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Abstract

This paper reports the computational and the experi-
mental investigations on the clectromagnetic interaction
between the plasma plume of clectric propulsion (EP)
and the microwave for spacecralt communication. From
the measurement in which the microwave was trans-
mitted orthogonally to the plume, it was found that nci-
ther the 1on engine plume nor the arcjet plume inter-
fered with the X-Band microwave duce (o the rarefied
plasma compared with the cutoff density. The interac-
tion between the plume and the microwave was observed
only for the dense plasma plume near the microwave
cutolf density, which corresponded to the arcjet plume
impact on the S-Band (2 GHz) microwave. A newly de-
veloped Finite-Difference Time-Domain (FDTD) code
successfully evaluated these microwave attenuation
characteristics, and morcover, revealed the potential
hazard that dense plasma exhausted from EP could in-
terrupt the microwave transmission for spacecraft com-
munication.

Nomenclature

¢ clight velocity  2.998x10°  [m/sec]

¢ clementary charge  1.602x10" |C)

m, :electron mass 9.109x10™ |kg]

€, permittivity of free space  8.854x107"7 {F/m]
m, : permeability of free space 1.257x10° [H/m]
B : magnetic flux density vector [T

H :magnetic liceld strength vector  |A/m|

D :clectric flux density vector  [C/m’)

E :clectric lield strength vector  [V/m)|

& complex permittivity of plasma  {F/m]

X complex electric susceptibility of plasma

@, :plasma angular frequency  [rad/s|

v :electron-ion colliston frequency  |Hz|

N, :clectron number density  [m']

T :clectron temperature  |K)
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T :iontemperature | K|

@ :angular frequency of microwave  [rad/s|

N, :cutolf density of microwave |m ']

Ay microwave altenuation per unit transmission
distance  [dB/mm|

A¢ : microwave phase shift per unit transmission
distance |degree/mmy|

t, T :time [s]

r :radial coordinates

x  :axial coordinatcs

At ume difference  [s]

Ax :space difference  [m]

1. Introduction

Owing to the higher specific impulse that is an order
of magnitude higher than conventional chemical pro-
pulsion, electric propulsion (EP) is expected to be ap-
plied to a future space mission that requires a large ve-
locity increment. During EP’s long-term operation, it is
possible that its exhausted plasma plume will influence
other spacecraft subsystems in such a form as clectro-
magnctic interference (EMI) or surface contamination.

EP’s plume composed of a highly ionized and dense
plasma, can impact on a microwave signal used for com-
munication, navigation, and remote-sensing of a satel-
lite as shown in Fig.1. Since the interference with mi-
crowave causes fatal damage (o the mission, it is de-
sired (o evaluate the interaction between the plume
plasma and the microwave.

The influence of EP’s plume on the telemetry was in-
vestigated on NASA’s Space Electric Rocket Test-1
(SERT-I) mission in 1964." The telemetry data indicated
no noticcable radio-frequency interference for the
plasma plume exhausted from a mercury clectron-bom-
bardment ion thruster because the ion-thruster plume
consisted of relatively rarefied plasma. Russian experi-
ment known as Shadow was performed in 1987 on a
low-carth orbiting Cosmos spacecralt, using a 1.5-kW
cesium plasma source simulating a dense plasma plume
ol a high power arcjet or an MPD thruster.” This cx-
periment indicated that the ejected plasma set up a three-
dimensional electromagnetic shield around onboard
antennas and interfered with the VHF telemetry. In Ja-
pan, the S-Band downlink signal was interrupted when
operating a hydrazine MPD arcjet in the Electric Pro-
pulsion Experiment (EPEX) on a Space Flyer Unit- |
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Fig.l Image of clectromagnetic interaction
between EP's plume and telecommunication
microwave.

(SFU-1)in 1995." 1t was expected that the pulsed plume
with dense plasma delayed the microwave phase. As
yet, the influence of EP’s plasma plume on S-Band or
X-Band microwave utilized for a decp-space mission
has never been sufficiently investigated.

With the above as background, computational and

experimental investigations on the electromagnetic in-
teraction between plume plasma of EP and the micro-
wave for spacecraft communication, have been con-
ducted. The following are main topics in this report;
(1) A simulation code representing the clectromagnetic
wave propagation through plasma, which is based on
the onc-dimensional Finite-Difference Time-Domain
(FDTD) formulation, is depicted.
(2) The clectromagnetic interference by the actual EP’s
plume is cvaluated via both experiment and numerical
simulation, making usc of an ion engine and an arcjet.
(3) For some practical situations, the simulation code is
appliced to investigate the interaction between the plume
plasma and the microwave, using simplificd plume
modecls.

2. Numerical Simulation Technique
2.1 Fundamentals

To assume an isotropic and dispersive malterial, Max-
well curl equations and constitutive ones arce

_ () |
VxH(t)= Frl (hH
__9B() )
VxE(t)= pal )
B(’) :y“H(l‘) > (3)
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and

D(r) = 80{E(1‘) + B~ r))((r)dr} L@

where the complex permittivity € and the susceptibility
x for isotropic plasma arc expressed by

—_—t (5
w(2jmv, - o) (

g(w)=¢,(1+ y(w))= a,{l +

The @, in Eq.(5) is known as

J('JN

w, = ~=56.37\N, [rad/sec| . (6)
! \/ml,fH \/ |

In fully-ionized plasma, clectron-ion collisions are
dominant, and thereby the collision frequency is given

4
8 e
In 8.4><”]l() +lln I 1.(7)
N, 3T

by *;
55%10°N,
V =
If T=30,000 K and 7=300 K, we obtain
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¢ N‘l

J——].S [Hz] . (8)

Thus, the electromagnetic wave propagation through
plasma is expressed as a function of the plasma density,
N.,.

¢

2.2 One-Dimensional Simulation Model

A Finite-Difference Time-Domain (FDTD) method is
the formulation expanded the Maxwell equation to the
time domain. The FDTD formulation is capable of ex-
plicitly computing transicnt electromagnetic interaction
with general materials, and consequently the temporal
progress of the microwave propagation is visually ob-
served. Furthermore, we can evaluate the electromag-
nctic interference with the microwave over the wide
range of frequencices, via the transformation of the time
data into the frequency domain.

The permittivity of even simplest plasma varics with
the frequency of an incident wave, but unfortunately,
the original FDTD formulation cannot describe such a
dispersive electromagnetic field. Therefore, Frequeney-
Dependent EDTD ((FDYTD) method  is used for this
research on the clectromagnetic interaction between the
plasma and the microwave.

Calculations were carried out for a one-dimensional
model shown in Fig.2. To satisfy the stability condition
of the (FD)'TD, the cell thickness and the time step were
sct to 0.5 mm and 1.0 psec, respectively. In addition, (o
climinate zero frequency incident encrgy, a normally
incident plane wave given by the derivative of a
Gaussian pulse was excited as shown in Fig.2. Tempo-
ral profiles of the electric field strength at the sampling
point with or without plasma were transformed to the
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Fig.2 One-dimensional numerical simulation model;
for the case that a microwave perpendicularly crosses
a plasma plume.

frequency domain, using the Fast Fourier Transform
(FFT). Every computation was continued until a “ring-
ing” characteristic of the electromagnetic field disap-
peared. Morcover, undesirable reflections on the ana-
Iytical edge were suppressed by means of G.Mur’s ab-
sorption boundary conditions (ABC)°.

Using the one-dimensional code, the microwave ab-
sorption and reflection over the wide range of frequen-
cics are casily and accurately calculated, though it is
not able to simulate multidimensional effect such as re-
fraction and diffraction of the microwave.

3. Microwave Attenuation by Ion Engine Plume
and Arcjet Plume

The microwave attenuation by the actual EP’s plume
was investigated on both the experiment and the nu-
merical simulation, using an ion enginc and an arcjet.
The ion engine used, which had been developed as a
primary thruster of MUSES-C mission’, produced a 100-
mA ion beam for a beam voltage of 1.5 kV, a micro-
wave power of 32 W, and a supplied xenon gas of 1.85
scem as shown in Table 1.

On the other hand, a 500-W-class arcjet, Sagami-I1°
was utilized as EP with a dense plasma plume. This arcjet
uscd the hydrogen/nitrogen gas mixture for the propel-
lant. These operational conditions are summarized in
Table 2.

3.1 Experimental Apparatus and Procedure

Figure 3 shows the experimental setup for the mea-
surement on the microwave attenuation by EP’s plume.
In Fig.3 D and L are the chamber diameter and the dis-
tance between the thruster exit plane and the microwave
transmission axis, respectively. The ion engine was in-
stalled in the space chamber of D =23 mand L =2.3
m, while the arcjet was installed in another chamber of
D =1.0mand L =9 cm. The horn antenna and the spiral
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Fig.3 Experimental apparatus to measure microwave
altenuation by ion engine and arcjet plume,

antenna (AILTECH 93491-2) were utilized for the X-
Band and for the S-Band microwave, respectively. The
microwave excited with the Hewlett Packard (HP)
8350B oscillator, was led into each space chamber with
or without a plume, and changes of microwave ampli-
tudes were measured with the HP 8563E spectrum ana-
lyzer. The microwave attenuation was obtained from
the two data with or without the plume.

3.2 Plume Measurement

The clectric probe diagnostic was carricd out along
the line of microwave propagation in cach space cham-
ber in order to determine the electron number density
distribution of the plume plasma. The clectron num-
ber density profiles shown in Fig. 4, were successfully
replaced with the following Gaussian distributions, for
the ion engine as

N.(r)=32x10"expl ———— | )
A ¢ p[ 1.3x10°
and for the arcjet,
N.(1) = 9.1% 10" exp| ————— . (10)
8.3x10°

These equations enable the above-mentioned one-di-
mensional simulation code to caleulate the microwave
attenuation by cach plume.

3.3 Results and Discussions

Both the experimental and the computational results
presented in Fig. 5, indicate no notable interference
with the X-Band microwave. This numerical simula-
tion shows the ion engine plume gives no attenuation
over the wide range of frequencics. It is because the
maximum electron number density of 3.2x10"" m™ at
the measuring point is three digits smaller than the cut-
off density of 1-GHz microwave. Similarly, even the



Table 1. Ton engine operating conditions.

beam diameter 95 mm

screen voltage 1.5kV
beam current > 100 mA

microwave power 32w

Xe flow rate 1.85 scem

vacuum < 107 torr
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Fig.4 Electron number density distributions of ion
engine and arcjet plume plasma; the symbols are the
measurcd values by probe diagnostics and the lines
arc the approximations by Gaussian distribution.

arcjet plume with dense plasma more than 10" m™,

hardly interferes with the X-Band microwave the cut-
off density of which is around 10" m™,

It is possible for the dense arcjet plume to cause the
attenuation with the S-Band microwave because the cut-
off density is of the order of 10" m™. We measured the
S-Band microwave attenuation with a spiral antenna,
and the data obtained was in good agreement with the
computational values. These results verified not only
the EP’s plume impact on the microwave but also the
validity of the numerical simulation code.

4. Microwave Phase Shift by Arcjet Plume

The experimental and the computational investigations
on the phase shift by the arcjet plume were carried out
in the light that its dense plasma could interact with the
microwave. The microwave phase shift was measurced

from 8 1o 10 GHz because of the operating limitation of

the Sage 6804-23 phasc shifter. The experimental con-
figuration is represented in Fig. 6. The microwave ex-
cited with the oscillator was divided into two parts; the
incident part was directly led for the phase shifter, and
the transmitted part propagated across the space cham-
ber without the plume. The divided waves were com-
bined with the mixer (Watkins-Johnson M12) and the
intensity of the composite wave was obtained with a
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Table 2. Arcjet operating conditions.

exit diameter 20 mm
discharge current 5A
discharge voltage 100 V
mass low rate 45 mg/scc
(mole fraction N-:H>=1:2)
0.4 torr

vacuum

25 ;'T”TiT 1 7’7'7’”T'"T'"T T T ‘ o

30 F — -~ cal. (ion engine)
cal. (arc jey)

25 A cxp. (ionengine) o
== B Vooexp. (arc jet)
. 20
s .
3 i :
2 i X-Band
z s
&

<>

frequency, GHz.

Fig.5 Microwave attenuation by ion engine and
arcjet plume; the lines and the symbols present
computational and experimental results, respectively.

voltmeter. The scale of the phase shifter minimizing the
output of the voltmeter was observed, changing the phase
of the incident wave with the phase shifter. The ampli-
tude of the incident wave was attenuated in advance to
roughly equalize the strength of the two waves due to
the difficulty of determining the minimum point unless
the two amplitudes were close enough. The same op-
eration was made with the plume, and the phasce shift
by the plume was obtained from the difference between
the measured two scales of the phase shifter with or
without the plume plasma. In addition, the numerical
simulation was carried out by means of Eq.(10).

Figurce 7 represents the experimental and the compu-
tational results. The calculations show the phase delay
amounts to more than 50° for the case ol S-Band. For
the X-Band, the phasce delay below 157 was observed
from the experiment, which was not so much different
from the numerical simulation.

5. Assessment of EP Plume Impact
on the X-band Communication

5.1 Approach to Large-Transmission-Distance Inter-
ference

Aforementioned experimental and computational re-
sults were restricted to the case where the microwave
was transmitted perpendicularly to the ion engine or the
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Fig.6 Experimental apparatus (o measure microwave
phase shift by arcjet plume.

arcjet plume. In practice, since the microwave propa-
gates along the plume as the image shown in Fig. 1, the
transmission distance should be much larger. Such a
huge transmission distance cannot be realized on the
ground test, henee the numerical analysis is necessary
Lo investigate more practical situation for the interac-
tion between the communication microwave and the
EP’s plume. On the other hand, it is known that the
FDTD formulation is inadequate to treat such a large
region as cxceeds the wavelength of an incident micro-
wave. Therefore, we calculated the interference per unit
transmission distance from the above-mentioned one-
dimensional code, and then applied its results formula
to analyzc a large-transmission-distance interference.

The interference by a plasma slab with the constant
plasma density of N, was calculated for an 8-GHz mi-
crowave which is usually used for the X-Band commu-
nication for deep-space missions. The microwave trans-
mission through a much smaller plasma slab than the
wavelength is not physically appropriate since the wave
crosses the slab as “evanescent wave”. Therefore, the
slab length was set to more than the wavelength of 37.5
mm. The attenuation and the phase shift per unit trans-
mission distance for the 8-GHz microwave, were de-
duced from the foregoing calculations. In Ref.9, we
claborated on this deduction, and the results are exhib-
ited in Fig.8. In this graph, the plasma density is nor-
malized by the cutoff density of the 8-GHz microwave,
N_=8.0x10"" m . Both the attenuation and the phase
delay values rapidly increase as the plasma density ap-
proaches the cutolf density of N,

The interference data shown in Fig.8, were success-
fully approximated by the following five-degree poly-
nomial curves, for the attenuation as

i

2 N
Ay=Ym, | —|, (I
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o
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Fig.7 Microwave phase shift by arcjet plume;
the line and the symbol present computational
and experimental results, respectively.

and for the phasc dclay,

i

5
Ap = m,, iNV— : (12)
i=1 co
Table 3 shows cach coefficient of the polynomials, 1,
and m,,. It is expected that such an expression is casily
obtained for other frequencies. These analytical formu-
lac are able to give the calculations on the large-trans-
mission-distance interference with the 8-GHz micro-
wave.

5.2 EMI Estimation Using Plume Plasma Model

More practical situations for the electromagnetic in-
teraction between the plasma plume and the microwave
can be obtained by Eq.(11) and Eq.(12), if appropriate
plasma density profile of EP’s plume is provided. The
property of the plume plasma is dependent on the type
of EP such as the ion-production method, the accelera-
tion process or the input power. In general, an ion ¢n-
gine exhausts rarcficd plasma below 10" m™ near the
thruster exit plane, regardless of the input power.™"” On
the other hand, it is known that for the case of an arcjet
"1 or an MPD thruster, ' "
dense plasma density of 10" 1o 10™ m " ncar the exit
plane, and that the plasma density has a strong depen-
dence on the input power. As for a hall-type thruster, it
was reported the plume plasma near the exit plane
reached the density of the order of 10™m ', ™

The computations on the interaction between the 8-
GHz microwave (in X-Band) and cach EP’s plume, were
carried out using simplificd plasma models, as shown
in Table 4. The plasma modecls are based on the typical
plume data against the distance from the thruster exit
plane. The reported relationships between the plume
plasma density and the distance {rom the exit plane, arc
summarized in Fig.9. The highly-ionized plasma plume
exhausted from the ion engine or the hall thruster, widcly

the plume is composed of
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Table 3. Coclficient of the polynomial formulac,

Eq.(1'1) and Eq.(12).

i ] 2 3 4 5
m oy, [0.06539 -0.1455 0.8538 -1.515 0.9953
me, | 4872 08571 2.651 -0.4023 3.712

cxpands and produces a plasma cloud of the order of

10" m™ around the spacccraft. It is possible that the vast
plasma cloud will interact with the microwave trans-
mission, in spite of the rarefied plasma plume. For the
ion engine and the hall thruster, therefore, the micro-
wave interlerence by the 10-m propagation through the
plasma cloud was computed. Beyond 10 m, the plasma

. 12 3 . .
density decreasces to below 10°-m™, which will never

interfere with the microwave. On the other hand, the
arcjet or MPD thruster plume consists of dense plasma,
and thereby it should be considered that the core of the
plume plasma may influence the microwave transmis-
sion. The calculations on the interference by the 10-cm
plasma core were done. In addition to the above com-
putations, the interlerence through the 200-km iono-
sphere (F2-layer) of density 5.0x10" m ', was compared.

In Table 4. the plasma cloud gencerated by the ion en-
gine and the hall thruster hardly interferes with the 8-
GHz microwave because the plasma density is ive dig-

R

its smaller than the cutof! density, N =8.0x10" m",
whercas the microwave is interrupted by the dense
plasma core of the MPD or the high-power arcjet plume
in spite ol the 10-cm transmission distance. Although
the ionospheric plasma gives phase delay more than
600°, it should be neglected in consideration of its little
temporal perturbations. As for the phase delay by the
high-power arcjet or the MPD thruster, however, start-
up or shutdown sequences can interfere with the micro-
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Fig.9 Typical relasionships between plume plasma
density and distance from thruster exit planc;

the points and the lines show the values reported in
other studics and the fits drawn by us, respectively.

wave transmission. The phase delay by the tow-power
arcjet is too small to give effective interference even in
the pulsed operation.

From the above illustrations, it is estimated that the

cutoff density of the microwave can be the threshold of

the critical interference. Therefore, the onboard anten-
nas should be settled in order that the communication
microwave may not pass through the core of plume
plasma, cspecially for the space mission utilizing a high

power EP with the dense plasma plume over the cutoff

density of the microwave.
6. Conclusions

The computational and the experimental investigations
on the clectromagnetic interaction between the plasma
plume of c¢lectric propulsion and the microwave for
spacecralt communication, were conducted. First, a
simulation code representing the electromagnetic wave
propagation through the plasma, which was based on
the one-dimensional Finite-Difference Time-Domain
(FDTD) formulation, was developed. Secondary, the mi-
crowave attenuation by the actual EP’s plume was ex-
perimentally cvaluated. From the measurement in which
the microwave was transmitted orthogonally to the
plume, it was found that neither the ion engine plume
nor the arcjet plume interfered with the X-Band (8 GHz)
microwave propagation on account of the rarefied
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Table 4. Computational results on interference by plume and ionospheric plasma using simplificd
models; the rarefied plasma cloud uniformly exists at the downstream of the exhausted plume,
while the core of the plume is composed of the dense plasma generated behind the thruster exit
planc. These plasma density are assumed to be constant over the transmission distance, and the

ionospheric plasma likewise.

Subject Exit-planc  Transmission plasma model attenuation  phase dealy
density {m™*] distance |m] / density [m™| |dB] [degree]
ion engince 10" 10 plume cloud 7 107 0.0008232  0.06133
hall thruster 10" 10 plume cloud 7 10" 0.008230 0.6133
low-power Al 10" 10" plume core / 10" 0.7281 63.22
MPD / high-power AJ 10 10" plume core / 10™ 89.67 2351
ionosphere 2.0x10° F2-layer / 5.0x 10" 8.232 613.3

AT arcjel

plasma of the order of 10" m™. The interaction between
the plume and the microwave was observed for the dense
plasma plume near the microwave cutoff density, which
corresponded (o the arcjet plume impact on the S-Band
(2GHz) microwave. The newly developed simulation
code successlully evaluated these microwave attenua-
tion as well as the phase delay of the microwave, and
morcover, revealed the potential hazard that dense
plasma exhausted from EP could interrupt the micro-
wave transmission for spacecraft communication. It is
necessary for the onboard antennas to be settled in or-
der that the communication microwave may not cross
the dense plasma core of EP’s plume, in particular for
the space mission utilizing a high power EP with a dense
plasma plume over the cutolf density of the microwave.
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