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Multibody-Plasma Interactions: Charging in the Wake
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Multibody-plasma interactions occur when two or more charged bodies simultaneously interact with the sur-
rounding plasma as well as each other. This paper concerns a basic type of such interactions in the ionosphere:
the charging of a free flyer in the wake of a large plate structure. Computer particle simulations are coupled with
charging calculations to obtain the free-flyer charging potentials in the wake of a plate, which can be either floating
or biased. The conditions under which multibody interaction occurs are identified. It is shown that a severe charg-
ing zone exists in the near wake of a large floating plate under the nightside auroral-electron condition. Whether
the plate structure is biased or floating, a large potential difference always exists between the plate and a free flyer
docking in the wake. The effects of this wake charging on spacecraft docking operations are discussed.

Nomenclature

Cs = jon sound speed

din = sheath thickness

e = electron charge

Ji.Je,J.a = current density: ambient ion, ambient electron, and
auroral electron, respectively

JsirJse = current density: secondary electron due to incident
ion and electron, respectively

JosesJon = current density: backscattered electron and
photoelectron, respectively

K = Boltzmann constant

L, = plate length

My = ambient-ion-flow Mach number

me, m; = electron and ion mass, respectively -

n;, ne, n,, = ambient ion, electron, and auroral electron density,
respectively
= unperturbed ambient plasma and auroral electron
density, respectively
R = half plate length
R = jon Lamor radius
T:, T,, T.,, = ambient ion, electron, and auroral electron
temperature, respectively
Vos Vsi» Ve = orbital, ion thermal, and electron thermal velocity,
respectively

o, Neap

Xps Yp = location of the plate center

Xuws Yw = location of the free-flyer center

'Y = ratio of sheath thickness to plate dimension
Aa = Debye length

P = electric potential

®,, ®, = potential of the plate and of the free flyer

I. Introduction

UTURE space missions in the ionosphere will increasingly in-

volve multibody-plasma interactions (MPI). Such interactions
occur when two or more charged bodies immersed in a plasma si-
multaneously interact with the plasma and éach other. Examples of
space operations involving MPI include docking of two spacecraft,
robotics servicing, astronauts on extravehicular activities (EVA),
etc. The upcoming Charged Hazards and Wake Studies (CHAWS)
experiment aboard the Wake-Shield Facility also provides an exam-
ple of MPL. It has been realized that MPI may have adverse effects
on spacecraft operation and, in certain situations, represent a signif-
icant safety hazard.!?
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AnMPl issue that is particularly important to space-system relia-
bility and operations in the ionosphere is the wake charging problem.
A spacecraft in the ionosphere has an orbital velocity Vp =~ 8 km/s.
Sincev; € Vp K v, (Where v,; and v,,, are the ion and electron ther-
mal velocity respectively), the spacecraft creates behind it a plasma
wake within which the ion current is reduced to a fraction of the am-
bient level. If a suitable energetic electron environment is present,
such as the polar auroral electron environment, a small free flyer or
an astronaut in the wake could easily be charged to a dangerously
high voltage on account of the lack of ion current. Furthermore, for
spacecraft docking operations, wake charging may lead to signif-
icantly different voltages between the docking surfaces, and thus
trigger electrostatic discharges (ESD).

In this paper, we study the wake charging problem for an orbiting
system in the auroral zone. The auroral zone, the region between
roughly 60 and 70 deg geomagnetic latitude, is crossed four times per
pass for a polar orbit. Within this region, the flux of electrons from
hundreds of electron volts to a few tens of keV regularly reaches>* 1
to 10 nA/cm?. Gussenhoven et al. studied DMSP satellite charging
data and found that the hot auroral electrons can lead to kilovolt-level
negative charging.?

Several studies have discussed issues related to the wake charg-
ing problem.>~? For instance, Katz et al. used orbit-limited theory
to estimate the ion-current collection by a small object in the Space
Shuttle wake and obtained an upper bound on the wake charging
potential.’ Enloe et al. studied the current-voltage characteristics for
aprobe in the wake using laboratory simulations.” However, no stud-
ies have attempted a self-consistent calculation of wake charging,
taking into account the complex coupling between the plasma wake
and the free flyer’s sheath. The plasma wake itself has been a subject
of many laboratory experiments,'®~* theoretical studies,>~'® and
in situ measurements.'*~?! Recently, Wang and Hastings studied in
detail the formation and structure of the plasma wake behind large
space platforms, using computer particle simulations.'® The wake
model developed in Ref. 18 is extended for this current study of
wake charging.

We consider a two-body system orbiting in the ionosphere as
illustrated in Fig. 1. This generic two-body system consists of a large
plate and a small free flyer in its wake. The essence of this problem
is to solve self-consistently for the electric field generated by these
two charged bodies, the plasma motion in this electric field, and
the charging potential and the current collection of the free flyer.
In this paper, such a self-consistent solution is obtained by using
computer particle simulations coupled with charging calculations.
The formulation and approach are described in Sec. II. In Sec. III,
we study charging in the wake of a plate with a floating potential.
The interaction between a biased plate and a free flyer is discussed
in Sec. IV. For both cases, the free flyer’s charging level is studied as
a function of its location in the wake, and the conditions for MPI to
occur are discussed. Section V contains a summary and conclusions.
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Fig. 1 Ilustration of the two-body system in the moving reference
frame fixed with the system. The fluxes of ambient plasma (T';, T',), au-
roral electrons (I'.,), secondary electrons (I';, I's.), and photoelectrons
(T'pn) received by the free flyer are also indicated.
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Fig. 2 Equilibrium charging potential of an isolated body, ®,,asa
function of J;. Curve 1: nightside, auroral-electron condition; curve
2: dayside, auroral-electron condition; curve 3: nightside, no-auroral-
electron condition.

II. Formulation and Approach

We consider a plasma environment typical for a 300-km polar or-
bit. The plasma is a mainly Ot “cold” plasma (density ng and tem-
peratures T,, T;) when there are no auroral electrons. Typical values
of the density and temperature of the cold plasma are ny ~ 2 x 10°
cm™3, T, ~ 0.1 eV, and T; =~ 0.57,,. Under the auroral electron con-
dition, a “hot” auroral electron population is also present. Typically
the auroral electrons has a density n.,9 >~ 1 cm™ and a temperature®
T.. =5 keV. These parameters will be used throughout this paper.

For convenience of the analysis, we normalize the spatial di-
mension by the Debye length (Ap = /KT./4mwnge?) as X =
X/Ap, and the potential by the ambient electron temperature T,
as & = e® /K T,. The current density is normalized by the Bohm
current density enoC; as J; = J;/enoC;, where C; = /KT,/m;
is the ion acoustic velocity. For the ambient environment consid-
ered here, C; ~ 1 km/s and the Bohm current density is about
engC; = 3.2 x 10~° A/m?. Using this normalization, the streaming
ambient ions have a current density J;o >~ 8 (Mp = Vp/C; >~ 8).In
the rest of this paper, Ap, T, and engC; will be used as the units for
the length, potential, and current density, respectively, whenever no
units are stated.

Charging Calculation

The equilibrium charging state for a uniformly conducting body
is determined by the total-current balance condition . 1 (®,) =0,
where @, is the body potential relative to space. For a uniformly
conducting body, the charging equation is written as

D T@) = det Jea = Ui+ Jie + T+ Jose + I) =0 (D)

where J; and J, are the ion and electron current densities from the
cold ambient plasma, respectively, J,, is the auroral electron current
density, J;, and J;; are the secondary-electron current emissions due
to incident electrons and ions, respectively, Jis. is the backscattered-
electron current, and Jy, is the photoelectron current.

To determine the free-fiyer potential ®,,, one needs to know all
of the currents collected by the free flyer as a function of ®,,. For
our problem, all electron currents can be calculated analytically or
semianalytically. However, because of the complex wake structure,
the ion current collected by a free flyer in the wake, J;, can only
be determined numerically. Here we shall first analyze the charging
potential &, as a function of J;. _

To a good approximation, the ambient plasma may be modeled as
a cold Maxwellian distribution. Since v,, > Vj, the incident elec-
tron current from the ambient plasma is simply the random thermal
flux. To the order of V;/v,,, the electron density in the vicinity
of a negatively charged body is given by the Maxwell-Boltzmann
distribution’®: n, ~ ny exp(e®/K T,). Hence, the incident ambient
electron current is given by:

1 | KT, ed,
JE(CDw) = Zene(vte) = ng rm CXP(KT )

ed,
=Jeoexp(KT) )]

The best data available on auroral electron energy distributions are
the DMSP F6 and F7 data presented in Refs. 3 and 4. It was shown
that the high-energy tail of the auroral electron population can be
fitted by a Maxwellian distribution. Since this paper concerns the
highly negative charging situation and only the high-energy elec-
trons make a significant contribution to the charging potential, it
is adequate to model the auroral electrons also as a Maxwellian
distribution. Hence, the local auroral electron density is n,, =~
Req0 exp(e®/ K T,,), and the incident auroral electron current is

KT, ex ed,
2nm, P\ KT,

ed,
() o

The calculations of the photoelectron (Jy,), backscattered-
electron (Jps ), and secondary-electron (J;, and Ji;) currents have
been discussed in detail in previous spacecraft charging studies (for
examnple, see Refs. 22-25). Since our electron-current model is the
same as that used in these references, their calculations of J;, and
Juse can be directly applied. In this paper, Je, Jose, and Jy, are cal-
culated using the parametrized expressions given in Refs. 25 and
26. For J,, and Jis, the secondary-electron yield and backscatter
parameters as functions of incident electron energy are taken for
that of an aluminum surface [see Egs. (12) and (21) in Ref. 25]. J;
cannot be calculated in a semianalytical way, because the incident
ion current J; will be estimated from particle simulation results.

For simplicity, J;; (which reduces charging) will be neglected.
This assumption may cause the charging potential to shift somewhat
towards the negative end. However, since Jj; is at most®*?* of the
same order of magnitude as J;, and within the wake J; is very small
compared to other currents, this shift will not be significant.

In Fig. 2 we show the root of the charging equation vs J; under
three different conditions: '

1) Nightside, auroral electron: the spacecraft is in the nightside
region with auroral electrons.

2) Dayside, auroral electron: the spacecraft is in the sunlit region
with auroral electrons.

3) Nightside, no auroral electron: the spacecraft is in the nightside
region without auroral electrons.

Under the sunlit or no-auroral-electron condition, the root of the
charging equation (1) is about the same order of magnitude as the
ambient electron temperature 7, (because of the photoelectron emis-
sions and the absence of high-energy electron flux). At such a low
voltage, multibody interaction is usually not an issue of concern, be-
cause the electric disturbance will be shielded out in the immediate
vicinity of the spacecraft. However, under the nightside, auroral-
electron situation, Fig. 2 shows that the charging potential is a very
sensitive function of J; and there exists a high-voltage charging state.

1
-]ea(q)w) = Zenea (vtea) = €Ngg0
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For the plasma parameters considered here, we find ®,, jumps from
—<I> ~ 1to —®,, 2> 10* when the ion current collection is reduced
to J; < 102. The mght51de, auroral-electron situation is a necessary
condition for severe wake charging.

Ion-Current Calculation: Computer Particle Simulation

Next we need to determine the ion-current collection by the free
flyer, which requires a self-consistent calculation of the ion trajec-
tories and the electric field in the wake. This problem is solved by
using a hybrid particle-in-cell code in which the electrons are treated
as a Boltzmann fluid and the ions are treated as particles. This code
is an extension of the code used in our previous spacecraft-plasma
interaction studies.!®%’ A

We shall consider a two-dimensional problem in a moving frame
fixed with spacecraft. In the vicinity of negatively biased bodies, the
electric field (to the order of Vp/v,.) is given by

V2@ ~ —4meln; — noexp(e®/KT,) — ne,exp(e®/KT.,)] (4)

and the boundary conditions at the object-plasma interface. The ion
density n; is determined from the ion trajectories. In the code, a drift-
ing Maxwellian ion beam with a Mach number M, = V,/C; = 8
and a temperature 7; = 0.57, is injected from the upstream bound-
ary. The geomagnetic field effect on the ion motion is neglected,
because the ion Larmor radius R,; = V,/2; = 36 m is large com-
pared to the dimensions of a typical satellite. The ion trajectories
are calculated by following the motion of test particles from

dv
mi g = eVo )
The ion current to the free flyer is then determined by counting the
collected test particles.

When a polar spacecraft encounters auroral electrons, the charg-
ing time is often much less than the minimum time the spacecraft
spends inside the auroral current sheet. Hence, we are interested
only in the steady-state charging potential. The steady-state free-
flyer potential is calculated from the current balance equation (1)
with the numerically determined J; and analytically evaluated elec-
tron currents.

Both the plate and the free flyer are assumed to be prefect ab-
sorbers. The dimensions of the system are as follows: the front
plate is taken to be a zero-thickness plate with alengthof L, = 804 p
(half plate length R = 401 p), and the free flyer to be an 81, x 8p
box. The flow direction is taken to be the x direction.

Since the number of test particles being traced in the code is much
less then the real number of ions, there will be no test particles
at certain cells in the deep wake location. This results in a zero
ion density (and thus a zero ion current) at the grid points around
these cells. While the truncation to n; = 0 does not affect the wake
structure (n; is very small at these points), it may affect the charging
calculation for a free flyer in the deep wake. Hence we set a lower-
bound background n; and J; at these grid points. The lower-bound
values of n; and J; are the analytical solution of the quasineutral
wake presented in Ref. 18.

II. Charging in the Wake Behind a
Floating-Potential Plate

Wake and the Severe-Charging Zone

We first consider charging in the wake of a conducting plate whose
potential is left floating. Since the ram ion current collected by the
front plateis J; ~ 8, from Fig. 2, this ram ion current is large enough
to keep the front plate always stay at a near-zero floating potential
(- <I> =~ 0). For a near-zero-potential plate, the wake structure is
a superposition of the two expansion fans generated by the plate
edge.!® (The presence of auroral electrons will not change this wake
structure because of their low density.) Each family of expansion
waves is described by!3

n; _n ed
ﬂm——'- >~ fw—e = =
KT,

no ho

_ /*Mg_l(eoim—%(eoimz ©

where 6y = sin“(Mo‘ 1y is the Mach angle (6, ~ 7.1 deg for
M, = 8) and @ is the angle between the expansion characteristic

line and the ambient flow direction. Equation (6) shows that both
ion and electron density decrease monotonically towards the wake
axis. Hence, the plate leaves behind it a triangular-shaped ion-void
wake. The two-dimensional (2D) wake structure obtained by parti-
cle simulation is shown in Fig. 3. The center of the plate is located
at £, = 30, ¥p =90.

It is instructive to compare the magnitudes of the amblent ionand
electron flux densities with that of the auroral electron flux density
inan empty wake. In Fig. 4a, weplota magmtude comparison for Ji
Je, and J,, at cross section ¥ = 50 (X — X, = 20 behind the plate).
In an empty wake, the auroral flux of electrons stays almost constant
(.L_,a ~ 7.64 x 10~2) because of their high energy. Jea exceeds both
the ambient ion and electron fluxes in the deep wake. One can divide
an emnpty wake into three zones based on the relative magnitudes of
i, Jo, and Jou:

Zonel: 1 x 1072 < Ji < Jop ~7.64 x 10“2andJ% < J,.

Zone II: J <1x 10‘2 and 7.64 x 1072 = J,; < J..

Zone III: J; < 1 x 102 and J, < J,, ~ 7.64 x 1072,

The division at 1 x 1072 for J; approximately corresponds to the
turning point of curve 1 in Fig. 2, where —®,, starts to jump to the
high-level charging state. The three zones are shown in Fig. 4b.

Figure 4b may be used as a first-order charging map to identify
the region within which severe wake charging may occur. For in-
stance, in zone I and the outer region of zone II, since J, > J.q,
the order of magnitude of the charging potential is approximately
&, ~ la(J; /Je0) (Jeo exp(Cb,,,) — J; ~ 0). Since J; is also not too
much smaller than J,, the currents will only allow a charging po-

a)

b)

Fig. 3 Empty wake behind a floating plate ($p ~ 0). a) Ion-density
contours. Contour levels are at n;/ny = 0.9, 0.7, 0.5, 0.3, 0.1, 0.01,
and 0.001. The n;/ng = 0.01 and 0.001 contours come from the an-
alytical quasineutral wake solution,!® which is used as a lower-bound
background for n; in the simulation. b) Potential contours and ion po-
sitions (dots). Contour levels are at $, = —0.25, —0.5, —1, -2, -3,
—4, and —5.
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Fig. 4 Comparison of ambient current-density magnitudes in the
empty wake behind a floating plate (2, ~ 0, no free flyer). a) Current-
density magnitudes at a cross section (v, — x,)/R = 0.5 behind the
plate. b) Zone I, zone II, and zone III.

tential of the same order of magnitude as the iow ambient electron
temperature 7,. On the other hand, within zone III, the ion current
isreduced to J; < 10~2 and the auroral electrons dominate the elec-
tron current. From the curve 1 in Fig. 2, we find the currents in zone
IIT allow ®,, to achieve the high-charging state. Since all the nec-
essary severe charging conditions are satisfied within zone III, this
zone can be called the severe-charging zone. Under the nightside,
auroral-electron condition, a free flyer within zone III is susceptible
to high-voltage charging. The region of zone III can be determined
analytically from

ed (JC, }’) - Te Read Tea
—_— 1 - = < _ 7
eXpl: KT, ( Tea)] T ne VT M

where ® is given by Eq. (6).

Charging in the Wake of a Floating Plate

We now put a free flyer in the wake. A typical simulation result is
shown in Fig. 5. The ambient plasma flow is in the x direction. The
center of the free flyer is at (x,, —x,)/R = 0.5 behind the plate on the
central axis in the wake (X,, = 50, 3, = 90). Figure 5a shows the sit-
uation when no auroral electrons are involved. The free-flyer floating
potential in Fig. Sa is ®,, 2 —15.6. In the absence of auroral elec-
trons, a free flyer can be charged to no more than a few volts negative
because the electron temperature T, ~ 0.1 eV. In this situation, the
presence of the free flyer does not affect the overall wake structure.

Figure 5b shows the result for the nightside, auroral-electron con-
dition. The free flyer is at the same location. Because of the auroral-
electron current, the free flyer is charged to about b, ~ —1.9x10%.
The sheath surrounding the free flyer now grows outside the wake
dimension and dominates the original wake structure. The electric
field of the free fiyer attracts the ambient ions into the wake, over-
comes their angular momentum barrier, and collects enough of them
to achieve total current balance.

In Fig. 6, we show the free-flyer charging potential at sev-
eral locations in the wake. Figure 6a shows the charging poten-
tial along the central axis (line 1) and an off axis (line 2) in the

150, e
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30, it S — il -
b) 0. 10. . 80. 120.

L]

Fig. 5 Charging in the wake of a floating plate: potential contours
and ion positions. The center of the free flyer is on axis at x/R = 0.5
downstream. a) No-auroral-electron condition. <I> ~ —15.6. Contour
levelsat & = &,,0.8%,,0.6&,,0.4%,,0. 2*1),‘., 0.1%,, —1, —0.5, and
—0.25. b) Nightside, auroral-electron condition. tI)w = —1940. Contour
levels at & = &, 0.88,, 0.6%,, 0.4%,, 0.28,, 0.15,,, —100, —80,
—60, —40, ~20, —10, —5, and —1.
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Fig. 6 Free-flyer charging potential. a) Potential along the flow direc-
tion. Curve 1: central wake axis; curve 2: off axis with (y, — y,)/R =
0.25. b) Potential along wake cross sections downstream from the plate.
Curve 1: (x,, — x,)/R = 0.25; curve 2: (x,, — xp)/R = 0.5.
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Fig, 7 The empty wake behind a biased plate: ion-density contours.
a) <I>p = —20. Contour levels at n; /ny = 0.9,0.7, 0.5, 0.3, 0.1, and 0.01.
b) &, = —80. Contour levels at n;/ng = 0.9, 0.7, 0.5, 0.3, and 0.1.

flow direction. The distance of the off axis from the central axis is
(Yw — ¥p)/R = 0.25. Figure 6b shows the charging potential along
two wake cross sections parallel to the plate. The first cross section is
at (x, —x,)/R = 0.25 from the plate (line 1), and the second cross
section is at (x,, —x,)/R = 0.5 (line 2). If the flyer is far away from
the plate in the flow direction or far away from the central wake axis,
its charging potential is low, because the local ambient ion current
is sufficient to balance the electron current. However, as the flyer
approaches the front plate within the deep wake, its charging po-
tential starts to increase significantly, because the auroral electrons
dominate the electron current and there is insufficient ion current to
balance the electron current. Not surprisingly, the locations where a
free flyer has a high negative potential are within the severe-charging
zone (zone III in Fig. 4b).

IV. Charging in the Wake of a Biased Plate

There are situations in which the front plate may acquire a large
voltage. For instance, the operation of a high-voltage power sys-
tem can drive part of a large structure to-a very negative potential.
Recently, Wang and Hastings'® studied the wake structures for typ-
ical large high-voltage space platforms and found that a negatively
biased plate generates a space-charge wake structure. Depending
on the plate dimension and plate voltage, significant ion backflow
can occur in a space-charge wake. (See Ref. 18 for detailed discus-
sions on the plasma wake behind a biased plate.)

In this section, we study the effects of the front-plate voltage
@, on wake charging. We shall consider two front-plate volt-
ages: <I> = —20 and » = —80. Figure 7 shows the empty-
wake structures for these two biased plates. The value of @, is
chosen so that the ratio of sheath thickness to plate dimension, 13
¢ =~ da/L; ~ 0.8|®,|1 3 /(L /M), is in the same range of that
for practical space platforms In most practical situations of interest

to us, the dimension and voltage of a space platform put its sheath
ratio in the range of £ ~ 1072 to 107! (see Ref. 18). For <I> = -20
and L = 80, we have { ~ 0.033, which is about the same as that
for a 10-m plate biased at —30 V. For <I> = —80 and L,, = 80,
we have ¢ =~ 0.095, which is about the same as that for a 10-m
plate biased at —125 V. Therefore, the <I> = —20 case represents

a “low-voltage” biased plate and the <I> = —80 case represents a
“high-voltage” biased plate.

In Fig. 8, we compare the free-flyer charging in the wake of a
biased plate with that for a floating plate. The charging potentials
are all calculated for the nightside, auroral-electron situation. The
location of the free flyer is along the central axis in the wake. When
the front plate is biased at <I> = —20, the plate voltage pulls the
ambient ions into the wake, resultmg in a much shorter ion-void
region than that in a quasineutral wake (Fig. 7a). Hence, the charging
level at locations (x, —x,)/R > 0.75 is lower than that in the
floating-plate case. However, the charging level at locations (x,, —
xp)/R =< 0.75 is still the same as that in the ®, =~ 0 situation,
because an ion-void region still exists in the near wake. Hence, for
this “low-voltage” case, all discussions of Sec. 3 on wake charging
still apply to the near-wake region.

When the front plate is biased at &, = —80, the high plate voltage
creates an ion backflow in the wake, and the ion-void triangle is
now reduced to two ion-void “holes” (Fig. 7b). There are sufficient
ions everywhere along the central axis in the wake to balance the
electrons collected by the free flyer. Therefore, we find the free-flyer
charging potential remains at ®,, ~ T,. The slight decrease of |®,,]
at (x, — x,)/R = 0.25 is caused by local ion-density enhancement
around that location.

. Figure 9 shows the electric potential and ion positions for the
®, = —80 case. Again, the Jocation of the free-flyer center is taken
to be (xy — xp)/R = 0.5, y,, = y,. The free flyer is charged to

10*
h 1
-4, 1024
3
7 /a\ » -
1. T T T T T T T
0.00 0.50 1.00 1.50 2.00

x/R

Fig. 8 Comparison of &, in the wake of biased plates with that of
the floating plate. The free—ﬂyer location is along the central wake axis.
Curve 1: floating plate (— = 0); curve 2: biased plate with <I>p =
—20; curve 3: biased plate Wlth <I>,, = ~80.

0.

Fig. 9 Charging in the wake of a biased plate with @,, = —80,d, ~
-9: potentlal-contour map and ion positions. The center of the free flyer
is on axis, x/R = 0.5 downstream, Contour levels at ® = —80, —60,
—40, —20, —10, ~9, —8, —4, —1, and —0.5.



894 WANG ET AL.: MULTIBODY-PLASMA INTERACTIONS

a

®,, >~ —9. Itisinteresting to point out that although severe charging
does not occur on the free flyer in this situation, a large potential
difference still exists between the free flyer and the plate, because
the front plate now has a high biasing potential. Hence, MPI will
still occur within the sheath region of the front plate.

V. Conclusions

We have studied interactions between a large plate and a small
free flyer in its wake. The wake structure, the ion trajectories, and
the ion current collection and charging potential of the free flyer are
found self-consistently, using computer particle simulations coupled
with charging-potential calculations. For a floating plate, a severe-
charging zone for the free flyer exists in the near wake under the
nightside, auroral-electron condition. Hence, MPI occurs as a result
of this high-voltage wake charging. If the plate has a low biasing
voltage, the interaction in the near wake is similar to that in the
floating-plate case. But in the midwake, the free flyer’s charging
potential is reduced because of the smaller size of the ion-void re-
gion. In the wake of a highly biased plate, the free-flyer potential
_ remains at ®,, ~ T, due to the ion backflow caused by the plate
potential. When the free flyer enters the sheath region of the plate,
MPI occurs due to the potential difference between the free flyer
and the high-voltage plate.

Wake charging and the resulting multibody interactions may have
significant implications for astronauts on extravehicular activities
and docking operations. For instance, an important risk factor for
EVA is the charging level during geomagnetically active periods.
Based on the charging calculations in this paper, we conclude that
the severe charging zone of the shadowing vehicle should always
be avoided. However, astronaut charging should not be a factor of
concern for EVA outside the severe charging zone. (Under sunlit
or no-auroral-electron condition, the entire wake region is safe for
EVA.) Another typical concern that mission planners have is whether
electrostatic discharge might occur during a docking operation. In
the case of docking in the wake under nightside, auroral-electron
conditions, we find that a large potential difference will always exist
between the main vehicle and the docking vehicle, no matter whether
the main vehicle floats at a near-zero potential or is biased to a very
negative potential. Hence, arc discharges may be a real concern. In
contrast, docking on the ram side of a near-zero potential structure
reduces the potential difference, and thus is a relatively safe config-
uration. In this paper, we only considered a simple 2D steady-state
two-body problem. In the future, the analysis will be extended to
three dimensions and more complex systems. Transient wake charg-
ing and docking-induced ESD problems will also be studied.
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