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Abstract

Stationary Plasma Thrusters (SPTs) are being investigated for application to a variety of near-term missions.
This paper presents the results of a preliminary study of the thruster piume characteristics which are needed to assess
spacecraft integration requirements. Langmuir probes, planar probes, Faraday cups, and a retarding .potential
analyzer were used to measure plume properties. For the design operating voltage of 300 V the centerline electron
density was found to decrease from ~ 1.8 x 1017 m-3 at a distance of 0.3 m to 1.8 x 1014 m-3 at a distance of 4 m
from the thruster. The electron temperature over the same region was between 1.7 and 3.5 eV. lon current density
measurements showed that the plume was sharply peaked, dropping by a factor of 2.6 within 22 degrees of
centerline. The ion energy 4 m from the thruster and 15° off-centerline was ~ 270 V. The thruster cathode flow rate
and facility pressure were found to strongly affect the plume properties. In addition to the plume measurements the

data from the various probe types were used to assess the impact of probe design criteria.

Nomenclature Introduction

Ap probe surface area, m? Stationary Plasma Thrusters (SPTs) have been
e electron charge, 1.6 x 1019 C flown on over 50 Russian spacecraft and are currently
E ~ particle energy, J ' being considered for application to stationkeeping,
f,E) ion energy distribution function repositioning, and orbit transfer missions in the United
L electron current, A States.I-6  An SPT, shown schematically in Fig. 1,
Ls electron saturation current, A consists of an annulaf ch_amber v»tnh msgxlaung walls
. . density. A/m?2 within which an electric discharge is sustained between
‘!‘ fon current density, an external hollow cathode and a ring shaped anode at
Jiv ion current under perfect vacuum, A/m? the rear of the chamber. Electromagnets are used to
k Boltzmann's constant, 1.38 x 10-23 J/K generate a radial magnetic field within the chamber
m, electron mass, 9.11 x 10-31 kg which reduces the electron conductivity and permits the
ne electron number density, m-3 plasma to sustain a large axial electric field. The xenon
n; ion number density, m-3 propellant ions are accelerated axially by the electric
0 probe radius. m ﬁelfl. .Xenon pr.opellant. is used because' of its lqw
T, electron temperature, K ionization potential and hlgh moleculaf weight. While

) i the details of the acceleration mechanism are not fully
Vi ion velocity, m/s  understood. the thruster has been perfected in Russia to
Vp probe bias voltage, V the point where its performance appears to exceed that
yA distance from thruster, m of competing technologies for some applications.”.8
A ion charge
Ace charge exchange mean free path, m This work was part of an effort to characterize the
Ad Debye length, m performance, PPU interfaces, and spacecraft integration
0 grid potential, V issues associated with the operational use of SPTs for
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stationkeeping and primary propulsion applications.



Papers by Sankovic, et al.. Hamley, et al.,10 Pencil,!1
and Manzellal2 discuss the performance, PPU,
contamination, and optical characteristics of the thruster
tested at NASA LeRC. This paper focusses on
measurements of the SPT plume properties in an
attempt to establish a data base from which
plume/spacecraft interactions can be assessed.

The integration of electric thrusters onto spacecraft
has been extensively studied for ion thrusters and
arcjets.!3-17  Integration issues include momentum
and thermal loading of spacecraft surfaces, erosion and
contamination of those surfaces, electromagnetic noise
generation, and interference with up and downlink
communication signals. The exhaust of the SPT
thruster is known to be highly ionized with a mass
average velocity of between 14000 m/s and 18000
m/s.2 The high energy exhaust can sputter surfaces
with which it interacts causing concern not only about
erosion of spacecraft surfaces. but also about
contamination of surfaces by eroded thruster material.
The highly ionized plume may interfere with
communications signals by refracting the
electromagnetic waves as they propagate through the
variable density expanding plasma.!5 Some of these
issues were recently investigated by Absalamov, et al.18
who used planar and gridded ion probes and solar cell
cover glass samples to establish the potential impact of
the thruster on the spacecraft. That work was done in a
2.5 m diameter by 6 m long cryopumped facility which
maintained a pressure near 6.7 x 10-3 Pa during thruster
operation. Under these conditions the vacuum chamber
size and pressure could have influenced the
measurements.!9 making it important to test the
thruster in a larger facility with higher pumping speed.

This paper presents preliminary resuits of an etfort
to establish appropriate probe geometries and plume
characteristics of an SPT-100 thruster. Following a
description of the experimental facility and probes,
measurements of the plume characteristics at distances
of 0.3 m, 2 m. and 4 m from the thruster are presented.
Langmuir probes, Faraday cups, planar probes. and a
retarding potential analyzer (RPA) were used to
establish the electron density, electron temperature, ion
current density, and ion energy at several angles from
the thruster axis. In addition, the results from the
various probe types are compared to establish criteria for
improved probe designs. Finally, a summary of the
study conclusions is presented.

| Experimental Apparatys

ster an ipmen

The SPT-100 thruster used in this study was
provided by the Ballistic Missile Defense Organization
(BMDO) and was constructed at Fakel Enterprises in
Kaliningrad (Baltic Region), Russia. The thruster was
used without modification. The power processing unit
used for these tests was built by Hamley, et al.10 The
original thruster flow control system was bypassed by
connecting xenon feed lines directly to the thrust
chamber and cathode supply lines. This provided the
ability to independently vary the chamber and cathode
flow rates.9 Calibration techniques and results are
discussed in detail by Sankovic, et al.? and Hamley, et
al 10 .

Eacility

The tests were conducted using the NASA LeRC
Tank 5 vacuum facility, which is 4.6 m in diameter and
18 m long, with a 41 m2, 20 K gaseous helium
cryopump. For the near-field plume measurements the
thruster was mounted on a thrust stand located on the
centerline of a 1 m diameter, 1 m long spool-piece
mounted on the side of the main tank. As shown in
Figure 2, the thruster exit plane was approximately 1 m
from the main tank during these tests. ~ Ambient
pressure was measured using an ion gauge calibrated for
air which was located on the spool-piece. The ion
gauge reading were corrected for xenon by dividing by
3.1. The normal ambient pressure during thruster
operation was 1.7 x 103 Pa, though this was varied
during testing by bleeding in gas from an external
source. For the far-field plume measurements, the
thruster was located in the main tank as shown in Fig.
3, and fired toward the helium cryopump. The ambient
pressure at the thruster was normally 6.7 x 10-4 Pa for
these tests, though it was varied in the same manner as
was done with the near-field measurements.

Near-Field Plume Diagnostics

A cylindrical Langmuir probe was used to
characterize the near-field SPT plume. These
measurements were made simultaneously with the
performance measurements described by- Sankovic.?
As shown in Fig. 2, the probe was mounted on 2
cantilevered arm which could be rotated around the
thruster centerline at a constant distance of 31 cm from
the centerline of thruster exit plane. The probe always
pointed at the thruster centerline. The probe was a 1.57 -
cm long, 0.051 cm diameter piece of tungsten wire



extending from a 1 mm outer diameter, 5 cm long
alumina insulator.

The probe was biased relative to the tank wall
using the circuit shown in Figure 4. The function
"generator drove the bipolar ampiifier using a ‘1 kHz
triangle wave. The audio transformer between the
function generator and the amplifier served to isolate the
probe circuit from the function generator ground. The
probe current was measured using a 10-obm shunt, and
the probe voltage with respect to ground was measured
directly. The probe voltage and current waveforms
were recorded on a digital oscilloscope at a rate of 1
MHz. Between twelve and sixteen compliete probe
voltage-current (V-I) characteristics were obtained at
each location and operating condition. The final results
are the average values for all the V-I characteristics
collected at a given location and operating condition,
and error bars reflect the corresponding standard
deviations.

All of the near-field Langmuir probe data were
reduced using standard thin-sheath probe theory.20 The
validity of this theory for the plasma conditions found
in the plume will be discussed below. In this analysis,
the electron temperature is obtained from:
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where the electron current is obtained by subtracting the
ion saturation current from the entire current trace. The
electron density is obtained from:
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where I, electron saturation current, is the current

level at the intersection of the linear curve fits to the
electron retarding region and the electron saturation
region. The corresponding voltage is the local plasma
potential. ‘'While the data reduction was highly
automated, considerable user input was required to
ensure that the proper regions were used in the curve-
fitting. This was complicated by the wide range of
plasma conditions studied in this work, and by the
occasional appearance of noise on the probe traces. The
probe V - I characteristics were examined individually to
ensure proper data reduction .

Far-Field Plyme Dj i

Probe Locations

The far-field probes were arranged in two arcs at
radii of 2 m and 4 m from the thruster exit plane.
These distances were chosen in an attempt to establish
the impact of facility effects on the plume expansion.
The probe layout is shown schematically in Figure 3,
and Table I lists the probes at each location. Multiple
probes were placed at several of the locations so that
data from different probe types could be compared. The

‘thruster was fired toward the helium cryopump, with the

probes between the thruster and the pump. The support
structures, shown in the photograph in Figure 5,
consisted of a 1.3 cm diameter stainless steel tube with
0.635 cm diameter, 40 cm long stainless steel vertical
supports. The probes extended a minimum of 10 cm
in front of the vertical supports.

Langmuir probes

Stainless steel spherical probes 0.95 cm in radius
were used to establish the far-field electron density and
temperature. The probe size was selected to obtain a
minimum probe radius to Debye length ratio of 10 by
extrapolating published electron density resuits for the
thruster exit plane according to a 1/r2 dependence.2
Spherical probes were selected for this first test series
because of their relatively well-known behavior across a
wide variety of plasma densities and their lack of
sensitivity to the plasma velocity vector.

Each probe was supported using a 20 cm length of
0.79 cm diameter aluminum oxide tubing mounted to a
vertical piece of 0.635 cm diameter stainless steel rod
using a clamp. The probe conductor was placed inside
the aluminum oxide support which extended from the
probe away from the thruster. The arrangement yielded
a net exposed probe area of 10.9 cm2, though the actual
current collecting area might be reduced by the
formation of a probe wake.2! Because the alumina
support rod was behind the probe and covered 10% of
the original probe surface, the maximum reduction in
exposed probe area which could result from a probe
wake was 40%.

The probes were cleaned with acetone and ethyl
alcohol immediately before closing the tank. The
probes were biased using the same circuit as for the
near-field plume measurements (Fig. 4) and the data
were reduced in the same fashion.



Planar Probes & Faraday Cups

Two types of ion current probes, shown in Figure
6, were evaluated. The first was a simple planar probe,
consisting of a 5.1 cm diameter molybdenum disk
facing the thruster. All planar probes were built with
grounded guard rings. The guard ring consisted of a
3.81 cm inner diameter, 0.635 cm wide molybdenum
ring supported 0.3 cm above the planar probe. The
second probe was a Faraday cup. The Faraday cup
wails, which were biased to the same potential as the
collector, were meant to repel secondary electrons
emitted by the collector and prevent an erroneously high
current reading. Faraday cups were tested with and
without guard rings to establish the guard ring effect on
probe response. For these tests the base of the Faraday
cup was molybdenum, and the cup wall and entry lip
were stainless steel. The cup aperture was the same
diameter as the opening in the planar probe guard rings,
and the cup depth was twice the aperture diameter. The
side wall diameter was 5.1 c¢m, and the probe was
carefully aligned with the thruster to preciude direct
impingement of plume ions on the side of the cup. The
entire outer surface of the cups were insulated using
dielectric tape. The entire probe was electrically
common, so that when biased negative the walls of the
probe repelied secondary electrons emitted from the base
collector.  All of the ion current probes had aperture
areas of 11.4 cm2.

The ion current probes were biased relative to the
tank wall using a 100 V power supply. A 100 ohm
shunt connected between the power supply and the tank
wall. was used to measure the probe current.

Retarding Potential Analyzer

A retarding potential analyzer (RPA), which
measures ion flux as a function of ion energy, was used
to assess ion energies at a distance of 4 m from the SPT
exit plane at a 15° angle from center line. The probe
design was based on a flight-qualified RPA developed
during the Ion Auxiliary Propulsion System (IAPS)
flight program22 and consisted of four equally spaced
tungsten grids and a molybdenum ion collector. The
outermost grid and attached guard ring were maintained
at facility ground to minimize the perturbing effect on
the SPT plume. The second grid repelled incoming
electrons. It was biased at a constant voltage between-
10 V and -30 V. The third grid was used as a variable
voltage ion suppressor transmitting only those ions
with kinetic energies greater than eZ¢. where e is the
electronic charge, Z is the charge of the ion (1 for a

singly charged ion) and, ¢ is the ion suppressor grid
potential. The inner grid was biased to the same voltage
as the second grid. This grid repelled secondary
electrons emitted from the collector. The aperture for
the probe was 38 mm in diameter. The grids were
constructed from 0.13 mm diameter tungsten wires
spaced 4 mm apart. The open area fraction for each grid
was estimated to be 0.87. For this test no attempt was
made to calibrate the overall grid transmittance. A
schematic of the probe is shown in Figure 7.

The circuit used to drive the RPA is shown in
Figure 8. The current through the molybdenum
collector was measured with a digital storage
oscilloscope as the voltage drop across a calibrated load
resistor. A programmable function generator was used
to drive the high voltage ion suppressor bias supply ata
frequency of 0.15 Hz. This voitage was recorded by the
digital storage oscilloscope. All voltages were
measured relative to the facility ground. The voltage to
the electron repeller was preset and the ion suppressor
voltage was driven with a 700 V sawtooth. The current
and the ion suppressor voltage were simultaneously
recorded on the oscilloscope and subsequently transferred
to a personal computer. Data reduction included
smoothing of the data and calculating the first derivative
of the ion current as a function of retarding potential,
which yields the ion distribution function:

oy < _Jil (M
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Resuits

Behavior of Diagnostics

The first step in this study was 10 establish the
impact of probe contamination, the use of guard rings,
and the ion probe type on the plume measurements.
The effect of probe surface contamination was assessed
prior to the collection of plume data. This was done by
looking for hysteresis in the Langmuir probe trace and
by examining the reproducibility of Langmuir probe and
jon current probe measurements after biasing them to ~
.80 V for 5 minutes while they were in the thruster
plume. Hysteresis in the Langmuir probe current has
been correlated with surface contaminants,23.24  and
biasing probes sufficiently negative for ion sputtering

‘



to clean their surfaces is a standard cleaning technique.25
The results of these efforts showed that while
contamination was certainly present on all probes at the
start of an SPT test it could be easily removed, and in
fact in most cases could be eliminated by simply
waiting for the high energy thruster plume to clean the
surface without resorting to negative biasing.

Figure 9 shows the probe current density measured
as a function of probe bias voltage for the two ion
current probes located 2 m from the thruster at an angle
of 52.5° off-axis. - The Faraday probe in this example
did not have a guard ring, and it is evident that it
~ collected up to 23% more current than did the planar
probe at the same location. If the Faraday probe had
been operating properly, the planar probe current density
would have been higher than that of the Faraday probe.
It appears that because the Faraday probe wall was
common with the collector the probe had a larger
effective area that the planar probe, even though the
aperture size for the two probes was the same. A
- further example of this effect is shown in Figure 10,
which shows similar data for a simple Faraday cup; a
Faraday cup with a grounded guard ring, and a planar
probe. These probes were in a cluster 2 m from the
thruster at an angle of 37.5° off-axis. In this case the
simple Faraday cup collected up to twice the ion current
density measured by the planar probe, and the current
density from the Faraday probe with the guard ring was
within 25% of that obtained using the planar probe.
The saturation behavior of the Faraday cups indicates
that the probe sheath was growing more rapidly with
increasing bias voltage than that of the planar probe.25
This likely occurred because the Faraday cup collector
and sides were electrically common. Note that at a bias
voltage of -10 V the three probes collect almost the
same current and begin to diverge significantly as the
bias voltage is decreased. The beneficial effect of the
guard ring is evident from the slower rates of ion current
rise for the probes using guard rings.

Pi -h risti

El n Densi Tem

Electron density and temperature profiles taken at
0.31 m from the thruster at the design point operating
conditions of 4.5 A and 300 V are shown in Figures 11
and 12. The resuits in Figure 11 show the effect of
cathode propellant flow rate on the near-field plume
characteristics at total flow rates of 5.6 mg/s and 5.4

mg/s. The cathode flow fraction was changed from 5 %
to 9 %. Error bars are not visible on the density data
because the fluctuations between probe V-I
characteristics were too small to appear on the
logarithmic scale of the plot. As shown in Figures i1
the centerline density increased from ~ 6 x 1016 m-3 to
1.8 x 1017 m-3 when the cathode flow was increased,
and the electron temperature dropped from
approximately 3.8 eV to 2 eV. The density profile was
sharply peaked, dropping by a factor of three within r
of the centerline. The electron temperature did not vary
significanly with angle, but was markedly different for
the two operating conditions. In addition to these
quantitative changes, the plume became more quiescent
at the higher cathode flow, a result reflected in the
smaller error bars on the temperature resuits. The lack
of spatially resolved velocity measurements precludes
estimates of mass fluxes from the measured density
distributions.

Figures 12 shows electron density and temperature .
measurements at 2 m and 4 m from the thruster at
various angles off-centerline. These measurements were
performed simultaneously with the plume

" contamination and sputtering assessment reported by

Pencil.i! The time integrated nature of those
measurements preciuded variation of the thruster
operating condition and tank pressure except for a single
case in which the tank pressure was increased from 6.7
x 10-4 Pa to 4 x 10-3 Pa by bleeding in nitrogen. For
these tests the thruster was operated at total flow rates
of 5.31 mg/s and 5.06 mg/s with cathode flow fractions
of 5% and 4.2%, respectively. The discharge current
was 4.5 A for both cases. The highest measured
density at 2 m and 6.7 x 10-4 Pa was 6 x 1014 m-3 at
an angle of 7.5° off-centerline. The centerline density
dropped to 1.8 x 1014 m-3 at 4 m from the thruster.
When the pressure was increased to 4 x 10-3 Pa the
density 7.5° off-centerline appeared to increase t0 ~ 85
x 1014 m-3, though the resuits for the two pressures are
within the error bars. The behavior was different off-
axis, with only a very small increase in electron density
observed at 52.5° and a slight decrease at 67.5°. These
results indicate that increasing the facility pressure with
nitrogen makes the plume properties more sharply
peaked. The electron temperature resuits in Figure 12b
show that for the lowest facility pressure the
temperature at 2 m and 4 m from the thruster was
essentially constant at 2.2 eV. The lack of angular
dependence is similar to the behavior observed at 0.3 m
from the thruster, and the results indicate that the



temperature does not decrease rapidly for distances
beyond 0.3 m from the thruster. When the tank
pressure was increased the temperature increased by
approximately 0.6 eV to 2.8 eV.

The effect of thruster operating condition on the
plume characteristics 0.3 m from the thruster was also
examined at lower discharge voltages. Figures 13aand
b show data obtained at thruster voltages of 200 V and
250 V, discharge currents of 4.1 A and 4.2 A, total
xenon flow rates of 5.21 mg/s and 5.74 mg/s, and
cathode flow fractions of 10 % and 18 %. The
centerline electron density reached a maximum of 1.8 x
1017 m-3 at the highest cathode flow rate. For all
operating conditions, the electron density dropped by a
factor of three within 25° of the thruster axis. From
Figure 13b it is clear that the electron temperature did
not vary greatly with angle from the thruster axis,
ranging from 2.0 to 3.5 eV at low cathode flow rates.
and from 1.5 to 2.5 eV at the higher cathode flow rates.
Note that both operating conditions with a cathode tlow
of 10% had similar density and temperature profiles.
indicating that the change in thruster voitage from 200
YV to 250 V did not have a major impact on these
characteristics.

The sensitivity of thruster operation to the cathode
flow rate is confirmed by the performance measurements
reported by Sankovic.9 In that work it was shown that
as the cathode flow rate was increased from 3% to 6%
the specific impuise increased from 1450 s to 1620 s,
and then it decreased if the cathode flow was increased
above 9%. While the physical mechanisms governing
the change in specific impuise are not clear. the large
changes in electron density and temperature are likely
correlated with changes in the plasma conductivity close
to the thruster, which will directly impact the
accelerating electric field.

Ion nsi

Planar probe measurements 2 m from the thruster
at five angles off-axis are shown in Figure 14. These
measurements were made at the same thruster operating
conditions as were used for the electron density and
temperature measurements shown in Figure 12. The
ion current density profile is clearly sharply peaked.
with the current density dropping by a factor of three
within 22° off centerline. A maximum value of 1.9 x
10-4 A/cm?2 was measured on-axis at a pressure of 6.7 x
10-4 Pa. The effect of bleeding in nitrogen to increase
the backpressure to 4 x 10-3 Pa was to slightly decrease

the ion current density at higher angles and to increase it
on centerline, making the distribution more sharply
peaked. This result confirms the observations made
with the Langmuir probes.

Results obtained using Faraday cups both with and
without guard rings are shown in Figure 15. The
current density profile obtained from these probes is less
sharply peaked, only dropping by a factor of 1.6 within
22° off centerline. As discussed above, the single point
measurement obtained using a Faraday cup with a guard
ring was substantially lower than that obtained without
the guard ring. The effect on the Faraday cups of
increasing the tank pressure using nitrogen was similar
to that observed using the planar probes, with the
current density off-axis decreasing and increasing on-
axis.

The consistency of the far-field probe measurements
was checked by using the ion current density
measurements to estimate the ion density and
comparing the result with the Langmuir probe results
assuming a singly-ionized quasi-neutral plasma. The
ion density was calculated from:

e = AL
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where the ion velocity, v;, was estimated assuming an

accelerating voltage of 300 V. Because the velocity
only depends on the square-root of the accelerating
voltage errors in this value should not significandy
affect this calculation. The resuit. plotted as a function
of ion-current probe-bias voltage, is shown in Figure
16. The shaded region encompasses the efror bars on
the Langmuir probe result, which reflect the observed
fluctuations in that measurement. The agreement
between all the probe types is best for ion-current probe
bias voltages near -10 V, and the planar probe result is
within the Langmuir probe measurement error bars for
bias voltages up to -30 V. However, because of the
faster sheath growth with the Faraday cups, the densities
calculated for those probes reach values up to a factor of
two higher than those for the Langmuir and planar
probes. The results confirm the importance of guard
rings on the ion probes, and suggest that care must be
exercised when selecting the ion probe bias voltage.

The impact of the facility conditions on the
observed plume characteristics could not be conclusively



identified with the data presented in this paper. With
the thruster in the main tank at a pressure of 6.7 x 10-4
Pa, the dominant collision process occurring in the
plume was likely resonant charge exchange. For an
SPT exhaust velocity of 1.5 x104 m/s the resonant

charge exchange cross section is ~ 6 x 10-19 m2,26.27"

yielding a mean free path of ~ 10 m under these
conditions. The ion current density measured at a
given location is related to that which would be
obtained under perfect vacuum by: 19

Jiv Ace

which shows that resonant charge exchange resulted in a
~17 % decrease in ion current density at 2 m and a ~ 33
% decrease at 4 m. The angular dependence of these
results is not clear given the uncertainty in the ion
velocity distribution. However, the charge exchange
cross section only increases by a factor of two for an
order of magnitude decrease in ion velocity, which
suggests that the effects should not be a strong function
of angle. Increasing the tank pressure with nitrogen
introduced a variety of collisional phenomena to the
plume region, including non-resonant charge exchange,
momentum transfer, dissociation and ionization of the
nitrogen, and could also have perturbed the accelerating
field in the thruster region. It was not possible to
establish the impact of these processes on the results.

Ion Energy

The current measured by the retarding potential
analyzer versus the ion suppressor voitage is shown in
Figure 17a. The thruster was operated at the design
operating condition of 4.5 A and 300 V with a total
flow rate of 5.31 mg/s and a cathode flow fraction of 5
%. The facility pressure was 6.7 x 10-4 Pa. The noise
on the signal was partially attributable to over
regulation in the ion suppressor bias power supply.
For the data set shown, the electron repeller were biased
to a constant -15 V. The slight "knee" in the data trace
at approximately 160 V was consistently repeatable in
all tests. It was not possible to bias the ion suppressor
grid to voltages below 75 V with the system used.
This precluded measurement of any low energy charge
exchange ions that may have been present. At voltages
above 400 V there was a small negative current. This
was interpreted as an electron flux caused by incomplete
rejection of incident electrons. Possible causes for this

incomplete. electron rejection include either too large a
distance between the grids or too coarse of grid.

The resulting ion energy distribution is shown in
Figure 17b. The oscillations were the manifestation of
the noise on the current-voltage characteristic. It was
possible to minimize this by applying appropriate
signal processing techniques on the raw data, however,
no additional information was evident in-the signal
processed data and, therefore, this additional step was
deemed unnecessary. A least-squares Lorentzian curve
was fit to the data. This curve had a maximum when
the probe was biased to 280 V, indicating that most of
the ions had an energy of 280 V relative to the tank
ground. This value is close to the discharge voltage of
300 V. A plasma potential of 12 V in the vicinity of
the RPA was estimated using Langmuir probe H.
Probe H was located directly across the thruster axis at
the same distance from the thruster as the RPA as
shown in Figure 3. Referencing the RPA result to the
plasma potential yields an absolute ion energy of ~270
V, indicating that the majority of ions were formed in a
region within approximately 30 V of the. anode
potential. In addition to the dominant ion popuiation at
280 V, there seems to be small secondary peak near 160
V which corresponds to the knee in the current-voitage
characteristic. This suggests the presence of a second
jonization zone at this potential relative to ground.
Although the probe voltage was increased to a
maximum of 700 V there was no evidence of doubly
charged ions at this location. Note that optical
measurements close to the thruster exit plane indicated
that up to 20% of the propellant may be doubly
jonized.!2 so it is not clear why no doubly ionized
xenon ions were detected using the RPA.

Additional scans were taken with electron repeller
voltages ranging from -10 V to -30 V in an attempt to
assess the impact of the repeller potential on the
negative current observed when the ion suppressor was
biased above 400 V. For these cases the peak of the V-I
characteristic derivative as determined through the least
squared error curve fit remained was within 2 V of 280
V. However the width of the peak was significantly
wider than for those data taken at -10 V. No attempt
was made to determine the ion temperature from the
width of the experimentally determined ion energy
distribution function due to uncertainties in the RPA
transmission function. Additional tests are required to
examine the variation in ion energy at different
positions in the exhaust, verify the cause of the



negative current at higher voltages, and establish the
utility of the probe for determining ion temperatures.

Probe Issues

The use of thin-sheath Langmuir probe theory for
the data reduction presumes that the probe radius is
always much larger than the Debye length. For the data
presented in this paper, r,/A¢ ranges from a low of two

at high angles during the near-field plume measurements
to a high of 20 along the centerline at 2-m from the
~ thruster. While other studies have shown that use of
thin sheath theory to calculate the electron density
across this range yields good agreement with the more
detailed calculations of Laframboise, 28 the resuits could
likely be improved both by using Laframboise analysis
and by resizing the probes to ensure that the resuits fall
well within either the thin- or thick-sheath regions.

The Debye length also impacts the desired grid
spacing on the RPA. To adequately repel all external
electrons the grid spacing should be smaller than the
Debye length. However, these tests showed that for the
conditions near the RPA the 4-mm grid spacing is
actually comparable to the Debye length, which may
explain the observed electron current at voltages over
400 V. Thus, future RPA designs should be built with
smaller grid spacings.

A major concern at the inception of this effort was
the possible presence of a non-Maxwetlian clectron
distribution function which wouid prectude meaningful
analysis of the Langmuir probe V-I characteristic.
However. while there were many V-1 characteristics
which might have indicated the presence of a non-
Maxwellian distributions, it was not possibie to
unequivocally eliminate signal noise as the cause of
these strange V-I characteristics. In addition. for all
operating conditions and probe positions it was always
possible to obtain at least a few V-I characteristics
which reflected a Maxwellian plasma within ~8 V of the
plasma potential. Thus, while these results do not
eliminate the possibility of a non-Maxwellian clectron
distribution function, further effort to confirm its
existence.

lysion

Preliminary plume characteristics of an SPT-100
thruster were measured at axial distances of 0.3 m, 2 m,
and 4-m from the exit plane. Langmuir probes, Faraday
cups, planar probes, and a retarding potential analyzer
were used to measure the electron density and
temperature, ion current density, and ion energy at
various angles from the thruster axis. Results showed
the centerline electron density decreased from ~ 1.8 x
1017 m-3 at 0.3 m to 2.8 x 1014 m-3 4 m from the
thruster. and the temperature stayed between 1.7 eV and
3.5-eV depending on the thruster operating condition.
The near-centerline ion current density was
~1.8 x 104 A/cm2 2 m from the thruster. The angular
density profiles are sharply peaked, with the electron and
jon current densities dropping by factors of 2.6 and 3,
respectively, within 22° of the thruster axis. A single
point ion energy measurement showed thatata distance
of 4 m and 15° off-axis the ion energy was
approximately 270 V, showing that the ions were likely
formed in a region with a potential within 30 V of the
anode. The effect of raising the facility pressure from
6.7 x 10-4 Pa to 4 x 10-3 Pa using nitrogen was 0

" increase the centerline density and decrease the density at

high angles, making the plume profile more sharply
peaked. Increasing the cathode propellant flow rate from
5% to 9% increased the electron density 0.3 m from the
thruster by a factor of three and decreased the electron
temperature from 3.5 eV to 2 eV. The measurements
also showed that the probe designs could be improved
by isolating the Faraday cup wall from the collector and
using guard rings on ail probes.
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Table I - Probe types and positions used to characterize far-field SPT-100 plume.

Probe designation Probe type Distance trom thruster, m Angle off-axis. degrees
A Spherical Langmuir 2 7.5
Spherical Langmuir 2 37.5
C Spherical Langmuir 2 52.5
D Spherical Langmuir 2 67.5
E Spherical Langmuir 2 82.5
F Spherical Langmuir 2 -37.5
G Spherical Langmuir 4 0
H Spherical Langmuir 4 15
1 Planar 2 0
J Planar 2 22.5
K Planar 2 37.5
L Planar 2 52.5
M Planar 2 -22.5
N Faraday cup 2 0
0 Faraday cup 2 225
P Faraday cup 2 37.5
Q Faraday cup 2 52.5
R Faraday cup w/Guard 2 375
Ring
S Retarding Potential 4 15
Analyzer

10




Magnet Coils '
-—Ring Anode

Insulated Chamber

; External Hollow Cathode
Xe —=

Figure 1: Schematic of the SPT
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Figure 2 - Near-fieid SPT-100 Langmuir probe arrangement.
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Figure 3 - Far-field probe arrangement. Letters correspond to individual probes
listed in Table 1 and show approximate relative positions.
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12



AN
-m Probe rake

Figure 5 - Photograph showing SPT thruster and probe arrangement used for

the far-field plume studies in Tank 5 at NASA LeRC.
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