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Abstract

One of the objectives of an ongoing wear test
of the NSTAR ion thruster is to gain an under-
standing of how engine wear or aging affects
performance. In the 6500 hours of operation
achieved to-date, performance changes at the
full power operating point have been negligi-
ble. Periodic throttling tests over the design
power range of the thruster also show minimal
changes at all but the lowest power level. The
observed decreases in total efficiency are due
to increased ion production costs. A model
of discharge chamber operation was used to
identify wear processes that could potentially
affect thruster performance. Two phenom-
ena observed in the wear test appear to be
particularly important. Enlargement of ac-
celerator grid apertures by sputter erosion,
which leads to increased neutral losses, and
an increase in the ion current collected by the
screen grid have occurred and contribute to
the observed performance changes. The model
demonstrates qualitatively that the perfor-
mance impacts of these wear processes are
greater at low propellant flow rates, explaining
the greater losses seen at low power levels.

Introduction

Xenon ion propulsion is finally entering an age of
application in NASA’s planetary program. A xenon
ion primary propulsion system is one of the key tech-
nologies to be demonstrated on Deep Space 1, the
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first. of the New Millenium missions. This spacecraft
will be launched in 1998 and fly by an asteroid and
a comet in 1999. lon propulsion was considered an
enabling technology for the Champollion comet sam-
ple return mission, which was recently selected as the
fourth New Millenium mission and is slated for launch
in 2003. lon thrusters are also being studied for use
in a Europa Orbiter mission and in the Pluto Fast
Flyby. Mission designers require engine performance
data over the throttling range to calculate the tra-
jectory. Currently, the best estimate of end-of-life
(EOL) performance is used for the whole tragjectory to
develop conservative mission designs. This requires
EOL performance predictions which are guaranteed
to be conservative, but not so conservative that mis-
sion objectives are unnecessarily sacrificed. Idedly,
the effect of engine wear and aging processes on per-
formance should be sufficiently well-understood that
these conservatisrns could be relaxed. Mission design
could then be based on redlistic estimates of the en-
gine performance at any given time in the mission
profile. The purpose of this research is to achieve
this understanding.

NASA’s 30 crn xenon ion thruster technology is be-
ing validated for use in near-Earth and planetary mis-
sions in the NASA Solar Electric Propulsion Technol-
ogy Application Readiness (NSTAR) program. This
program is designed to develop the industrial capabil-
ity to produce flight engine, power processor and pro-
pellant feed system hardware and demonstrate that
the technology is mature enough for flight applica-
tions. The technology validation portion of the pro-
gram is focussed largely on providing flight program
managers with sufficient information on performance,
religbility and spacecraft interactions to alow them
to use the technology.

The technology validation involves a large ground
test program concentrating on the characterization of



engine performance as a function of time and power
level, specification of the engine and plume inter-
actions with the spacecraft, and understanding the
dominant engine failure modes. The program in-
cludes anurnbe roflongduratio nteststoidentify un-
expected faillure modes, characterize the parameters
which drive known failure mechanisms and determine
the effect of engine wear on performance. In the first
test, 2000 hours of operation at the full power point,
several potential failure mechanisms were identified
and studied in subsequent shorter duration develop-
ment tests. The effectiveness of design changes in
essentially eliminating these failure modes was then
validated in a 1000 hour wear test at the full power
point, preparatory to starting an endurance test for
the full 8000 hour design life. In this ongoing exper-
iment, the most successful endurance test of a high
power ion engine, a total of 6500 hours of operation
have been achieved at the full power point. Engine
performance changes, monitored continuously at the
nominal operating point and periodically at throttled
conditions, have been remarkably small at al but the
lowest power levels. In this paper the performance
changes will be presented and wear processes which
appear to contribute to the changes will be identified.

Description of the Engine, Facility and Test
Conditions

The Wear Test Engine

The endurance test is being conducted with the sec-
ond Engineering Model Thruster (EMT2), fabricated
by the Lewis Research Center (LeRC)[1, 2]. ‘I'he dis-
charge chamber of the 30-cm. diameter engine has
a conical upstream segment and a cylindrical down-
stream portion. The magnetic circuit is a ring-cusp
design with samarium-cobolt magnet rings located
near the discharge cathode in the rear of the chamber,
a the transition between the conical and cylindrical
segments and at the upstream end near the ion op-
tics. The two-grid, molybdenum optics and the hol-
low cathode technology are derived from the 30-cm,
mercury engine development program, athough the
cathodes incorporate improved heater materials and
handling procedures developed for the Space Station
Plasma Contactor Program.

The flight engines being fabricated by the Hughes
Electron Dynamics Division (HEDD) incorporate

several minor design changes which are not included
in the EMT2 design. In the wear test engine the
discharge chamber is fabricated from spun aluminum
and titanium parts, while the flight design uses tita-
nium for the entire discharge chamber. In addition,
the gimba bracket has been changed from stainless
steel to titanium and some of the discharge cham-
ber components have lightening holes in the flight
design. Grit-blasted wire mesh which covers the up
stream, conical portion of the discharge chamber for
improved sputter containment in EMT'2 has been ex-
tended to cover the downstream portion as well in
the flight design. Many of the components in the
flight thruster are being grit blasted to improve ther-
mal radiation capability compared to EMT2. The
flight design also uses dightly stronger magnets which
have been thermally stabilized at a higher tempera-
ture. In EMT2 the main cathode keeper assembly is
attached to the discharge chamber, while the flight
design uses a brazed cathode-keeper assembly. These
design changes have been validated by analysis or test
and are not expected to negatively impact engine per-
formance or wear characteristics.

Vacuum Facility and Support Equipment

The test is being conducted in a 3 m diameter, 10
m long stainless steel vacuum chamber pumped by
three 1.22 m diameter CVI cryopumps with a pump-
ing speed of about 45--50 kL/s on xenon and 3 xenon
cryopumps consisting of 0.69 m? pure aluminum pan-
els mounted on Cryomech AL200 coldheads with a
pumping speed of about 18,000 1,/s each, for a total
speed of 100 kL/s. The development of the xenon cry-
opumps is discussed in more detail in [3]. This pump
ing system provides a no-load pressure of about 1-
3x10~% Pa (1-2x 10-7 Torr) and less than 5x10~4Pa
(4x 10~° Torr) at the full power flow rates. Approxi-
mately every 1000 hours these pumping surfaces must
be regenerated, which exposes the engine to an atmo-
sphere composed primarily of xenon at a pressure of
about 4000 Pa (30 Torr). The cathodes are purged
during these exposures and reconditioned after sub-
sequent pumpdown to high vacuum. These events
are usually accompanied by a short term (about 6
hour) increase in the high voltage recycle rate and
temporary increase in the neutralizer keeper voltage
and coupling voltage, but otherwise appear to have




no long term effects on engine operation.

To reduce the amount of facility material backsput-
tered onto the engine, the walls and rear of the cham-
ber are lined with graphite panels. The backsputter
deposition rate, monitored with a quartz crystal mi-
crobalance (QCM) mounted next to the engine in the
plane of the grids, is 0.16 mg/cm?khr or 0.7 um/khr.

The propellant feed system used in the 1000 hour
test [4] was modified for use in this test to include
closed-loop flow control. This was accomplished by
adding solenoid-driven micrometer valves in parallel
with the manual micrometer valves used in the pre-
vious test. The manual valves provide a minimum
purge flow during facility power outages and serve
as a redundant flow control option in the event of
asolenoid valve failure. All flow control valves are
mounted inside the chamber, so that all externa gas
fittings have internal xenon pressures above atmo-
spheric pressure to prevent leakage of air into the feed
lines. The solenoid valves are driven by controllers
with input signals from flow meters. ‘I’his approach
reduced the day-night fluctuations noted in the 1000
hour test [4]. The flow system is still subject to fluc-
tuations of a few percent with a period of several min-
utes, which produce corresponding variations in the

discharge voltage and current. Initial calibrations of
the flow meters using three different calibration stan-
dards yielded results which agreed to within 1 per-
cent. The flow meters are re-calibrated every 1000
hours and the flow meter zeroes are checked every
50-200 hours. The flow meter stability has been ex-
cellent, with responses generally varying by less than
+1 percent.

The first 2974 hours of the wear test were con-
ducted using a breadboard power processing unit
(BBPPU) built by the Lewis Research Center which
is described in detail in [5]. The test was continued
using laboratory power supplies after the failure of
the beam power supply in the BBPPU. These sup-
plies are the same used in the 1000 hour test [4],
although the accelerator grid power supply has been
modified to permit high voltage recycles with the dis-
charge current reduced to 4 A rather than 2 A. A
second BBPPU has been fabricated and is now being
installed for use in the remainder of the test.

Diagnostics

A computer data acquisition and control system is
used to monitor facility and engine conditions and
control the power supplies. Data are sampled and
stored to disk once every 4-5 seconds. The system is
programmed to turn off the engine if out-of-tolerance
conditions in certain facility or engine parameters are
detected to allow unattended operation. This sys-
tem records engine electrical parameters measured to
within +0.5 percent with precision shunts and volt-
age dividers and mean flow rates measured to within
+1 percent with the thermal mass flow meters.

The thrust was measured directly in the first 3100
hours of the test using a modified version of the LeRC
inverted pendulum thrust stand [6]. The thrust stand
deflection, measured with a linear variable differen-
tia transducer (LVDT'), was calibrated in-situ by ap-
plying small weights. Long-term drift in the thrust
stand response was on the order of 1 percent. At
each of the measurements, conducted every 50-200
hours, ten thrust stand calibrations were performed.
The short-term repeatability of the response in these
calibrations was within 0.6 percent. Additional un-
certainties in the measurement of the LVDT voltage
yield a total uncertainty in the thrust measurement
of about +1.5 percent. At 3100 hours a failure in the
closed loop control of the thrust stand inclination left
the thrust stand inoperable.

The ion beam characteristics are measured with
near- and far-field probes. The near-field Fara-
day probe is a 0.8 cm diameter molybdenum disk
mounted on an arm that can be swung through the
beam at distance of about 2.5 cm downstream of the
ion extraction system. The probe is biased -20 V
with respect to facility ground to repel electrons. A
probe consisting of an array of rods mounted at the
end of the chamber is used primarily to monitor the
behavior of the thrust vector. The square array is
composed of 16 vertical and 16 horizontal graphite
rods, each 9 mm in diameter and 1.2 m long. The
rods are also biased -20 V to repel electrons, so the
current measured by each rod represents the integral
of the ion current density distribution at one latera
(vertical or horizontal) position across the beam. The
lateral integrated profiles can be fit with gaussian dis-
tributions, as Fig. (1) shows. The intersection of the
centroids of these distributions defines the location
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Figure 1. Measures of beam spread

of the thrust vector. Because the inclination of the
thrust stand could be varied over a range of one de-
gree and reassured by an inclinometer with a reso-
lution of better than 0.001 degrees, it was possible
to actively sweep the beam across the thrust vector
probe in one axis. The beam centroid measurements
agreed with the inclinometer measurements to within
2 percent and demonstrated that the thrust vector
probe has an angular resolution of 0.01 degrees. For
this discussion, however, the capability of measuring
the beam spread with the probe is more important.
The widths of the gaussian distributions of integrated
current density in each axis are generally very simi-
lar, indicating that the beam current density distribu-
tion is axisymetric and follows a gaussian distribution
with the same width. The effect of charge exchange
ions on the distributions was studied in initia tests
with a stainless steel mesh covering the probe. The
mesh was biased negative to filter electrons, while the
rods were biased positive to repel low energy charge
exchange ions. These measurements indicated that
the charge exchange ions normally collected by the
rods tend to broaden the current density distribu-
tion. This effect prevents absolute measurements of
the beam spread, but measurements performed while
varying the beam voltage demonstrate that the probe
insensitive to significant changes in beam divergence.

The double-to-single ion current ratio is monitored
periodically with an ExB probe mounted in the rear
of the chamber. This ion velocity filter is described in

t f T T
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using the thrust vector probe array.

more detail in references [4, 7]. The collimating dlits
on this probe permit ions emitted from a strip 3.1
cm wide extending across the entire face of the ion
engine to be sampled, so the measured current ratio
represents the integral of the current ratio distribu-
tion across the thruster. Charge exchange reactions
in the beam may also influence the ratio measure-
ments, but no corrections for this effect have been
made.

Measurements of the grid perveance limit and elec-
tron backstreaming limit taken every 50-200 hours
are used to monitor changes in ion optics performance
and provide an indirect measure of changes in acceler-
ator grid aperture sizes. Hole diameters can be mea-
sured directly using a laser profilometer and small
video cameras mounted on a positioning system in
the vacuum chamber. The laser profilometer, which
has a resolution of 1 um over a range of 400 um, is
used to define the downstream edge of an aperture in
three locations, from which the downstream diameter
is estimated. The hole wall can be illuminated by the
laser at only one azimuthal location, so the profilome-
ter cannot be used to measure the minimum diameter
at the chemical etch cusp. However, this diameter can
be estimated from video images of the grid with the
holes backlit using lights on the positioning system.
These measurements have been performed at severa
radial locations about once every 1000 hours but are
still being analyzed.

The screen grid, which is normally connected elec-



Nominal Throttle Points
Controlled Parameters Test Point 1 2 3 4 5 6
Beam Supply Voltage, V 1100 1100 1100 1100 1100 1100 650
Beam Current, A 1.76 176 159 126 101 066 054
Accelerator Voltage, V -180 -180 -180 -180 -180 -150 -150
Neutralizer Keeper Current, A 15 15 15 15 15 15 15
Main Flow Rate, seem 23.7 232 216 168 125 8.0 6.0
Cathode Flow Rate, seem 3.7 3.0 25 21 2.1 2.1 21
Neutralizer Flow Rate, seem 3.0 3.0 25 2.1 21 21 21
Dependent Parameters
Beam Voltage, V 1088 “1091 1092 1096 1091 1093 634
Accelerator Grid Current, mA 8.6 9.4 7.1 4.6 3.2 1.7 15
Discharge Voltage, V 251 260 260 255 260 271 279
Discharge Current, A 12.8 11.8 104 9.1 8.1 5.3 4.8
Neutralizer Keeper Voltage, V 14.3 142 147 157 171 194 212
Coupling Voltage, V -13.4 -13.8 -14.2 -14.2 -14.2 -13.9 -13.6
Power, kW 2.32 227 205 166 135 0.90 0.51
Performance
Thrust, mN 92.6 925 838 669 528 348 216
Specific Impulse, s 3170 3300 3290 3330 3300 2900 2200
Efficiency .63 0.66 065 065 064 056 045
Discharge Loss, €V/ion 173 174 170 182 209 215 247
Propellant Efficiency 0.89 094 092 094 097 091 093

Table 11 Independent engine parameters and beginning-of-life dependent parameters and performance values

trically to the discharge cathode, is periodicaly bi-
ased 20 V negative of cathode potential to measure
the ion current collected by it. From these measure-
ments the screen grid transparency to ions is deter-
mined.

Test Conditions

The power supply setpoints (measured at the
thruster) and flow rates for the nominal full power
operating point are listed in Table (1) with the begin-
ning of life values of the dependent electrical and cal-
culated performance parameters. These conditions,
which match those of the 1000 hour test, have been
maintained for most of the endurance test. Every
1000 hours engine operation is characterized over the
full power range at the six throttle points listed in
Table (l). These do not correspond exactly to the
current NSTAR throttling profile, but are used as
standard test conditions to allow comparisons with

previous data. Periodically other off-nominal operat-
ing conditions are tested to guide development of the
throttle table or study particular phenomena, such as
engine sensitivity to small variations in the controlled
parameters [8].

Performance Changes at the Nominal
Operating Point

The three performance parameters of interest to
mission designers are thrust, specific impulse and ef-
ficiency. The thrust is given by

1/2
T = aF,JyV,/? (-2%{)

where Jb is the beam current, V, is the net acceler-
ating voltage, M is the mass of a xenon ion and e is
the charge of an electron. The factors « and F; cor-
rect for the doubly-charged ion content of the beam
and thrust loss due to non-axia ion velocities. The

@



double ion correction factor is expressed as
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where J'+ /J* is the mean ratio of doubly- to singly-
charged ion current. The beam divergence correction
is given by the expression

fogvuux + J+ )
min (J* 4 cos 0d8

f;’"‘“ (J+ + J++)d8

min

F, (€)

in which @ is the angle from the centerline. ‘1’ he thrust
will therefore vary as engine wear affects the beam
current, beam voltage, double-to-single ion current
ratio or beam divergence. The specific impulse will
change as the thrust decays or propellant flow rate
changes. Finaly, the overall efficiency will change
over the engine life as the thrust drops at a given
power level, as the power required to maintain a cer-
tain thrust increases, or as flow rates change.

Figure (2) displays the measured thrust, calculated
thrust and beam current at the nominal operating
point over 6500 hours of operation. The calculated
thrust is based on the measured beam current and
voltage, a constant value of 0.98 for F; and a value of
o based on a curve fit to centerline double ion current
measurements as a function of propellant utilization
efficiency in a 30 cm, ring-cusp inert gas thruster[9).
The uncertainty in the calculated values is on the
order of +2.1 percent. Given the uncertainties in
the measured and calculated values the agreement
is quite good. The measured and calculated thrust
decreased dlightly between 1000 and 2200 hours as
the beam current dropped from 1.76 A to 1.75 A.
This was due to a software discharge current limit in
the BBPPU which prevented operation above 14 A.
Over this time period this limit made it impossible
to maintain the beam current setpoint. When the
software was modified at 2200 hours to permit higher
discharge currents the beam current and thrust re-
turned to the previous values. In general, however,
the thrust is quite constant over the first 3000 hours,
varying by +1 mN about a mean of 93.4 mN.

Although there are no direct thrust measurements
after the first 3000 hours, it appears that the thrust
has remained essentially unchanged, The beam cur-
rent and net accelerating voltage have been set at

fixed values and the double-to-single ion current ratio
has remained constant at 0.20 4 0.01 after increasing
from about 0.15 in the first 1000 hours, as shown in
Fig. (3). These measurements are integrated across
a thruster diameter, so they overestimate the aver-
age double-to-single ion current ratio. Detailed data
from the Jseries 30 cm mercury thrusters suggests
that the average value is 0.34 --0.5 times the integrated
ratio[l O], which yields an average ratio of .07-0.1 for
this engine. Figure (4) displays the width of the gaus-
sian distributions fit to the thrust vector probe data
in the vertical and horizontal axes as a function of
time. The fact that the beam spread recorded by the
array has varied by less than 1 percent over the en-
tire 6500 hours suggests that no significant changes
in the thrust loss due to divergence have occurred.
The Faraday probe also shows no significant changes
in the near-field beam profile over the course of the
test.

The specific impulse has also apparently not var-
ied during the test, because the thrust has been con-
stant and the flow rates are controlled. The efficiency,
however, dropped by one percentage point in the first
3000 hours as the engine power required to produce
the commanded beam current increased from 2290 W
to 2320 W, as shown in Fig. (5). The beam power
is control led, so the increased demand is solely due
to increases in discharge power. This is reflected in
the ion production cost, which is plotted in Fig. (6)
The ten percent growth in discharge losses is confined
to the first 3150 hours, after which it has remained
constant at about 200 eV /ion. The plots of discharge
current and voltage in Fig. (7) show that most of the
increase in discharge power was due to an increase
in the discharge current. After about 3100 hours the
discharge voltage started to drop dlightly. This was
compensated by further increases in the discharge
current. Both voltage and current have been rela-
tively constant since hour 5'200. It is remarkable that
the engine continues to run so efliciently with such a
low discharge voltage. The performance changes at
the full power operating point, fortunately, have been
quite small.

Performance Changes at Throttled
Conditions

Throttling tests have been conducted approxi-
mately every 1000 hours. In these tests the controlled
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Figure 2: Measured thrust, calculated thrust and beam current at the nomina operating point.
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Figure 3: Double-to-single ion current ratio measured with the ExB probe.
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Figure 8. The transition from plume to spot mode
as a function of neutralizer flow rate, keeper current
and time.

engine parameters were al fixed at the values listed
in Table (1) with the exception of the neutralizer flow
rate and keeper current. As the wear test progressed
it became necessary to increase the neutralizer flow
rate and keeper current at the two lowest throttle
points to maintain spot mode operation. Data on
the transition from spot mode to plume mode are pre-
sented as a function of time for the minimum power
point in Fig. (8). In this plot the transition is de-
fined as the flow rate at which the neutralizer keeper
voltage oscillations exceed 5 Vp-p. These and other
data from neutralizer characterizations suggest a shift
in neutralizer behavior sometime between 1400 and
2000 hours. No facility-related test events or periods
of off-nominal operation that could explain the shift
have been identified in this period, so it is currently
assumed conservatively that this is indicative of nor-
mal wear. The flow rates and currents used in the
throttling tests are plotted in Fig. (9). The2.6 seem
flow rate used in the tests at 3100 hours is apparently
more than necessary to avoid plume mode operation;
a lower value was adequate in subsequent tests.

The thrust as a function of power level is shown
in Fig. (10). The values measured at the beginning
of the test are systematically higher by 1--2 percent,
which is excellent agreement given the uncertainties
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Figure 9: Neutralizer flow rates and keeper currents
used in the throttling tests.

in the measurements. The calculated thrust was es-
sentially constant as a function of time, because the
engine operating conditions which enter the thrust
calculation were controlled. The power required to
deliver that thrust increased with time, however, as
the figure demonstrates. The ratio of double-to-single
ion current as a function of time for the six throttle
points is shown in Fig. (1 1). For the three lowest
throttle points the ratio has been approximately con-
stant, while it increased by about 50 percent over the
first 3000 hours for the three highest power levels.
Because this behavior is different from that observed
a the nominal test point, the engine was operated at
the throttle test full power point for 90 hours to ver-
ify that it was not a transient effect associated with
throttling down the engine. The ratio was stable at
the higher value for this entire period, confirming the
measurements made in the shorter duration throt-
tling tests. This increase in the double ion content
could be responsible for a decrease in thrust of up to
1 percent, when the ratios of double-to-single ion cur-
rent integrated over a thruster diameter are corrected
to average ratios using the method discussed in [10].
The spread in the gaussian beam profiles measured
with the thrust vector probe changed in general by
less than 1-2 percent over time, indicating that the
beam divergence has not changed dramaticaly. The
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Figure 12: Efficiency as a function of time and power
level for the throttle test points.

true thrust is therefore likely to have remained near
the calculated values.

The increase in power for a given thrust implies
a lowering of the overall efficiency, as shown in
Fig. (12). The efficiency losses are less than 1.5 per-
centage points for al but the lowest power level, at
which a loss of 4 percentage points has occurred. This
is due in part to the higher neutralizer flows required
a the lowest power, although this represents only
about 0.9 percentage points of the total 4. As with
the nominal full power test point, the efficiency de-
cline is mainly due to increased discharge power re-
qguirements, as Fig. (13) shows. The greatest increase
in beam ion production cost was experienced at the
lowest power level. This curve also shows the largest
scatter in the measurements. These data and those
at the nominal operating point suggest that engine
wear experienced in this test has had a negligible im-
pact on performance at higher power levels but has
resulted in significant losses at the lowest power level.

The Effect of Engine Wear on Performance

The observed behavior can be interpreted qualita-
tively with the use of a discharge chamber perfor-
mance model developed in [11]. In this formulation
the beam ion production cost is given by

fcVp
s’

- tp
B £l — - Com(1-nu)]

(4)
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where fg = Jpg/Jp is the beam current divided by
the total ion production rate expressed as a current,
fe=Je/Jp isthe fraction of al ions produced that
are collected on cathode potential surfaces,  is the
mass flow rate into the discharge chamber, 7, is the
propellant utilization efficiency and V,is the dis-
charge voltage. The total ion production rate is the
sum of the beam current , the ion current to anode
potential surfaces and the ion current to cathode po-
tential surfaces,

Jp=Jg+Ja+Jc ®)

The baseline plasma ion energy cost €p is

e = €0 + €M
P21 (Ve +Vp)/Vp'

in which €0 represents the average energy expended
per plasma ion in ionization and excitation reactions
and eps is the average energy of a Maxwellian elec-
tron lost to the anode. The primary electrons are as-
sumed to be injected into the discharge plasma from
a potential which is Vi volts above cathode potential,
so V., represents the voltage associated with cathode
operation. The primary electron utilization factor Co
represents the extent to which primary electrons in-
teract with the neutrals, and is given by

(6)

_ 4oyl
"~ evgAgdo’
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where gy is the total inelastic collision cross section, I,
is the primary electron containment length, vo is the
thermal velocity of the neutrals, A4, is the active grid
area and ¢o is the transparency of the ion optics to
neutral atoms. This model has been shown to accu-
rately predict the variation in plasma ion energy cost
for changes in propellant, grid transparency to neu-
tral atoms, beam extraction area, discharge voltage
and discharge chamber wall temperature [11]. The
experiments show that the four parameters which de-
termine discharge chamber performance, fs. fc,Co
and €p, are largely independent of the flow rate and
the propellant utilization for a wide range of condi-
tions. At low discharge voltages, however, the base-
line plasma ion cost €} starts to show a dependence
on flow rate. This is evidently due to variations in the
electron temperature, and thus the Maxwellian elec-
tron energy €a, with flow rate, which has a greater
impact on €5 when the discharge voltage is low.

The four parameters which govern discharge cham-
ber performance are dependent on engine character-
istics which can change as the engine wears. The
primary electron utilization factor Co depends on the
grid transparency to neutral atoms, so accelerator or
screen grid wear which increased the aperture diam-
eters would lead to a performance decrease due to
greater neutral losses. The primary electron contain-
ment length . is determined largely by the configu-
ration and strength of the magnetic field. Therefore
thermal degradation of the magnets could result in
performance losses by its effect on .. The magni-
tude of the total inelastic collsion cross section o
is determined by the primary electron energy, which
depends on the discharge voltage. Variations in volt-
age over lifetime might therefore influence this pa-
rameter. Finaly, Co is sensitive to the neutral atorn
therma velocity, so if the discharge chamber temper-
ature rises the performance will suffer. This behavior
can be seen on a short time scale; the ion production
cost increases over the first hour or so after ignition
as the engine temperature rises to its steady state
value. This could also happen over longer time scales
as other processes make the. discharge less efficient
and more energy is deposited in the structure.

The baseline plasma ion energy cost is sensitive
primarily to the electron temperature through its ef-
fect on €ar and on cathode operation through V..
Processes which lead to higher electron temperatures



would therefore decrease performance, as would cath-
ode degradation which resulted in an increase in V..

The fraction of ion current to cathode potential
surfaces fc is the sum of the screen grid current and
the ion current from the discharge plasma to the cath-
ode and is likely dominated by the current to the
screen grid because of the larger area.  Grid wear
processes which affect the screen grid transparency to
ions will therefore affect this fraction. For a constant
beam current, the extracted ion fraction fg will drop
only as the total ion production rate rises. Increased
ion fluxes to the screen grid, cathode or anode will
reduce discharge chamber performance. This might
occur through grid erosion or changes in the magnetic
field strength.

It is clearly very difficult to measure certain model
parameters such as the ion current collected by the
anode. In addition, there are no detailed maps of the
discharge chamber plasma for the NSTAR engine, so
a number of the plasma properties are unknown. This
makes it impossible at this point to quantitatively ap-
ply the model to interpret the observed performance
changes. However, there is evidence of wear processes
that are consistent with the effects outlined above.

The perveance and electron backstreaming limit
measurements provide an indirect method of moni-
toring changes in the accelerator grid aperture diam-
eters. The perveance limit, defined as the voltage
a which the accelerator grid current changes 0.02
mA for every volt change in beam supply voltage, is
plotted for the nominal operating point in Fig. (14).
The electron backstreaming limit, defined by a 1 per-
cent decrease in discharge loss due to backstream-
ing, is shown in Fig. (15) for the nominal operating
point. The perveance data indicate a relatively steep
change in the limit over the first 1000 hours and an
approximately constant, although slower, decrease af-
ter that. The electron backstreaming limit measure-
merits show a more or less constant increase in the
magnitude of the accelerator grid voltage required to
prevent backstreaming. Similar measurements taken
during the throttling tests show the same behavior.
Both data sets are consistent with an increase in ac-
celerator grid hole diameter due to sputter erosion
from the impact of charge exchange ions generated
in the interelectrode gap or the aperture itself. As
the model shows, this can lead to higher discharge
losses because of a decrease in the primary electron
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utilization factor from a higher grid transparency to
neutrals. These measurements do not yield a quanti-
tative value for the change in hole diameter, but the
profilometer and grid image data should allow the
change in transparency to be estimated.

The ion current collected by the screen grid repre-
sents an energy loss to the discharge plasma which is
captured in this model by the parameters fc and fB-
This effect is quantified in Fig. (16), which shows the
measured ion current to the screen grid as a function
of time for the nomina operating point. These data
indicate an increase in screen grid current of 60 MA,
al6 percent change since the beginning of the test.
Similar results were obtained in the throttling tests at
lower power levels. Most of this increase occurs in the
first 3200 hours, which is consistent with the perfor-
mance changes. This suggests this effect may domi-
nate over the increased grid transparency to neutrals,
which has continued to rise while the performance has
essentially stabilized. The two may be related, how-
ever. The decreased screen grid transparency to ions
may be due to changes in the upstream sheath shape
caused by an increase in the accelerator grid aperture
Sizes.

Thermal degradation of the magnets is not thought
to be a significant contributor to the observed effects.
Development tests of the samarium-cobalt magnets
used in this design have shown very little decrease in
the magnetic field strength after long periods of oper-
ation at elevated temperatures. In addition, the near-
field beam probe results suggest no major changes in
the plasma distribution, which should be sensitive to
magnetic field strength in the discharge chamber.

There are no direct measurements of the cathode
voltage V¢ or the electron temperature, but the cath-
ode keeper voltage data suggest that one of these
parameters is changing. The keeper voltage is dis-
played in Fig. (17) with the discharge voltage. The
keeper is electrically connected to the anode with a
1 kOhm resistor, and draws approximately 20 mA of
electron current. The potent ia of the keeper is there-
fore sensitive to both the local plasma potentia and
the electron temperature. A drop in the local poten-
tia or an increase in the electron temperature would
explain the voltage decrease observed in the test. The
fact that the discharge voltage is also decreasing sug-
gests the former. A lowering; of the potential near the
cathode could signal more efficient cathode operation,
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perhaps because of the higher discharge current.
Finaly, the discharge chamber wall temperature
has likely increased some simply because the dis-
charge losses are higher. This could magnify the per-
formance loss by increasing the neutral atom velocity
and decreasing Co. A number of these issues will be
resolved with further testing and analysis. For exam-
ple, the image data and post-test examinations will
quantify changes in aperture diameters and indicate
over what period of time the changes occurred. Sim-
ilarly, the post-test analysis will show whether sig-
nificant changes to the magnets have occurred. In
addition, by measuring the discharge loss, discharge
voltage, beam current and screen grid current (which
is approximately equal to Jc) for a range of neutral
density parameters ri{ 1 -1, ), it should be possible to
determine the ratio €5/ fB and Co in Eq. (4) by non-
linear regression. Resolving these parameters in this
way would be very interesting because it would pro-
vide separate reassures of the response to increases in
grid transparency to neutrals (through Cp) and de-
creases in the extracted ion fraction (through €p/fB).
In subsequent tests such measurements should be
made periodically to determine how these parame-
ters change with time. Additional instrumentation
in these tests, such as discharge chamber tempera-
ture sensors and magnetometers to monitor the mag-
netic field strength, would provide valuable informa-
ion about the effect of wear on engine performance.

The Effect of Flow Rate on Performance and
Sensitivity to Wear

The data show only small changes in performance
at al power levels except the lowest, where a signif-
icant decrease is observed. The discharge chamber
performance model shows that this can be explained
by the throttled flow rates required for lower power
operation. Differentiating Eq. (4) with respect to C',
and Jo/Jp yields the sensitivity of the discharge loss
to the processes identified above. The sensitivity to
increased neutral losses is given by

Oep CoTi(1-1.)

0C, ~

epm(l —ny)e”
fB[l = e-Com(i-nu)}2

(8)

If Co is small, the exponential terms dominate and
give an increase in sensitivity to changes in Co with
decreasing flow rate. A similar, but weaker effect is
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found for the sensitivity to changes in the ion current
to cathode potential surfaces relative to the beam
current,

663 _ 6;,
8(Jc/JB) 1 - e=Coml-n.)

+ Vb. (9)
Changes in screen grid current which produce neg-
ligible effects at high flow rates can produce much
larger changes in €s at reduced flows. These are sig-
nificant results, because the power profiles for many
outbound planetary missions such as DS-1 demand
long periods of operation at low power levels,

The sensitivity of the beam ion production cost to
small variations in the flow rate about the nominal
value can aso be examined with this model. This
sensitivity is given by

663
om

_ Co(1 = p)eT01-n)

fefl - e-com(l—nu)]z

(lo)

‘I"his show unambiguoudly that the sensitivity to flow
rate variations increases as the nomina flow rate de-
creases, which may explain the scatter in the mea-
surements of €8 at the lowest power level. Small
variations in the flowrates from test to test can cause
significant variations in the discharge performance.
This behavior was confirmed experimentally in sensi-
tivity tests performed during the wear test, as shown
in Fig. (18). This essentially represents a shift in the
knee of the performance curve to lower propellant ef-
ficiencies as the flow rate is reduced, which suggests
that to maintain optimum performance the propel-
lant efficiency must decrease as the flow is reduced.
This was found to be true in recent low power throt-
tling tests, which showed optimum total efficiencies
at propellant utilization efficiencies between 0.8 and
0.85.

Conclusions

Performance changes have been negligible at the
nominal full power operating point in the NSTAR
8000 hour wear test and at all but the lowest power
level of the six throttle points measured periodicaly
during the test. At the minimum power point the
performance degradation is not insignificant, repre-
senting a 9 percent loss in efficiency (4 percentage
points out of 45 percent). The observed decrease in
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Figure 18: Variations in discharge loss for small vari-
ations in flow rate as a function of power level.

efficiency at the higher power levels is due primarily
to an increase in the discharge losses. At the mini-
mum power point the efficiency has suffered slightly
from increased neutralizer flows required to maintain
spot mode emission as the test has progressed, but
the dominant effect on the performance is also an
increase in the beam ion production cost. A model
of discharge chamber performance which predicts the
ion production cost yields insights into what wear or
aging processes can affect engine performance. Peri-
odic measurements in the wear test have documented
evidence of accelerator grid hole enlargement which
can lead to greater neutral losses and increased ion
current to the screen grid. These two effects both lead
to increased discharge power requirements to main-
tain a given beam current. The model also shows that
the performance impacts of these wear processes are
greatest at low flows, giving a qualitative explanation
of the insensitivity at the higher power levels.
Previous end-of-life performance projections for
mission planning involved extrapolation of data from
the endurance test, and then sampling from bounds
on certain parameters and using the sensitivity data
to estimate uncertainties in the projected perfor-
mance. Now that the engine in the wear test has
processed as much propellant as the flight thruster
will during the DS-1 mission, measurements taken
over the throttling range are being considered end-of-
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life values. Both of these approaches are suspect; the
first because it involves extrapolation without know-
ing the true functional form of the temporal varia-
tions and the second because the engine wear does not
scale strictly with amount of propellant processed.
Ideally the endurance test experience should be used
to determine which wear processes affect which per-
formance parameters, and then couple a performance
model with wear models to calculate performance
over mission profile. Preliminary results from the test
to-date provide the first steps toward achieving this
capability.
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