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Abstract

We studied plasma and field responses to a high
potential satellite in the electrodynamic tether system
with the aid of electromagnetic Particle-In-Cell (PIC)
simulations. Due to the high potential, an electron
sheath and an ion cavity are formed around the
satellite. In the direction perpendicular to B,, the
density profile of the plasma flow shows asymmetric
distortion caused by the deceleration of the ambient
plasma owing to the intense ExB effect. We also
studied the plasma instability driven by the relative
motion of electrons and ions near the high potential
satellite. In the process of the sheath formation around
the satellite, the acceleration of electrons and ions at
the satellite region is observed toward and away,
respectively, due to the intense electric field therein.
This relative motion of electrons and ions can cause
two-stream type of plasma instability. At the
presheath region beyond the sheath where the plasma
density is low, a Buneman instability occurs along B, .
Across B, the beam cyclotron instability due to the
clectron  ExB  motion causes the dominant
cnhancement at low frequencies around
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Introduction

Since the 1960s, electrical properties of spacecraft in
the ionosphere such as current-voltage characteristics
and sheath structure have been investigated [e.g.,
Garrett, 1981]. Active space experiments, such as the
CHARGE 2 sounding rocket experiment and the TSS-
1(R) shuttle experiments have been carried out with a
mother/daughter configuration connected by a tether
to each other [Sasaki et al., 1988; Banks, 1989]. As
for the numerical studies, a model with two bodies of
the orbiter and the satellite, connected electrically to
each other, has been examined by utilizing a two-
dimensional electromagnetic particle code [Usui et al.,
1991]. Concerning a one-body problem, Calder and
Laframboise  [1990], wusing a one-dimensional
clectrostatic code, and Ma and Schunk [1989], using a
three-dimensional fluid code, have presented time-
dependent behavior of a plasma sheath surrounding a
satellite body whose potential is abruptly changed
from zero to a positive value. Using a two-
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dimensional electrostatic code, Wang and Hastings
[1992] have investigated dynamic interaction of a
negatively biased plate in ionospheric plasma. They
studied both the transient formation of the space-
charge wake and its steady state structure.

Regarding the plasma wave radiation from a moving
vehicle in a magnetized plasma, the first work was
done Drell et al. [1966]. Since the vehicle moves
across B, , the perturbation due to the vehicle-plasma
interaction is left behind the vehicle, which forms like
wing-like profile named ‘Alfven Wings’.

In many practical situations, transient phenomena
associated by the onset of a high potential onto the
electrical system are important. In the present study
we imposed a high potential on the satellite at =0 and
observed transient responses in the surrounding
magnetized plasma. In the case of the tethered
satellite, its potential can be kept positive with respect

High
Potential

Plasma
Flow

Figure 1: Simulation models
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to the space potential by the dynamo cross-field
motion of the tether system, which makes the plasma
response to the satellite different from that to an
isolated single satellite. In the present study we keep
the satellite potential positive relative to the space
potential throughout the simulation runs.

In the next section, we show the models used in the
numerical simulations. The numerical results are then
described. We show the density variation in the
vicinity of the satellite and the current flow pattern in
the steady state. We also show the field response to
the high potential satellite. The relative motion of the
clectrons and ions near the satellite can cause two-
stream type of plasma instability. By performing
numerical simulations, we examined the detail of the
instabilities and the resulting field perturbations.

Simulation Model

In the numerical simulations, we use a two-and-half-
dimensional full electromagnetic particle code called
KEMPO [Matsumoto and Omura, 1985]. In KEMPO,
we solve Maxwell’s equations and equations of
motion of clectrons and ions. The model
configuration for the numerical simulations is shown
in Figure |. We place a perfect conducting satellite in
the center of the simulation box. Through the
simulation runs, the satellite potential is fixed higher
than the space potential. The static magnetic field B,
is assumed to be along the y axis without loss of
generality. Since the vehicle frame of reference is
adopted, the ambient plasma has a cross-field flow in
the x direction. As shown in the figure, we adopt three
kinds of model for the two-dimensional simulations.
Combining the three models, we may be able to
understand, not all but most of, the three-dimensional
dynamics around the satellite. We assume that the
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electrons which hit the satellite surface are all
collected by the perfect conducting satellite.

Plasma Response

Density profiles

The plasma flow velocity v, (or equivalently the
velocity of the satellite) is taken to be slightly higher
than v, and much lower than v _. This implies that
ions are affected by the plasma flow while electrons
make random thermal motion without being restricted
by the plasma flow.

The time history of the ion number density for
Model 1 is shown in upper panels of Figure 2. The
panel (a) shows the density profiles at w,, r=0.82
which corresponds to approximately two cycles of the
electron plasma oscillation. The ions in the vicinity of
the satellite are repelled away in the radial direction,
forming an ion cavity. In the pancl (b)
corresponding to w,,, t=6.1, it is clearly seen that the
dynamics show the directional dependence on B, .
Due to repulsion from the satellite, the ion cavity
continues to expand. In the transverse direction to B, ,
the plasma density becomes high at both the upstream
and downstream edges of the cavity. This is because
of the snow-ploughing effect by the ions accelerated
outward from the satellite. Along B, , however, a low
density region is created beyond the ion cavity region.
The cavity is slightly shifted downstream by the
plasma flow. The panel (c) shows the density
profiles at w,, r=123. The ion cavity is much
extended along B, and downstream. At the upstream
region, the high density plasma created by the snow-
ploughing effect moves upstream against the plasma
flow. After the time in which the plasma flow passes
through the simulation region, the plasma response
reaches the steady state. Panel (d) shows the density
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Figure2: Ton density profiles in Modell. The square in the center of each panel represents the

satellite location.
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Figure 3: Ion density profiles in Model 2 and its schematic illustration

profiles at w,, 1=62.7. It is found that the dense
plasma wall in the upstream region has moved
downstream to a position where the force balance is
reached between those by the gradient of the plasma
pressure and the electric force by the high potential
satellite. The ion cavity has expanded downstream
forming a rarefaction. ‘

Although not displayed in the figures, electrons
within several Debye length of the satellite experience
an intense attractive force, forming a dense electron
sheath around the satellite. The sheath is thick in the x
direction perpendicular to B, . This is due to the B,
effect which restricts the clectron attraction of the
satellite in the x direction transverse to B, . Because
of the charge neutrality, the density profile of
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Figure 4: Snapshots of current density profile for
(a) Model 1 and (b) Model 2. Current density is
plotted as vectors on each grid point.

electrons is similar to that of ions except for the
vicinity of the satellite.

Figure 3 shows the ion density profiles for Model 2
atw,, t =62.67 . The ion cavity is created as shown in
the previous figure. It should be noted that the profile
of the rarefaction in the downstream region shows
asymmetry which is extended to the lower side of the
ion cavity. Associated with this asymmetry, the
distribution of the high density ions at the upstream
region tends to be asymmetric. This asymmctric
density structure is due to the local ExB cffect on
the plasma flow which is driven by the intense clectric
ficld caused by the high potential satellite passing
through the static magnetic field. To interpret this
effect, a schematic illustration is shown in the panel
(b) in which the left side corresponds to the upstream
region of the flow. The ambient plasma flowing
toward the satellite experiences an ExB  drift
rotation of plasma in the clockwise direction. In the
presence of the plasma flow, the direction of the
ambient plasma flow is opposite to the local ExB
drift motion in the shaded region. Therefore the
ambient plasma flow is decelerated by the ExB
effect and, thereby, the plasma is piled up leading to
the high density region in the shaded region.

Current profiles

In steady state the electrons attracted by the high
potential satellite contribute to the current f{low.
Initially, the electrons in the vicinity of the satellite
are attracted toward the satellite from all directions.
Later, however, the electron current flowing parallel
to B, becomes  dominant. In the  direction
perpendicular to B,, the cross-field current flows
only in the vicinity of the satellite owing to the local
E X B drift motion of the plasma. Figure 4 shows
the vector plots of the current intensity in steady state
in Model 1 and Model 2. In panel (a), it is seen that
the arrows are pointing outward from the satellite.
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The electron current flows along B, out from the
satellite due to the electron attraction to the high
potential. In the downstream region, the current is
weak because of few number of electrons there. Panel
(b) depicts the profile of the cross-field current in the
x-z plane for Model 2. In this case, the electron
motion is along the ExB vector of the electric field
out from the satellite and B, field. For e¢/k,T. =100,
the intensity of this cross-field current is almost
comparable to that of the field-aligned current
observed in Model 1.

Field Response

Buneman instabilities along B,

We examined the possibility of the Buneman
instability along B, enhanced by the electron
acceleration by the electric field from the high
potential satcllite. In the transient period of the sheath
formation around the satellite, electrons are acclerated
along B, toward the satellite while ions slowly move
away from the satellite region. This situation may
cause the ion-electron two-stream instability. One of
the significant factors which determine the threshold
of the instability is the relative velocity of the
electrons and ions in the presheath region which is
low density region beyond the ion cavity.

Figure 5 : Time series of contour maps for the
electron number density. The square in the
center of each panel indicates the satellite
location.
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We show the density modulation in the transient
stage as a response to the abrupt change of the
satellite potential. Figure 5 shows contour maps of the
number density of electrons at different times. Since
the charged particles are so mobile along B, , namely
the y direction, that the presheath region which is low
density region beyond the ion cavity spreads along
B,. The density modulation is seen with some
spatial interval in the presheath region along B,. The
structure becomes obvious in the third panel from the
top. This feature is also observed in the ion profiles.

Although not shown here, the relative velocity
between clectrons and ions in the presheath region
becomes approximately three times as much as the
thermal velocity. In such a situation, the ion-electron
two-stream instability will be able to grow. In fact, it
is confirmed that a plasma interaction takes place and
phase-space vortices start to form and grow in time at
the both sides of the satellite position. According to
the wave dispersion analysis, a wave can grow at the
frequency range aroundw/w,, =3 in the case of
v,/v,=3. This frequency range shows good
agreement with the wave spectra obtained in the
numerical results.

1R

Beam cyclotron instability near the high potential
satellite

In the direction perpendicular to B, , the clectrons
near the satellite surface make a drift motion with
ExB velocity where E is the clectric field from the
satellite. Particularly, in the transient stage of the
sheath formation, ions start to be accelerated by the
satellite electric field in the radial direction while
electrons make a cross-field drift motion with ExB
velocity. In such a situation, this will cause the
electron beam cyclotron instability due to the relative
motion of electrons and ions across B,. In the
direction perpendicular to B, the cavity expansion of
ion is restricted by the effect of the finite Larmor
radius. In this sense, the region of field perturbation
due to the electron beam cyclotron instability can be
near the satellite surface.

We take an ion rest frame of reference in which
electrons drift with ExB velocity. In the cold plasma
approximation, the plasma oscillations are described
by the dispersion equation.

| I cos’ @ I sin"6 I,
(w-k-V,)-Q (w-k-V,

exit

where @, k and 6 denote the wave frequency,
wavenumbe, and the angle between the directions of
wave vector and the electron drift, respetively.

Figure 6 shows the dispersion lines for =10
obtained by solving the above equation. The solid and
dotted lines indicate the real and imaginary roots of
@ . Two branches are identified. One is the upper-
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Figure 6: Dispersion relations for the upper-hybrid
instability and the modified two-stream instability.

40.00

hybrid-two-stream instability ~ found around
kv, /w,, =20=30. The real part of the frequency
@, covers approximately from 0.1w,, to 3w, .
The other mode branch is shown at a frequency range
almost up to w,, at lower k value around
kv, lw,, =5 This corresponds to the wave mode
induced by the modified two-stream instability.

In order to confirm those instabilities, we
performed a numerical simulation with the same
parameters used in the analysis of the dispersion
relation. The static magnetic field B, is along the 7
direction. The intense electric ficld owing to the high
potential of the satellite points toward the -y direction.
Then the clectrons move along the x direction with the
ExB velocity v, The interaction takes place in the
x-y plane. The dimensions of the model region are
256 Ar X 256 Ar. The model plane is filled with
electrons and ions which have the same temperature.

In Figure 7 we present contour plots of the E, field
intensity in the k —k  plane at different times. As
obviously shown in Figure 7, the k values of the
dominant waves vary as time elapses. Around
®,,.!=3 as shown in the top panel, the dominant
wave is intense in the region approximately from
kV., lw,,=15 to 30. The field intense region also
spreads in the &, direction, approximately from zero
to kV, /o, =20at most. At @,,,r=5.15as shown
in the middle panel, however, the intense wave
component shown in the top panel has been damped
and the field component with «V _,/w,,, =15 only
survives. The k component has shifted to the lower
value. It should be noted that another unstable mode
has appeared around (k V., /@, .k V., /10,,.)=(43).
This mode keeps growing as time elapses, which is
shown in the bottom panel.

In comparison with the dispersion relation shown in
Figure 6 the unstable modes observed at the higher
and lower wave numbers in Figure 7 approximately
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Figure 7: Contour maps of k-spectra for the
electric field component at different times.

correspond to the upper-hybrid two-stream instability
and the modified two-stream instability, respectively.
The waves due to the modified two-stream instability
starts to appear at later. This implies that the growth
rate is smaller than that of the upper-hybrid two-
stream instability. According to Figure 6, the growth
rates for the modified two-stream instability is
actually lower than those for the upper-hybrid two-
stream instability, which accounts for the results
obtained in the computer experiments.

As for the threshold value of the relative velocity
v, between electrons and ions, the upper-hybrid two-
stream instability requires v, >v_, while the
modified two-stream instability only requires v, > v, .
According to the results of the plasma heating, the
electrons are heated more than ten times as much as
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the initial temperature. This causes the increase of
v,and it eventually becomes comparable to v,. In
such a situation, the upper-hybrid two-stream
instability is no more strongly enhanced. The
background ions, on the contrary, are much less
heated by the instabilities, which little affects the
growth of  the modified two-stream instability.
Consequently the enhancement of the electrostatic
field due to the modified two-stream instability
becomes dominant mostly in the oblique direction,
which is responsible for the parallel electron heating.
According to the analyses stated above, we can
conclude that the upper-hybrid two-stream
instability and the modified two-stream instability are
responsible for the field perturbation and plasma
heating near the high potential satellite in the
direction mostly perpendicular to B, .

Conclusions

We have considered the plasma and field responses
to the high potential satellite in the TSS by
performing  numerical  simulations  with  an
electromagnetic PIC model. In the modcl used in our
computer experiments we introduce one conducting
body representing a satellitc whose potential is
abruptly elevated to a fixed high potential.  First, we
examined the transient response of the plasma to the
high potential satellite in terms of density variation
and current collection of the satellite. As for the
density variation, eclectrons are attracted by the
satellite uniformly during the initial stage which
corresponds approximately to the electron plasma
oscillation period. Ions are excluded by the high
potential of the satellite. After the initial stage, a
directional dependence for the plasma distribution is
clearly seen. Along B, the charged particles are
highly mobile so that ions are mostly evacuated in this
dircction. Electrons, which have large thermal
velocities compared to ions, form a low density
region along B, to maintain the local charge
neutrality.  Although not shown here, the density
profile obtained by the three-dimensional computer
experiments shows that an electron sheath with a
donut-like structure is created around the satellite. A
rarefactional wake region is also formed in the
downstream region for both electrons and ions. The
wake structure becomes asymmetric with respect to
the direction of the plasma flow vector. This is due to
the intense  Ex B drift effects on the ambient plasma.
We have also investigated the field perturbation
induced by the high potential satellite. We focused on
the plasma instability driven by the relative motion of
electrons and ions near the high potential satellite. In
the process of the sheath formation around the
satellite, The acceleration of electrons and ions at
the satellite region is observed toward and away,
respectively, due to the intense electric field therein.

IEPC-99-216

This relative motion of electrons and ions can cause
two-stream type of plasma instability. To clarify the
possibility of an instability, we have performed two-
dimensional computer experiments. At the presheath
region beyond the sheath where the plasma density is
low, a Buneman instability occurs along B and an
clectrostatic perturbation at low frequencies around
®,,, 1s also observed. Across B, the beam cyclotron
instability represents the dominant enhancement at
low frequencies around @, . This is due to the
relative motion of unmagnetized ions and clectrons
drifting with an E x B velocity induced by the intense
clectric field from the satellite.
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