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Abstract

Introduction

Experiments were conducted to develop a
comprehensive plume model for Hall effect plasma
thrusters. The purpose of the plume model developed in
this paper is to give system integrators a guide to follow
when considering antenna-plasma plume interaction. The
plume model was developed around a widely accepted
theoretical model of the arc jet plume. The basic arc jet
plume model was modified to include a temporal and
spatial traveling wave caused by the discharge instabilities
of the thruster. The plume model parameters were
determined using experimental techniques that included
the use of a swept Langmuir probe, a high-speed
stationary Langmuir probe and a sampling microwave
interferometer. The tests were performed on several Hall
thrusters including a D-55 manufactured by TSNIIMASH
(Research Institute of Machine Building), an SPT-100
manufactured by Fakel Enterprises and a T-100
manufactured by NIITP.

As the development of Hall effect plasma thrusters
continues, potential missions beyond basic north-south
and east-west station keeping are being considered for this
type of thruster. Many of these missions include the
possibility that the microwave communication link will be
required to pass through the plume of a Hall effect
thruster. In addition, new communication systems have
been proposed that include satellite-to-satellite microwave
links that may propagate through the plume of north-south
station keeping thrusters. As a result, a qualitative and
quantitative assessment of the impact of Hall effect
thrusters on communication systems is needed.
Modem satellite communication systems typically
utilize some form of digital modulation, with the encoded
information transmitted in the phase or frequency of a
microwave carrier signal. In addition, a typical satellite
communication system will have thousands of voice or
data channels from hundreds of sources multiplexed into a
The main
single satellite communication channel.
objective of the multiplexing scheme is to maximize the
satellite's channel capacity and thus provide the greatest
economic advantage to the satellite owner.
A Hall effect thruster produces a plume that is
composed primarily of ionized Xenon atoms and an equal
number of free electrons, thus forming a neutral plasma.
The local wavenumber in the plasma, k, can be expressed
as,
we -( (x,y,z)
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where o) is the carrier frequency and c is the speed of
light. The local plasma frequency op is given by,
n(x y,z)q 2
(2)
pM(x, y, z)=
Eom
where q is the charge of an electron, m, is the mass of an
electron, and ne is the local plasma electron number
density. The phase difference between waves traveling
along a path with a plasma present and one without a
plasma
present
can
be
expressed
as,
x(3)
A = [k -k(, y,z)]X'
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where the integral is along the signal propagation path, k,
is the wavenumber in free space, and Eo is the permittivity
in free space.

parameters such as magnetic field strength, cathode flow
fraction, and discharge voltage had little, if any, effect on
the plume profile for the three thrusters.

Static Plume Model
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As a result of the previous analysis, it was determined
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that a comprehensive plume model was required to
quantify potential communication impacts. The model
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must include both spatial and temporal representations of
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the electron number density in the thruster far field
(greater than 0.5 m from the exit plane). Although a near
field plume model is beneficial from a thruster
development point of view, it is not necessary for a
communication impact study, because the satellite

impat
antennas are usually never located closer than 0.5 m for
mechanical reasons. The plume model developed for this
study was broken into two parts, the spatial representation
and a temporal modulation term.
The spatial model was based upon an analysis
performed by Carney [1] on low power arcjet thrusters.
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Figure 1. Normalized number density profile of a D-55
thruster.

The analysis provided a model that assumed that the far
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flow field was a freely expanding gas dynamic process.
Because Hall effect thrusters have lower mass flow rates,
the assumption that the far flow field is still freely
expanding is certainly valid. As a result, the plume model
was believed to be easily adaptable for use in describing
the number density in a Hall effect thruster's plume. The
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SFigure
where n and X are coefficients to be determined from the
plume profile data and no is the on-axis number density at
I m.
In an effort to determine n and k, swept Langmuir
probe measurements were made using both planar and
spherical probes. The Langmuir probes were biased with
a constant dc voltage and swept 180 deg around the exit of
the thruster under test. The plume profile was obtained by
using a computer-controlled data acquisition system to
capture the voltage across a 100 ohm resistor at a rate of
250 samples per second. A detailed description of the
system is given by Mankowski [2]. The effort in this
experiment was directed at verifying results previously
reported by Manzella [3], using a similar test apparatus,
and Myers [4], using a Langmuir probe rake setup,
Figure 1 shows the normalized plume profile data
obtained for a D-55 TAL operating at its nominal voltage
and current of 300 V and 4.5 A, respectively. On the
same graph, data obtained by Manzella are also plotted for
comparison. The Langmuir probe was biased positive and
swept about a radius of 0.6 m. The plume data for the
SPT-100 are shown in Figure 2. The plume profile of the
T-100 was found to be similar to those of the SPT-100
and D-55 with little deviation in beam width. In addition,
as previously reported by Manzella, changing operating
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2. Normalized number density profile of an
SPT-100 thruster.
The plume model was fitted to the data with values of
n ranging from 0.5 to 0.7 and k in the range of 40 to 60.
In each of the following graphs, the ion density
distribution was plotted. An important assumption that
was made during the development of this far field plume
model was that the electron and ion number densities are
approximately equal.
Although this assumption is
reasonable in the far field, in the confined space of a
vacuum tank significant differences between the two
number densities can be present due to charge exchange
with the walls. In addition, the near field electron and ion
number densities can be different due to the magnetic
field leakage from the thruster. The result of the magnetic
leakage field is a local increase in the electron number
density around the thruster body.
Temporal Plume Model
Accounting for the temporal dependence of the plasma
plume was the next step in refining the plume model.
Because the discharge currents of all the Hall effect
thrusters tested have oscillations, the number density in
the plume is also oscillating. In order to account for the

temporal oscillations, a modulation term was added to the
profile model.
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The modulation term has the form of a

traveling wave with a spherical wavefront originating at
the center of the thruster exit plane. With the addition of
the modulation term to Equation (4) the resulting plume
model has the form,
(-mcos(f.2t-rk,))

n(r,,t )= ner()
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where m is the percent number density fluctuation
coefficient, fm is the dominant fluctuation frequency, and
k, is the wave propagation constant given by,
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generator connected to a bipolar amplifier. The average

centerline number density, no, was obtained by measuring
the average saturation current across a 100 ohm bias
resistor. The current density modulation coefficient, m,
and the modulation frequency, f., were obtained by
applying a constant dc bias on the probe in the centerline.
The current across the probe bias resistor was recorded
using the high-speed data acquisition system. A complete
description of the Langmuir probe setup is given by
Mankowski [2].
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Figure 3. Percent number density ofa T-100 thruster.

(6)

where v, is the plume exit velocity. The coefficients m
and fm were determined using a high-speed Langmuir
probe setup. In this experiment, a spherical Langmuir
probe was placed in the plume centerline of the thruster
under test. The probe bias was swept using a function
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As expected, the centerline number density, no, was

highly dependent on the Xenon mass flow rate to the
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anode. The cathode gas flow rate also has a large impact

Under certain operating
on the number density.
conditions, the cathode flow rate would change the
number density by 40 percent or more. Typical values of
no in this experiment were in the range of 0.4x10' 6 to
1.5x1016 m " under nominal operating conditions for all
the thrusters tested. These numbers are close to those
obtained by Myers [4]. The number density modulation
coefficient, m, was obtained graphically from the highspeed Langmuir current waveforms. Figure 3 shows the
relative number density as a function of time on the plume

similar format, Figure 5 shows the relative number density
for an SPT-100 with nominal operating parameters.

Figure 6 gives the relative discharge current waveform of
the SPT-100. The SPT-100 graph shows a peak number
density fluctuation of 0.12.
The number density
fluctuation and current variation graphs for the D-55 are
shown in Figure 7 and Figure 8, respectively. Note the
differences in the vertical axis scale for these figures.
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Figure5 Percent number density ofan SPT-100 thruster.
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centerline of a T-100 thruster, and Figure 4 shows the

associated relative current waveform. From the graphs it
can be seen that the number density for the T-100 has a
modulation coefficient, m, between 0.02 and 0.16,
depending upon the level of current oscillations. In a
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Figure 6. Percent peak current waveform for an SPT-100
thruster.
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Figure 7. Percent number density of a D-55 thruster.
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The D-55 graph shows a number density fluctuation of
3 percent. The Langmuir probe data presented in the
previous graphs are representative data only.
The
modulation coefficient for each thruster is dependent upon
the exact operating parameters, discharge filter, and
thruster age.
The primary modulation frequency, f., for the three
thrusters was obtained both graphically and by using an
FFT algorithm. The primary modulation frequencies of
the SPT-100 and T-100 are clearly defined and are
centered around 27 kHz. The number density waveform
of the D-55 however, appears to have no distinguishable
primary frequency and is more broadband but has a lower
integrated probability density function excluding the DC
value.
one remaining parameter not determined is the
exit velocity. Because the exit velocity is not easily
measured directly, an inference had to be made that the
exit velocity of all three thrusters was similar. The
reasoning behind this is the fact that the three thrusters
have similar specific impulses and efficiencies, both of
which are directly related to the exit velocity. With this
assumption, the exit velocity data obtained by Manzella
[5] for the SPT-100 can be applied to the other two
thrusters. The reported exit velocity of the SPT-100 is 15

at

Figure 9. Plot of the static plume model for an SPT-100
(5 m square).
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km/s. Although an exact exit velocity for the D-55 and T100 has not been determined, the overall effect of this
approximation is negligible when viewed from a
communication impact pointimpact
of view.
With the spatial and temporal coefficients determined
for each of the three thrusters, a complete far-field plume
model can be assembled. A visual representation of
Equation (4) using coefficients determined for the SPT100 is shown in Figure 9.
Figure 10 is a visual
representation of the complete plume model described by
Equation (5) for the SPT-!00. Although many of the
plume model coefficients are dependent upon the thruster
operating parameters, the number density modulation
factor, m, shows the greatest dependence on variations in
the thruster operating parameters.
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Figure 10. Plot of the complete plume model for an SPT100 (5 m square).

Experimental Setup
A microwave interferometer was used to obtain the
line integrated number density of the plasma by measuring
the phase shift that a microwave signal experiences whe

passing through the plasma. Due to the dispersion
passing through the plasma.
Due to the dispersion
properties
of a plasma on RF
properties of a plasma on
RF signals,
signals, aa microwave
microwave signal
ignal
passing through a plasma undergoes a phase shift relative
to a signal propagating in free space. If the phase shift
can be determined and the integration path is known, the
line-integrated number density can be extracted using
Equation (3).
In this research, a sampling phase
microwave interferometer was used to verify both the
static and temporal plume model.
The phase sampling microwave interferometer, shown
in Figure II, uses a 100 MHz crystal oscillator as a
reference source, thus reducing the power loss along the
reference leg of the interferometer. In this system, a 6
GHz multiplied cavity oscillator was phase locked to the
reference source using a sampling phase detector. The
loop filter was adjusted to provide a 3 dB bandwidth of
500 kHz. The loop gain was set sufficiently low to allow
a minimum DC phase error of 30 degrees relative to the
reference source. By allowing the large DC phase error,
an external control voltage was added to the automatic

frequency control (AFC) voltage, thus providing an
inexpensive electronic phase adjustment in the system.
The output of the phase locked oscillator was then
transmitted through the plume of a Hall thruster using two
horn antennas. The received signal was input into another
sampling phase detector where its phase was compared to
that of the 100 MHz reference source. The output of the
receiving sampling phase detector was then filtered for
aliasing and amplified and buffered to increase the signalto-noise ratio at the measurement site.
The buffered output of the interferometer was
connected to a high-speed analog to digital (A-to-D)
computer board in a 486 computer. The phase data were
collected using a commercial software package that was
programmed to provide a customized interface for this
system. Because the maximum sampling frequency of the
A to D board was 20 MHz, the system bandwidth was
limited to the 10 MHz Nyquist frequency. Although the
data acquisition system bandwidth is an order of
magnitude lower than that of the sampling interferometer,
the expected phase shift frequencies are in the range of
DC to 150 kHz and, therefore, the data acquisition system
bandwidth does not significantly limit the performance of
the overall system.
The primary limitation of the system was the high
quantization error associated with using an eight bit A-toD converter in the data acquisition system. Because the
interferometer can uniquely distinguish any phase
difference between -90 and +90 degrees, the output of the
data acquisition system was limited to steps of 0.7
degrees. In order to overcome this problem, the output
amplifier of the interferometer was made adjustable to
provide a means of controlling the full-scale output
voltage. Three gain levels were chosen to provide full
scale readings of + - 90 degrees, + - 45 degrees, and + 25 degrees. These full-scale readings correspond to phase
quantizations of 0.7, 0.35, and 0.098 degrees,
respectively.
The background noise level of the
interferometer output is highly dependent upon the
stability of the horn antenna mounts and RF cable
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vibrations. Typical levels of noise were in the range of
0.1 to 0.5 degrees.
The system was calibrated in-situ using a mechanical
phase adjuster in the reference leg. The reference phase
was adjusted through a length equal to 360 degrees at 6
GHz, while the output of the interferometer was recorded.
From the recorded output, the peak deviations, both
positive and negative, were determined, and were used as
coefficients in a function used to convert the output of the
interferometer to degrees. Because the output of the
interferometer is proportional to the sine of the phase
difference, the output must be transformed using an
inverse sine function of the form,
P (V.)
=sin-'(
V,
(7)
2(V.-,V. )J
where Vt is the interferometer output voltage, Vm, is
the maximum interferometer output voltage (corresponds
to a 90 degree phase difference), Vin
is the minimum
output voltage (corresponds to a -90 degree phase
difference), and Phase(Vm,) is the phase difference in
degrees.
In an effort to verify the accuracy of the static plume
model, phase shift measurements were made at several
transmission angles and distances relative to the thruster
plume. The measured phase shifts were then compared to
the theoretical values obtained with the plume model.
During these sets of experiments, the interferometer was
nulled without the thruster running. The acquisition
system recorded the output voltage at a sampling
frequency of 250 Hz for 32 s. The thruster was started
approximately 5 s after the data acquisition was initiated.
The acquired waveform was then transformed using
Equation (7). The resulting waveform gives the phase
difference between a microwave signal propagating with
and without the thruster plasma plume present.
Results
The first set of tests was conducted on axis with the
signal propagation path parallel to the thruster exit plane.
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Figure 11. Block diagram of a sampling microwave interferometer.
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The distance from the exit plane was Z=0.5 m. A sketch
of the test setup is shown in Figure 12. Due to time
constraints in the vacuum tank facilities at NASA Lewis
Research Center, the T-100 was the only thruster tested at
this distance. Figure 13 shows the measured phase shift of

propagation path is 0.65 x 1016 m3 . The D-55 and SPT100 did not exhibit the same number density overshoot,
during startup, at 0.9 m as did the T-100 at 0.5m.
40

a 6.2 GHz signal during the startup of a T-100. The T100 exhibits a large over-shoot before stabilizing to a
value of 45 deg. The overshoot is probably due to

ionization of the Xenon atoms diffusing out the end of the
thruster before ignition. After ignition, the accelerated
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Figure 12. Parallel propagation path through the plume
centerline
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The final set of startup data presented in this paper was
obtained from an "end-of-life" SPT-100 thruster operating
in a large tank facility at NASA Lewis. Unlike the
previous tests, this test was conducted in conjunction with
a plume deposition experiment and therefore cylindrical
collimators were placed along a semi-circle in the
exhaust plume. Due to limitations on time and

Sthruster's

on the number of suitable mounting points in the tank, the
transmitting and receiving horn antennas were positioned
such that the propagation path was in the same plane as
collimators. In particular, the propagation path was on
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axis and started 1.8 m to the side of the thruster and
7

Parallel start-up phase shift at 0.5 m for a

A similar start-up plot for the SPT-100 is shown in
Figure 14.
In this plot the start-up phase shift is
approximately 27 deg. The propagation path geometry is
that shown in Figure 12 with the distance down from the
thruster exit changed to Z=0.9 m because a different
vacuum tank was used.
Using the same Mathcad
worksheet, it was determined that a 25 deg phase shift
corresponds to a value of no equal to 0.62 x 1016 m". The
start-up plot for a D-55 is given in Figure 15. The
propagation path was identical to that of the SPT-100 test.
In this plot, the phase shift is approximately 27 deg at 6.2
GHz. The corresponding value of no at this distance and
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Figure 15. Perpendicular start-up phase shift at 0.9 m for a
D-55.
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Figure 14. Perpendicular start-up phase shift at 0.9 m for
an SPT-100.
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ions collide with the neutral atoms, causing the atoms to
ionize and undergo a momentum change in the direction

of the exhaust plume. Using a Mathcad worksheet, the
line-integrated phase shift of Equation (3) was calculated
using the number density profile described by Equation
(4) with the measured profile coefficients. A phase shift
of 45 deg corresponds to a 1 m centerline number density,

,

i,

traveled at a 31 deg angle relative to the exit plane, with

the receiving antenna 6 m from the exit plane. Because
the collimators partially blocked the accelerated ions
along the propagation path, the phase shift measured was
expected to be smaller than predicted by the plume model.
Figure 16 shows the startup phase shift for the end-oflife SPT-100. The oscillatory startup was caused by an
incorrectly set current limit and is not a normal
phenomenon. The measured phase shift is approximately
9.5 deg. This corresponds to an no of 0.5 x 1016 m" to
achieve the same phase shift according to the plume
model. Although the lower phase shift is probably due to
the collimators, inaccuracies in the antenna placements
and the fact that the thruster was tested at the end-of-life
could also account for the difference. Overall however,
the predicted phase shift is within 15 percent of the model
prediction.
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Figure 16.
Startup phase shift along a diagonal
propagation path for an end-of-life SPT-100.
The next set of experiments was designed to provide
information on the frequency and magnitude of phase
fluctuations that a microwave communication signal
would experience propagating through the plume of a Hall
effect thruster.
During these tests, the microwave
interferometer was adjusted to provide an average phase
shift of zero while the Hall thruster was operating under
steady-state conditions. The output of the interferometer
was sampled and recorded at a rate of 107 samples per
second, resulting in a maximum detectable frequency of 5
MHz. The recorded output was then transformed using
Equation (7) and plotted to illustrate graphically the
transient phase shifts. In addition, the current waveform
was also acquired and is plotted for comparison with each
phase shift plot.
Figure 17 shows the measured phase shift transients
caused by a T-100 plasma plume with the propagation
path described in Figure 12 at Z=0.5 m. Figure 18 is the
associated current waveform taken at the same time.
Figure 17 indicates that the T-100 is causing phase
transients in excess of 20 deg peak to peak. A comparison
of Figure 17 and 18 shows a distinct correlation between
the amplitude and frequency of the current oscillations to
those in the phase shift plot. As a comparison, the
predicted phase oscillation using the temporal plume
model are shown in Figure 19. The plot shows the
predicted phase oscillation as the modulation factor m is
varied from 0 percent to 30 percent. From the graph it is
found that a value of 11 percent for m results in a
predicted phase shift of 9 deg. This value of m is
consistent with the measurements made using the highspeed Langmuir probe setup.

Figure 18. Current waveform for the T-100 in Figure 17.
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Figure 19.
Predicted phase shift along a parallel
propagation path 0.5 m down from the exit plane as a
function of m, for the T-100.
The phase transient data and associated current
waveform for the SPT-100 along the propagation path of
Figure 12 with Z=0.9 m are shown in Figure 20 and
Figure 21, respectively. From Figure 22 it can be seen
that a phase shift of 9 deg corresponds to a 21 percent
modulation factor. Because the SPT-100 thruster was
configured to operate with the current to the
electromagnets in series with discharge voltage, no
magnetic field augmentation was possible. As a result, the
current oscillations during this test were considered
excessive and not a true representation of the potential
Subsequent tests
stability of the SPT-100 thruster.
showed that the phase transients caused by the SPT-100
are highly dependent upon the discharge power supply
design and filter. In addition, the use of a separate power
supply for magnetic field augmentation has been shown to
reduce the amplitude of the current oscillations and thus
the phase transients as well [6].
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Figure 17. Measured phase transients of a 6 GHz signal
propagating along a parallel path (relative to the exit
plane) through the plume of a T-100.

2

25

Figure 20. Measured phase transients of a 6 GHz signal
propagating along a parallel propagation path through the
plume of an SPT-100.
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Figure 21.
Figure 20.

Figure 24. Measured phase transients of a 6 GHz signal
propagating along a 45 deg diagonal propagation path for
an SPT-100.
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Figure 24.

plane as a function of m.
The phase transients caused by the SPT-100 were also
measured along a 45 deg diagonal propagation path
shown in Figure 23. During this test, the SPT-100's
magnetic field coils were connected to a separate power
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26 shows the predicted phase transient as a function of m
for this propagation path.
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Figure 26. Predicted phase transients along 45 deg
diagonal propagation path at 1 m down from the exit plane
as a function of m.
During the operation of the D-55 thruster, the current
oscillations were small compared to those of the SPT-100
and T-100 thrusters. As a result, the measured phase
transients were also smaller.
Figure 27 shows the
measured phase transients for the D-55, with the
path describe in Figure 12 with Z=0.9 m.
Figure 28 is the associated current waveform for Figure
27. Because the plume model coefficients of the SPT-100
and D-55 are similar, Figure 22 can be referenced to
obtain a number density modulation factor m of
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supply, thus allowing the magnetic field to be augmented.o.
The separate supply allowed the thruster to be adjusted to
4
provide a more stable current waveform. Figure 24 shows
the phase transient waveform recorded during this test
with the associated current waveform in Figure 25. Figure
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Figure 27. Measured phase transients of a 6 GHz signal
propagating along the parallel propagation path through
the plume of a D-55.
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The final phase transient data were taken on the endof-life SPT-100 in the large vacuum tank facility. The
propagation path was the 31 deg diagonal path described
previously.
During this test, an integrated power
processing unit, that contained all the necessary power
supplies and mass flow controllers, was used to operate
the thruster. The power processing unit was designed and
optimized specifically for the SPT-100 and is the same
type that will be used on future space missions involving
the SPT-100. Figure 31 shows the measured phase
transient waveform recorded during this test.
The
associated current waveform is shown in Figure 32. A
significant decrease in the amplitude of the current
oscillations over previous tests involving the SPT-100 is
apparent. As a result, the measured phase transients are
smaller in amplitude as well. Figure 33 shows the
predicted phase transients along the propagation path for
values of m from 0 to 30.
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Figure 28. Current waveform for the D-55 in Figure 27.
The next set of phase transient data are for the D-55,
and were taken along the diagonal 45 deg propagation
path described in Figure 23. Figure 29 shows the
measured phase transients along this path and, likewise,
the associated current waveform is shown in Figure 30.
Again, because the plume model coefficients are similar,
the predicted phase transient plot for the SPT-100 along
this path will be used for comparison. Figure 26 shows
that a D-55 exhibits a modulation factor of approximately
5 percent, which is similar and consistent with the highspeed Langmuir probe measurements and the previous

0 Further examination of Figure 31 shows that an
unexplained phase jump in excess of 1.5 deg occurs at
1.75 ms, which correlates to a small current drop at
approximately 1.7 ms. The small current drop is probably
due to the closing and opening of a thermal valve used in
the regulation of the mass flow to the anode. The phase
transient that followed the current drop is much larger
than can be explained by the model, and may be a random
occurrence caused by system noise or most likely by
factors not considered in the model, such as material
randomly flaking from the discharge chamber and
perturbing the thruster's plume. Previous studies on the
SPT-100 have shown that random periodic flaking of
deposited material on the discharge insulator occurs after
several hundred hours of testing [7,8].

interferometer measurements.
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Figure 29 Measured phase transients of a 6 GHz signal
propagating along a 45 deg diagonal propagation path for
a D-55.

Figure 31. Measured phase transients of a 6 GHz signal
propagating along a 31 deg propagation path for an endof-life SPT-100.
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Figure 30 Current waveform for Figure 29.
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Figure 32. Current waveform for Figure 31.

1

*-

Sthe

phase shift oscillations the most were the propagation
path, discharge current oscillations, and cathode mass

1flow.
SfFurther

I

research in this area is being focused in two

,

i
5

0

20

23

so

areas. The first is to perform similar tests at lower
frequencies (2 GHz) with more realistic communication
propagation paths. The second area is the development of
a model that can accurately relate the current discharge
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AFigure 33. Predicted phase transients along 31 deg
diagonal propagation path at 1.8 m to the side of an SPT100 as a function of m.

oscillations to the level of phase transients and phase
noise in the communication system [9].

Discussion

1.Carney, L. "Evaluation of the Communications Impact
of a Low Power Arcjet Thruster." 24th Joint Propulsion
Conference, 1988, Boston, MA.

An important engineering model was developed, which
allows a satellite system integrator to predict the impacts
of Hall effect thrusters on communication systems.
Although the basic plume model is probably valid for all
types of Hall effect thrusters, plume parameters were
determined for three thrusters in particular, the D-55,
SPT-100, and T-100. The plume model developed
predicts the stationary electron number density in the
plume far field. The model also accounts for the
temporal dependence of the electron number density
caused by the discharge current instabilities. Langmuir
probe measurements, both high speed and swept, were
performed to determine the spatial and temporal
parameters of the plasma plume.
In an effort to verify the plume model and refine it if
necessary, a microwave interferometer was designed and
built. The interferometer uses a phase sampling technique
which allows accurate phase shift measurements to be
performed across large plasma volumes. Although the
interferometer was designed to be broadband (1 GHz to
20 GHz), the majority of the measurements were made at
6 GHz due to the availability of low noise sources and the
applicability of the measurements to the current 6 GHz
satellite communication links. The noise level of the
interferometer system was typically less than .05 deg at 6
GHz.
The sampling microwave interferometer was used to
perform startup phase shift measurements on the three
thrusters. Using several propagation paths, the phase shift
predicted by the plume model was compared to the
measured phase shifts along the same paths. The plume
model accuracy during the startup tests was typically
better than 90 percent. The largest source of error was
most likely from the effects of a finite test chamber,
causing charge exchange and plume reflux. '
In addition to the startup phase measurements, the
interferometer was used in a high-speed mode to
determine the amplitude and frequency of phase
oscillations and transients caused by the plasma plume on
a microwave signal. Due to the dependence of the number
density on the discharge current, the frequency and
amplitude of the phase shift oscillations correlated closely
to those of the discharge current. The factors that affected
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