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Electrodynamic Interactions Between a Space Station
and the Ionospheric Plasma Environment

J. Wang,* D. E. Hastings,T and M. Martinez-Sanchez}
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A general analysis of the electrodynamic interactions between a space station with two exposed charged
platforms and the ionospheric plasma is presented. We show that this problem can be separated into a far-field
problem, concerned with the electromagnetic interference surrounding the entire space station, and a near-field
problem, concentrated on the interactions in the vicinity of the biased platforms. Computer particle simulations
as well as approximate analysis were carried out in the near field of the charged platform. Results of the plasma
flowfield, the presheath and sheath struéture, and current collection characteristics are obtained. The near-field
solution is used to construct the perturbation current source in the far-field problem, which is solved by
application of plasma fluid theory. It is found that the space station will generate a radiation field composed of
the Alfvén waves forming a “‘wing’’ structure. Based on our analysis, a global description of the space station’s

electrodynamic environment is obtained.

Nomenclature
B = magnetic field
By = geomagnetic field :
¢, Cy,C; = speed of light, Alfvén speed, and ion sound
speed
da = sheath thickness
E = electric field
EA = Alfvén wave electric field
e. = electron charge
I = current
J,Jj = current density
K = Boltzmann constant
k = wave vector
M = ion flow Mach number
m,, m; = electron and ion mass
Rp,N;, N, = ambient plasma, ion and electron density
ng, nf = plasma and ion density at the sheath boundary
Py P, .. =sheath and presheath power
Prear 1 Prag = near-field and far-field power
R, R = electron and ion Lamor radius
Rrear Rfar - pear-field zone and far-field zone dimension
T, = electron temperature
u = velocity
VosViisVee = orbital, ion thermal and electron thermal
velocity
X1,X2,X3 = coordinates in the rest frame of the plasma

= moving coordinates with origin at the center
box of station

X1{,X3,X3

x’'y’ = moving coordinates with origin at the center of
the station projected on the plane S,

X, Z = moving coordinates for a (x{,x§) plane
cutting through the platform

Zy,Zy = radiation impedance in band I and band II

Z.aa " = total radiation impedance
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o = angle of attack
T = jion flux
A = Debye length

Amfp = mean free path
Awave = wavelength
AN = wavelength component in x and z direction
= electric potential
&, = potential at the plate surface and at the sheath
boundary
6o, 04 = Mach angle and Alfén angle
Wpe »Wpi = electron and ion plasma frequency
Wip sOUH = lower and upper hybrid frequency
Q.. = electron and ion gyrofrequency

I. Introduction

CHARGED object in space will interact with the plasma

environment through electromagnetic forces. The pres-
ence of a space station in the ionosphere will cause a very
complex set of electrodynamic interactions. The space station
is attached to many charged parts such as solar arrays and
certain onboard experimental devices, which will interact with
the ambient plasma. Exposed voltages will drive a current flow
into and out of the space station through any uninsulated
surfaces. Therefore the entire space station is also a moving
current source, which could excite plasma wave radiation in
the ionosphere. The effects of the electrodynamic interactions
between a space station and the plasma environment appear in
many ways. The local interactions in the vicinity of the ex-
posed high-voltage parts may lead to many undesirable conse-
quences, such as the erosion of metallic surfaces by the impact
of energetic ions, power drain due to leakage currents, degra-
dation of solar cell material due to arc discharges, etc. The
induced wave radiation in a space station’s global environ-
ment not only results in a radiation power loss, but it also
leads to electromagnetic pollution which may have a negative
impact on the operations of some electromagnetically sensitive
devices and space plasma measurements.

The physics of a charged body immersed in a quiescent
plasma is generally well understood. Studies of such a subject
have been developed into an important discipline known as
probe theory. This probe theory has been adequate in studying
the satellite-plasma interactions at geosynchronous Earth or-
bit (GEO).! However, the nature of the interactions related to
a space station at low Earth orbit (LEO) is far more compli-
cated than that related to a GEO satellite. The charged parts
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of a space station usually have large dimensions and high
voltages (for example, the Space Station Freedom’s solar ar-
ray panel will be about 20 m long, 10 m wide, and 2.5 cm
thick, and have a surface voltage A® ~ 160 V). The resulting
nonlinear interaction with the local high-speed plasma flow is
unfortunately in a regime that cannot be treated by existing
probe theories. In addition, a moving spacecraft at LEO sees
a motion induced emf ¥, x By of about 0.24 V/m. The effect
of the V;x By electric field increases with the size of the
structure. Hence, the interaction at LEO has to be treated as
an electrodynamic problem determined by the full set of
Maxwell’s equations because the effects of induced wave radi-
ation usually cannot be neglected.

There have been many recent studies of interactions related
to LEO space systems, such as plasma sheath and wake,?*
induced wave radiation;®* interactions of high-voltage solar
array,'%'2 etc. Since most of these studies concentrated only
on specific aspects of the problem, they cannot be applied to
provide a global picture of interactions induced by a space
station. The NASCAP/LEO and POLAR codes have also
been successful in modeling many spacecraft interaction prob-
lems."*-!7 However, the codes’ formulation limits their appli-
cations mainly to electrostatic interactions.

Tne purpose of this paper is to develop a general analysis of
the basic electrodynamic interactions between a space station
" and the ionospheric plasma. The problem is analyzed in Sec.
I1. The essential elements of the electrodynamic interactions

include local-scale interactions in the vicinity of the space
" station’s charged parts as well as global-scale interactions
surrounding the entire space station. (There are also many
microscale interactions which may have a significant impact
on the space station; e.g., the arcing problem at the intercon-
nectors between the solar cells, critical ionization velocity
phenomena in certain artificial plasma environments, etc.
These microscale phenomena will not be considered in this
paper.) In this paper, the local-scale interactions are solved
under a near-field formulation. This near-field solution is used
to construct a perturbation current source to represent the
space station. We then solve the global-scale interactions in a
far-field problem. The near-field interactions of a positively
biased object in LEO can be studied by using the theory of a
stationary probe in a strong magnetic field. However, a major
portion of the space station’s structure will be biased below
the plasma potential, sometimes at a very negative voltage.
Since nonlinear interactions of a large, negative body with a
high-speed plasma flow are generally not well understood, in
Sec. III we shall first carry out a general analysis of the
near-field plasma flow over a negatively charged plate. The
far-field wave radiation by a moving current source in plasma
has been a subject of many recent studies. However, most of
these studies are performed specifically for the tethered-satel-
lite system. Based on a general theory of radiation by Barnet
and Olbert, Wang and Hastings recently analyzed a current
source with a space-station-like structure.!® Based on the anal-
ysis developed in Ref. 18 and Sec. III, we proceed in Section
IV to study the interactions of a generic space station model.
Sec. V contains discussions and conclusions.

II. Analysis of the Problem

In Fig. la, we illustrate a space station model orbiting in
the ionosphere. A typical dayside plasma environment at 300
km is a mainly O* plasma with electron and ion number
density n, = n; = 2 X 10° cm ~ 3, The Earth’s magnetic field is
about By = 0.33 G. The basic plasma parameters are listed in
Table 1. ) ,

Since our purpose is to study the basic local-scale and
global-scale interactions, we shall consider a simplified space-
station model shown in Fig. 1b. The structure is taken to be
moving in the — x; direction at a velocity ¥, ~ 8 km/s across
the geomagnetic field, which is in the x; direction. This space-
station-like structure has an 80 X 5 X 5-m center box section C
(with insulated surfaces) oriented along the ¥, X By direction
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Fig. 1 Space-sﬁltion model: a) space station in low Earth orbit; and
b) model structure, near-field zone, and far-field zone.

Table 1 Basic plasma parameters

Temperature, eV Te ~T; ~0.1

Thermal speed, m/s e ~ 1.5 X 10°
: Vi ~ 8 X 102

Ion sound speed, m/s Cs ~ 1% 103

Mean free path of ions and electrons, m Amfp ~ 102

Debye length, cm N ~ 0.6
Ion/electron gyrofrequency, Hz Q; =31
=1.6 x 106
Ion/electron plasmafrequency, Hz wpi =2.3 x 104
wpe = 4.0 X 106

Lower/upper
hybrid frequency, Hz

wip =5.3% 103
wug =4.1 x 108

and two thin conducting platforms A and B with area 20 x
10 m each. Platforms A and B could be solar array-wings with
exposed interconnectors or platforms that contain other high-
voltage electric systems. The space station is electrically cou-
pled with the ionosphere through platforms A and B, which
are connected through some internal circuit inside section C.
In a steady state, the potential distribution over the structure
is such that it collects no net current from the plasma. To
simulate the currently designed negative grounding configura-
tion, we assume our space-station model is grounded at plat-
form B while platform A is overall charged to a negative
potential with respect to the plasma. Such a potential distribu-
tion is a very simplified model. To determine the potential
distribution over a real space station (which can be quite
complicated), one needs to analyze the detailed locations of all
of the electrical systems onboard. Such a task is beyond the
scope of this paper. We assume there is no active electron
beam emission involved. The total current is determined by
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the ion current collection at platform A, which is balanced by
the electron current collection at platform B. Therefore, the
current flows into the structure through A and out through B.

Most generally the electrodynamic interactions between the
space-station model and the plasma are determined from the
plasma kinetic equations, Maxwell’s equations

V -E =4xp,
vV-B=0
Y E = 1/céB
ot
1/cdE

V X B =4xn/cJ +
ot

and the boundary conditions at the object-plasma interface.
Except for a few extremely simple cases, solving such a system
is a very difficult endeavor.

We notice that the interactions induced by the space station
have different characteristics in different regions of the envi-
ronment. The local environment in the vicinity of the conduct-
ing platform is dominated by plasma flow-charged body inter-
actions, while the global environment surrounding the entire
space station is mainly affected by the induced wave radiation.
Therefore our basic approach is to separate the interactions on
different scales. We separate the interaction domain into a
far-field zone surrounding the entire space station and two
near-field zones, which are in the vicinity of the charged
platforms. The far-field zone (» = R™) and near-field zone
(r = R™#) are illustrated in Fig. 1b.

Let us first consider the interactions in the far field. In the
far-field zone of a large structure (dimension Lg,sion), We have
r=R%>Lion ~ Amip. Hence, a fluid description is usually
sufficient for analysing the far-field phenomena. The govern-
" ing equations in the far field are Maxwell’s equations and the
cold plasma fluid equations:

an;

at liv. (nju;) =

Jj=ie 1)
m;n; du;

Y +u;- Vu; = gini(E +uj X B),

J=ie (2
The effects of nonlinear interactions caused by a high-voltage
platform are mostly limited to its sheath layer where substan-
tial charge separation occurs. Therefore, it is reasonable to
assume the perturbation in the far field is small enough that
the fluid equations can be linearized. The condition for the
linear assumption to be valid can be written as B’/By < 1, or
equivalently

E’'/VoBy<1 . 3)

where £’ and B’ are the perturbed electromagnetic (EM) field
measured in the moving frame and B, is the geomagnetic field.
For Vy=8 km/s and By = 0.3 G, we have the background
electric field E; = VyBy = 0.24 V/m.

For the far-field plasma, the space station represents a
perturbation current source. To obtain the disturbances gener-
ated by this current source, we use a Laplace transform in time
and Fourier transform in space to solve Maxwell’s equations
and the plasma fluid equations. The governing equation for
the perturbed electric field is a wave equation, which in the
(k ,w) space is written as®

k X [k X E(k,w)] + (w*/c)K - E(k ,w)
= — dn(iw/cAJ(k w) @)

where K is the dielectric tensor and Ji(k,w) is the current
source function.

The ionospheric plasma response to an external current
source has been studied in detail by many authors recently. A
general analysis for cold plasmas was presented by Barnett
and Olbert. A formal solution of the electromagnetic field can
be written as®

E(k,w)= —4mio/c2T~ 1. J(k,w)
®
Bk ,w) = ¢/ wk X E(k,w)

‘where the tensor T is defined by T = — k2T + kk + Ko?/c2.
Analyzing the dispersion relation, it is found that a moving
current source in the ionosphere will induce Alfvén waves and
lower hybrid waves. In the rest frame of the plasma the Alfvén
waves have a frequency band from zero to the ion gyrofre-
quency (©; =30 Hz) and the lower hybrid waves from the
lower hybrid frequency (wj;, = 5 kHz) to the electron gyrofre-
quency (2, = 0.9 MHz). The electromagnetic field in ordinary
space can be obtained by calculating the inverse Laplace-
Fourier transform on Eq. (5). Readers are referred to Refs. 6
and 18 for details of such calculations.

The far-field wave structure is found to be some function of
the divergence of the source current and the wave magnitude
is proportional to the total strength of the source current.
Therefore the far field can be solved only if we know the
current source J;. A self-consistent treatment of the current
source proves to be extremely difficult within the fluid formu-
lation discussed previously. A common practice in all of the
previous studies of the induced-radiation problem is to assume
some ad hoc model for the current source. Such a practice is
feasible only when the current collecting system is simple
enough so that one can make a reasonable guess of the
strength and distribution of the source current.

We next consider the interactions in the vicinity of the
charged plates. The purpose of the near-field problem is not
only to determine the current source for the far-field problem,
but also to analyze the local environment of the charged
plates. In the near-field region, the above far-field formula-
tion breaks down because cold plasma fluid equations are not
a very good approximation to the near-field rarefied plasma.
In addition, when the platforms are biased to a very high
voltage, local disturbances are almost certainly nonlinear. Al-
though the linear fluid approximations are no longer valid, an
electrostatic approximation may be made to simplify the near-
field problem. Let us denote Ay, to be the characteristic
wavelength of the far-field EM waves generated by the space
station (Ayave Will be determined in Sec. IV). If the near-field
zone is well within one wavelength, i.e.,

R near < xwave (6)

then the electric field in the near field can be approximately
determined from Poisson’s equation.

[The condition stated in Eq. (6) can be explained as follows:
We consider the plasma as a medium with permittivity e and
permeability u. The electric field can be expressed by the scalar
and vector potentials, ® and A4,

R
c at
where ® and A4 satisfy
ep %@ 4
Vo +———o= ——
c ar? € \Pc (72)
ep 8?4 em
VZA —_—_— e . —= 7b
c a2 c 7 ; (70)

@, 1 8 4n
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where V.. = ¢/Veu is the characteristic wave speed in the

medium. Within the region r <€ N, the wave propagation

speed can be regarded as infinite. Therefore, if the dimension
of the near-field zone satisfies R < Ay,ve, W€ have

E=v®

within r < R=ea, Based on this discussion, a good definition
for the far-field zone and near-field zone is R™ < Ayaye
< Rfar']

We have separated the problem into a far-field problem
concerned with the electromagnetic interference surrounding
the entire space station, and a near-field problem, concen-
trated on the interactions in the vicinity of the charged plat-
forms. One usually needs to iterate between the far field and
the near field in order to construct a solution for the entire
region. However, as we shall show in Sec. IV, for our space
station model the interaction in the near field is much stronger
than that in the far field. Therefore, we may neglect the effects
of far-field radiation in the near-field problem. Let us define
P4 to be the power carried by the far-field waves and P, the
power drain within the near-field region. The level of the
far-field and near-field interaction can be compared through
P4 and P,.,.. Hence, if we have

P, rad € P, near (8)

then the far-field and near-field problem can be decoupled.

III. Near-Field Plasma Flow over a Charged Plate

In this section, we study the near-field plasma flow charged
object interactions. The important, large-dimensional charged
parts of a space station, such as the solar arrays, are in the
shape of thin platforms. Usually almost the entire portion of
such a platform is biased below the plasma potential. There-
fore the interaction of a negatively biased thin platform is of
particular interest.

We consider a two-dimensional plate and solve the problem
in the moving frame fixed with the plate (Fig. 2). In the
moving frame, there is a background field E, = V,, X By/c. We
define the electric potential in the moving frame as

X3
Qmoving = <I)l'est - —E‘ VO X By

where x5 is an arbitrary distance along the ¥, X B, direction.
We can set x5 = 0 for our two-dimensional problem. We shall
make the following simplifications:

1) Since v,, > Vj, the electron number density in the vicinity
of a negatively biased platform is given by

ed(r)
KT,

n, = ny exp

2) Since v,; < V,, we can neglect the effects of the thermal
motion of the ions. Furthermore, the geomagnetic field effect
on the ion motion can be neglected because the Larmor radius
of theions R; = V/Q; = 36 m is usually large compared to the
dimension of the plate. Therefore an observer on the plate sees
a uniform oncoming ion flow with velocity V,. We can define
the Mach number using the ion sound speed C;=
VKT,/m;. The ambient oncoming ion flow has a Mach num-
ber MO = V()/Cs =8,

3) The plate surface is taken to be a perfect absorber biased
at a certain potential ®,,. The ions are assumed to be neutral-
ized after they hit the surface.

4) We assume that Eq. (6) and Eq. (8) are satisfied.

With these assumptions, the electric field in the near field is
governed by

ed
Vo= -4 i~
we[n, ngy exp KTJ o

region III

T |
d sheath - %
| |

2) region I region II (

1| TS
I T
&L= 0.4enyCs
r
N\O
X
-
— ——
— —
= -
(e — — — —
PaVAY
[+ 4 ~—
nOVoSin/(x ~
———‘\> wake
NgYo

d)

Fig.2 The near-field plasma flow: a) zero angle-of-attack situation;
b) current collection at zero angle of attack; ¢) small angle-of-attack
sitnation («< fp); and d) large angle-of-attack situation (a <f).
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where ® = — ®_ at the platform surface and & = 0 at infinity.
The ion density n; is obtained from the positions of the ion
particles. The motion of each individual ion particle is deter-
mined by

du
mia= —evVe 10)

We have developed a two-dimensional hybrid particle simu-
lation code to solve the near-field problem. In the code the
~ plasma is composed of particle ions and fluid electrons. The
ion flowfield, the space charge, and the nonlinear Poisson’s
equation are solved self-consistently by tracking the motion of
representative ion particles. The code resolves the physics on
the ion-plasma time scale.

We first study a plate with a uniform potential distribution
at a zero angle of attack. To understand the physics underly-
ing the plate-plasma interactions, we begin by analyzing the
plasma flowfield. The plasma flowfield can be divided into a
quasineutral region (region III), a wake, and a sheath of
significant charge separation adjacent to the plate surface. We
further divide the sheath layer into a region I (which includes
the leading edge) and a region II (which is the fully developed
sheath layer) (see Fig. 2a).

An analytical treatment can be carried out for the situation
of a very long plate with a very thin sheath (i.e., when the
leading-edge effect can be neglected). In region III, from the
quasineutral assumption n; = n,, we have

vn;
ev®d=KT, —

n;

The Poisson’s equation and the ion continuity and momentum
equation in region III can be combined to give:

V- (n,~m,~u) =0 ) (1 1)
nmi(u .- Vu + V(nKT,) =0 (12)

We observe that these two equations are exactly the continuity
and momentum equations of a compressible gas flow with the
pressure P = n,KT,. Therefore, in region III, our problem is
similar to a supersonic gas flow problem. However, the gas
flow is isothermal under our assumptions.

In region II (the region far behind the leading edge), the
potential varies rapidly only in the z direction for the fully
developed sheath layer. Hence, we have 3/9z > 9/9x. There-
fore the ion motion in region II is approximately given by:

I' = nu, = const, u, = const
" du, e dd
29z m; 3z

Hence in region II one need only to consider the ion motion in
the z direction.

The solutions to regions II and III are connected by the
boundary condition at the region I1/ III interface. This condi-
tion is that there is a vertical particle flux I'* = nfu}, where n
and u; are the ion density and velocity at the sheath edge.

If the sheath is infinitely thin compared to the scale of
region III, the boundary condition of vertical ion fluxI' = I'¢
yields the solution in region III to be an expansion fan cen-
tered at the leading edge, which is similar to the Prandtl-Meyer
expansion of a supersonic gas flow over a convex corner. The
outer envelope of the expansion fan is at an angle of §, = sin~!
(1/Mp) = 1/M,. This expansion fan is a presheath. The pre-
sheath disturbances are ion sound waves. As an ion goes
through the presheath region, its trajectory will be turned
toward the plate in such a way that the component of its
velocity normal to the expansion characteristic lines is always

sonic. The turning of the ion trajectory is given by

Now we consider the sheath layer. The electric field in
region II is similar to that in a one-dimensional planar sheath:

2, H ]
a—q; = — 47re[ i — ny exXp <e )] (13)
0z V1= 2(@ — &y,)/mus? KT,

For a physical solution to exist, the ions must satisfy the Bohm
sheath criterion as they enter region II (i.e., the sheath):

s
u; = G

When — &, = — e®,, /KT, » 1, the sheath thickness in region
11 is given by the well-known Child-Langmuir law:

(dsh>2 4218, 132
N/ T 9 M,

14

Where N, = VKT,/4xnie? is defined using the plasma density
at the sheath edge and M, = u;/C;.

Connecting the solutions in regions II and II1, one finds that
the sheath boundary can be defined as the final expansion
characteristic, which is parallel to the plate. Hence, the ions
enter the sheath with a vertical velocity equal to the ion sound
speed, u; = C;. The potential at the sheath boundary is found
to be

KT, . 1 "
by = — Zee sm‘l[ﬁo <2\/M§ -1

T,
+sin“1%>]= —Ee—f for My> 1
‘ o

and the plasma density at the sheath boundary n§ = ny exp
(— 1). The sheath thickness is given by Eq. (14) with M, = 1:

dn = 0.818, 1925 = 1.318,, 1%\, as)

A similar analysis of regions II and III was first presented
by Lam and Greenblatt.!®

Note the preceding analysis is valid only when the sheath
can be regarded as infinitely thin compared to the expansion
fan region. The thickness of the expansion fan at a distance
L from the leading edge is Dyren(L) = tan(f)L = MpL. Let us
define a distance L, such that Dpen(Ly) = dg,, L, is given by

L L .
ZZocotlo=My or Z=13Ml&,1%  (16)
dsn ‘ N

The expansion characteristic lines extend far outside the
sheath only at a distance far behind the leading edge L > L,.
Therefore the preceding analysis is valid for the region L > L,.
From the preceding analysis, the vertical ion flux entering the
fully developed sheath layer is T® = nful = n{™®'C;. There-
fore, from the ion flow continuity, the ion current collected by
the portion of the plate in region II is independent of the
surface potential and has a uniform density:

J(L>Ly) = J, = eI = 0.4en,C, Qan

For a thin plate at a zero angle of attack, we note from Eq.
(14) that the sheath can be very “‘thick’’ for a high-voltage
plate. For instance, a solar array has a typical surface poten-
tial ®, = —.160 V. The sheath layer adjacent to the solar-ar-
ray surface will have a thickness d;, ~ 328\, ~ 2 m. One of the
direct consequences of the thick sheath is that the region I
sheath will cover a fair portion of the plate, where the given
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Fig. 3 Particle snmulatlon results for zero angle of attack (b, = —80, My =8, length of the plate Lio/Mora = 64). Location of the plate
z/2\a = 50, 5 = x/(2Mola) < 37: a) potential contours: uniform surface voltage (outer expansion fan region: |$1 from 0.1 to 1, increment 0.1;
inner sheath region: || from 0.1 &,, to &,,, increment 0.1 $.); b) ion density contours (7; from 0.1 to 0.9, increment 0.1); ¢) ion streamlines; d)
distribution of ion collection over the plate; and e) potential contours; periodic surface voltage (outer expansion fan region: 1&1 from 0.2 to 1,

increment 0.2, inner sheath region: |®1 from 0.1 &, to &,,.

analytical solution breaks down. For &, = — 160 V and
M, =8, we find L, = 16 m. The plasma flow in region I is too
complex for one to study it analytically. Therefore, to find the
plasma flowfield and the sheath surrounding a high-voltage
plate, a numerical solution is unavoidable.

In Fig. 3, we present a typical set of particle simulation
results for a zero angle of attack plate. In Fig. 3a, we plot the
potential contours. Figure 3b shows the ion number density
contours. Figure 3¢ shows the steady-state ion streamlines.
The potential contours in Fig. 3a clearly show an expansion
fan formed from the leading edge. Far behind the leading
edge, the potential contours coincide with the straight line
expansion characteristics obtained analytically. Near the lead-
ing edge, these contours become curved due to the leading-
edge effects. The asymptote of the outer envelope has an angle

6y =1/M, = 0.125. The expansion fan is the presheath. The
potential contours in the presheath gradually turn parallel to
the plate. Near the plate surface the ions enter the sheath
region where the potential contours are at values — &>
O(KT,/e).

In Fig. 3d, we show the ion collection distribution over the
plate length L obtained from particle simulations. The result
shows that there is a great concentration of ion collection at
the tip of the leading edge. This concentration is due to those
ions captured by the front side of the sheath layer. We may
define a leading-edge distance L, by

SLl
0

JdL =1, = ensCMody, - 18)
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where I is the ambient current flux within a cross section of
dn (see Fig. 2b). We find L; ~ L,. The strength of the current
density falls very quickly within the leading-edge region. The
result shows that the current collection by the plate at L > 1,
~ L, is uniform and independent of the surface potential with
a density J; = 0.4en,C;. It is interesting to note that although
the current density over the major portion of the plate surface
is of the order of en,C;, the current collection near the leading
edge may dominate the total current collection for a high-
voltage plate because of its dependency on the surface poten-
tial.

In Figs. 3a-3d, we assumed the plate is biased at a uniform
surface potential. In a real situation, the potential on a solar-
array wing surface often has a periodic distribution. In their
study of high-voltage solar arrays, Kuninaka and Kurikil®
modeled the solar array as a single conducting plate based on
the assumption that it is covered by a single sheath. To verify
their assumption, we performed particle simulations for a
plate with a periodic surface potential. The potential contours
are plotted in Fig. 3e. The result shows that the sheath of the
conducting connectors will overlap each other if the surface
potential [®,,| is high enough. As a result, a uniform sheath
layer is formed covering the entire plate. Hence the overall
effect on the ion motion is very similar to that of a conducting
plate with a uniform potential. Therefore, if one is interested
only in interactions on the scale of the entire plate, the plate
can usually be treated as if it were biased at a uniform poten-
tial. Results for a plate with nonuniform potential distribu-
tions can be found in Ref. 20.

A plate at a zero angle of attack has the minimum drag.
However, in a practical situation the space station’s conduct-
ing platform can have a wide range of angles of attack. For a
plate at a nonzero angle of attack, the quasineutral solution
can be obtained by solving Eqgs. (11) and (12) in polar coordi-
nates. When the plate is at a small angle of attack a <6, =1/
M, (6,=17.1 deg for M,=8), there is an expansion fan
presheath on both sides (Fig. 2¢). The expansion characteris-
tics are given by

My= =1, M, =~M? -1+ 16, — 0!
Therefore the problem is very similar to the zero angle-of-at-
tack problem. When the plate is at a large angle of attack
a>#0, the ions are hitting the front side of the plate at a
normal velocity v, = V; sin o> C; (Fig. 2d). Except for a very
thin sheath layer [the thickness is given by Eq. (14) with
M; = M, sin o], the plasma flowfield in front of the plate is
unperturbed. The edge of the plate will only generate one
family of characteristics, constituting the expansion fan in the
wakeside. We performed particle simulations to study the
wake region. Some of the typical simulation results are pre-
sented in Fig. 4. The potential contours and ion flux field for
a =90 deg are shown in Figs. 4a and 4b and those for a = 45
deg are shown in Figs. 4c and 4d. As predicated by the analyt-
ical solution, the far wake of the plate is composed of the
expansion waves generated by the edge of the plate. The
region right behind the plate is vacuum. Hence, the current
collection at a large angle of attack is dominated by the ram
ion flux connected by the front side of the plate: I = eny Vo4
sin «. It is interesting to note that the finite sheath thickness at
the edge of the plate will generate an ion-rich stripe down-
stream (an embedded sheath), which separates the ion void
region and the quasineutral expansion wave region. At a very

" negative surface potential, the embedded sheath may curve
enough to strike the rear of the plate resulting in a localized
current density. However, the total backside current is usually
much smaller than the frontside current. The mechanism for-
mulation of such a wake structure is discussed in detail in Ref.
21.

IV. Electrodynamic Interactions of a Space Station

We now apply the results and methods of Sec. III and Ref.
18 to study the electrodynamic interactions induced by our
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Fig.4 Particle simulation results for nonzero angle of attack
(Pw = —20, My =8, length of the plate L/As =80): a) and b)
potential contours and ion flux field for o= 90 deg; ¢) and d) poten-
tial contours and ion flux field for « = 45 deg. (Potential contour
levels in a and ¢: |$| from 0.2 to 2 with increment 0.2 and from
0.21%, 1 to 1®,, | with increment 0.218,, ).
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space-station model shown in Fig. 1b. The space station’s
platforms are assumed to be at a zero angle of attack. We shall
first study the nearfield of the station’s charged platforms. We
then construct the current source and calculate the far-field
environment of the entire structure.

The physics of a two-dimensional plate interacting with the
plasma flow was studied in detail in the last section. Except at
the edge of the platform, the analysis of Sec. III can be
directly applied to platform A. Figure 5 shows the vector ion
flux nu and the potential contours within the sheath on a
(x{,x3$) plane cutting through platform A. In Fig. 5a, we take
the surface voltage to be — 50 V. The sheath layer is fully
developed at L >L,~7 m. In Fig. 5b, we take the surface
voltage to be — 160 V. For such a high voltage, almost the
entire plate is within region 1. The sheath layer appears like a
wedge shape. The thickness of the fully developed sheath layer
and the region I distance L, for several different surface
voltages can be found in Table 2.

In Fig. 6, we plot the ion current density distributions over
platform A which show the leading-edge concentration. This
concentration of jon current collection may raise the possibil-
ity of serious surface damage such as ion sputtering at the
leading edge. If the platform were at a very low voltage, the

On the other hand, if the platform has a typical surface
voltage of — 160 V, we find that the ion flux density at the
leading edge is about 22 times larger than that of a low-voltage
surface.

Figure 7 shows the current-voltage characteristic of plat-
form A for a voltage range 10 V < |®,, | < 200 V. For compar-
ison, we also calculated the I-V characteristics for two other
platforms with different lengths L. platform 2 has a length
L,y; = 4 m and platform 3 has a length L,,; = 100 m. For a long
plate, the leading-edge curtent I; becomes insignificant at a
low voltage because of the very thin sheath. In such a situa-
tion, the current collection is dominated by the ion saturation
current I = 0.4enyC; x area. Therefore, the I-V curve of plat-
form 3 becomes insensitive to the surface voltage at low |1&,, 1.
On the other hand, for a short plate at |®,,1 $ 1, the current
collection is dominated by the leading-edge current ; because
the sheath becomes very thick. For platform 2 the sheath
thickness grows to a scale comparable to L at a high voltage.

Table 2 Sheath thickness, region I distance, leading current,
and total current collection at each side of platform A

: ®,,V dsn, Lyym I, mA I, mA
entire platform would be covered by a fully developed sheath L sh, il L0 ol
layer. Then the current collection would have a uniform den- - 10 0.24 1.9 0.6 3.5
it - 50 0.82 6.4 2.1 8.2
Sity - 100 1.37 10.8 3.4 15.8
: - 160 1.95 15.4 4.9 22.4
Jz = 0.4en0Cs =1.3 X 10_2 mA/mZ —200 2.31 18'2 59 32.8
5.
z(m) ==
0.
BS
) ,=-50V
"‘5- L] 1] L}
0.0 10.0 40.0
5.
2(m) e
0.
;:
b) &,=-160V
—5- ) - 1) L 1) k) Ll
0.0 10.0 20.0 30.0 40.0

Fig.5 Vector map of ion flux nu and the sheath around platform A in an (x{,x3) plane (contour levels are uniformly distributed between
& = —0.1V and ¢,): a) surface voltage ®,, = —50 V; and b) surface voltage &, = —160 V.
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Fig. 6 Ion flux distribution ovef platform A. Curve 1: ®, = —50 V; and curve 2: &, = —160 V.

0.120

0.000 T
: 0.

Fig. 7 Current-voltage characteristics. Current collections are from
both side of the platform. Curve 1: platform A; curve 2: platform 2,
Liot =4 m; and curve 3: platform 3, Liot = 160 m.

Hence not all the ions entering the sheath will be collected.
The ion current collection starts to resemble the characteristics
of orbit limited collection.

In our space station model, the electron collection at plat-
form B is simpler than the discussed ion collection at platform
A. Since v,, > V, and the electrons are strongly magnetized
(the Lamor radius R, = v,/Q; =2 cm), we can apply the
theory of a stationary probe in a strong B field (for example,
see Refs. 22 and 23). The electron collection in such a situa-
tion is mainly from a current tube along the B field with the
cross section of about the area of the platform. Therefore to
a very good approximation, the current exchange at platform
B is a uniform current density distributed over the entire
surface Jp = I,i/area.

Having analyzed the local interactions at the statlon ]
charged platform, we now proceed to a study of the interac-
tions of the entire space station. The governing equation for
the far field and the dispersion relation have been discussed in

80. 5, (v) 160. 240.

Sec. II. A general calculation of the wave excitation and
propagation induced by a space-station-like current source
was performed in Ref. 18. It was found that on a time scale
t>07!, the phenomena observed from the moving frame of
the station correspond to an Alfvén wave front E4(x ') propa-
gating across a weak background field of lower hybrid waves
along the characteristic lines z =

' Iz =1 :
Ex',t)=EAx")H |t - > 19

1Z 14
z*=x.~—V0t:i:C—:lx3’l=x{:i:C—:Ix3’I (0)

where C4 = By/~4xn;m; is the Alfvén speed. The characteris-
tic lines are at an angle of 8, = tan ~'(V,/C4) with the mag-
netic field direction. On the time scale >, !, the Alfvén
wave appears as a mainly nondlsperswe wave with k3 = w/Cy.
The steady-state electric field E4(x *) is established after the
wave front has passed, and is given by

k.
Ef= —2r 2 | kj ok, ak
k%

CZ
C ky .
E)’,‘,: —\/21r—; S k 'j—zze"bdkl dk,
c k5
A VO . i
E" = —\/ZTF k -j ke dky dk,
P

where
Vv
v=k-x’ =k1<x1’ :I:C—Ix3’l> + koxs

A

The j - k terms in the preceding expressions are determined by
integrating the current density over the boundary surface of
the perturbation source according to

ik =W <§> n -je 1) dg
T

Note j - k # 0 only at those surfaces where charge exchange
takes place.
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One must be careful at choosing the boundary for the
current source. Since platform A is usually biased at a very
negative voltage, the far-field formulation breaks down within
its sheath layer. To be consistent with our far-field formula-
tion, we chose the sheath boundary as the boundary surface of
the current source,

Again we consider platform A biased at — 160 V. The vector
map of the current density and the sheath layer were shown in
Fig. 5. Rather than a thin platform, the far-field plasma sees
platform A as a wedge-shaped current collector. The electric
field for such a perturbation source is calculated numerically.
Since the electric field is constant along the characteristic lines
z = = const once the wave front has passed, we can plot the
wave field on any plane perpendicular to x§ at a distance away
from the space station (plane S4 in Fig. 8a). Shown
in Fig. 8b is the perpendlcular electric field E4(x') =
EA@ )+EA‘ ’.E4 is mainly affected by the perturbatlon
source’s structure in the x; direction, which is similar to a
dipole due to:charge exchanges at the two conducting plat-
forms A and B. The detailed structure of the current source in
the x{ direction plays a relatively small role in affecting the
overall structure of E4 at far field. This is because the wave
number in the x; direction is determined by the Doppler condi-
tion w = k,V,. For the Alfvén wave radiation w<@Q; = 31Hz,
the spatial variation of the Alfvén wave in the x{ direction is
on a scale \,> Vy/Q; ~ 2 km. On the plane S,, the parallel
field E"A is confined within regions A’ and B’, which are the
projections of the current collecting platforms A and B. Out-
side these regions it approaches zero. The ratio of the average
nonzero parallel field to the perpendicular field is E" /
E4 ~ . This reflects the fact that the plasma is a very
good conductor along the magnetic field line. The contours of
the magnitude of total field | E4| = VE4* + E{*? are shown in
Fig. 8c. It can be seen that the electric fleld is concentrated in
areas A and B Therefore the radiation field is concentrated
within two pairs of ‘‘wings’’ that attach to the two conducting
platforms and extend: to infinity along the characteristic lines
z* = const. These are exactly the so-called ‘‘Alfvén Wings,’’
which were first described by Drell ét al.?* The induced wave
radiation creates an electromagnetic interference in the vicin-
ity of section C (the operation module of our model station).
Outside the center point O’ of the section C surface (Fig. 8a),
the magnitude of the Alfvén wave field per unit current is
calculated to be

Eo/liy=156x10"3V.-m-1.A~!

Ey is the lower bound of the radiation field on the surface of
section C. With a total current collection I, = 0.044 A, we
will have an electric interference of Eo = 6.8 x 10~° V/m.
Comparing this result with the background field E; =
VoBo=0.24 V/m, we find the linear assumption is 1ndeed
valid in the far field.

Based on our far-field and near-field analyses, we can con-
struct a global picture of the electrodynamic environment of
our model space station. The perturbed environment of plat-
form A in a (x{,x3) plane is illustrated in Fig. 9. Adjacent to
the platform surface there is a sheath layer where the plasma
is strongly non-neutral. Outside the sheath there is a presheath
of an expansion fan structure, where the environment is dom-
inated by ion sound waves. The sheath and presheath are our
near-field zone. The scale of the near-field zone in the x;
direction R/™" can be estimated as the maximum vertical
distance from the envelope of the expansion fan to the plate.
For Ltot =20 m and ®,-— 160 V, we have approximately
R ~dg + L/ My = 4.5 m. Far away from the plate we
enter the far-field zone, where the dominant phenomenon is
the Alfvén wave radiation. The characteristic Alfvén wave-
length along B, is given by

I U YY)
- k3 - k j V() Vo tot = tot
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Fig. 8 Far-field Alfvén wave radiation: a) radiation system; b) and ¢)
vector and contour map of electric field on S4 plane.

which gives )\\‘f“f"é“ ~ 800 m for Ly, = 20 m. Since the near-

field region is well within one Alfvén wavelength (R <
)\A‘f"e“), from the discussion in Sec. II we find that the electro-
statlc approx1matlon in the near field is ]ustlfled

It is interesting to compare the potential drop in different
zones. Let us draw a vertical line along the B, direction from
the center of platform A (line OP in Fig. 9), which intersects
the sheath boundary, presheath envelope, and the frontside
Alfvén characteristic line at points M, N, and P. Let us take
the surface potential of the platform to be ®, = — 160 V with
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Fig. 9 Electrodynamic environment of platform A.

respect to the unperturbed ambient plasma. Since the high

voltage of the platform will be mainly shielded within this

sheath layer, the sheath potential drop A®g, = Adpy, ~ 19, |
=160 V. The analysis in Sec. III shows that the potential drop
across the expansion fan is of the order of the electron temper-
ature, therefore we have A®y ., = APy ~ O(KT/e) ~ 0.1 V.
With a total current collection I,,; ~ 40 mA by platform A, we
find the average parallel field in the far-field zone to be

E{" ~10~7 V/m. Integration of E* along line PN, we obtain

Adpy ~ 1073 V. Hence, we have A®p, < Ad e < Adg,.

One of the key assumptions in our approach is that the
effects of far-field interactions are negligible in determining
the near-field solution, and therefore, the far-field and near-
field problem can be decoupled. From the previous discussion,
it is obvious that the interactions in different zones are at
different levels. We can also compare the radiation power
carried by the far-field waves P,,q with that dissipated in the
near field of platform A P The far-field power radiation
can be calculated by integrating the Poynting vector over a
surface enclosing the entire space station:

Pog = j (EXB)-dS =12, Zaa 1)

where Z.,q = Z; + Zyis the radiation impedance. This calcula-
tion is performed using an algorithm elaborated in Ref 9. For
our space station model, we found the radiation impedance
associated with the Alfvén wave: Z; =0.055 Q and the
impedance for the lower hybrid waves Z;; = 0.0028 Q. The
near-field power drain of platform A is the sum of that in the
sheath and presheath Pyear = Ppresh + Py, Where

Py =L A(I‘)sh =Ly, 1 (22)

KT,
P, presh = L, Aq’presh = I _e_e (23)

For |®,1 = 160 V and I, = 44 mA, we find Pq = 10"4 W,
Py =4.4% 1072 W, and Py, =7 W. Hence, we have

Prad <Ppresh <I)sh

Therefore, the condition for decoupling the far field and the
near field, Eq. (8), is satisfied.

V. Discussions and Conclusions

In this paper, we have adopted a separate approach to the
problem; i.e., we first solve the interactions in the vicinity of
the charged plates (governed by the Poisson’s equation and
the plasma kinetic equations); we then construct a perturba-
tion current source and solve the far-field interactions (gov-
erned by Maxwell’s equations and the linearized cold plasma
fluid equations). A separate treatment of the different interac-
tion regions greatly simplifies our analysis. As summarized in
Table 3, we find our approach and assumptions are well
justified by the results.

In this paper, our solution of presheath is not yet connected
to that of the far-field zone. The transition from the far-field
solution to the presheath solution can be seen clearly from the
relative importance of the effects of the magnetic field and the
plasma temperature. For example, let us perform a scale anal-
ysis for the environment of the negatively charged platform A
(Fig. 9). To a good approximation we may simply use the
magnetohydrodynamic (MHD) equations for such an analysis
in the far-field zone. We find the dominant driving force term
in the far-field zone is the j X B term. The ratio of this term to
the plasma pressure term is found to be

_JBoLtar _ (5)2 o1
far KTon C;

|jxB
]KTVn

However, as we move closer and closer to the charged plate,
this ratio gradually changes to less than one. In the presheath
region, taking the length scale to Ly ~ Liot/Mp and the
current j ~ eCng, we found

- eCsBOLpresh - <£J_t_o_t>s <1

‘j X B
presh KT

KTVn

ci

where R, = V/{;. Therefore the transition of the space sta-
tion’s electrodynamic environment from the far-field zone to
the presheath is such that the dominant characteristics of the
environment change from those of a mainly cold, magnetized
plasma to a mainly warm, unmagnetized plasma. The transi-
tion from our far-field solution to the presheath is through an
intermediate zone, where both the effects of the magnetic field
and the plasma temperature are important. In principle, the
interactions in the intermediate zone may be solved numeri-
cally by extending the hybrid-particle method in the following
way: 1) enlarging the particle simulation domain; 2) simulat-
ing a magnetized, warim plasma; and 3) imposing a radiation
boundary condition to feed into the effects of far-field waves.
This task is still a subject of ongoing research.

We want to emphasize that the validity of our approach and
solution strictly depends on the dimensions of the system and

. the magnitude of the total current collection. For instance, we

now consider the current collection of our space station wht?n
controlled by means of active electron beam emission. We still
take the surface voltage of platfrom A to be &, = — 160 V. In

Table 3 Comparison of the assumptions and results

Results
Erad ~ 105 V/m, Vo/Bo=0.24 V/m
R| ear _ 4 m, Ifvén __ 800 m
Prad=10"*W, Ppear =7 W

Assumptions
Eq. (3): Erad/ VoBolsar <1
Eq. (6) Rpear g )\wave
Eq. (8): Prad < Prear
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Fig. 10 Comparison of Praa(l) and Prear(): curve 1 Poear = IA® (A® = 160 V); curve 2 Payven = I227; curve 3 Praa = I2(Zu + Zip) (Lror = 20 m);

and curve 4 Prg = I2(Z1 + Zi)(Liot = 2 m).

Fig. 10 we plot the total power radiation Py = IXZ; + Zy),
the Alfvén wave power radiation Py, = I2Z;, and the near-
field power P, = 11®,1 as functions of the current collec-
tion. Our near-field formulation requires Pq < Py, in the
environment of platform A, which sets an upper bound on
current collection 7 < 19, 1/Z 4 ~ I?**. Our far-field formu-
lation sets a second upper bound on the current collection
because the strength of the radiation field is proportional to
the current magnitude. The linear assumption requires the
current collection to be much less than If*, which is obtained
from E(If*) ~ V,By = 0.24 V/m. Hence, for an active system,
our approach is valid only when the current magnitude
satisifes

I < min (7%, Iy =1,

For our space station model, we find 1™ ~ 3.5 x 10? A and
I'= ~ 10* A, which gives I, ~ 102 A. Therefore the picture of
the electrodynamic environment constructed in the last section
breaks down if our space station model actively emits a cur-
rent I >1, ~ 10? A. Physically, this is to be expected because
strong electron beam emission will generate nonlinear pertur-
bations throughout both the near-field and far-field zones. We
would like to point out that I, also depends on the dimension
of the electric contact of the space station. For instance, we
now consider a similar structure but with L,; = 2 m instead of
20 m. We have calculated the radiation impedance for this
structure. The radiation impedance for the Alfvén band is still

= 0.055 Q; however, the radiation impedance in the lower
hybrid band is much higher due to the shorter L,,: Z;; = 0.47
Q. Hence the far field is dominated by the radiation in the
lower hybrid band instead of the Alfvén band. The total
power radiation P,,q4 as a function of the current is also plotted
in Fig. 10. We find the current bound I, for a structure with
smaller charged parts is much less than that with larger ones.

In conclusion, we have presented a general analysis of the
electrodynamic interactions between a space station and the
ionospheric plasma environment. Qur study includes both the
interactions at the vicinity of the charged parts and the interac-
tions at a scale surrounding the space station. Results are
obtained for the plasma flowfield, the presheath/sheath struc-
ture around the space station’s charged platform, and the
Alfvén wings attached to the entire station. The current collec-
tion, near-field power drain, and overall electromagnetic in-

terference are also discussed. Based on our analysis, we have
obtained a global picture of the space station’s electrodynamic
environment. In this paper we only considered a very simpli-
fied model space station. More sophisticated space station
models, including detailed microscale interactions, space sta-
tion grounding, as well as transient phenomena, are still
needed.
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