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Abstract

An electrodynamic bare tether has been consid-
ered as an alternative method of propulsion with-
out expenditure of propellant. The object of the work
reported here is the development of a numerical
method, Particle-In-Cell method, for the calculation
of electron current to a positive bare tether moving,
at, orbital velocity in the ionosphere, i.e. in a flow-
ing magnetized plasma under Maxwellian collision-
less conditions. The code uses the quasi-neutrality
condition to solve for the local potential at points in
the plasma which coincide with the computational
outside boundary. Given the boundary conditions,
Poisson equation is solved in such a way that the
presheath region can be captured in the computa-
tion. Electrons are assumed to have a Maxwellian
distribution at the boundary due to their high mo-
bility, whereas ions are assumed so only in the far
upstream region and are also assumed to only decel-
erate one-dimensionally due to their large mass. The
results indicate a stable convergence, and clearly
represent a presheath region. Collected currents
turn out to be more than that predicted by the Or-
bital Motion Limit (OML) theory [1].

Introduction

In tethered satellite technology, it is important to es-
timate how many electrons a spacecraft can collect
from its ambient plasma by its positively charged
electrodynamic tether. The analysis is, however,
quite complicated because of the small but signifi-
cant Geomagnetic field and the spacecraft’s relative
motion to both ions and clectrons, [2] [3]. One of the
approaches to this solution is the numerical method.
In the numerical analysis of space plasma, one of the
most reliable methods has been the Particle-In-Cell
(PIC) method. In this paper we develop a PIC code
for a two dimensional collisionless plasma under the
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cllects of magnetic field and the spacecraft’s relative
motion.

This paper is the continuation of the authors’ work
on a quiescent unmagnetized plasma [4]. In [4], the
quasi-neutrality condition was used to obtain the
outside boundary condition for the Poisson solver.
The quasi-neutrality codition requires local densi-
ties of electrons and ions at points on the outside
boundary. In computation, each density consists of
two parts; one due to the incoming particles and the
other due to the outgoing particles. Based on same
assumptions, the density of the incoming particles
can be analyzed and expressed as a function of the
local potential. The density of the outgoing parti-
cles is computed by using the same technique in (4],
namely, by estimation from the numerical results for
the previous time step.

Since some electrons are absorbed on the surface
of the tether, there is also a region called “presheath”
outside the sheath, where the quasi-neutrality pre-
vails but the electric potential is not equal to that
of the ambient plasma at infinity. Thus, in order to
reproduce the presheath region in the computation,
the quasi-neutrality condition is physically very rea-
sonable.

In the wake region behind the tether, the Debye
lengths of electrons become very large due to the
low electron density, which in turn is due to the fact
that ions are deflected by the tether potential and
thus do not reside in that region. The large Debye
length may exclude the quasi-neutrality condition
where the computational grid is smaller than the lo-
cal Debye length. In our computation, we apply the
quasi-neutrality where we can obtain the potential
from it, otherwise we use the zero-gradient condi-
tion,

Computation

The major difficulty of a PIC method applied to
an infinitely large plasma appears in the spec-
ification of the computational outside boundary
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0.3 Gauss

2.67 x 10~ 2" kg
0.1 ¢V

0.1eV

212 km/sec

1 km/sec

Magnetic field

Ion mass (OF)

Electron temperature
Ton temperature

[ Electron thermal velocity
Ion thermal velocity

Satellite speed 8 km/sec
Electron gyro radius 2.5 cm
lon gyro radius 430 cm
Electron (Ion) density 101 /m3
Debye length 0.74 cm
Tether radius 0.74 cm

Table 1: Physical parameters

condition, namely the velocity distribution func-
tion at a boundary point. In order to treat the
boundary, we assume Maxwellian velocity distribu-
tion! for electrons ad, the boundary and translating
Maxwellian velocity function for ions at the far up-
stream. First, based on the assumption that ions
are Maxwellian in the far upstream region and are
accelerated/decelerated one-dimensionally, we show
the ion distribution function at the boundary as a
[unction of the local potential. From this function,
we calculate the density, which is required for the
quasi-neutrality condition, and the flux, which is re-
quired to calculate the number of ions replenished
into the computational domain per timestep. Elec-
trons are assumed (o have a Maxwellian distribution
at the boundary due to the fact that the electron
thermal velocity is much faster than the satellite or-
bital speed.

The parameters used in this computation are typ-
ically as shown in Table 1.

Ions

Due to their large mass, ions are very slow com-
pared to the satellite speed. This fact leads us to
the assumption that ions are Maxwellian only in the
far upstream region and that cach ion is decelerated
one-dimensionally by the potential field created by
the tether. The latter assumption may be verified
by the fact that in the frame moving with a tether,
the major velocity component of an ion is in the di-
rection of the tether velocity, but of opposite sign.
Even if the ion is accelerated in a random direction,
the major component of the ion velocity is still the
same. Therefore the ion trajectory remains almost

straight, leading to the assumption.

The ion density is obtained as follows. Assum-
ing a Maxwellian distribution for ions in the plasma
frame, we have an ion distribution function in the

'Flowing effects on electrons are discussed and formulated
in Appendix.
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far upstream region as

m; \*/? (we —~ U2 + wg + w?
fiun..no Noo \ 7 exp 3
2Ky v
)
where no, is ion density at infinity, m; ion mass,
T; ion temperature, wg,wy and w,, x-, y- and z-
components of a particle velocity respectively, U
the tether velocity (in the x-direction) and vy; =
\/inTi /m;i. From the energy conservation between

infinity (the far upstream region) and a boundary
point, we have

1 1 .

Em,'wg = -2-7niu‘): + Zegy (2)
wy N Wy 3)
W, T W, 1)

where 1, is an x-component of a particle velocity at

a boundary point and ¢, is a boundary potential.
Substituting (2) into (1), we get the ion distribution
funetion at, the boundary as

2
(,/zzf,z_ + et (1) 24 0?

2
UTi

fion,b = Ei exp

where §; = ng, (1n,~/21rch,:)3/2. Hereafter we omit
the hat to denote the quantities at the boundary.
From this function, we obtain density and flux of in-

coming ions as a function of the boundary potential.
The density is given by

( (3 T 24 27

) ) ( w4 U )

n" :/ Aiexp |- - dwy (6)
0

3
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for ¢ > 0, and
(wz + 2 11)2‘

i =]
n" = / Ajexp |- 5 dw,  (7)
Vi J

_ 2eqy, L

28

for ¢, < 0, where the integral over w, and w, has

been carried out, and A; = n.\/m;/27kT;. The

flux is then given as

, 2
o (o2 v Z80)
lwzn:/ Alil)m exXp | — :

0

- d 8
-y dw; (8)
for ¢y > 0 and
: 2
(w2 +Z8 - v)
. dwg (9)

. oo
" = / Aiwz exp | — 3
Vo
T4
[ 2y
for ¢, < 0. In consequence of the approximation,

we assume no ions coming into the computational

domain from downstream. Therefore, we have
ni" = 0 (10)

rin = o (11)

for the downstream boundary.
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Figure 1: Geometry of Computation and coordi-
nates

Electrons

From Table 1 we see that electrons have a high mo-
bility so that they reach the thermal equilibrium
quickly. Assuming a Maxwellian distribution for in-
coning electrons at the boundary, we have

2 2 2
- we b owy |owsg >y,
fow & cxn[ e —~~‘~] OKV[LTQ*] (12)
KT,

Ui,

where € = no (m,_,/27mTe)3/2. When ¢, < 0, an
electron has been decelerated by the time it reaches
the boundary. Thus the minimum speed of an elec-
tron entering into the computational domain is still

%ﬂ. To facilitate the calcu-
&

lation of the local density and flux of incoming elec-
trons, we change variables from (e, wy) to (wy, wy)

where w,, is the normal velocity component to the
boundary surface, wy the tangent component, ,

zero, otherwise it is

Wy = Wpcos@ — wysinf (13)

wy = wpsinf + wycosf (14)

where 6 is the angle between the normal of the sur-
face and the plasma flow (in the positive x-direction)
(See Figure 1).

Then we have a Maxwellian distribution function
as

— me{w? 4 w? + w?
fe.b = Ze EXpP [" (’{ n'ZIiT: Z}] (15)
where
3/2
- Me ey
Ze =N ex — 16
i > (27TNT8) p('ﬂﬂ:) (16)

For ¢y, < 0, the density of incoming electrons at
the boundary is given by

) oo 00 0
nin / fe pdwn dwy dw, (17)
—00J —ood —~oo
oo e
— P, 18
oo () 1w

|[EPC-99-217

When ¢, > 0, all electrons are accelerated including
a particle corresponding to w = 0 at infinity in the
plasma frame. This particle is also accelerated by
the positive potential, raising the minimum velocity

v/ ify—lﬂ Therefore clec-

trons slower than this velocity are prohibited from
entering the computational domain. The density of
incoming electrons thus becomes

w2 | ow? | w?
w!" =, /// exp { - A-;ﬁ!‘—-——»-—:‘ duj (19)
L “Te

Viexcept for 1,

of incoming electrons up to

where
Vi{-o0o<uwn <0; —00<wy <o00; —00<w, < oo} (20)
2e¢p

Me

I w? ¢ wi 4wl < (21)

Alter some algebra, the density becomes

nin — Do exp ( e,(/) ) erfc e,¢ I 2 P'ff
i 2 KT1e kT, v\ kT,
(22)

Electron flux is calculated likewise. For & < 0,
we have

. oo oo 0
F;" — / / / — wnf,i‘(,dwn dwy dw, (23)
—ood —cod ~ 0o

Moo VUT'e edy
= —— 2
2r P (K,Te) (24)

And for ¢y > 0, we have

. 2 2 4 a2
pin _ g, ///w,. exp{ _:__4_} ai (25)

2
J UTe
Vexcept for I, )

After some algebra, we obtain

i Tooure { ety
| AL -1 26
W (mr‘e4 ) (26)

Quasineutrality Condition

As shown above, densities due to incoming particles
are given as a function of the local boundary poten-
tial ¢p. In [4], densities due to outgoing particles are
calculated numerically by

out — kz
Yk wnidtS
where k is the number of particles going out of the
computational domain at a local boundary point (in
computaion, it is a cell), ; the particle velocity go-
ing out, 7 the normal vector of the boundary sur-
face, S the surface area , all of which are calculated
at the same boundary point. The quasi-neutrality
condition is applied by equating the electric charge
density of outgoing particles and incoming particles
to zero, Densities of incoming particles are given as
a function of a local boundary potential ¢y.

n{" = ng" = n"(gs) — ni" () (28)

The boundary potential, ¢, is solved nurerically
from (28), and used as a boundary condition in a
Poisson solver.

n

(27)
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Results

In this section, we show the results from our simula-
tions. First, we consider the numerical convergence
and stability. Figure 2 shows the sum of total ener-
gics of all particles in the computational domain. In
this figure, we see the convergence of overall total en-
crgy of particles. The encrgy increase reported in [5]
is not identified. This is because, in our simulations,
particles refresh their energy once they either are
absorbed by a tether or go out of the computational
domain, and then are recycled for the computation.
Therefore particles do not, accumulate a numerical
error throughout the simulation.

Figure 3 shows the number of particles which re-
side in the computational domain. It also indicates
a steady state and does not show an increase in time
as reported before [6].

Figure 4 shows typical trajectories of electrons.
The eflect of the magnetic field can be seen in the
ram region where an electron is trapped in the field
line. In and near the wake, due to the depletion of
lons in the wake (Figure 5), the electric potential
becomes negative with respect to infinity (Figure 6)
so that most of the electrons are reflected by this
potential bump. In the immediate vicinity of the
tether, electric field effects become dominant over
magnetic ficld effects. Thus the magnetization effect
on electrons becomes very small.

Duce to the high positive potential on the tether,
ions are decelerated and dellected from its quasi one-
dimensional trajectory, giving rise to a narrow layer
in the shape of a bow shock in front of the tether,
where ion density is high because ion trajectories are
tangent to it (an “acoustic” surface) (Figure 5). The
potential at the ion stagnation point is equal to the
ion ram energy (5eV').

In order to maintain the quasi-neutrality, elec-
trons are altracted to the ion “bow shock” (Figure
7). In Figure 8, right in front of the stagnation point,
quasi-neutral electric charge density is recognized.
To attract electrons along that magnetic field line, a
positive potential “wing” spreads out along this field
line, since the source of electrons is only from this
direction, whereas electrons residing in front of this
potential “wing” are trapped by the magnetic field,
and can not contribute to the quasi-neutrality near
the tether,

Finally Figure 9 shows the collected current and
OML current. The collected current turns out to
be twice as much as the OML current. This cur-
rent collection may be partially attributed to the
fact that, although the geometry is 2-dimensional (a
long cylindrical tether), particles are accelerated 3-
dimensionally through the magnetic gyration. That
is, a particle which has an in-plane velocity equal to
zero at infinity can have an in-plane velocity faster
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than ,/%’fi at. a boundary, whereas without, the

pyration, this is the velocity it must have at the
boundary. This leads to more one-sided flux into
the domain, hence more current collection. However
further analysis should be performed to verify the
correctness of this current collection result.

In conclusion, we present in this paper a PIC tech-
nique to treat the boundary for flowing magnetized
plasmas. This method shows numerical convergence
and stability. And as a preliminary result, we obtain
a current collection which is twice as much as OML
current.
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Appendix: Flow effects on elec-
trons

In this paper, we assumed a Maxwellian distri-
bution for electrons at the boundary. When
U = 0 this assumption becomes exact, since the
Maxwellian distribution function is in the form of
exp L_) where E = %me w? — e¢. Therefore un-

KT,
der Maxwellian collisionless conditions, this is the
exact solution at the boundary. However for U # 0,
the distribution function given by

we — U)? + w2  w? 2
A P 2]
Te Krﬁ

fep = Ecexp [—

v

3/2 . .
,where & = ne, (. /27sT,) / , is in the form of
exp (—E—%ILUEL) Then the w, term produces an
3

error as the same distribution function (29) is as-
sumed at the boundary as at infinity. In this ap-
pendix, the result from the simulation using the
shifted Maxwellian distribution (29) at the bound-
ary is shown. And it is compared with the case of
Maxwellian distribution (12) and the error is dis-

cussed.

As we derived the density of incoming electrons
from (12) to (18) and (22) and the flux from (12) to
(24) and (26), we likewise derive the density and the
flux from (29) with

Vil-oo<w, <0; 00<mw <o0; ~00<w, < oo} (30)
2e¢
le

Iy : (wn — Ucos0)? 4 (wy + Usin 02+ w?< (31)
n

The result is as follows; the density is, for U cos8 >

Vv 2ed/me and for ¢y < 0,
ni* = fleo exp (ﬂ) erfc (—U— cos 0)
il 2 kTe V2t

(32)
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Jor Ucos < —\/2e¢p/m,
in ) ed . e 2 / (’d_)—
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Mo ep U
-—e ol I 33
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and Jfor |U cosf| < /2ep/m,,
in Too ( e ) ep
ngt = — qexp erfc
2 kT, KT,
2 e U
—— — cos 0 34
: VT [\/ kle vy, cos j'} (34)

And the flux is for Ucos@ > /2ep/m. and for

by <0
oo U7 U? .
NooBTe exp by _ j——— cos?® 9
2/ wle v,

i —
Iy =

U U
—Vr cos @ exp (mpb ) erfc( cos())](%)
Ve kT, Ve

y, for Ucos < —/2ed/m,

“in _
]e

loo U J U2 ’ 2 J
Doo¥Te |exp e s—cos?9 ) — 2 P?‘)b ¢ cosf
27 kTe o3, KTe vpe
e

U
~m cos § exp ( - f’)
kT,

UTe
{1 - 2erf( Cd)‘b - erf( v cos 0) }} (36)
KT UTe
and for |U cos8| < \/2ep/m,

~in
r,* =

oo UTe . ] U?
Moo¥Te | cbb _ mﬁf’ Y coso b ——cos? 0+ 1
2vw | kTe KTe vre V3,

U > ey,
-~ cos @ exp (fﬁf)—"-) erfc . (37)
Ve kT, kTe

With these equations, the same simulation is per-
formed. The result shows the current collection
which is 20% more than the case of U = 0 (Figure
10). From this we can deduce that the error of using
the non-shifted Maxwellian distribution function at
the boundary is of the same order.
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