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ABSTRACT

The development of electric propulsion for spacecraft applications
introcduces a plasma medium which may affect the spacecraft-Earth S-band
communication system, The objectives of the study reported here are
(1) to measure the order of magnitude of the effects of an ion-thruster plume
on S-band signals, and (2) to develop modeling techniques to predict the

effects.

z

The measured results show that the RF signal transmitted through an
ion-thruster plume is reduced in amplitude and shifted in phase. Both the
signal amplitude and signal phase experience a significant increase in noise
when passing through the plume. For beam currents between 1.0 A and
1.7 A, the measured loss was between about -0, 3 dB and -1, 3 4B and the
measured phase shift was between about 20° and 45°, Many of the experimental
problems encountered were not correctable during the short measurement
period, so part of this report presents suggestions for the follow-up measure-

ment program.,
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I. INTRODUCTION

The develé:pment of electric propulsion for spacecraft applications
introduces a plasma medium which may affect the 8paceéraft-Earth communi-
cation system. There are times during an electric propulsion mission when
the communication path will pass through the exhaust plume of the propulsion
engines, Deep space communication links use S-band frequencies, but few
ion-thruster experimental plasma studies have been made in this frequency
band. Thus, the interaction between the exhaust plasma and an S-band signal
18 not easily predictable, The study reported here was undertaken to determine
the order of magnitude of the effect which an exhaust plasma has on an S-band
signal, but not to characterize the engine exhaust plasma, The objectives of
the study are (1) to measure the order of magnitude of the effects of an ion-
thruster plume on S-band signals, and (2) to develop modeling techniques to
predict the effects. This investigation was designed to be a preliminary study
of a2 complex problem and to establish the need for more detailed re search,
Many of the experimental problems encountered were not correctable during
the short measurement period, so part of this report presents suggestions

for the follow-up measurement program.

The propulsion engine is a mercury ion thruster which is being tested at
the Jet Propulsion Laboratory [1]-[3].
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II. ANALYTICAL MODELS

There are three mechanisms which describe the effects of the exhaust
plume on a transmitted signal. The signal may be reflected by the plume, and
there may be both transmission loss* and bha.se shift as the signal passes
through the plume, The radio frequency (RF) wave/plume interaction depends
on many factors such as geometry, RF power density, RF frequency, static
magnetic field intensity, particle collision frequency, electron density, ion

density, and 10on mass,

A, ASSUMPTIONS

The follovs:ing assumptions simplify the interaction modeling by reducing

the number of factors involved,

1, Electron Plasma

The RF wave propagation 1s affected only by electrons in the plume. The
RF interaction with plasma ions is negligible because their mass 1s relatively
large compared with the mass of the electrons. In addition, the RF frequency
is much greater than the 10on gyrofrequency, and the electron plasma frequency

is much greater than the ion plasma frequency (see Appendix A),

2. Lossless

The plasma is assumed to produce no absorption loss because the RF fre-

quency is much greater than the effective collision frequency (see Appendix A).

3. Isotropic

The plasma is assumed to be isotropic, i.e,, the plasma properties are
scalar quantities, Reference [4] indicates that a low level of magnetostatic
field exists in the plume, so the gyrofrequency of the electrons is small

compared to the R¥ frequency (see Appendix A),

*A loss is always shown as -X dB, a negative number.
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4, Lineaxr

If the RF power density in the plasma is sufficiently low, the plasma
properties are not affected by the RF wave, In this case, the electromagnetic
equations are linear equations, and the plasma-induced degradations are

independent of the RF power density (see Appendix A),

5. Adiabatic

When the plasma characteristics vary slowly near the boundaries,
reflection of the RF wave is minimized and the plasma is said to be "abiabatic, "

This assumption 1s verified 1n Appendix A,

6. Permeability

The permeabllity'of the plasma 1s assumed to be that of vacuum
(4w X 10-7 H/m) because the diamagnetic effect on the permeability is assumed
to be small, Using the above assumptions, the following paragraphs describe
the models which are used to obtain first-order estimates of the effects of the

plume on the RF signal,

B. PLUME MODEL

The plume of the 30-centimeter diameter thruster is primarily composed
of singly- and doubly-ionized mercury ions with sufficient electrons to neutral-
ize the beam's space charge [5]. Since the RF wave/ion interaction is assumed
to be negligible, the electron density distribution is the primary consideration
in this modeling. The thruster plume has nearly no net space charge in the
reglon of interest, so the electron density is the sum of the density of singly-
charged 1ons and twice the density of the doubly-charged ions, The charged
particle velocities are nearly constant, so the electron density is directly
related to the current densities of the 1ons. The general shape of the plume
is that of a cone which is coaxial with the thruster's longitudinal axis
(Figure 1). The electron and ion velocities are on the order of 33 X 103 meters
per second [5]., The far field distribution of the 1on current is approximated
by the following equation (from [6]].

. k
iR,8) . [&} k; (1-cos@)} 2

= R (I1-1)
j
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current density of singly- or doubly-charged 1ons
j = awverage ion current density at grids

R = spherical distance from center point of grids

R = cylindrical ;:adius of thruster grids (14, 75 cm)

® = spherical angle from thruster cel:Lterline

C, k,, k, = constants

13
A typical electron density profile is shown in Figure 2, which was cal-

culated as shown i1n Appendix A,

C. INTERACTION MODEL

This section describes the changes which occur in an RF wave when it
passes through a plasma model described in the previous section. Based on the -
adiabatic approximation shown in Appendix A, the effects of reflections of the

RF wave by the plume are not considered in this model.

1. Phase Shift

The phase shift of an RF wave in a lossless, adiabatic, linear, 1sotropic,
electron plasma may be modeled as the difference in the electrical length of
* the primary propagation path with and without the plasma present, The phase
shift is given in [7] (pg. 120) as

A¢:f {1-[1-(ne(x)/nc)]l/z} 2T 4y (I1-2)

where 'ne(x) is the electron density, n, is the critical electron density defined
in [7], and the integral is taken over the primary propagation path which is
approximately a straight line between the transmitting and receiving antennas,
If n << n , the phase shift is approximately

A L P -
¢—-—->-n - fne(x)dx-vhn o, (II-3)
e (o4 C C
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whezre He is the average electron density and £ 1s the path length in the plasma,
Therefore, the phase shift 1s directly proportional to the average electron
density, n_. The shift is a phase advance because the plasma dielectric con-

stant is less than the free-space dielectric constant,

2. Transmission

Under the plasma conditions assumed for the model, there 1s no trans-
mission loss caused by reflection or absorption, The mechanism for trans-

mission loss 1s refraction spreading of the RF wave by the plume.

To simplify the calculation of this type of transmission loss, the plume
is considered to be a homogeneous plasma having a circular cross section.
The geometry 1s shown in Figure 3. The transmission loss is given by the
transmission coefficient, which is the ratio of the received power with the
plume present to the received power with the plume absent. For the above

case, the transmission coefficient is shown in [7] to be given by

D(L + 29R)

T = ImaeL 1 %) + DL ¥ 2%)

(1L-4)

—\-1/2
1 e
where m=5-1= - -1, ‘
B n
C
D = thruster plume model diameter,
L = effective horn length,
R = distance from horn to plume center, and
A = antenna aperture height.

Equation 1I-4 was obtained for D and A much greater than the RF wavelength

and with the antennas at least a wavelength from the plume to avoid induction
effects.
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III, EXPERIMENT

A, EXPERIMENTAL APPROACH

The basic approach to this experiment was to mount a transmitting and
a receiving S-band antenna in the 1on-thruster test chamber and transmit a
CW S-band signal through the plasma, recording the amplitude and phase of
the received signal during the steady state and transitional thruster operating
periods, The results of the measurements are compared with the results of

the theoretical models, l

In order to obtain meaningful results, the experiment was set up to
approximate the theoretical models and to simulate the actual spacecraft con-

figuration while dealing with the physical limitations of the test environment,

B. TEST ENVIRONMENT

The test chamber was a cylindrical steel vacuum chamber approximately
4, 57 m long by 2.29 m in diameter (see Figure 4), The thruster was mounted
at one end of the chamber and was oriented so that the plume was symmetrical

about the chamber's longitudinal axis. The mercury collector and the

.cylindrica.l cold liner help maintain the simulated free-space environment,
6

The chamber pressure was on the order of 10" *N/m? (10" torr) and temper-

ature was approximately 80°K during all of the measurements.

The ideal test environment would be to gsimulate free space conditions n
the test chamber, 1.e., removing electromagnetic reflections and other extra-
neous effects. The steel walls of the vacuum chamber reflect RF waves and
render the free space approximation invalid, Therefore, microwave absorber

material was mounted in the chamber to reduce the reflections,

Although actual spacecraft configurations may put the plasma in the near-
field of the' antenna, the plasma should be in the antenna far-field to simplify
the analysis., In this experiment the ¢enter of the plasma column was approxi-
mately in the antenna far-field (see Appendix A), so the space limitation within

the tank was not detrimental to the simulation.
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C. EQUIPMENT

1. Antennag

Two light-weight aluminum, linearly polarized, rectangular, S-band
horns (16-dB gain) with fiberglass windows were mounted in the tank as shown
in Figure 4 {see Appendix B), The antenna mounts were adjustable for path
alignment and for changing polarization, The antennas were vented by a number
of holes in the flare walls, The holes were covered with a conductive wire
mesh to minimize RF perturbations while maintaining reasonable pumpdown
characteristics of the vacuum chamber. The antennas were connected to the
test instrumentation by coaxial cables (RG 142 and RG 214) via sealed feed-

through connectors on the chamber access ports.

The antennas were mounted and aligned to obtain a propagration path
which intersected the plume axis at approximately 30° (Figure 4) This config-

uration was selected using the following considerations:
(a) Maximize the length of the propagation path within the plume, -
(b) Minimize plume impingement on the antennas,
(c) Approximate the position of an antenna on a space vehicle, and
(d) Keep the plume 1n the transmitting antenna far-field.

Other restrictions included the availability of access ports and mounting fixtures
in the chamber, and the close proximity of the thruster to the lower antenna,
The final configuration gave a reasonable simulation while meeting the above

criteria,

2, Absorber

Preliminary transmission measurements in the steel-walled vacuum tank
produced RF power variations of approximately 13 dB as the frequency was
swept (2, 1-2.3 GHz), These large variations indicated the presence of large
reflected signals within the tank. Preliminary measurements and analyses
showed that the reflections could be reduced significantly by placing a ring of
microwave absorbing material between the two antermas. The hole in the ring

was large enough to allow nearly all of the exhaust plume to pass through the
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ring umimpeded., Vacuum tests (see Appendix C) of microwave absorbers led

to the selection of a flexible, urethane foam-based absorber manufactured by
Rantec, This material is not treated with fire retardant or other volatile
materials. Fiberglass laminate was epoxied to the backs of the absorber pieces
to protect them from stainless steel back splatter and to facilitate mounting.
The absorber-fiberglass sections were clip-mounted to a vented aluminum

tube frame which was constructed to support the absorber panels as shown

in Figure 5, The frame was then installed in the tank as shown in Figure 4,

3. Instrumentation

The basic test instrument used 1n these measurements was a network
analyzer. This device compares the signal under test with a reference signal,
and it provides output voltages which indicate the relative power (amplitude)
difference and the relative phase difference between the test and reference
signals, The output voltages were amplified and transmittedrover cables from
the test chamber (Bldg. 192) to the recording site (Bldg. 161), = distance of
about 250 meters. At the recording site, the signals were sampled, digitized,
and recorded on magnetic tape by an XDS 930 computer. The data sampling/
recording system was the same equipment used for the Mariner 10 X-band tele-
metry experiment [8].

The equipment list 15 given in Appendix D,

4, Thruster

This section describes the thruster characteristics which are pertinent
to the experiment., The thruster is a 30-cm n;ercury clectron bombardment
ion thruster which was developed at Hughes Research Laboratories [1] - [3].
A functional diagram 1s shown in Figure 6, Liquid mercury propellant is
vaporized m 'the man feed system and in the discharge cathode feed system.
The discharge féed system ionizes the mercury vapor in the discharge chamber,
The ionized electrons are 'accelerated by the anode or arc potential and in turn
ionize the mercury vapor in the main chamber, The mercury ions diffuse
through'the screen and are accelerated by the accelerator electrode screen

to form the thrustef plume. Because the electron mass is much less than
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the ion mass, the ion plume is unaltered by the infused electrons and the
electron cloud acquires the same profile as the ion plume to form a plasma

which has no net space charge,

The engine thrust 1s proportional to the mass flow rate of vaporized
mercury in the plume. Using constant voltages, the thrust is proportional to
the ion beam current, or just ""beam current." The beam current and the
plasma density are also directly related, so a primary control parameter is
the beam current. If the discharge feed syste.m is ''on'' when the main mercury
flow valve 1s turned off, the accelerator and screen voltages are set to zero,

This case will be called the "beam current = 0 A" case, even though a small

amount of mercury vapor is still ionized by the discharge feed system, and the
mercury ions diffuse out of the thruster to form a very low velocity neutral
plasma. The quiescent operating condition is obtained by turning off the dis-
charge feed system so that no mercury vapor is formed. See Appendix E for

typical thruster parameters,

D. TEST PROCEDURE

The tests were designed to measure the effects of the plume on the S-band
(2.1-2.3 GHz) signal amplitude and phase during 2 number of different thruster
operating conditions The experiments were also designed to study the effects
as a function of RF power level, S-band frequency and antenna polarization.

The transmission effects were measured at a number of discrete S-band fre-
quencies, attwo RF power levels, and at two antenna polarizations, A typical
test consisted of setting the RF frequency and power level, fixing the antenna
polarization and then recording the sampled amplitude and phase voltages at
different beam current levels. The recordings were made continuously, during
both the steady beam current periods and transitional periods when the beam
current was changing, Additional tests were made at fixed beam current levels
with fixed antenna polarization and RF power level while the RF frequency was
changed. During these tests the network analyzer output voltages were recorded
on an analog recorder rather than being sampled and recorded on tape. These
analog recordings were used to calibrate the tank effects and to assess the
frequency-dependent effects. The transmission/reflection transducer connected
to the network analyzer provided measurements of both the transmission and

reflection effects during these tests.
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Discrete frequency, low RF power tests were made with the equipment
configured as shown in Figure 7a. At the higher RF power level, the config-

uration used for transmission measurements is shown in Fig., 7b.

Three calibration measurements were made to obtain baseline data for
later use. ¥irst, the antenna cables were connected together inside the test
chamber (Figure 8a) and a measurement of transmission amplitude vs,
frequency (2.1 - 2.3 GHz) was made with the tank open. This measurement

gave the total link loss excluding the antennas and space loss,

The second calibration measures the link characteristics when the
antennas were positioned so that the propagation path does not include the
beam (Figure 8b), RF transmassion vs. frequency (2.1 - 2,3 GHz) was

recorded with the beam on (steady state) and beam off conditions.

The third calibration was made with antennas and absorber in the normal
test position (EV polarization}). The output voltages were recorded as a function
of frequency from 2.1 to 2.3 GHz with the thruster off and no vacuum. The

measurement set is shown in Figure 8c.
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V. RESULTS

A, MODEL RESULTS

The results described in this Section were obtained by applying the
plume model parameters to the equations shown in Section II. Because the
reflection effects were assumed to be insignificant, only the phase shift and’

transmission effects were calculated,

1, Phase Shift

Phase shift calculations were performed for three beam current levels,
1.0, 1.5, and 1.7 amps, based on the equations derived in Section II. These
beam current levels correspond to those used during the experimental measure-
ments, A sample calculation is shown in Appendix A, The three calculated
phase shifts are 29,4° 43.9° and 49, 7° for the three beam current levels,

2. Transmission

The amplitude transmission loss was calculated at the 1, O~ampere beam
current level (see Appendix A), Because the beam was modeled as a homoge-
neous cylinder in this case, the cylinder diameter was-arl;itrarily set at the
width of the half-peak level on the electron density profile (see Figure 2), The
average electron density between the half-peak points was used to determine the
mmdex of refraction of the cylinder. Based on this model, the calculated trans-

mission-loss is -0, 85 dB.

B. EXPERIMENTAL RESULTS

This section describes the analyses of the amplitude and phase outputs
from the network analyzer. These analyses characterize the amplitude and
prhase properties of the RF signal at the various engine operating conditions.
The amplitude and phase voltages were recorded in two different ways. First,
for a fixed engine operating condition, the output voltages were recorded on an
analog strip chart as the RF frequency was varied from 2,1 to 2,3 GHz. These
recordings show the effects of reflections in the tank, and they may be com-
pared at different operating conditions to determine the relative changes in

signa]: amplitude, Second, the output voltages were sampled and recorded on

JPL Technical Memorandum 33-754
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magnetic tape. The sampled data were recorded at discrete RF frequencies
as the engine operating conditions were changed., These measurements were
analyzed to display both the tume history and the low frequency spectrum of

the interaction.

The transmission/reflection transducer allowed reflection measurements
to be made easily during the measurement sequence. During the limited test
period, the test antennas were not aligned specifically for reflection measure-
ments, and the results of these measurements were used only as an indication
of reflection effects. At no time were reflection measurements observed which
were considered to be significant. Therefore, no reflection measurements are

included in the following Sections.

The calibration of the cables (Figure 8a) showed that the cable loss over
the frequency range of 2.1 - 2.3 gHz was between 8.3 and 9.0 dB, which 1s
close to the expected value. This measurement indicated that there was no

significant mismatch 1n the cable path.

1. Analog Data Analysis

Analog recordings of the amplitude and phase voltages as a function of
RF frequency show nonlinear variations which are caused by reflected signals
in the tank. The range of the amplitude signal variations can be used to
estimate the reflected signal level. The recordings also can be compared
for various operating conditions to determine the average change over the
frequency range. Only the amplitude recordings are presented here. The
phase measurements displayed poor resolution because of the very large

total phase shift across the frequency band.

Figure 9 shows the relative amplitude of the received signal at two dif-
ferent times, before the absorber ring was installed and after the ring was
installed. The "after! curves are shown with the beam current at 1,0 amp and
with the beam off, discharge on. The figure shows about a 10-dB reduction
in the signal variations after the ring was installed. The, reduction 1s the result
of decreasing the reflected signal strength within the tank. If no reflections
were present (i.e., free space conditions) the received signal would be approxi-

mately constant over the {requency range.
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Figure 9 displays an apparent ""frequency shift'" in the response. This
phenomenon is attributed to the reflections in the tank and should not occur
under free space conditions. The "frequency shift" may be understood by
considering the electrical path lengths of the direct path and the reflected
path. The difference between the two electrical path lengths apparently
changes as the beam current changes because of the beam-induced phase
shift in each path. Neglecting the amplitude changes due to the beam, the
path length difference must be the same to receive a constant signal level.
Thus, the operating frequency with the beam on must be changed to obtain the
same electrical path length difference that was present when the beam was
off. Conversely, the same electrical path length difference apparently occurs

at a higher frequency with the beam on than when the beam is off.

The average of the beam-caused change in signal amplitude 1s the average
difference between the beam-on and beam-~off curves with the frequency shaft
removed. In Figure 9, the average loss with the beam on at 1.0 amp 1s
~0.38 dB when compared with the beam-off, discharge-on condition. These
measurements were made at the low RF power level with the microwave horns

polarized in the E-vertical position.

When the polarization of the antennas was changed to the E-horizontal
position, the signal amplitude was measured at two RF power levels, as shown
in Figure 10. The low power level is the same level at which the curves of
Figure 9 were measured. At the low power level the average loss at 1. 0-amp
beam current was calculated as -0.84 dB compared with the beam-off,
discharge-on mode. The high RF power level showed an average loss of
-0.68 dB at 1,0-amp beam current. Both calculations were made with the
frequency shift effect removed. The calibration measurements show the

frequency shift effect but no difference in level after the shift is removed.

The results illustrated in Figures 9 and 10 show that the 1.0-amp beam
current level causes a loss of less than 1 dB in the signal amplitude. The
differences among the three sets of measurements are considered to be within
the measurement accuracy. The observed frequency shift effect must he

considered when interpreting data measured at discrete frequencies.
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2. Sampled Data Analyses

The amplitude and phase voltage samples show the signal variations as a
function of time for discrete RF frequencies. The data samples were processed
to obtain the signal statistics and the low frequency spectral response. The
signal statistics obtained Wer-e (1) the short term sample mean and standard
deviation, and (2) the distribution of a large number of samples. These results
display the relative shifts in signal amplitude and phase, the changes in noise
levels, and the spread of the sample distributions at the various engine

operating conditions.

a. Time Averages. Sequences of amplitude and phase samples were

processed in five-second groups to obtain the average and standard deviation
of each group. The sets of amplitude and phase plots shown here represent
two different RF power levels and two antenna polarizations, Kach pair of
plots shows the relative amplitude and phase shift as the engine beam current
is varied. For example, Figures 11 and 12 display the amplitude and phase,
respectively, as the beam current changes from zero amp to one amp and
1.7 amps. Finally, the discharge voltage is turned off so that the quiescent

condition is reached. Here the RF power was low and the horn antennas were

oriented with the E-polarization vertical. The effects of the various beam
current levels are clearly displayed in the figures. The beam causes a sub-
stantial drop in the signal level and a moderate advance in phase caused by the
decreased electrical path length within the beam. The noise levels, as
measured by the standard deviations, are larger when the beam is on. The
highest noise level is at 1.0-amp beam current, There is a slight drift in

the observed data at the 1, 7-amp current level. This was the highest current
attainable during the tests, and the engine did not reach steady state during

the time period shown. In Figures 11 and 19, the indicated attenuation is greater
for the quiescent condition than it is for zero amp beam current, contrary to
other single-frequency measurements, This result 1s apparently caused by the

frequency-shift effect discussed in Section IV B1,

-

Figures 13 and 14 show the results with the RF power low and the antennas
oriented E~horizontal. In this case, the beam current varied from 1.5 amps to
zero, and no quiescent measurements were made, Again, the beam causes an

amplitude drop and a phase advance, The noise level increases with the beam
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on and 1s highest at the 1. 0-amp current level, The changes in the signal
properties are comparable with those displayed with the horns E-vertical, so

the change of horn polarization appears to have little effect on the results,

The third set of curves, Figures 15 and 16, show the results with the
horns E-horizontal and the RF power high. Again the signal characteristics
are very similar to those shown previously. Thus, there appears to be no

significant difference between the two RF power levels.

The last set of curves, Figures 17 and 18, show data recorded during the
calibration measurements, The levels are nearly independent of beam current.
The small changes are attributed to tank reflection effects rather than to
changes in the medium between the antennas, InFigure 18, the phase drift
observed during the 45-minute break in the measurement period may have been

due to temperature variations in the tank rather than to plume-related effects,

The sampled data were also processed to obtain two-minute statistics.
These results are compiled in Table 1, The average values all are referred to
the quiescent value, except for the second set of numbers where no quiescent
data were recorded, The results show a loss of about -0.3 to -0,5 dB at 1 amp,
-0,7to -1,1 dB at 1,5 amps, and about -1, 25 dB at 1.7 amps. The amplitude
standard deviation 1s about 0,1 dB with the beam current on, The phase advance
is about 20° at 1 amp and 35° at 1.5 amps. The phase noise level is between
1° and 2° whenever the engine discharge voltage is on, Because of the fre-
quency shift effect, the relationship of the results at the various current levels
may contain a moderate error since the data were measured at discrete

frequencies.

b. Distributions, The statistical distribution of the amplitude and

phase samples displays additional information about the effects of the plasma
medium on the communication link, The distributions were obtained by count-
ing the number of samples at each digital level and then normalizing with
respect to the total sample count, The sample densities shown in Figures 19
and 20 represent 24, 000 samples per curve taken with the horns E-vertical and
low RF power. These sample sets were obtained from the data shown in Fig-
ures 11 and 12 and tabulated in Table 1, The average values of the quiescent

amplitude and phase distributions are used as the zero reference level in each
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case, A shift of the distribution center indicates a change in average level,
while a larger spread of the distribution is the result of a higher noise level,
The distributions are, in general, symmetric and have the statistics shown in
Table 1, Figures 21 and 22 show the normalized densities of 12, 000 samples
per curve when the horns were E-horizontal with low RF power, In this case,
the distributions use the zero-amp beam current average levels as the reference
because no quiescent measurements were made. The distributions for the
E-horizontal, high RF power case are shown in Figures 23 and 24, The distri-
butions are all nearly symmetric and display the noise level as being the highest

at 1.0 amp beam current,

c. Spectral Analysis. Time sequences of the data samples were input

to a Fast Fourier Transform routine to obtain the low frequency specira of the
sequences, The spectra display the level and the bandwidth of the RF noise
interference produced by the engine beam. The FFT routine accepts 2N sam-
ples (N an integer) of.lamplitude or phase data and provides the FourieI: sine and

cosine coefficients, a, and bk’ at frequencies W, = 2rk/T, where T is the

Il
period of the ZN samples, The results shown here are power spectral densities,

z —
S = A
sets of 2048 samples (N = 11), with the resulting average spectrum (60-Hz com-

+ bi. Each curve is the average of the spectra from four consecutive

ponent removed) smoothed by using a 20-point moving average,

The spectra shown in Figures 25 and 26 were obtained from data mea-
sured with the horns E-vertical and low RF power. The curves show that the
noise is uniformly distributed in the band of 1 - 100 Hz, The noise power level
(both amplitude and phase) is highest at the 1. 0-amp beam current level and
about an order of magnitude lower in power with the beam current off, The
spectra for the horns E-horizontal, low RF power (Figures 27 and 28) and high
RF power (Figures 29 and 30) are plotted to 10 Hz because the sample rate was
1/10 the sample rate used for the first spectral set, These plots show that the
noise power is nearly uniform except at the very low frequency end of the band,
However, the large low-frequency components may result from inaccuracies in
the FFT analysis,

For a given beam current, the three sets of spectra show that the ampli-

tude noise power or phase noise power is within a factor of 2, independent of

the antenna orientation and RF power level. The l-amp beam current level
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produces the most noise, and 1.5 - 1,7 amps produce about half as much noise
power, In all cases except one, the zero-amp noise level is much less than

when the beam current is on,

3. Measurement Summary

The set of results presented here shows a consistent trend and also points
to areas where followup measurements can improve the quantitative conclu-
sions, The analog recordings of the signal amplitude show an average loss at
the 1. 0-amp beam current of -0.4 to -0. 8 dB in the RF frequency range of
2.1 - 2.3 GHz. This loss is comparable to the loss for discrete frequencies
obtained from the sampled data. The sampled data also show a loss of about
~0.75 to -1.1 dB at the 1, 5-amp beam current and about -1, 25 dB at the
1, 7-amp beam current. The sampled data also reveal that the amplitude noise
level is the highest at the 1.-0-amp beam current. The phase advance at
1.0 amp is about 15° compared with the 0-amp case, while the advance is about
30° at 1. 5 amps and 35° at 1. 7 amps. The phase noise level is also the highest
at the 1, 0-~amp beam current, When the thruster 1s on, the amplitude and phase
noise levels are, in general, lower for higher beam currents. This result is
not explainable at the present time. The results are relatively insensitive to
the antenna polarizations and to the RF power level used in this experiment,

The reflected signals inthe tank cause an apparent frequency shift which pro-
duced uncertainties 1n the data measured at discrete frequencies. Followup mea-
surements could reduce the single-frequency uncertainties by compensating for

the frequency shift effect and reducing the reflection level,

C. COMFPARISONS

In general the measured effects were slightly less than the calculated
effects. The measured and calculated values of phase shift are shown 1n Fig-
ure 31 for three levels of thruster beam current. The measured values shown
were obtained from Table 1. The curves show that the measured values are
about 6-8° below the calculated values. No confirmed source of this "bias"
difference has been established, but the difference is well within model inaccu-

racies and measurement uncertainties,
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The transmission loss at 1, 0-amp beam current was calculated as
-0.85 dB compared with an average measured value of about -0.63 dB from
Figures 9 and 10. The average loss from Table 1 is about -0.43 dB, Agalin
these values compare favorably when considering the model inaccuracies, the

meagurement uncertainties and data resolution.
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V. CONCLUSIONS

The major objectives of this study were (1) to measure the order of
magnitude of the effects of an ion thruster plume on S-band signals, and {2) to
develop modeling techniques to predict the effects. The results show that the

study objectives have been accomplished,

The measured results show that the RF signal transmitted through an ion
thruster plume is reduced in amplitude and shifted in phase. Both the signal
amplitude and signal phase experience a significant increase in noise when pass-
ing through the plume. For beam currents between 1.0 and 1.7 amps the mea-
sured transmission loss was between about -0, 3 and -1,3 dB, The measured
phase shift was between about 20° and 45°, The signal amplitude maximum
RMS noise level was about 0.1 dB while the maximum RMS noise lével of the
signal phase was about 2°. When the thruster 1s on, the amplitude and phase

noise levels are, in general, lower for higher beam currents,

The models and assumptions were developed to obtain a rough estimate
of the transmission loss and phase shift, The calculated loss and phase shift
were slightly higher than the measured values, Even with the simplicity of the
models, the accuracy of the predictions was well within the expectations of the
experimenters. The transmission loss model can be improved significantly by
using a concentric cone plume model and then using elliptic cross sections to

account for the angle between the RF path and the plume centerline,

A report [9], obtained at the end of the report preparation, revealed a
potential degradation condition not anticipated by the experimenters. At small
angles between the RF path and the plume centerline, RF ray refraction may
be such that some rays are bent away from the plume, In this case, a region
may exist into which no communication is possible, Further study 1s required

before this condition can be defined more clearly.

At the beginning of the study, preliminary calculations indicated that some
transmission loss and phase shift would be measurable, However, the effects
of the test tank on the measurements could not be estimated, Preliminary mea-
surements revealed that, in fact, there were measurable effects, including an

increase in RF noise when the thruster was operating,
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Swept frequency measurements also displayed the presence of strong
multipath signals in the tank. This problem was substantially solved by the
ring of microwave absorber. With the reflection problem reduced by the
absorber ring, the swept frequency measurements were useful in removing
some of the reflection effects from the amplitude data, The benefit of this
measurement procedure was realized only at the end of the test sequence, and
time did not permit the construction of an accurate swept-frequency measure-

ment setup, Thus, only a few swept-frequency measurements were possible.
p ¥ P q Y P

Two operational improvements could significantly reduce uncertainties
and improve the efficiency-of the experiment, First, the antenna orientation
changes should be possible from outside the tank, Considerable time was lost
each test day because the tank had to be opened to change the antanna polari-
zation. Time is lost when a man must enter the tank because of the severe
precautions which are required to prevent contamination from the mercury
residue in the tank, Also, it takes about two hours to pump down the tank after
it has been opened, Thus, about three extra hours of measurements could be

made each day if the antenna orientation can be made from outside the tank,

Second, automatic time recording should be included both on the thruster
parameter recordings and on the R¥ measurement recordings,._This simple
addition would greatly reduce the postmeasurement problems of correlating

the thruster and RF operating conditions,
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Table 1. Two-minute average, signal amplitude and phase changes at various thruster

operating current levels,
value, except as noted,

All average values are relative to the gquiescent

Thruster mode
RFE Qutput . 1 1
mode parameter Quiescent 0 amp 1 amp 1.5 amps 1.7 amps
Ave T Ave o Ave T Ave o Ave o
Low Power | Amnplitude 0 0, 04 0.19| 0,05 -0.34 ] 0,12 -1,09¢ 0.12 -1.28 | 0,10
E-Vertical (dB)
f=2,20 GHz | Phase 0 0,17 7.36| 1,05 21.85 | 1.46 39,101 1.14 | 43.66 | 0.94
(deg)
Low Power | Amplitude | —° ol 0.05| -0.30| 0.11 | -0.73| 0,09 | =
E-Horiz. (dB) 2
f=2,21 GHz | Phase - 0| 0.98 15.48 | 2,04 | 28,88 | 1.27 —
(deg)
High Power | Amplitude 0 0.02.f -0.11{ 0,04 { -0,50 | 0,12 | -1.09( 0.09 -
E-Horiz. (dB) .
f=2.2]1 GHz | Phase 0 0 6.83| 0.90 | 21,34 | 1,52 34,47 1.25 —_
(deg) '
Calibration | Amplitude 0 0.03 | -0,03| 0.03 | -0,11 [ 0,02 | -0,20| 0.03 -
Low FPower (dB})
f=2.145 GHz | Phase 0 0| 22.43 1 0,39 18.85 0 20,94 0 -
(deg)
I‘Quiescent mode = current off, discharge voltage off; 0 amp = current off, discharge on,

2 . . .
No quiescent measurements were made in this mode,
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APPENDIX A

CALCULATIONS
I. ELECTRON PLASMA FREQUENCY CALCULATION

The following electron plasma frequency, Wp calculation is for the

maximum electron density (from Figure 2) in the propagation path. The equa-
tion may be found in [7]:

2\1/2
n e
w -f—2
Pe o e

For the case of a one-ampere beam,

n, ~ 2,54 % 1015 electrons/m3

m_ = 9.11 X 10731 kg

1.602x 1077 ¢

[¢]
fl

m
i

8.854 x 10" 12 F/m

; \L/2
2,54 x 1043 (1,602 x 10°19)
w —
Pe  \s.854x10"2% (9,11 x 1073}
w. = 2.84 X107 rad/s
Pe
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II. ELECTRON GYROFREQUENCY (CYCLOTRON FREQUENCY)

The equation used in the following gyrofrequency, Wb is found in [10].

The flux density, B_, used is given in [4]:

For this case,

B =5 ><10'5 T
(@]
1.602 X 10717 x (5 X 10"5)
Yy = -31
e 9,11 X 10

~

W, x 8.8x10°% rad/s <w =1.38 %10
e rf

10 rad/s

IIT, ION PLASMA FREQUENCY CALCULATION

This plume was composed of an equal number of electrons and positively
charged mercury ions. The following equation, from {[10], will yield the

approximate ion plasma frequency, Wps» for a highly singly-ionized plasma:

For the one-ampere beam current case,

n, = 2.54 x 10> fon/m>

19

1.602 X10 ~7 C (singly charged ions)

W2
I
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M
I

8.854 x 10”2 F/m

m, = 3.331% 10°2° kg

> 1/2
2 54 x10~15 (1,602 x 10‘19)
w =
P;  \s.854 %1012 x3.331 x10°2°
©w o= 4_7)(106 rad/s « . = 2.84 )(].09 rad/s
pi Pe

IV, ION GYROFREQUENCY (CYCLOTRON FREQUENCY)

From [10],

For this case,

B = 5X 10'5'1", q; = 1.602.x10°% ¢ (for Hg )

1
1.602 X 10-1? x(5 x 10-5)
1 3.331 X 10°2°

1

£ .
I

24.0 rad/s « wr£ =~ 1,38 X 10
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V. ELECTRON-ION COLLISION FREQUENCY
The RF wave absorption loss in the plume is related to its electron-ion

collision frequency. The following electron-ion collision frequency calculation

is based on equations given in [11] (pg. 81):

If

5.5 n_ 280 Te 1 Ti
v = In - + = In—=
I_.':".’5/2 n1/3 3 Te

e e

Under the conditions of this experiment, the electron-ion collision fre-

guency is assumed to be the effective collision frequency of the plume. The

calculation of this frequency follows:

T = 11,600°K

e
T, = 650°K

i
n, = 0,2 X 10]‘0 electrons/cm3

10
v = 5.5(0.2 X107 ) In 280(11, 600) + 1 In 650
- 3/2 1/3 3 11, 600
(11, 600) (0.2 % 1010)

v = 6.1 % 10" collisions/s « w e ®1.38 %1010 rad/s

This effective colligsion frequency is much less than the R¥ carrier fre-

‘quency resulting in a negligible absorption loss of the RF wave within the

- plume,
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VI. MAXIMUM POWER DENSITY

An approximate maximum power density is calculated for the center of
the plume along the propagation path. This power density, P, will be used to

predict the linearity of the RF-plume interaction. The following calculations
are based on [12]:

For the case under consideration

I

a G0 (lossless antenna) = 16 dB or 39.8

w & 423 dBm or 0,2W
r = 1,22m

_ 39.8(0.2)
an(1.22)%

0.43 W/m?>

v
IR

VIiI, LINEARITY CONDITION

The RF/Plasma interaction is a linear one at relatively low RF power

density, Pr’ levels. The following linearity condition inequality was inferred
from [7] (pg. 91):

g2 1zt m? T - T))
P = < & = L

mez
i n
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For this case,

m = 9.11x107°1 kg

f=22%10 Hz

2

k = 1.38x 10 3 J/K?

H
®

11, 600°K

H
it

= 650°K

m, = 3,331 x 102> kg

e = 1.602x10" 19 ¢
n = 377Q

2 2
1222{0 11 x 107307 (2.2 x 109 1,38 x 10723 (1.1 x 10%

-25 ( -19)°

3.331X 10 1,602 x 10 377

Pr < 22.4 W/mz

The maximum RF power density at the center of the plume along the
propagation path was on the order of one-half watt per square meter. There-

fore, the linearity condition holds for this experiment,
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VIII. TYPICAL ELECTRON DENSITY CALCULATION

Reference [5] describes the equations for calculating the electron density
at any point in the plume and also provides the required parameter values for
the RF propagation path used in this experiment. The electron density is the
sur of the singly-charged ion density and twice the doubly-charged ion density:

n_ =1 +2n+

+ +
where
W 2 -y by
+ = 2 —
Iy 'rrRo eV,
and
. Mgy !
LR 5.
~ i
Jga Ro Ze Vair
The average ion velocities are
= 2 e VB
+ m,
eV
—_ B
++ LN v V2 Vi

At one-amp beam current, typical parameter values are

I=1.0amp

0.085

=
"

++
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S0
v
+
n
+
and
n
++

]

R =0.1475m

VB_= 1, 100 volts
i
:-+- = 0.75
J+-
; -
::{j- = 0.89
Tt

Thus, the electron density is

n
e

1/2
(2x1.602x1071? x 1.1 10%/3.331 x 10725)
3
32,53 x 107 m/sec
(0. 75)(1 - 0, 085)(1. 0)
w(0.1475)% (1. 602 x 10719 (32.53 x 10°)
1.93 x 1012 ;=3
7.51 x 1013 m~3
1,93 x10%° 4 2 x 7.51 x10%3 = 2,08 x 105 m~3
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IX, ADIABATIC APPROXIMATION CONDITION

The phase shift and transmission models are substantially simplified if
the reflection of RF wave at the plasma boundaries is negligible., This condi-

tion exists when the following adiabatic approximation [7] {(pg. 134) holds:

= |

dK, o AT
dx A

or approximately:;

i <
K

44

AT
A

The adiabatic approximation for the estimated worst case for this experiment

is:
Ky = 0,968 X, = 1.077m RZ.ZGHZ = 0,1364
K, = 0.963 %, = 1.105m
let
K. T K
‘ = 1 2=0.968+0.963= 0.966
2 P
Ak = Ky - Ky = 0.968 - 0,963 = 0,005
Ax = xz —-Xl = 19105 - 1_077 = 0.028
1 0. 005 4

0.966 0.028 = 0.1364

0,185 « 92,129

This shows the adiabatic approximation is valid in this case.
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X. FAR FIELD CONDITION

An approximate rule [7] (pg. 146) for the antenna far field is used in the

following calculation:

A2.

R =
et
A = 0.4m

N = 0,1364m (at 2.2 GHz)

2
o (0.4)
A2 51364

R=z1.17Tm

In this experiment, the distance between the antenna windows and the center of
the plume along the propagation path, 92, is equal to approximately 1,2 meters

and thus meets the above condition.

XI. TYPICAL PHASE SHIFT CALCULATION

The index of refraction for the plume, in this case, is less than that of
freespace, The phase of the RF signal is advanced by the plasma relative to

the plume off condition, The following equation was used to calculate the phase
shift:

Ap = el for n <« n
n

|
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For a one-ampere plasma condition,

15

10 electrons/m3 .

g1
i

n, = 6.0 x 1016 el':-zctrc:‘ns/m3 (at 2.2 X .'LO9 Hz)
A= 0.13627Tm
£ = 1,3373m
_ w(10%%)1.3373
A = T3
0.13627(6 X107 7)
Ap = 0,514 rad (or 29.4")

The average electron density, Ee, was arrived at by a graphical integra-
tion of the propagation path electron density curve [Figure 2} and the length of
the propagation path within the plume, £, was chosen based on the significant

area under this curve.
X, TYPICAL TRANSMISSION CALCULATION

The transmission coefficient (T) is the ratio of the received power through
the plume to the received power without the plume, The transmission effect,
calculated here, is the result of spreading of the RF energy and not the result
of RF energy absorption or reflection (see Figure 3 of the report for model

geometry).

D(L + 28&)

T = Tmai(L +a) + DL + 290
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where

Let

n_ {at 2.2 GHz)

then

and

11

1
m =
ne
-
[
D = 0.226m
L = 0.301m
Z = 1,22m

n
e

16

.1

2.1 X 1015 electrons/m3

6.0 X10 electr'ons/m3

6.0 x10

(1_2.1><1o

0.018

B

15
16

1

)1/2 B

0,226(0,301 + 2 -~ 1,22)

4(0..018) 1.22(0,301 4+ 1,22) + 0.226(0.301 + 2 - 1.22)

0.822 (or -0,85 dB)

JPL Technical Memorandum 33-754



APPENDIX B

HORN ANTENNAS

The test data on the two antennas used in the experiment is shown in

Table B-1 below. The data includes the antenna gain, .VSWR and antenna

dimensions. A typical antenna is shown in Figure B-1,
Table B-1, Antenna test data
Antenna 1 Antenna 2
f, GH=z
VSWR Gain, 4B VSWR Gain, dB

2.1 1.12 15.7 1.38 15.3
2.2 i.12 1.22
2.3 1. 06 15.7 1,25 16.0
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APPENDIX C

MICROWAVE ABSORBER VACUUM TESTS

The use of foam-type microwave absorber is a logical solution to the
problein of reducing RF reflections in a test chamber such as used here. The
two absorber manufacturers, Emerson & Cuming and Rantec, had little existing
data on the reaction of their materials in a low-temperature vacuum environ-
ment. Thus, the study team initiated a series of tests to find a vacuum-

compatible absorbing material.

Emerson & Cuming and Rantec each supplied one piece of absorber
0,61 m by 0.61 m (about 2' x 2!) at a comparable cost. The E & C material
was obtained from their standard process. The Emerson & Cuming material
specification is "absorber, CV-6," The Rantec material was obtamned as a
result of special processing which was specified by their process engineers.
The Rantec material specification is "absorber, EHP-5, white foam, impreg-

nated, nonpainted. !

Vacuum-compatibility is equivalent to low outgassing which is measured
by the tank pumpdown pressure rate, The resulis of the pumpdown tests on the
two test pieces are shown in Figure C-1. These test results show that the
Rantec material had a much higher pumpdown rate than the E & C material.
Examination of the test tank after the E & C test revealed that the entire tank
was covered with a silicone-like substance which was apparently the cause of
the continuous outgassing, Thus, the Rantec microwave absorber was selected

for use during this experiment.

-

After installing the absorber in the thruster test chamber, one incident
of outgassing occurred the first time the thruster was turned on, Apparently
the outer edge of the thruster plume was impinging on the inner edge of the
absorber ring. This condition caused a very slight amount of absorber material
outgassing which lasted only a few minutes and did no visible damage to the
absorber,
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APPENDIX D

EQUIPMENT LIST

NAME MANUFACTURER TYPE
a) NETWORK ANALYZER HFP 8410A
b) HARMONIC FREQUENCY CONVERTER HP ‘ 8411A
c) PHASE-GAIN INDICATOR HP 8413A
d) SIGNAL GENERATOR HP 8616A
e} REFLECTION-TRANSMISSION UNIT HP 8743 A
f) MICROWAVE AMPLIFIER (TWT) HP 491G
g) SWEEP OSCILLATOR HP 692B
h} STRIPCHART RECORDER BRUSH MARK II
i} AMPLIFIER (4) HP 467A
j} POWER METER HP 435A
k) DISPLAY SECTION HP 141T
1) SPECTRUM ANALYZER RF SECTION HP 8555A -
m) SPECTRUM ANALYZER IF SECTION HP ‘ 85528
n) STORAGE OSCILLOSCOPE TEKTRONIX RM 564

o) LOW PASS FILTER (2}
p) DIFFERENTIAL AMPLIFIER (2)
q) FREQUENCY COUNTER HP 5245L

r} FREQUENCY CONVERTER HP 5254B
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APPENDIX E

NORMAL THRUSTER OFPERATING PARAMETERS

Arc voltage reference

Arc current reference

Beam current reference

Dela:y' time for main vaporizer
Delay time for cathode vaporizer
Cathode vaporizer heater gain
Main vaporizer heater gain
Magnetic baffle

Screen voltage

Accelerator voltage

37V
5 A
1A
1 sec
1 sec
1 A/V
110 A/A
40.5 ampere-turns
1100 V

-500 V
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DEFINITION OF SYMBOLS

electron plasma frequency
éIectJ,:on density

charge of electron
permittivity of vacuum
mass of electron

electron gyrofrequency
magnetic flux density

ion plasma frequency

ion density

charge of ion

mass of ion

ion gyrofrequency
collision frequency
electron temperature

ion temperature
singly-charged ion density
radial component of average Poynting vector
antenna directivity

power radiated

antenna gain with respect to an isotropic source

distance from transmitting antenna

doubly-charged ion density

relative current density (singly charged ions)
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T+—+ relative current density (doubly charged ions)
"!++ doubly charged ion current relative to total ion current
I'I‘ total beam current
R0 radius of thruster grid
'-.7+ average particle (singly ionized) velocity
F++ average particle (doubly ionized) velocity
VB acceleration potential of thruster
f RF wave frequency
E peak amplitude of electrical field
M intrinsic impedance of vacuum
k Boltzmann constant
K relative dielectric constant
X propagation path position

by RF wavelength

R distance from antenna windows to the center of the plume along the

propagation path,

antenna aperture height

A
Ad RF wave phaseshift

g average electron density
2

propagation path length in the plume

n_ critical electron density
T RF transmission coefficient
D plume diameter
L effective horn length
W RF radian frequency
JPL Technical Memorandum 33-754 59

NASA=JPL=Coml. L.A., Calit



