Flexible microwave system to measure the electron number density
and quantify the communications impact of electric thruster plasma plumes
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An advanced microwave interferometric system operating in th€1R4-18 GHz band has been
implemented for use in very large vacuum chambers to determine the effects of electromagnetic
wave propagation through a plasma plume created by a space electric propulsion thruster. This
diagnostic tool is used to nonintrusively obtain the local electron number density as well as provide
information necessary for understanding impact to communications and other spacecraft
electromagnetic systems. The use of a nonintrusive electromagnetic measurement provides highly
accurate line integrated density and avoids problems caused by intrusive measurement techniques.
If the plasma is symmetrical, local plasma density can also be determined accurately using well
known inversion techniques. A network analyzer acts as a transmitter and receiver while a two axis
positioning system maps the amplitude and phase variation of a transmitted signal over one plane of
the plasma plume. The utilizatiorf @ 6 mX9 m vacuum chamber effectively minimizes plasma
boundary effects, but the longer cable path lengths have required a frequency conversion circuit to
reduce power loss and phase uncertainty at high frequencies. Two studies are presented: the first is
a measurement of the local electron density in the pluma & kW arcjet and the second is a
measurement of attenuation in the plume of a stationary plasma thruster. Both the arcjet and SPT
emit a steady state conical unmagnetized plasma that is radially symmetric. The arcjet peak density
is 10°-10 m~2 along centerline and the SPT peak density 200" m~3 along centerline.
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I. INTRODUCTION spatial distribution in order to estimate local density from a

single line integrated measurement. The results are some-

_ Nonintrusive radio frequency diagnostics of plgsma deNtimes used for calibration of Langmuir prob¥sA few sys-
sity and temperature are wgll recogmzed.for their accuracyomg provide spatial mapping in one plane of the plasma and
and speed of measurement in numerous fields such as fus'?@e Abel inversion in that plane to find local density. It

research, pﬁlsma processing, and studies of pI"?met""(/}fould be desirable to provide spatial mapping in two planes
ionospheres™ Interest has also recently been shown in us-

ing microwave interferometric measurement techniques o?f the plasma_for morg_complete characterization of th(_a chal
plasma plumes generated by high energy electric propulsioRlasma density. Addltlonally, present systems are limited
15 L when compensating for vacuum chamber effects such as
(EP) thrusters~1°Modern EP thrusters are of special interest hamber resonances or multipath since most use sinale fre-
for next-generation satellite systems because of their higﬁ . " P L 9
efficiencies and nearly optimal propellant exhaust velotity gquencies and traditional phase detector circuits for the inter-
Experimentally characterizing the interaction of a microwaveferomm.”c.phase comparison. A. partial solution to assessing
signal with an EP thruster plume can provide a direct meag;tnd/or limiting chamber effects is _through the use of a net-
sure of line-integrated electron number density. Additionally V'K analyzer as suggested by Birkitealthough it appar-
it is well known that plasma-microwave interactions can af-€ntly was not implemented. The second application men-
fect propagated electromagnetic signals in a number of waydoned above, quantifying the plasma impact to propagated
including signal attenuation, added phase or amplitude nois€/€ctromagnetic signals, has recewe(:)d minimal ground based
and refraction of signal enerd{. Therefore, a microwave €XPerimental measurements to d%‘?é- A study has recently
experimental capability for EP thrusters in ground based®en completed which characterized the phase of a signal
chamber facilities or as part of flight experiments provides dransmitted across an EP plasma plume at a single frequency

method to nonintrusively map local plasma density as well afor a number of geometri€slt is desirable for a more com-
to characterize microwave signal degradation. plete assessment to also measure amplitude in addition to

Microwave interferometry is a well established tech-phase, and to do the measurements over a wide bandwidth.
nique to measure line integrated electron number Such a microwave measurement tool for EP generated
density'2~18 This technique is inherently nonintrusive and plasmas should provide spatially resolved measurements in
hence, avoids the issues of probe heating and local plasmrious orientations, quantify both magnitude and phase
perturbations ofin situ techniques in dense energetic plas- modification, and be able to address signal multipath and
mas. Most present systems have a single, highly accuratesonance effects in enclosed test facilities such as vacuum
measurement of line integrated density but must assume éhambers. Additionally, for studies assessing impact to
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propagated electromagnetic systems, the diagnostic tool
should cover a wide range of frequency bands and operate in
sufficiently large vacuum facilities such that plasma bound-
ary effects are minimized.

The measurement system described here addresses all of
these considerations. We employ a microwave network ana-
lyzer (quadrature heterodyne receivarhich can accurately Conversion
measure signal phase and magnitude with respect to a referC- it
ence signal. It operates in the Ku frequency band to maintain
adequate phase sensitivifpeak plasma frequency in the
1-3 GHz rangg It utilizes a unique up-down frequency con-
verter circuit to minimize measurement errors otherwise in-
duced by operation in the Ku-band frequency range while
still allowing broadband frequency operation required for
communications impact studies. Because of a unique time- A e
gating feature of the network analyzer, it is also possible to AN Positioning
compensate for signal multipath and resonances inside the System
vacuum chambe? Finally, a highly accurate probe position-
ing system allows detailed mapping through the plume.

The two plasma thrusters under test are the arcjet and the
stationary plasma thrustefSPT) which produce conical
plasma plumes where the SPT also has a beamlike natu
close to the sourc@less than 1 m The arcjet produces a
peak local electron number density betweer®200° m™—3
along the centerline which decreases by approximately hal
45° off centerlinet® The arcjet has electron and ion tempera-
tures of 0.3 e\®® The SPT produces peak local electron

Analyzer f,,/

Thruster

B G
Radial .,

.,

FIG. 1. Schematic of microwave measurement system.

diam diffusion pumps each rated at 32 0@8 (with water-
Booled cold traps backed by two 2000 cfm blowers, and
four 400 cfm mechanical pumps. The experimental facilities
Iz%re described in more detail in Gallimdte.

A state-of-the-art positioning system provides the capa-
bility to spatially map plume parameters. The system is

. - .~ driven and monitored with a computer. The positioning sys-
7 3
number density between ¥9-10°" m™* where the density is tem is mounted on a movable platform to allow for measure-

th% of tthe pe;kolalugt:S. frc;m centtterlmg. (‘)I'rie \?Iestro?nents to be made throughout the chamber. The positioning
emperature 1S 5 eV and the lon temperature 1S U.1 ev. Due gystem contains two linear stages with 0.9 m of travel in the

the higher density and density gradients in the SPT plumeaxial direction and 1.5 m of travel in the radial direction. The

the effect on microwave signals is higher than with the arcjetaxial direction, shown in Fig. 1, is along the axis of the

for b.Oth phase_and amplitude. _The SPT eff_ect on amp“tUd?nruster. The radial axis indicates the direction orthogonal to
is primarily attributed to refraction of the microwave signal the plane created by the thruster axis and the microwave
due to density gradients. .fransmission direction.

Section I describes our measurement system in detai The steel support structure for the frequency conversion

Section IIl characterizes system performance. Section I\éirguit, coaxial cable, and antennas is attached directly to the

presents two measurements to demonstrate its use: phase F98ial stage of the positioning table. The conversion circuit

amplitude. Finally, Sec. V reviews the instrument’s capabili.-has been attached to the supports via a copper mounting

ties and comments on the flexibility and benefits of this m"plate which provides effective heat sinking. Semirigid co-
crowave system. axial cable attached to the steel supports connects the circuit
to the horn antennas. The antennas are separated by 1.65 m
and configured to transmit vertically through the plume. In
The Ku-band(12-18 GH2 microwave measurement addition to measurement components, graphfoil is used when
system is composed of five primary components: the posinecessary, in order to minimize sputtering of the support
tioning system, support structure, the antennas, the frequensyructure.
up-down conversion circuit, and the network analyzer. The  The horn antennas, which use dielectric lens correction,
network analyzer is essentially a highly sensitive heterodyngenerate a narrow beam that transmits the signal through a
guadrature receiver. All of the components in Fig. 1 arenarrow section of the plasma. The antennas are designed to
placed in a vacuum chamber except the network analyzer. Iminimize overall size while maintaining high gain. The an-
the chamber, the positioning system moves the support strutenna lens was designed so that its focal point was aligned
ture. The support structure holds the antennas, connectingith the phase center of the horn antenna, and then experi-
coaxial cable and conversion circuit. The conversion circuitmentally optimized to maximize power transmitted between
is connected to the network analyzer through 15 m of flexthe horns. The antennas have full angle half power beam-
ible coaxial cable. widths between 7° and 8° and approximately 25 dB gain for
The vacuum chamber which is stainless steel and 9-mboth theE-plane and théH-plane. Another antenna charac-
long by 6-m-diam is located at the Plasmadynamics anderistic is that they exhibit negligible phase sensitivity to
Electric Propulsion LaboratoryPEPL at the University of nearby dielectric or metallic scattering sites outside of the
Michigan. The vacuum facility is supported by six 0.81-m- line-of-sight between the antenna structures. This fact indi-

Il. SYSTEM DESCRIPTION

1190 Rev. Sci. Instrum., Vol. 68, No. 2, February 1997 Microwave interferometer system



is both inserted and removed from the signal during up and
down conversion. The up—down frequency conversion
scheme also allows the use of a much less costly lower fre-
quency network analyzer. Additionally, network analyzers
can isolate the test signal through the use of standard time
gating technigues when the frequency is swept over a suffi-
ciently wide bandwidt°

1-3 GHz

Network Analyzer

Ill. SYSTEM CHARACTERIZATION

General base line characteristics provide information
necessary for proper interpretation of measurements from the
microwave system. Two measurable quantities, amplitude
and phase, are characterized in terms of random noise as well
as signal drift. A calibration function was developed to char-
acterize the antenna propagation distribution through the use
‘of a well known dielectric sample.

The amplitude and phase noise result primarily from

cates that the transmitted signal is essentially limited to #light variation in the microwave signal from the network
collimated beam 0.13 m in diamet@imension of antenna  @nalyzer and vibration of the support structure causing varia-

The antenna beam distribution will be addressed again in thion in transmitter-receiver alignment. The noise level in the
next section in the discussion on calibration. network analyzer is specified by the ratio of the return signal
The frequency conversion circuit is utilized due to theto the transmitted power level. The power ratio-£0 to

long distance between the network analyzer outside of the 25 dB indicating network analyzer noise to b#.5° and
chamber and the antenna system inside the chamber. THeD-2 dB. The received test signal at the analyzer is 20 to 25
long distance produces unacceptable power loss and phagg below the transmitted signal from the analyzer resulting
accuracy degradation when the Ku-band signal is transmittetf an amplitude and phase of0.2 dB and+0.5°, respec-
directly through the 15 m of coaxial cable necessary to contively. Mechanical vibration was found to introduce an addi-
nect the network analyzer to the antennas. tional £1.0° resulting in final system level noise perfor-
The circuit in Fig. 2 receives a low frequen¢y to 3 ~ Mance of+0.2 dB and+1.5°.
GH2) signal from the network analyzer, chooses the upper or The drift in the signal is primarily caused by temperature
lower sideband, transmits the signal to the antennas, receiv€§anges in the components of the system; local oscillator,
the signal from the antennas, down converts to 1 to 3 GHZ@mpllfler, mixer, and coaxial cable. The temperature of the
and finally amplifies the power. The low frequency signal, 1circuit plate has been monitored in order to establish tem-
to 3 GHz, is converted to the Ku band via a mixer using a 15°€rature induced drifts over time. In general, the circuit plate
GHz phase locked dielectric resonator oscillator. The oscillémperature increases 30 °C from ambient room temperature
lator supplies a reference signal to both the up and dow®VeEr the course of an initid h period resulting in signal
mixing sides of the circuit thereby minimizing oscillator fre- drift. The total steady state drift was found to be less than
quency drift and phase noise effects. The signal is guided b§-08 .deg min and 0.06 dB/min which is corrected in postpro-
the power divider, isolators, and band pass filter number 2€SSINg.
The isolators and band pass filter number 2 limit the effects AN antenna calibration function was found to remove
of low-frequency signal leakage and reflection. The Signapffects of finite antenna size. This is done by first calculating
from the mixer includes both upper and lower sidebands eithe theoretical phase shift through a foam cylinder and then
ther of which is available for use. The desired sideband i§omparing the theoretical results to the measured phase shift
chosen by band pass filter number 1. The upper sidetihd across the same cylind€t?” The theoretical calculation of
to 18 GH2 is available with the present configuration. The phase shift for the cylindéiis given by
circuit transmits less than 0.1 mW through the plume to the

1-3 GHz

Circuit Plafem—

FIG. 2. Circuit diagram of circuit in microwave measurement system Fig. 1

a
receive antenna. The received signal is then downconverted, A ¢upeor=—— —— (N— 1)(R?—x?), (1)
- . . . T A
amplified, and transmitted via coaxial cable back to the net-
work analyzer. whereAdyeqry is the phase difference between a wave trans-

This measurement system utilizes the capabilities of amitted through free space and transmitted through the cylin-
network analyzer as a stable microwave source and highlger in degrees\ is the wavelength in meters, is the index
sensitive heterodyne quadrature receiver in order to obtaiof refraction,R is the radius of the cylinder, andindicates
postprocessing interferometric phase information. The netthe displacement of the transmission path from the center of
work analyzer and the local oscillator are independentlythe cylinder in meters. The index of refraction of 1.08 was
phase locked providing a stable signal both in phase andstimated from the peak of the experimental results. This
amplitude. The independence of the phased locked oscillaestimation does not affect the final conclusion concerning the
tors is not a problem since the phase of the conversion circuffect on our measurement of local electron density.
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The calibration function FN relates the theoretical,

Adineory, and experimentalA¢e,,, phases mathematically 12 —
by ~10 -
A bl X) = A rneonf(X) *FN(X), a  § 8-
1 F{ 1 (x)z 8 6-
FN=—exg—=|—] |. 2b = ;
N2mo 2\o (20 ;,a: 4 : :
The distribution function is spatially convolved with the 3 2 L
theoretical phasgEq. (1)] to arrive at the measured results. & 0— T
The assumed Gaussian distribution function FN was opti- 2 - : : : ; 3 E
mized by varying the standard deviationAn optimal value T | | | I T T I
of o equal to 0.024 m was found by minimizing the differ- 04 02 00 02 04 06 08 10 12

ence between the left and right sides of E2g). The full-
width at half-maximum of the distribution function, which
We. take as a measurg of system resolutlon_ mdl(.:ates the Ifes’l—olb. 3. Arcjet differential phase measurements compared to the Gaussian
lution of the system is 2.360r 0.057 m. With this transfer e it

function the effect of the finite size of the antenna beam are

removed from the plasma measurements.

Radial Displacement (m)

Measurements of an arcjet local electron density have
been completed using the microwave interferometer fol-
lowed by Abel inversion and, for comparison, by a Langmuir
probe in the plume foa 1 kW arcjet® The arcjet was run at

This microwave measurement system has a number 5V and 8.8 A on 10 standard I|ters/mlr;L(tb6 mg/9 9I

applications in the characterization of plasmas. One signifi: ydrogen at a chamber pressure ok . Pa (3x10

cant application is to nonintrusively measure local electron O- The phase da}ta taken at 17 GHz ina plane _0'66 m
number density using interferometric phase analysis foI-from the thr“SteT ex!t pla_ne and the Gaussian best fit to th_e
lowed by Abel inversion. In addition, characterizing the data are plotted in Fig. 3 in order_ to demons_trate the close flt_
plasma effect on phase and amplitude provides informatiof® € data. The truncated data in the acquired phase data is
useful and necessary in communications impact studiesd.ue to the microwave system_offset frqm the pos_monln_g
Here, we discuss measurements of signal attenuation to ijusystem center. The offset provided maximum possible dis-
trate system capability. Additional measurements utilizingpl"’lcement from the plume center. The phase measurements

IV. APPLICATIONS

this system can be found in Refs. 10 and 15. have been recorded at 600 poirits data .points per c)n_ _
. . Next, the phase measurements are Abel inverted resulting in
A. Microwave interferometry the local density distribution plotted in Fig. 4. The Langmuir

Local electron density is the result of an interferometricProbe is a 4;310_3 m diameter by 5.%10 2 m long rhe-
analysis of spatially resolved phase shift measurement3iUm cylindrical probe. Langmuir probe measurements are
which is followed by Abel inversioR.Phase shift relates to analyzed through a standard Bohm sheath saturation current
the line integrated electron number density. Multiple mea-m0del since the pri)be radius to Debye length ratio is ap-
surements of the line integrated density provide informatiorProximately twenty’" Analysis of the Langmuir probe data
necessary to find local density using Abel inversion. The
Abel analysis assumes a radially symmetric density distribu-
tion which is well founded in many plasmas such as electric ¢ —f;
propulsion plumegin addition, any asymmetry exhibited by '
the thruster is not within the accuracy of this methobhe
symmetry of the plume is established through previous
Langmuir probe measuremefitand through measurements
of the line integrated density by the microwave interferom-
eter on opposite sides of the plume. The Abel inversion for-
mula, Eq.(3), is implemented by using a Gaussian curve fit
for the phase distribution which results in a Gaussian density
distribution. The Gaussian distribution is chosen due to its
close approximation to the measurements:

ANe (R[ aplax
——— | dx
P

w
]

~
]

N
|

Electron Density ( 10'¢ m?)
— [9%]
] ]

=
|

Ne(p)==— ; 3 0

XT=p
Ir.] the EXpressioni, 1S the Ioc_:al .eleCtron. QenS|t3p I§ the FIG. 4. Arcjet local electron density measurements from a microwave in-
distance fr_om the thruster axiBg 1S the C”t'ca! density for  terferometer fitted to a Gaussian and a Langmuir probe at an axial distance
the operating frequency, anflis the phase shift. of 0.66 m.
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FIG. 5. Arcjet local electron density contou{s0'> m™). collisional damping, is minimal since the collision frequency

which is less than 10 MHz is much less than the signal fre-

results in an electron temperature of 0.1 eV, a plasma poterflu€ncy. _

tial between 0.05 and 0.3 V, and a saturation current between 'I;he attenuation measurements have been made on a
5 and 25 mA. The Langmuir probe density distribution is SPT- The SPT was nominally operated at 300 V and 4.5 A
also plotted in Fig. 4 for comparison to the microwave inter-USing xenon with a flow rate of 5.8 mg/s of which 5% is
ferometer and inversion local density results. The differencélirécted to the cathode. During measurements, tank pressure

in the two data sets is within the accuracy of the two methWas maintained belqwﬂ10‘4 Pa(5x10"° Tom). Attenua- _
ods. tion measurements in a plane 0.15 m from the thruster exit
The accuracy of the two measurement methods relies oRl@ne are plotted in Fig. 6 for a frequency of 17 GHz.
both theoretical errors and measurement errors. The micro- Oné use of the attenuation results can be to validate
wave system is based on very accurate electromagnetﬁ,omm””'?at'lonsl models of the thruster.. With a local ele.ctron
propagation through plasmas. The microwave measuremeﬂ?”s't}’ distribution that could_be obtamed. with the. micro-
uncertainty is due to phase drift, phase noise, and position¥yave interferometer, a ray tracing propagation code is able to
uncertainty. The total uncertainty is estimated to be less thafiode! the plume effects on the transmitted s@ﬁgﬂihe
20% of the peak local density through examining sources of0deling results, plotted in Fig. 6, agree closely with mea-
error individually and summing the componeMsThe suremen.ts.'The at.te'nuatlon measurements gnd modellng at
Langmuir probe analysis relies on the accuracy of the Bohnt/ GHz indicate minimal power loss for the microwave sig-
sheath analysi#% Experimental uncertainty is present in the nal, however lower frequency transmission will experience
probe flow alignment and signal noise in the voltage-currenfluch greater refractive effects and greater power loss.
characteristics. Accuracy of the Langmuir probe was esti-
mated at 509 V. DISCUSSION
The two-dimensional mapping capability of the micro-
wave interferometer is demonstrated through an electroplon
density mapping for the arcjet operating with 15 mg/s of

- ferometer has been implemented that can map the local elec-
hydrogen and discharge parameters of 110 V anql 10A. T.h fon density in two directions, and determine chamber effects
contours have been developed through multiple radia

: . . -such as resonances and multipath through the use of a net-
sweeps at nine axial positions from 0.3 to 0.9 m as shown in K lvzer. The same svstem can be used for communi-
Fig. 5. work analyzer. _ Y _ (

cations impact studies by measuring the amplitude and phase
of a transmitted signal over a range of frequencies. The sys-
tem is implemented in a large vacuum facility where cham-
ber effects are minimized, and uses a frequency conversion

Signal attenuation due to beam refraction is determinedircuit to eliminate problems with transmission of a high

through differential power measurements. The power levefrequency signal through long coaxial cable lengths.
of the transmitted signal is measured with and without the  The system is demonstrated through characterization of
plasma to obtain differential power. The basis of attenuatiora 1 kW arcjet and an SPT-100. The interferometric density
in the plume is that part of the antenna beam is refractedheasurements of the arcjet mapped the density in a plane
away from the receiver. The refraction occurs due to gradiorthogonal to the thruster axis and are compared to Langmuir
ents in the electron density which indicate gradients in theorobe measurements. A measurement of the SPT-100 which
dispersion function governing the propagation of electro+elates to communications issues is the characterization of
magnetic waves. A possible secondary source of attenuatiothe attenuation of a signal when transmitted across the

A number of new aspects in the microwave characteriza-
of plasmas have been demonstrated. A microwave inter-

B. Attenuation study
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plume. The attenuation measurement compares well with &J. Dickens, M. Kristiansen, and E. O’Hair, IEPC, Moscow, Russia, 1995,
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