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NASA’s Evolutionary Xenon Thruster (NEXT) is a nextgeneration high-power ion
thruster under development by NASA as a part of theln-Space Propulsion Technology
Program. NEXT is designed for use on robotic explation missions of the solar system
using solar electric power. Potential mission destations that could benefit from a NEXT
Solar Electric Propulsion (SEP) system include inmeplanets, small bodies, and outer planets
and their moons. This range of robotic exploration missions generally calls for ion
propulsion systems with deep throttling capabilityand system input power ranging from 0.6
to 25 kW, as referenced to solar array output at 1Astronomical Unit (AU). Thermal
development testing of the NEXT prototype model 1RM1) was conducted at JPL to assist in
developing and validating a thruster thermal modeland assessing the thermal design
margins. NEXT PM1 performance prior to, during and subsequent to thermal testing are
presented. Test results are compared to the predietl hot and cold environments expected
missions and the functionality of the thruster forthese missions is discussed.

Nomenclature

Jo = beam current (A)

Jd = discharge current (A)

Jacut = discharge cut back current (A)

N = discharge cathode heater current (A)
Jon = neutralizer cathode heater current (A)
Jnk = neutralizer keeper current (A)

m, = cathode flow rate (sccm)

m, = main flow rate (sccm)

m, = neutralizer flow rate (sccm)

Va, = accelerator grid voltage (V)

Vecr = screen grid voltage (V)

I. Introduction

NASA’s Evolutionary Xenon Thruster (NEX¥J is a next-generation high-power ion thruster under
development by NASA. The NEXT program is led by GR@d supported by JPL, Aerojet and L-3
Communications Electron Technologies, Inc., withtipgpation by Applied Physics Laboratory, Univeysiof
Michigan and Colorado State University, as a pérthe In-Space Propulsion Technology Program. NEXT
designed for use on robotic exploration missionthefsolar system using solar electric power. Riatlemission
destinations that could benefit from a NEXT SoléecEic Propulsion (SEP) system include inner pignsmall
bodies, and outer planets and their m&6n3his range of robotic exploration missions gethgrealls for ion
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propulsion systems with deep throttling capabaityd system input power ranging from 0.6 to 25 k¥/ederenced
to solar array output at 1 Astronomical Unit (AUhe NEXT ion engine is the latest generation iongter; it is a
7-kW, 36-cm-beam-diameter thruster with significaieritage to the 2.3-kW, 30-cm-beam-diameter NSTi&R
thruster that successfully flew on the Deep Spaogskior. In addition, NSTAR ion thrusters are scheduled fo
launch on the DAWN spacecraft scheduled for lain@007.

The NEXT thermal development test was conducteriddn developing and validating a thermal mddet the
thruster. The thermal model consists of a plasmaemnahich is used to estimate the heat flux to steu
components as a function of the thruster opergtoigt. The estimated heat flux due to the plasnthexternal heat
fluxes obtained from mission analysis are inpua tNEXT thermal model produced using a commerciéiivsoe
package. The model built with the commercial sofewes used to predict thruster component tempegatusing
thruster thermal conductivity and surface opticalperties. The NEXT ion engine thermal model was etated
with the data from the thermal development test gnedicts temperatures within 10 °C for most theust
components.

During the thermal development test data were dstbto document key thruster temperatures as didanaf
thruster operating conditions and thermal enviramménformation obtained from this test was als@digo
determine the reference temperature location sstdtaditions for subsequent thermal vacuum testing

A.Test Objectives

The NEXT thermal development test had two majoedidjes. One was to document key thruster tempestu
as a function of thruster operating condition ametral environments that would be encountered duitypical
mission. These data were used to develop and talide NEXT thermal model. The second objective wwaselect
the reference temperature location.

The first objective required testing the thrusteselected points spanning the thruster throttigeaunder cold,
ambient and hot environmental conditions. Testiag &lso required to ascertain thruster and thrasi@ponent
temperature margins under worst case thermal lo@elstified from mission analysis. In addition testito
determine the external heat load required to feath a thruster component temperature limit was etk In order
to provide additional data for model validatione ttihruster was heated using the cathode and rieetrhleaters
under cold conditions.

The second objective included selection of thedferureference temperature location for flight gnolnd test
use. The thermal development test was also usel@éteymine the appropriate test conditions for thiessquent
thermal vacuum test (TVT); this included cold stakperatures and heat flux required for hot testing

B.Temperature Limits

Temperature limits for critical thruster componentsre specified for the magnets, propellant isojatare
harnesses and also at the candidate temperatarerre¢ locations—thruster gimbal pads—used duhiadttermal
development test. The-do-not exceed low temperdimi¢ for the thruster was set at -230; however, the
propellant lines and propellant isolators were meglito be above -12¥C during thruster starts. The do-not-exceed
upper temperature limit was 386G for the magnets, 26% for the propellant isolators and was 2@Dfor the
internal thruster wire harness. The external wambss was originally limited to 153C due to the material rating
of the Tefzel jacketing; the limit was subsequentigreased to 208C to allow environmental testing at higher
temperaturés.

C.Thruster Operating Points
Testing was conducted using laboratory power segplhe thruster operating points used duringttieemal
development test are listed in Table 1. Nine ofpegatonditions were run during the functional ahdrimal testing.
The table lists the control settings for these afieg points, as well as those for cathode ignition
Seven parameters are controlled during normal tirugperation. The propellant flow rates to thecligsge

chamber (n ), cathode (n,), and neutralizerry, ) are controlled. lon optics parameters—beam ctils), screen

grid voltage (Vscr), and accelerator grid voltage)—are set to maintain the fraction of propellantelerated to
high speed, to provide the desired kinetic enegyhe beam ions, and to prevent electron backsingarithe
neutralizer keeper current (Jnk) is set to maingdficient neutralizer operation and to prevent tieaitralizer from
extinguishing during recycles.

Two other parameters are controlled during thrustarts. The discharge cathode (Jdh) and neutrdizater
current (Jnh) are maintained at the specified séttfgo heat the cathodes to thermionic emissionp&ratures.
Once cathode or neutralizer ignition has occurteel heater current to that component is turned off.
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In addition to the control parameters two otherapaeters—discharge current (Jd) and discharge ak ba
current (Jdcut)—are also listed in Table 1. Durimgymal thruster operation, the discharge currentaiged to
provide the desired beam current. Nominal dischaugeents are listed in the table to provide aworable set point
during thruster starts prior to applying high vgkafor beam extraction. The discharge current eekhbs used
during recycles, where the discharge current isbewk to a low value to avoid over-current condisiavhile the
high voltage is being ramped up. Because eachedtfhirmal development test points has a unique icatibn of
beam current Jb and beam voltage Vscr these vesialpe used to identify the operating point throughhis paper.

Table 1. NEXT PM1 Throttle Table
Control Ignition Discharge TDT TDT TDT TDT TDT TDT TDT TDT

Parameter Only 1 2 3 4 5 6 7 8
Jnh (A) 8.5 - - - - - - - - -
Jnk (A) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Jdh (A) 8.5 - - - - - - - - -
Jd (A) 9.0 9.0 8H 958 8.8 8.4 147 139 206 189
Jdcut (A) - - 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
Jb (A) - - 1.00 1.20 1.20 1.20 200 200 352 352
Vscr (V) - - 275 679 1179 1800 1179 1800 1179 1800
Va (V) - - -500 -115 -200 -210 -200 -210 -200 -210
. (sccm) 14.23 14.23 12.32 14.23 14.23 1423 25.79 25.79 6449.49.64
, (sccm) 3.57 3.57 352 357 357 357 387 387 487 487
. (sccm) 6.00 6.00 3.00 300 3.00 3.00 250 250 401 401

®Nominal Value; discharge current is adjusted tomadn a constant beam current.

Il. Test Hardware and Facilities

A.Thruster

The thruster used in the thermal development test tive first 36-cm-beam-diameter prototype mod#1(P
thruster fabricated by Aerojétfor GRC under the NEXT project. The thruster ipatzsle of operation over a wide
power envelope, from beam currents and voltagdsOA, 275 V at the low end to 3.52 A and 1800 \thet high
end of the throttle range. The PM1 thruster wagptence tested at GRrior to shipping to JPL for thermal and
environmental testing.

The NEXT PML1 thruster used for the thermal develeptitest was instrumented with 34 thermocoupleg Th
thermocouple locations were chosen based on prelimthermal modeling and to obtain data for meddéidation.
Twenty thermocouples were attached to high volameponents; seven were on magnet retainer rings,viere
spot welded to the outside of the discharge chantiinere were on the ion optics, two were attacbdtle¢ discharge
cathode assembly, three were on wire harnessesoaadwas attached to a propellant isolator. Fourteen
thermocouples were attached to low voltage surfdoes were located at various locations on thespla screen,
three were mounted on the front mask, two weregolaan the neutralizer assembly, one was on thealieet
harness and one was spot welded to each of thedhrbal pads. These thermocouples were instatigelMl prior
to shipping to JPL. A schematic showing the locagiof thermocouples used on PM1 during the thermal
development test is provided in Figure 1. Thermpt®azimuthal locations may vary from that showrrigure 1;
the azimuthal angle is specified when viewing thar plasma screen with the neutralizer located® at’dock. In
addition to the thruster thermocouples, thermocessiplere also mounted on the gimbal flexures thatfaced
between the PM1 gimbal pads and the thruster stippracture during the thermal development test.

B.Data Acquisition and Power Supply Control System

The thermal development test was performed usibgrédory power supplies. These power supplies were
controlled by data acquisition and control softwafbe data acquisition system uses modules to tmater
currents, voltages, flow rates and temperatureasiitfapressure and temperatures are also measitesl.flow
meters, voltage dividers and current shunts usechéasure thruster data were calibrated prior tothieemal
development test. The data acquisition softwarerdscthruster and facility data at a user specifegd. Typically
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data was recorded once a minute; however, duringtier starts or when thruster parameters wergharied the
rate was often changed to once every ten secom@ssdfitware used to record data was also usechtootthruster
power supplies and flow rates. The thruster operedald input the desired power supply and floverset points.
Once the set points were entered the software rtredappropriate adjustments to control the thrusparating
parameters at the specified conditions.

C.Thruster Test Facility
The thermal development test was conducted in déltie phamber facility at the Jet Propulsion LabonatThe

3 m diameter by 8.6 m long vacuum chamber had ®eacyropumps for this test. With the vacuum chambe
configuration used for the thermal development testeffective pumping speed was as high as 160/6000
minimize facility backsputter rates the interior thie vacuum facility is lined with graphite paneBiagnostic
equipment—EXxB probe and Faraday probes—were irdtallthe vacuum chamber.

Neutralizer Mour , a—Neutralizer Keepe
Thruster Harness E: \ Downstream Harne

Upstream Harne Accelerator Grid Suppc

Screen Grid Suppc

Cathode Sputter Shie Mask Middle

Cathode Tuk Mask Near Optic

Rear Plasma Scre / Stiffening Rin¢
Plasmi Screel—
Mask/Cylindrical

Cathode Harness Mot Interface

Gimbal Pa
Propellant Isolatc

Plasmi Screel -
Mask/Cylindrical Interface

Figure 1. NEXT PM1 Thermocouple Locations.

NEXT PM1 was installed in a 1.2 m diameter by 1.0lang thermal shroud as shown in Figure 2. The
downstream end of the thermal shroud was locatedn6from the downstream end of the vacuum facilltiye
thruster was mounted inside the shroud with theralkzer keeper orifice plate located 5.7 cm frdma tlownstream
end of the shroud.

The shroud could be actively cooled with liquidrogien and also had eight heat lamps installed engito
provide external heat flux to the thruster. Thetth@aps were installed parallel to the thrustesaXhe lamps were
spaced 45 degrees apart azimuthally and alignediyagiong the length of the thruster with one efidhe lamp
even with the front mask of PM1. The heat lamp iml@r was set up to vary the power to the lampsegsired to
maintain a control thermocouple at constant tentpezaset point.

In order to measure the heat flux to the thrusteat flux coupons were developed for this test. Aidat flux
coupons consisted of painted aluminum sheet mes#dlled in a multi-layer insulation box with a leh aperture
to allow external radiation to impinge on the aloom. Due to variations in the dimensions and uaceiés in the
optical properties of the surfaces, the heat flaMpons were calibrated using a Kendall Mk IV radited® as a
standard. The calibration relates the incoming Hieeat to the aluminum coupon temperature. Two hibat
coupons were used to monitor the thermal radiatiothe thruster and a third coupon temperature wezsl to
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control the heat lamps. In this configuration tleatcol parameter for hot environmental testing wetsctively the
flux to the engine from the environment, rathemtitiae thruster reference location temperature. tbheheat flux
coupon was located 0.04 m above the neutralizesihguand 0.1 m behind the neutralizer keeper erifiate. The
bottom rear heat flux coupon was located 0.05 ravio¢he thruster and 0.24 m behind the front masle Bottom
front heat flux coupon, used to control the heatds, was placed 0.05 m below the thruster andd.b2hind the
front mask. The top heat flux sensor is shown guFé 3 and the bottom heat flux sensors are showigure 4.

Figure 2. NEXT PM1 Installed Inside Thermal Shroud.

The shroud was equipped with a door made of majed insulation. This door was opened during tlerust
operation; however, it could be closed to minintizermal interaction with the vacuum facility duriogld soak or
hot soak when the thruster was not operating.

The shroud was equipped with 14 thermocouples tsadonitor the thermal environment surrounding the
thruster. Ten thermocouples were mounted at vaaaied and azimuthal locations on the interior rglical wall
and two thermocouples were attached to the badkofvetie shroud. One thermocouple was attachedddhruster
support structure and one was attached to thegulsed to provide LN2 to cool the shroud. In additio the
shroud thermocouples other facility temperaturesrewenonitored during the thermal development test.
Thermocouples were located behind the graphite Bheéhe downstream end of the vacuum chamber dsawe
additional thermocouples on the side wall, on tkB robe structure and on the cryopumps.

Double-to-single ion current ratios could be meaduby an ExB probe mounted in the chamber 5.1 m
downstream of the thruster. The ExB probe was atigso that the probe collimator accepted beam frams a
0.1 m diameter region at the center of the thruster

Beam current density profiles could be measuretvbyFaraday probes. The Faraday probes were iedtail a
stage that allowed them to translate through thesther plume at axial distances between 0.045 m(Gah8l m
downstream of the thruster. The probes were mouhiedm apart and aligned so that they sweep ttrtug same
plane when they collect ions. Both probes colledted current on a circular button which was surcech by a
guard ring.
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Figure 4. NEXT PM1 and Bottom Heat Flux Sensors.
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Figure 5. NEXT PM1 in Shroud with Heat Lamps Operatng.

Figure 5 is a photograph taken through a sideipdthte vacuum chamber. Seen in the photograph }TNEM1
operating in the shroud with heat lamp power applfdso visible between the window and the thruaterthe two
Faraday probes.

lll.  Functional Testing

A performance verification test was conducted ptiomitiating the functional testing. This testsvaerformed
to verify that the thruster operated properly atethrottle range after shipping to JPL. The theusvas operated at
four points; discharge only, 1.20 A 679 V, 2.00 /9 V and 3.52 A 1800 V. The thruster operated naity at all
points.

Once verification testing was completed, pre-TDrcdfional testing was performed to obtain steadiestagine
performance, characterize the neutralizer, measlgetron backstreaming and perveance margins, ndieter
double-to-single ion current ratios and charactetire beam current density profile. This functiotesiting was
repeated subsequent to the thermal development test

A.Functional Test Data
The pre-TDT functional testing was performed atp@rating conditions; 1.20 A 679V, 2.00 A 1179 \dan
3.52 A 1800 V. The post-TDT functional testing wamducted at these three points as well as at diticdhl
point—3.52 A, 1179 V. The thruster operating poiats designed to maintain a constant thrust andfepinpulse
over the life of the thruster. Thruster degradatioth manifest itself as a decrease in thrusteicedficy because
more power will be required to provide the demantedst and specific impulse. Thruster performatiata from
the pre-TDT and post-TDT functional testing is shaw Figures 6, 7 and 8.
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The thrust from NEXT PM1 is computed from tt
measured beam current and voltage. Also includet
the thrust computation are corrections for double
current and beam divergence losses. The comp
thrust data is shown in Figure 6 as a function
thruster power. The thruster power includes thegro
from the beam, discharge, accelerator, and nezgra
power supplies required to operate the thruster. el

Specific impulse is defined as the thrust dividgd 0
the propellant weight flow rate at the surface loé t
earth; this figure of merit gives the equivale
propellant exhaust velocity divide by the acceierat
of gravity at the surface of the earth. Shown
Figure 7 are the pre-TDT and post-TDT specific ilmpuletermined from the functional test data. Thecsic
impulse varies as the square root of the beamgaltar the low power case the beam voltage is\678r the high
power case it is 1800 V and the middle two caseslfi79 V. The total propellant flow rate includhe propellant
which is ionized and accelerated into the ion beamvell as neutral gas that leaks out of the digehehamber and
the propellant required to operate the neutralgleich is not accelerated to high velocity. Becatise thruster
accelerates a large fraction of the provided ptapelat the 2.00 A 1179 V than at the 3.52 A, 1¥78ase, the
specific impulse is higher at the 2.00 A 1179 Vrepiag point.

Thruster efficiency accounts for the effectivenedsthe thruster in converting input power into tster
producing ion beam power as well as the fractioprovided propellant which is accelerated to predtioust.
NEXT PM1 efficiency as a function of thruster powekrring functional testing is shown in Figure 8.e0of the
major drivers affecting thruster efficiency is tlléscharge power required to produce the beam iDusing
post-TDT functional testing the discharge currenitied to be slightly higher and the discharge geltaas slightly
lower than during pre-TDT functional testing. ThHigtst differences tended to offset each other tegyin similar
discharge power for the pre-TDT and post-TDT fumwdil tests. As a result the thruster efficiency dad vary
significantly between the two functional tests.

As seen from the data in Figures 6-8 no significaariation in thruster operating parameters waemies
between the pre-TDT and post-TDT functional testindicating that the thruster did not suffer adyexrse effects
from the thermal development test. It is also ndfeat these data are comparable to the acceptastelata
obtained at GRE prior to thermal development testing at JPL.
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Figure 8. NEXT PM1 Efficiency vs Power During
Functional Testing
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B.Optics and ExB Data

During functional testing two measurements—pervedmeit and electron backstreaming limit—relatedhe
ion optics system were made. In addition ExB prdbhé were obtained to determine the double-to-singh
current ratio extracted from the thruster.

The perveance limit is measured by defocusingaheébeam until ions directly impinge on the accelargrid.
Defocusing is accomplished by reducing the screa@h \gltage while holding the beam current constdarite
perveance limit is defined as the screen grid geltat which a 0.02 mA increase in accelerator gudent is
caused by a 1 V decrease in screen grid potential.
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Electron backstreaming occurs when the potentighatcenter of accelerator grid apertures is ingafftly
negative to preventing electrons from travelingtregssn into the discharge chamber. Both electroageling
upstream into the discharge chamber and posithve tiaveling downstream are measured as positiverdyiwhen
electron backstreaming occurs the indicated beanemuincreases. During the electron backstreartéaty beam
control was disabled and the discharge current mamtained at a constant value. Initially the beeumrent
decreases slightly because the electric field batwibe grids decreases as the accelerator gridgeoihcreases.
However, when the accelerator grid potential insesao the point that electron backstreaming babm#dicated
beam current begins to increase. The electron baeksing limit is determined by raising the accaier grid
voltage until the indicated beam current increased mA above the lowest beam current measureagluhie
process.

The double-to-single ion current ratio is measwrgidg the ExB probe with the collimator viewing ttenter of
the NEXT PM1 optics. The measured ratio is cortbdte charge exchange losSewhile the beam traverses the
distance between the thruster and the probe. Tassdene by assuming the pressure was constanghouauthe
vacuum chamber and integrating the loss of doumtesingle ions, due to charge-exchange with neytoader the
distance between the thruster and the probe.

Perveance limit, electron backstreaming limit andB EBprobe data for the pre-TDT and post-TDT funciion
testing is tabulated in Table 2. The variationhie pre-TDT and post-TDT perveance and electron dteekming
limits are within typical experimental scatter. $hindicates that no significant changes to thedptics occurred
during the thermal development test. The ExB dataat vary between the two functional tests. Trizda are also
comparable to those obtained during acceptandaedest GRC.

Table2. NEXT Functional Test Flow Perveance Limit, Elea
Backstreaming Limit and ExB probe Data

Functional Test Case Perveance Electron Double to Single
Limit Backstreaming lon Current
V) Limit Ratio
(V)
Pre-TDT Cases:
1.2A,679V 452 -49
20A,1179V 486 -100 0.07
3.52 A, 1800 V 612 -162 0.05
Post-TDT Cases:
1.2A,679V 457 -47 0.07
20A,1179V 488 -96 0.07
3.52 A, 1800 V 638 -158 0.05
3.52A, 1179V 647 0.07

C.Neutralizer Characterization

Neutralizer characterization is a diagnostic penfed to determine the susceptibility of the neutsalifor
transitioning from spot to plume mode. Plume madeharacterized by large voltage oscillations witah cause
rapid erosion and deterioration of the neutralizer.

Neutralizer characterization is performed by desirenthe neutralizer flow rate until the neutralip@nsitions
from spot to plume mode. Plume mode is charactkrimeelectrical oscillations in the neutralizer jgee circuit.
Plume mode is defined as reaching or exceedingpbak-to-peak oscillations measured between nezgrateeper
and neutralizer common. The neutralizer charaet®oz was performed by lowering the flow rate tonaimum
value or until the 5V peak-to-peak oscillationgweed. During these tests the discharge was adpgrat 9 A
current and the high voltage was turned off. Toidyicking up spurious noise, the peak-to-peakliedgicins were
measured across the neutralizer keeper power sapginot on the sense lines returning from thestbru

During both the pre-TDT and post-TDT functionaltiteg the neutralizer did not reach the 5V peak¢ak
criteria because the minimum flow rate was readiretl During the pre-TDT characterization the minim flow
rate was 2.5 sccm where the oscillations reachz¥ geak-to-peak. In the post-TDT functional therimum flow
rate was 2.9 sccm where the oscillations were 33éak-to-peak.

The transition to plume mode occurred at 3.3 scaming the acceptance testing at GRC. The difference
between the TDT and acceptance test results magiubeto higher background pressure in the JPL fgcili
(approximately 3.5 times higher) which may factitdoridging the neutralizer plume with the ion beanother
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possible difference is the point in the circuitndtich the oscillations are measured between thefawitities. The
minor difference between the two tests is not dektode indicative of a neutralizer problem.

D.Beam Current Profiles

Beam current density profiles were obtained with Haraday probes. A typical plot of the Faradayerdata
comparing pre-TDT and post-TDT testing is showtdrigure 9. These traces were obtained with the grdde cm
downstream of the accelerator grid. The variatiothe data between the two tests is comparablectdifferences
seen at other probe locations and thruster opgratnditions. Integration of the Faraday probeédsatypically
yielded currents slightly higher than the beam entrr The discrepancy may be due uncertainty imesing the
probe ion collection area and in with integratidntiee current density at large radial distancesnfithhe beam
centerline.

Faraday probe sweeps were obtained at axial destafnom the optics ranging from 4.5 cm to 0.53 reai®
divergence estimates were obtained from these dht.radius that contained 0.95 of the beam wasrméted
from the integration of the beam current. Using tfaidius and the active grid radius of 0.18 m asmbanting for
the grid dishing the beam divergence angle was oteadp Typical divergence data obtained during th&t-p DT

functional testing is shown in Figure 10. .
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IV. Thermal Testing
Thermal testing was conducted at cold (liquid & cooling the shroud), ambient (no active exteneating

or cooling) and hot (heat lamps radiating to theustind shroud)

conditions. These tests encompassed the range efmah | Table 3. NEXT PM1 Throttle Table.
conditions expected during the deep space desidgerenee | Cold Cases:

missions investigated under the NEXT program. Dutimese tests Neutralizer Heater (7.2 A, 8.7 V)
the thruster was operated at each point until gtetmte Cathode Heater (7.2 A, 13.7 V)
temperatures were reached. For this testing stet@dy-was defined 3.52A, 1179V (TDT 7)

as a rate of temperature change less than 4 °foper ~ 3.52 A, 1800V (TDT 8)

A specific spacecraft configuration for mounting XIEhas not | Ambient Cases:
been identified yet; therefore, the boundary coouit for the Discharge Only
NEXT thermal model can only be approximated. lacgflight the 1.00 A, 275V (TDT 1)
heat flux from the sun would heat one side, ordpiics end, of the 1.20 A, 679V (TDT 2)
thruster while the remaining surfaces might radimeard deep 1.20 A, 1179 V (TDT 3)
space or other spacecraft surfaces. The experimsettaup used 1.20 A, 1800 V (TDT 4)
during testing is different from that expected pase because the 2.00 A, 1179V (TDT 5)
heat lamps were evenly spaced around the cyliddsaréion of the 3.52 A, 1179V (TDT 7)
thruster. As a result the entire cylindrical settieas heated instea 3.52 A, 1800V (TDT 8)
of just one side. Hot Cases:

A preliminary analysis with a sample spacecraftrtta model Thruster Off (100 °C Set Point)
estimated the maximum solar heat flux to NEXT dgrjotential 3.52 A, 1179V (100 °C Set Poiny)
missions. This estimate was based on the maximian fsax found 3.52 A, 1179 V (145 °C Set Poiny)
in a deep space design reference mission (DSDRM)ysis 3.52 A, 1800V (100 °C Set Poiny)

performed by Aerojét. This maximum solar heat flux, 1400 W/m
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occurs with the thruster operating at 0.85 AU atia angle of 38 degrees. Multiplying the heat fiyxthe projected
area of the thruster illuminated by the sun thalteblar power radiated to NEXT was estimated toi6@ W.
During hot testing radiated heat loads betweenat®D 1000 W were applied to the thruster. The 65688¢ was
run to demonstrate thermal margin over the maxiffilumdetermined from mission analysis. The 100084t tvas
performed to determine the external heat flux neglito reach the do-not-exceed temperature linthraster
component.

During the thermal development test data was obthat a variety of thruster operating conditiond #rermal
environments as listed in Table 3. Four cases,tddras cold cases, were run with the shroud agtombled with
LN2. Eight ambient cases were tested; in thess thste was no active control of the thermal emvirent. Four
hot cases were run at two heat flux coupon settfoiihe 100 °C set point corresponds to the 65028t fiux case
and the 145 °C set point is the 1000 W heat flisecdhe 3.52 A, 1179 V and 3.52 A, 1800 V operatiaigts were
tested under cold, ambient and hot conditions. Béather operating points were tested at ambientlitions.

A.Heat Flux Estimation

The radiated heat flux to the thruster is estimdmgdising the calibration and the temperature effthat flux
coupons at steady state thermal conditions. The @frthe cylindrical portion of the thruster is 8,87, the area of
the conical section is 0.23’mand the area of the optics and front mask is M21At steady state the coupon and
shroud temperatures are comparable in the regitintia@ heat lamps which surround the cylindricatipa of the
thruster, suggesting that the shroud temperaturel ¢ used along with the heat flux sensor cdiitmao estimate
the heat flux to the thruster. The temperaturdatback of the shroud, which interacts with theicansection of
the thruster, tend to be lower than the shroud éeatpres surrounding the cylindrical section of theuster;
therefore, the heat flux to the thruster is lowetthie conical region than in the cylindrical pantiof the thruster.
The temperature of the chamber interacting withapitecs and front mask varies depending on whezadh beam
is depositing power. Because the emissivity ofwaeuum chamber surfaces is likely to be lower ttreat of the
shroud the radiation to the optics and from mas& assumed to be black body at a temperature o€E2Bdrtions
of the vacuum chamber under direct beam impingerwamtreach temperatures approaching 100 °C; howtwer
25 °C temperature will be used to provide a coreder® estimate of the heat flux to the thruster.

The heat flux to the thruster at three operatingd@wmns is estimated. The cases are at ambiehttivé thruster
operating at full power, and two hot cases withttirester operating at beam conditions of 3.52 ALV and the
heat lamp set point at 100 °C and 145 °C.

At ambient full power operation (3.52 A, 1800 VEthoupon temperatures were 61 and 63 °C, the Hatieo
shroud was ~56 °C, and the vacuum chamber temperaias 25 °C. Using these temperatures and theonoup
calibration multiplier, the estimated total heatxflto the thruster operating at full power at ambieonditions is
450 W.

For the thruster operating at 3.52 A, 1179 V with heat flux coupons at 100 °C, the back of thewshwas at
about 90 °C and again using a vacuum chamber tetuperof 25 °C, the estimated heat flux to the dteuwas
650 W.

The highest heat flux case during the thermal agweknt test also was conducted at beam conditioB$» A,
1179 V. For this case the coupon temperatures Wwéf4e’C, the back of the shroud was at 134 °C arme again
the vacuum chamber temperature of 25 °C is usadthi®case the total heat flux to the thrustezssmated to be
1000 W.

B.Temperature Data

A significant contributor to the thermal
environment influencing the thruster is shrot
surrounding the side and back of the thrust
Shroud temperature data for all 14 shro
thermocouples as a function of rear heat fl
sensor temperature, at steady-state, is show
Figure 11. The two coldest cases corresponc
the neutralizer and cathode heater cold cas
During these tests the shroud door was clo: 042 , - - - -
resulting in the lowest shroud temperatures. Sa S i = g . = (k

P Bottomn Rear Coupon Temnperature (°C)
radiation from the thruster could reflect_ from tt Figure 11. Shroud Temperatures vs Bottom Rear
door and shroud surfaces resulting in coup

: . Heat Flux Sensor Temperature at Steady-State.
temperatures higher than those of the shroud. 1ne P y

150

100 &
50 |14 .

am

-50 <

-100 o

Shroud Temperatures (°C)

g
-150 o B °

B
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remaining two cold cases (below 0 °C) were with doer open and the thruster operating; the heatdbupon
temperatures were higher because they could panialwv the warmer environment outside the shrolite data
between 0 and 80 °C are ambient cases where ttegenavactive heating or cooling of the shroud. Fhaster
radiates to the shroud resulting in high shroudpenatures at higher thruster power operating cmmdit The data
at ~100°C are the 650 W heat flux cases and tteerdstr 150 °C are the 1000 W heat flux case.

It is desirable to determine the thermal margintif@ magnets used in the thruster because theglegauss if
they are overheated. The magnets used in the NBWT iBn thruster are rated for operation at tempeest below

360 °C where they should not degrade.
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Figure 12. Steady-State Magnet Temperatures Duringhermal Development Testing

The NEXT PM1 thruster magnet temperature data btaduring the thermal development test is shown in
Figure 12. The maximum steady-state magnet temperateasure during thermal testing was 272 °C erfrtmt
magnet ring during the maximum heat flux testilgs gives a temperature margin of 88 °C for the metg) The
electric discharge required to produce ions indiseharge chamber is the dominant contributor tgmatiheating.
The discharge power increases with increasing baanent and decreases slightly as the beam voltamgeases.
The magnet temperatures in the ambient cases astéhrpowers below 3000 W are lower than the magnet
temperatures at the higher power levels even vativeacooling of the shroud. As expected the datthe higher
thruster power levels show that the magnet tempersiincrease as the external heat flux to thestlrincreases.

The cylindrical magnet at 8 o’clock failed duringttiesting. During ambient testing the temperatiata for this
magnet is seen to be higher than the second cidaldnagnet thermocouple located at 3 o’clocks Ithought that
electron backstreaming through the plasma screeweathe conical magnet ring resulted in excessifgeat the

vicinity of the 8 o'clock thermocouple.
During hot testing at 3.52 A, 1800V th
thermocouple insulation failed resulting i
arcing to the plasma screen. Testing w
interrupted to remove this thermocouple al
then resumed without a thermocouple in tt

location. el 8
Electrons in the discharge chamber te 140 4 Iz £ o 7ososk Ambient & 7 oelack Cacling
. =] 00 7:30 o'clock Ambient O 7:30 o'clock Cooling
to be collected at the magnetic cusps form 1204 4 4 Boclock Ambient 4 8 o'clock Cosling
v 8:30 o'clock Ambient ¥ 8:30 o'clock Cooling

by the magnet rings. Therefore it is expect
that most of the thermal power deposited
the anode will occur at the magnets; tr
could result in temperature gradients in tl

Discharge Chamber Temperature (*C)

280

260
240
220
200
180

100

7 o'clock (145 °C)
7.30 oelock (145 °C)
& o'clock (145 °C)
£:30 o'clock (145 °C)
7 a'clack (100 °C)
730 o'clock (100 °C)
& a'clack (100 °C)
830 o'clock (100 °C)

-

0

1000 2000 2000

T
4000

Thruster Powier (W)
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temperature variations due to localized heating
discharge chamber thermocouples were mounted
between the front and cylindrical magnets. The
discharge chamber thermocouple data is shown in
Figure 13; the discharge chamber thermocouples
measure slightly lower temperatures than the front
mask but are comparable to the cylindrical magnet
temperatures.

The propellant isolators are designed to allow
propellant to flow from the reference potential
supply to the high voltage thruster without arcing.
The NEXT PM propellant isolators are rated for
operation at temperatures below 265 °C.

The propellant isolator temperature as a
function of thruster power and external thermal
environment is shown in Figure 14. As seen from
the data the isolator had a 72 °C margin at the
maximum heat flux operating condition.

Wire harness temperatures are shown in
Figure 15. The wire harnesses located between
the discharge chamber and the plasma screen are
rated for operation at temperatures up to 260 °C.
These thermocouples are labeled cathode,
downstream and upstream in Figure 15. The
Tefzel material used at the wire harness exit—
where is penetrates the plasma screen—is rated
for steady-state operation at 150 °C, although it
can be operated for short periods at higher
temperatures. As expected the exit temperature is
the lowest while the harness thermocouple
located near the cathode is the hottest. The wire
harness exit temperature reached 157 °C during
the highest heat flux testing without causing
observable damage. The highest temperature for
the wire harnesses under the plasma screen was
220 °C giving a 40 °C margin.

The steady-state ion optics assembly
temperatures, shown in Figure 16, follow the
same trend as the magnet temperatures. The
optics thermocouples are located at grid supports
at the periphery of the grids. The screen grid
which is in direct contact with the discharge
chamber plasma is the hottest and is comparable

to the magnet temperatures. The stiffening ring
attaches to the discharge chamber and supports
the grids temperature falls between the screen and
accelerator grid which is further downstream and
has the lowest temperature.

Gimbal pad temperatures are of interest
because they were a candidate and were
subsequently chosen as the reference temperature
location for the thruster. As seen from the data in
Figure 17, the gimbal pad temperatures are lower
but follow the same trend as the other thruster
components.

In addition to the gimbal pads the front mask
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was also considered as a possible reference

temperature location. Front mask temperat
data is shown in Figure 18. It is interesting toenc
the thermocouple located at the 12 o'clo
position is hotter than the other thermocoupli
The neutralizer is also located at 12 o’clock a
radiative heating and heating from the neutrali:
plasma contribute to the observed higtr
temperature. Front mask temperatures were u
as the reference temperature location on D.
however, due to uncertainties in the optic
properties it is difficult to correlate the frontask

temperature to other component temperatures.

The neutralizer keeper and discharge cathoue
tube temperatures are shown in Figure 19. Both

the neutralizer and cathode active emission ar
must be at thermionic temperatures for t
thruster to operate. Although the thermocoup
were not placed in the active emission area, ti
are relatively close and are at the hight
temperature locations measured during therr
development testing. Because electron emissio
required to operate the thruster the temperatur
the cathodes does not vary greatly with t
external heat load as evidenced by the date
Figure 19.

NEXT PM1 thruster performance dat
obtained over the environment

Figures 20, 21 and 22. The thrust produced by
PM1 thruster is shown as a function of gimbal p
temperature in Figure 20. The lowest temperat
points correspond to active cooling of the shrot
The points between 140 and 160 °C are
ambient conditions and the higher temperat
points correspond to the high heat flux cases ¢
to lamp heating. As seen from the data, the tht
remained constant over the thermal operat
range tested. The specific impulse is shown a
function of gimbal temperature in Figure 21. Tt
thermal range is the same as that for the thi

plot. As seen from the data the specific impulsc

remained constant over the thermal operat
range tested. The thruster efficiency is shown &
function of gimbal temperature in Figure 22. Tt
thermal range is the same as that for the thi
plot. Again a major driver for the thruste
efficiency is the discharge power required

produce beam ions. There was no significe
variation in discharge current or voltage for aith
of the two operating points over the range

thermal conditions tested. As a result the thrus
efficiency did not vary over the thermal operatir
range tested. The thruster performance obtail
over the range of environmental conditions tesi

range testcu
during the thermal development test is shown
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is comparable to the performance observed duriag 075
pre-TDT and post-TDT functional testing and tt o = o
acceptance testing performed at GRC. 70T
0.85 1
C.Post-TDT PM1 Inspection

After the completion of the thermal developme
test and the subsequent functional test the NEXTF 255
thruster was removed from the vacuum facility a ' o ey
placed in a clean room at JPL. The thruster v 050 , , , ,
inspected and disassembled in the clean room. 100 120 140 160 180 200
remaining thermocouple wires for the dischar . Gimbal Pad Temperaturs [°C)
chambergand the magﬁets appeared to have gottel Figure 22. NEXT PM1 Efficiency Over
but no obvious signs of arcing were found. the Thermal Range

With two minor exceptions the thruster was foundéoin good condition during the post-TDT inspetti®ne
thermocouple punched through the discharge chambsh when the thermocouple was being removed. fiaé s
hole in the discharge chamber wall was repairesiploy welding a tantalum foil patch to the outsitithe discharge
chamber.

The thruster was hypotted during the inspectionttedmpedances between thruster components wengl fio
be nominal with the exception of cathode commoramode. The cathode common to anode impedance had
decreased over the course of testing. After rengoaimd reinstalling the wiring at the back of thectiiarge cathode
assembly, the impedance had increased by a fattiovoo Because the voltage between the anode and cathode
common is less than 30V during normal thrusterrajgen, even the lowest observed impedance results
negligible leakage current and is not a conceresmit continues to decrease during subsequerdtaper

0.60 o

Thruster Efficiency

V. Recommendations

The major recommendation from the thermal developnest is that the gimbal pads be used as theerefe
temperature location for the thermal vacuum téss dlesirable to have the reference thermocoupidsw voltage
surfaces in order to avoid problems with high vgp#tatand off; therefore, the gimbal pads and thet fmask were
the two candidates for the reference temperatwatitms. Based on thermal development test datarattling
done at GRC the gimbal pads were determined tage@vbetter correlation with critical componentsseksas the
magnets, propellant isolators and wire harnessesa-ttie front mask. Therefore the gimbal pads aremnenended
for the reference temperature location.

Based on the manner in which the cylindrical maghetmocouple failed it was recommended that tasmh
screen be modified to reduce or eliminate electrackstreaming through it. The NEXT project hasaegdl the
plasma screen surrounding the cylindrical portibrthe thruster with a solid shield. In addition tbpen area
fraction has been reduced for the plasma screantloeeonical section of the thruster.

VI. Summary

The NEXT PM1 thruster was operated over a rangth@fmal conditions that bracket those that would be
expected during a typical mission. Thermal condgioanged from liquid nitrogen cooled shroud terapees to
1000 W externally applied heat load. The thrusesfgpmed well during the thermal development t&ke thruster
performance parameters (thrust, specific impulsd #wuster efficiency) were nominal over the rangfe
environmental conditions the thruster was subjettdied

The data obtained during the test was useful féidating the thruster thermal model. The model prsd
temperatures that are within 10 °C of those measul@ing the thermal development test for most dtau
components. Based on the thermal modeling the dip#us were selected as the reference temperatatdn for
the thruster. Data obtained during the highest fieatoperation case demonstrated a thermal mayfy88 °C for
the magnets, 72 °C margin for the propellant isoland 40 °C for the wire harness under the plastne@en. The
exterior harness had a margin of 43 °C after beengfed for operation at 200 °C.

Two minor issues were discovered during testinge ©mse resulted in adjusting the temperature rédinthe
exit wire harness jacketing from 150 °C to 200 d€dubsequent environmental testing. The otheamtst led to a
design change to mitigate electron backstreamiraythh the plasma screen.
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