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MICROWAVE DIAGNOSTICS FOR ION ENGINES
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Abstract

Ground testing and characterization of new space
propulsion systems is required prior to flight testing.
Diagnostic techniques based on microwaves have been a
mainstay in plasma physics research over the past 30 years,
and can be readily applied to ion engine plumes and main
discharge plasmas. Microwave interferometry was used to
measure line-integrated electron densities across the plume
of the British T-5 Mk. III xenon ion engine operating at
different beam currents. The measurements were in good
agreement with those obtained using Langmuir probes,
thus demonstrating the usefulness of this unintrusive
diagnostic technique.

I. Introduction

Ion engines produce almost fully ionized plumes with
electron densities that are high enough to impact UHF, L-
band, and S-band communications. The electron
oscillation frequency (plasma frequency) fp (in Hertz) in a
plasma is given by

f, = 9000 (n)}2 M

where n is the electron density in cm™3. For the British T-5
Mk. III xenon ion engine operating at 3500 s specific
impulse (Isp) with a thrust of 18 mN, the beam current is
0.33 amperes and the average electron density across the
plume near the grid assembly is ~7 x 10° cm?, thus
yielding a local plasma frequency of 850 Mhz.

The dispersion relation for a plane polanzed
electromagnetic wave of frequency o (rad/s) propagating
through an unmagnetized plasma is given by

§ =0t + )

where o is the plasma frequency in radians per second, ¢
is the speed of light, and k is the wave number (k =

2n/wavelength). For o, > ®,, wave propagation occurs

with a local wavelength greater than that for free space,
and refraction may occur if steep density gradients exist.
Foro, < ©p, electromagnetic wave propagation ceases.
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If the spatial distribution of electron density is known, the
refraction of radio and microwaves can be calculated by
determining the spatial variations in index of refraction.
Conversely, measurement of refraction effects such as
phase difference and change in direction of propagation
can be used to determine the electron density averaged over
the measured propagation path.

Microwave interferometry is a non-intrusive
diagnostic technique that measures the phase change of an
electromagnetic wave, due to the presence of plasma
electrons, across a fixed path. Line-integrated electron
densities are obtained from the phase change, and
spatially-resolved density profiles can be obtained by
probing a number of chords through the plasma and
applying a suitable inversion technique. References 1 and
2 provide a comprehensive overview of microwave
diagnostic techniques applied to typical laboratory
plasmas, and reference 3 provides an example of
microwave interferometry applied to a 30 cm diameter
mercury ion engine to assess communications impacts.
Little work has been reported on microwave diagnostics
applied to xenon ion engine plumes.

Langmuir probes and plasma resonance probes
provide position-resolved electron densities, but they are
intrusive.*3 In ion engine plumes, the directed kinetic
energy of xenon ions is typically in the 500 to 1500 eV
range, which produces sputtering yields on tungsten of ~2
surface atoms per incoming ion.® In our Langmuir probe
testing,* sputtering deposited a thin film of stainless steel
and tungsten on the front of the ion engine. This report
documents our initial attempts at developing a microwave
diagnostic technique with sufficient accuracy and spatial
resolution to replace Langmuir probes for electron density
measurements.

Il. Basic Theory

A microwave interferometer, shown schematically in
figure 1, has a reference leg and a diagnostic leg which are
initially adjusted to have equal phase shifts. When a
plasma is inserted into the diagnostic arm, the resulting
phase shift A¢ is

ao= [ - k) ex )
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Figure 1. Schematic of a basic microwave interferometer
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Figure 2. Schematic of the experimental configuration for
10 and 18 GHz phase shift measurements.

where k, is the free-space wave number, k  is the wave
number in the plasma, and the integral is along the

microwave path in the plasma. Equations (2) and (3)
produce

Ab= k, J [1-(1- copzlmo2 )12 ] dx. 4)

For o, >> ©p, the approximation

(1-A)2=1-(A/2) %)

can be used to simplify eq. (4) to

Adb= k, I (op2/ 20)02 dx. (6)

The T-5 xenon ion engine operating at a 1000 volt
beam energy with a 330 mA ion beam current will produce
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an average electron density of 7 x 10° cm™ near the grid
assembly. For the 10 cm diameter plume, phase shifts of
3.3° 1.9° and 1.4°, respectively, at 10, 18, and 24 GHz
will result. The ion beam diameter should be at least 5
times the probing wavelength to obtain adequate spatial
resolution, thus forcing operating frequencies to greater
than ~15 GHz. For 10 cm diameter ion engines with ~0.5
kW power levels, maximum phase shifts of a few degrees
at 10 - 20 GHz frequencies will occur. This requires phase
measurement accuracy of better than ~0.1° in order to
perform inversions on the line-integrated density
measurements to obtain spatial profiles. This accuracy is
readily obtained with proper experimental design and data
analysis.

lll. Apparatus and Technique

lILA. 10 and 18 GHz Measurements

The experimental geometry is shown schematically in
figure 2. A British T-5 Mk. III xenon ion engine is
positioned on the centerline of a 76 cm diameter by 120 cm
long cylindrical test chamber which is mounted to a 2.4
meter diameter by 5.8 meter long main vacuum chamber.
The thruster plume is directed into the main chamber
which contains two CVI Torrmaster TM1200 cryopumps.
Typical test chamber pressures with the ion engine
operating are 3 x 10 Torr (4 x 10 Pa).

Microwaves are produced by Gunn diode oscillators;
a Millitech GDM-42-3-19 mechanically tuned oscillator
for 75 mW output at ~18 GHz, and an M/A-COM MA-
87127-10 varactor tuned Gunnplexer for 100 mW output at
~10 GHz. The microwaves pass through a Hewlett
Packard (HP) P357A adjustable waveguide attenuator, a 6
dB directional coupler, a vacuum window, and outof a 5 x
3.8 cm horn in the test chamber. An 11 cm diameter
Plexiglas microwave lens of 15 cm focal length is used to
focus the beam at infinity for the 18 GHz measurements.
After traversing the test chamber, some of the microwave
energy is collected by another waveguide horn antenna,
exits through another vacuum window, passes through an
HP P357A adjustable attenuator, and enters one leg of a
"magic tee" hybrid mixer. The reference leg of the
interferometer is formed by the -6 dB output of the
directional coupler, an HP P855 waveguide phase shifter, a
NARDA 749 variable attenuator, and another leg of the
hybrid tee. The third leg of the hybrid tee ends in a
waveguide to coaxial cable adapter, onto which an HP
423B crystal detector is mounted, while the fourth leg is
terminated. All waveguide is rectangular WR-62 (1.580 x
0.790 cm inner dimensions) with a nominal operating
range of 11.9 to 18 GHz and cut-off frequency of 9.9 GHz.
The vertically-polarized microwaves traverse the thruster
plume at right angles in a horizontal plane, and carbon felt
of 0.64 cm thickness partially covers the interior of the test
chamber to absorb stray microwave energy.
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The interferometer is first zeroed without the ion
engine running by adjusting the NARDA attenuator and
HP phase shifter to obtain the lowest possible voltage
output from the crystal detector, as measured by a Fluke 45
digital voltmeter in microvolt resolution mode. When the
ion engine is operating, the phase shifter is adjusted to
produce the smallest voltage signal, and the phase
difference between this and the nulled value is recorded.

In practice, phase measurements were limited to +/-

0.2° accuracy by random detector fluctuations and the -

tuning properties of the phase shifter. To improve
resolution, detector voltages were recorded every 0.5° or
1.0° when the detector output was near minimum. Figures
3 and 4 give the recorded values as a function of phase
angle for ion engine operating currents of 0, 150, and 250
mA, with an ion beam energy of 1000 V.

The HP 423B detector output voltage is proportional
to the square of the input power for output voltages below
100 mV. Since the mixer adds the reference signal to the
probe signal, which are equal in amplitude when properly
nulled, the power seen by the crystal detector is
proportional to the phase difference A$ between the signals
in the small angle approximation. The net result is that
the output voltage V follows a parabola of the form

V=A4+B($-¢,)? )

where ¢, is the phase angle for minimum output voltage 4
and B is a scaling factor. The data points in figures 3 and
4 were fitted to the function given by eq. (7) with 4, B, and
¢, as variables, and plotted as lines. Table 1 gives the
fitted results for ¢, and the standard error in ¢,. Note that
the phase resolution is now better than 0.02° for the 18
GHz data and better than 0.04° for the 10 GHz data.

The wider phase spread in the 10.28 GHz data,
compared to the 17.88 GHz data, is due to the increase in
guide wavelength at frequencies near the waveguide cutoff.
The wavelength lg within the waveguide is given by

Ag=ho[1-(X/2a)2 )12 @®)

where A is the free space wavelength and a is the inner
wide dimension of the waveguide. At 17.88 GHz, the
guide wavelength is 1.18 times larger than the free space
wavelength, while at 10.278 GHz it is 2.61 times larger.

The increase in minimum detector voltage as beam
current increases is due to a slight attenuation of the
microwave beam in passing through the plume, microwave
radiation from the plume, or noise pickup. Measured
detector voltages with the microwave source off were
0.082, 0.087, 0.102, 0.110, 0.120, and 0.144 mV for ion
beam currents of 100, 150, 200, 250 , 300, and 350 mA.
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Figure 3. Detector output as a function of phase angle for
10.28 GHz operation with ion beam currents of 0, 150, and
250 mA.
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Figure 4. Detector output as a function of phase angle for
17.88 GHz operation with ion beam currents of 0, 150, and
250 mA.

Table 1. Best Fit Phase Angles and Errors

Beam Current - $o (degrees) Error (deg.)

0 mA (18 GHz) 292.19 0.0085
100 mA (18 GHz) 292.91 0.0160
150 mA (18 GHz) 293.24 0.0095
200 mA (18 GHz) 293.48 0.0062
250 mA (18 GHz) 293.85 0.0075

0 mA (10 GHz) 278.82 0.029
150 mA (10 GHz) 284.05 0.029
200 mA (10 GHz) 284.93 0.034
250 mA (10 GHz) 286.76 0.027

Calibration of the phase shifter was accomplished by
repeating similar measurements with and without a 0.127
cm thick sheet of Teflon at the plume location. The phase



shift due to a dielectric material of thickness L and
dielectric constant € is given by

A= (2m/2y) L (£2-1). ©)

For Teflon, with € = 2.08, the 0.127 cm thickness yields
calculated phase shifts of 6.93° and 12.05° at 10.28 and
17.88 GHz, respectively. The phase shifter readout was
accurate at 17.88 GHz, but was high by a factor of 2.60 at
10.28 GHz. The expanded scale at 10.28 GHz is due to the
increased guide wavelength.

lllLA. 24 GHz Measurements

Microwave interferometry at 24 GHz was attempted
to increase spatial resolution, and to test a new
experimental configuration. An M/A-COM MA-87820 K-
band Gunnplexer provided 25 mW at ~24 GHz, and
includes a built-in circulator and mixer diode. The
circulator shunts a small fraction (not adjustable) of the
Gunn diode output energy and all of the energy coming
into the device to the mixer.

A schematic of the experimental setup is given in
figure 5. The Gunnplexer directly feeds the horn, the
microwaves reflect off of a 7.0 cm diameter planar reflector
located 17.0 cm from the thruster centerline, re-enter the
horn, and return to the Gunnplexer where they directly
enter the mixer. The Gunnplexer is mechanically tuned to
achieve minimum signal with no plume present, and the
change in output voltage for different ion engine beam
currents is presented in figure 6. These data are based on
the average of 5 sets of voltage measurements, and have
expected errors of +/- 0.03 mV. The nulled mixer voltage
was 531.80 mV because the reference signal within the
Gunnplexer is much larger than the reflected probe signal.
This power level forces the mixer diode into the linear
regime, so the phase shift, and hence line-integrated
electron density, is proportional to the change in mixer
output voltage.

Calibration of 24 GHz setup was attempted by
inserting a 0.076 cm thick Teflon sheet into the microwave
path and recording the voltage difference. Unfortunately,
absolute calibration was not possible due to varying voltage
changes which correlated with the position of the Teflon
sheet. The 3.3% reflection coefficient from each surface
was enough to overpower the phase change signal. The
apparatus illustrated in figure 2 is immune to this because
only the transmitted wave is sampled.

IV. Results

Figure 7 gives the calculated line-integrated electron
densities for the data in table 1 using egs. (6) and (1).
These data are for chords which cross the plume centerline
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Figure 5. Schematic of the experimental configuration for
24 GHz measurements.
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Figure 6. Change in mixer diode output voltage as a
function of ion beam current. Diode output voltage with
no ion beam (0 mA ) is 531.80 mV.
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Figure 7. Line-integrated electron densities for the UK-10
ion engine plume.
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at an axial position of 7.3 cm in front of the grids for the
18 GHz data and at 14.9 cm in front of the grids for the 10
GHz data. The larger axial distance for the 10 GHz data
was used to minimize microwave reflections from the grids
and the front surface of the ion engine. The error in line-
integrated electron density, based on the curve fits of the
phase shift measurements, should be less than 3% for the
18 GHz data and less than 1% for the 10 GHz data. The
error in beam current is +/- 5 mA, and the error in absolute
calibration is +/- 3%. These data are in reasonable
agreement with those obtained using Langmuir probes,*
assuming that local electron and ion densities are equal.
Since the ion beam energy was always fixed at 1000 eV
and the beam cross section is not expected to change
appreciably with ion beam current, the line-integrated
electron densities should be linear with beam current. The
data points in figure 7 fall on a straight line with
deviations of less than 5%.

The 18 GHz configuration has enough accuracy and
spatial resolution (~2 cm) to attempt local electron density
measurements that require phase shift data from different
chords with subsequent inversion. The 10 GHz data has
higher accuracy, but the spatial resolution of ~3 cm is large
for a beam of ~10 cm diameter. A 10 GHz system is useful
at larger axial distances from the thruster where the ion
beam diameter is greater than 15 cm and local electron
densities are lower.

The relative density increase as a function of ion
beam current for the 24 GHz interferometer can be inferred
from figure 6. The technique and apparatus are simple,
but only provide relative density measurements. For
electron density profile measurements in ion engine
plumes, this problem can be overcome by normalizing the
results to a calculated average electron density for a given
beam cross-section. Absolute calibration of the system
illustrated in figure 5 may be possible by using a quarter-
wave thick (0.217 cm @ 24 GHz) sheet of Teflon instead
of the 0.076 thick sheet to eliminate surface reflections.
An additional possibility is to mount the reflector on a
linear positioner, so phase shifts can be mechanically
adjusted. Further work is needed.

V. Conclusions

Microwave interferometry can be applied to ion
engine plumes to obtain line-integrated density
measurements with errors of less than 5%. For the T-5 ion
engine plume under typical operating conditions,
frequencies of 18 and 24 GHz can be used to provide
reasonable spatial resolution with good density accuracy.
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