent parameters—discharge voltage, dischamgent and discharge loss,—to the variations ie th
independent parameters—main flow, cathode flowpbearrent, and beam voltage. The sensitivities antiad
derivatives of each dependent parameter with rés$pexach independent parameter were determined asieast-
squares fit routine based on a singular value dposition method.
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Table 1. Sensitivity testing matrix.®

I11.  Experimental Results

DISCHARGE | SENSITIVITY | SENSIIVITY | SENSITIVITY
PARAMETER | TO MAIN | TO CATHODE | TO BEAM
FLOW FLOW CURRENT
Ji
-0.19 1.48 10.94—
Sccn Sccn A
Vg
-0.54 2.08 8.31—
Sccn Sccn A
L L L
Ju-LA | LA 107.0-LA
Sccn Sccn

Table 2. BOL TH15 Engine Sensitivities to Flow and Beam Current at Full Power®.

Sensitivity results or the partial derivatives epdndent parameters to the throttle set pointgpprasented as a
function of power level in the following sections.sample of the beginning of life sensitivitiestiag full power
point are shown in table 2 for preliminary discossiAt TH15, the BOL sensitivities indicate cathdbimv has a
significant effect on primary electron productioniadicated by the increase in discharge curredtdischarge loss
per sccm of cathode flow. Increasing main flow e primary electron production and discharge loss.
Sensitivities to beam current indicate the NSTARi®e is operating in a neutral limited state, attdrapting to
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generate more ionization without increasing floveria costly in terms of discharge chamber weahi discharge
voltage) and electrical efficiency (discharge loss)

A. Full Power Sensitivity

Figures 1 through 3 are plots of the discharge-lasitage, and current sensitivities at full poWEH15) versus
runtime. The plots indicate that increasing maawffrom the nominal set-point reduces discharge. 18s the main
flow is increased, the discharge voltage and ctieorease. Therefore, increasing main flow loweesrequired
cathode discharge powenXd) for a given level of ionization, thus reducinge tischarge loss for a given beam
current set-point. Increasing cathode flow, howgiareases discharge loss. Although increasingpdat flow also
reduces discharge voltage, the cathode operagesflesently at cathode flow rates above the nahget-point. As
seen in figure 3, increasing cathode flow increasissharge current, to such an extent that thehdige power
increases with increasing cathode flow. Thereféoe,a fixed beam current, discharge loss incredses high
cathode flow rate set-point. Increasing the beament also increases discharge loss. In orderete more ions,
the discharge current and voltage must be increased

Comparison of the sensitivity of discharge lossuntime indicates that wear of the thruster comptsmeloes
affect discharge performance. The sensitivity stdarge power to cathode flow increases with terusear. This
is likely due to the enlargement of the keeperia#jfas well as increasing neutral loss from acatbe grid aperture
enlargement as was observed at thistimibe net result, however, is that the discharge &ensitivity to changes
in flow and beam current increased with runtime.
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Figure 1. Dischar ge-L oss Sensitivity at Full Power (TH15)°.
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Figure 2. Dischar ge-Voltage Sensitivity at Full Power (TH15)°.
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Figure 3. Dischar ge-Current Sensitivity at Full Power (TH15)°.

B. Half Power Sendtivity

Figures 4 through 6 are plots of the discharge-lasdtage, and -current sensitivities at half poeH8) versus
runtime. As with TH15 operation, increasing maiowfireduces the discharge power for a given beanerrand
therefore reduces the discharge loss. HoweverkeiflH15 operation, increasing cathode flow reduwtissharge
loss. At TH8, the sensitivity and reduction in dliagge voltage due to increasing cathode flow, ogfwgethe effect
of increasing discharge current due to increasatjarle flow. Therefore, the product of current aotfage, the
discharge power, decreases for increased cathmdedb does the discharge loss. Similar to TH1&Gemsing beam
current increased discharge loss, as more elecfdischarge current) are required to create thel lefzionization
necessary to support the increased beam currantestents.

Comparison of TH8 sensitivity with runtime indicatthat all sensitivities to main flow did not changith
runtime. Sensitivity of discharge loss to cathddesfand beam current also did not change from BOE®L. The
sensitivity of discharge current and voltage tdhode flow increased with runtime, but with opposiigns. The
sensitivity of discharge current to beam currentrel@sed with runtime and discharge voltage to beament
remained unchanged. The cause of the dip in digehasltage sensitivities at 25khr is not understood
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Figure 4. Dischar ge-L oss Sensitivity at Half Power (TH8)®.
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Discharge Voltage Sensitivity to Flow

Discharge Current Sensitivity to Flow
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Figure 5. Dischar ge-Voltage Sensitivity at Half Power (TH8)®.
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Figure 6. Dischar ge-Current Sensitivity at Half Power (TH8)®.
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C. Minimum Power Sensitivity

Figures 7 through 9 are plots of the discharge-lagdtage, and -current sensitivities at minimuowpr (THO)
versus runtime. As with TH15 and TH8 operationcllésge loss was reduced with increasing main flamd
increased with increasing beam current. Similaf#8 operation, increasing cathode flow also redutisdharge
loss. However, THO discharge current operation magarticularly sensitive to changes in cathodevfitherefore
the reduction is discharge voltage decreased tpgresl discharge power. In terms of sensitivityhouster wear,
the sensitivity of discharge loss to flow rate d®@m current increased slightly over time. Sengitivf discharge
current to beam current and flow changed most hotaler the first five thousand hours of operatsord remained
relative stable through to EOL. The sensitivityd@éfcharge current to cathode flow reversed dutiigjttime period.
The sensitivity of discharge voltage to flow andambecurrent remained relatively stable from BOL &ki&s.
Sensitivity of discharge voltage to cathode flowd é)eam current increased during the last 5khtiseofest.
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Figure 7. Dischar ge-L oss Sensitivity at Minimum Power (THO)®.
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Figure 9. Dischar ge-Current Sensitivity at Minimum Power (THO)®.

D. Electric Field Sendtivity for all Power Levels

The +5% variation in accelerating voltage did navéa measurable effect on any discharge paranfetdise
three power levels investigated. Variation in beanttage had a measurable effect only on dischargge Figure 10
shows the sensitivity of discharge loss to beantagel versus runtime for the three power levels stigated.
Increasing the beam voltage by 100 V tended toaediischarge loss by 3-8 eV/ion, suggesting thatose
focused beam improved the screen transparency.
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Figure 10. Dischar ge-L oss Sensitivity to Beam Voltage at All Power Levels.

E. Double lon Fraction Sensitivity for all Power Levels

The double-to-single-ion current ratio is a paranéirectly related to discharge chamber perforraarnd wear
and was measured with an ExB probe during sertgitesting. The general trend in the ExB data was an inctease
double production with an increase in primary emttinput. Similarly, an increase in cathode flosduced the
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double content, by increasing the neutral poputatibhe TH8 condition had the highest double contmd
sensitivity to changes in cathode flow rate andltisge current as compared to THO and TH15. THuease in
doubles production has been suggested as a poter@ananism for the rapid cathode keeper erosiserokld
during the TH8 operational segment of the ELT frb®000 to 15,000 houts

IVV. Discussion

Overall, the sensitivity data suggests that digphaperation is most sensitive to changes in catfflodv rate
and more so at the half and minimum power poinssLAngmuir probe traces have shown, much of thization
in the nominal NSTAR engine occurs along the trausenterline, in the cathode plume, with the primeeutral
source being cathode flow rate, and not the maiw from the plenuff?*®. Although increasing main flow above
the nominal set point reduces discharge voltage dincharge loss, that effect must be traded wittuced
propellant utilization, which reduces the total iergefficiency. Plasma production and dischargéaga increase
with beam current, as in order to increase ion pecodn for a fixed neutral population, primary é¢fea input must
increase. Similarly, increasing the primary elegctoontent, by increasing the discharge currentféixed neutral
input, increases the plasma’s resistivity, manifigsitself as an increase in the discharge volt&gecharge plasma
production was not highly sensitive to increasimg ¢lectric field strength between the grids, saetigg the current
NSTAR grid configuration is sufficiently optimized terms of the screen grid’s transparency to ions.

Comparison of the beginning and end of life sevisigts indicates variation with thruster wear, witie trend to
increasing sensitivity of the discharge plasma hanges in flow and bean current. Although the chanig
sensitivity were measurable, they did not appeair éffect the engine’s performance or indicatenofhinal hollow
cathode operation. As was confirmed by the desteigiost test inspection, a stable discharge stggekealthy
discharge cathode, magnetic field, and screenimsgite of over 30,000 hours of operatibn

V. Conclusion

Several conclusions can be drawn from the senyiti®sting during the Extended Life Test PrograrnscBarge
operation is most sensitive to changes in cathtme fate and to a lesser degree main flow. This/iges a
propellant utilization efficient means of mitigagirathode wear issues. This also leaves open #sehddy of an
improved throttle table to maximize primary eleatrioput with a better understanding of the cathtde rate
needed to mitigate neutral depletion. Increasirgjnnilow above the nominal set point reduces thsehdirge
voltage and discharge loss but with a higher ptapelsage cost. Double ion content measuremeditsaite a lean
cathode flow rate set-point leads to more significghanges in doubles production with small changetscharge
parameters; this being most apparent at the TH&tkarpoint. The change of engine sensitivity withe was also
minimal which suggests consistent performance ®NBTAR engine for long duration missions and camsithe
health of both the discharge chamber and cathotee @onclusion of the test.
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