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In tethered satellite techmology, 1t is important to estimate how many electrons a spacecraft can collect from
fts amabient plasma by a bare dectrodynmmic tether. The analysis 15 however very difficult because of the
small but significant Geomagnetic field and the spacecraft’s relative motion to both ions and electrons. The
object of our work is the development of a numerical method, for this purpese. Particle-In-Cell (PIC) method,
tor the calculation of electron current to a pestive bare tether moving at orbital velocity #n the ionosphere,
i.e. in a flowing magnetized plasma wnder Maxwellian collisionless conditions. In a PIC code, a number of
particles are distribated in phase space and the computational domain has a grid on which Poissen equation
is solved fox field quantities. The code uses the quasi-nentrainy condition to solve for the local potential at
points in the plasma which coincide with the computational outside boundary, The grasi-nensrality condition
impeses n. = n, on the boundary. The Poisson equafion is solved m such a way that the presheath region
can he eaptured in the computation. Results show that the collected current is higher than the Orbital Motion
Limit (OML) theory. The OML current is the upper limit of current collection under steady collisionless
unmagnetized conditions. In this work, we focus on the flowing effects of plasma as a possible cause of the
current enhancement. A deficit electron density duve to the flowing effects has been worked and removed by
introducing adiabatic electron trapping into our model.

Introduction

Sarmartin, M finez-Sdanchez and Ahedo [1] proposed a thin
bare electrodynamic tether to collect currents 1n the Orbatal-
Motwon-Limit (OML)} regime The OML cunent is denved
under steady 1sottopic Maxwellian conditions by calenlating
the current cantribution of all particles whose trajectories can
be traced back to mfimty from the surface of a collector [11]
Therefore we know that the distribution function of electrons
on the collector’s surface 14 Maxwellian except that particles

coriesponding to negative total encrgy are excluded Thus
gives rise to the upper linmt of current collechion n a steady
state Howevel this prediction may m practice be violated,
as seen in the space expenment using a spheiical collectot
(TSS-1R), where a different “upper bound™ was seen to be
broken

The T8S-1R space expeuiment which took place tn 1996
brought about unexpected results  The experinent used a
sphencal cellector, whese radms 15 mmch larger than the
Debye length of unperturbed plasma  Pieviously it was
expected that the cutient collection would have an upper
Timit which was denived from the canonical angula momen-
tum conscrvahon—Parker-Murphy model [2] The result was



Table 1: Plasma parameters

Ton mass (07) 2.67 x 10-% kg
Electron temperature 0.1eV
fon temperature D.1ev
Electron thermal velocity 212 km/sec
lon thermat velocity 1 km/sec
Satellite speed 4895.9 misec (~ 2V}
Electron (Ion) density 101 /e
Debye length at infinity 0.74 cm

that TSS-1R collected more current than the Packer-Murphy
predictions. An electron temperature increase in the near
presheath was also observed. In order to explain the current
cnbancement, Cooke and Kuiz used a fluid mode! to relate the
potential increase o the femperature increase, assuming that
there arc trapped electrons in the presheath, being trapped for
long enough to use the fluid approximation [3]. Laffamboise
intraduced the concept of magnetic presheath to modify (en-
large) the Parker-Murphy collection “tube” [71. These theo-
ries still await experimental and/or computational results for
ifs verification. For a thin tether, the Parker-Murphy limit
may be superseded by the OML limit as the upper bound of
coltected current. However, same of the same phenomena
discussed in [3] and [7] may boe still involved
L=

In order to predict current collection to a bare electrodynamic
tether, we have developed a numerical code using Particle-In-
Cell (PIC) method. The PIC method has been established
to analyze collisionless plasmas. Especially it works well
to simulate particte-field interaciions {12]. We incorporate
the quasi-neutrality condition at the boundary developed by
the authors, to captare the presheath region. This scheme is
shown to give good guantitative approximations in the pre-
diction of current collection to a cylindrical prabe in and out
of the OML regime, in the casc of a quiescent unmagnetized
plasma [8]. In thc ionosphere, at orbital speed where the
bare tether will be put in practice, the so-called “mesothermal
condition” applies, meaning that the tether’s orbital velocity,
Utether, 15 much faster than the ion thermal speed, w ;, and
much slower than the electron thermal speed, w ..

Uy g & Uierner € W e (1)

In this work, we presents recent results from our PIC com-
putations and discuss the effects of the mesothermal condi-
tion on the current collection te a bare tether in an unagne-
tized plasma. We have developed and incorporated a new and
larger grid system to reduce the boundary effects.

A Paradox

When calculated in steady conditions, ion density and elec-
tron density in a flowing plasma appear to be incapable of
satisfying the gquasi-neutrality condition, as explained below.
In the mesothermal condition, approxitnately electrons have
a shified Maxwellian distribution.

_ 2 2 2
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where A, = np, (me/278T%)%/2 cxpled/kTe), Moo electron
density at infinity, m. electron mass, T, electron temperature,
e electric charge of eleciron, ¢ local potential, ~ Boltzmann
constant. Since the electron thermal speed is much faster than
the tether’s orbital speed (See. Table 1), the effect of plasma
flow on electrons’ behavior is negligible. On the other hand,
the ipa’s thermat speed is much smaller than the orbital ve-
lacity. Therefore, in the first order approximation, we can
assume that ions move one-dimensionally toward the tether
in the frame of reference maving with the tether. Using the
fluid model for ions, ion density is obtained as

iy = L S k)]
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where 1mn; i3 ion mass. This is clearly the function of patential
¢, and it increases as i incrcages,

The electron density is obtained by taling the integral of
Equation (2) over the range of velocity which is encrgetically
possible, When the focal potential ¢ is positive, the mini-
mum velocity of electrons coming from infinity where ¢ =0
without colligions, is /2ed/m,, cortesponding tow = O at
infinity. Tn the two dimensioral unmagnetized plasma, this
restriction applies only to the projection of velecity compo-
nents on the plane of interest. In our case, taking the z-axis
along the tether, ouly electrons with w2 + w2 > 2ed/m, are
taken in the integral. Neglecting the fiow effects for the afore-
mentioned reason, the local electron density is approximated
as

me(wZ 4 w2 + w?
e ™~ Ae'[exp (—i—iﬁ—l dw @
[
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In the two dimensional collisionless plasma case, for ¢ > 0,
electron density is no larger than electron density at infinity.
If there is a sink such as a EDtether, the density should be
smaller,

This result {ne < n; for ¢ > 0) contradicts the plasma’s ten-
dency to keep the overalf charge neutral {quasi-neutrality}).
This “paradox™ prevails all over the presheath region, where



local potential is slightly positive (with respect to infinity).
The presheath region extends as far as fle mean free path.
None of the near field explanations of the increased clectron
density [3, 7] seems appropriate. Senmartn {6] pointed out
that the adiabatic electron frapping by a slowly moving po-
tential well in a collisioniess plasma, analyzed by Gurevich
may account for the needed increased electron density in the
presheath and satisfy the quasi-neutrality condition. He also
derived the refation between trapped electron density and lo-
cal potential in the 2D case (Gurevich’s original paper deals
with a 1D problem),

Electron trapping in the presheath

Adiabatic electron trapping in the presheath may occur whea
a pontential well (y#) * is moving more slowly than elec-
trons. In space, a pontential hump created by the highly
biased tether is moving at the orbital speed, which is much
slower than the electron thennal speed. When the local po-
tential iz much lower than the plasma energy, -f% < 1, the
trapped electron density, n,., is given by

e 98 ©

New Kle

The brief explanation of the above expression is the follow-
ing, which is based on the unpublished wotlc by Sanmartin.
h

At given r, the trapped electron density is

~ [ futw) aw )

where f;. is the distiibution function of trapped electrons
(i.e. electrons with negative tota! energy). Changing variables
from velocities (wy, w,) to total energy and angular memen-

tum (%, J), we have
e(r) ] " fir (B, NAEdJ x 2
Moo VI E) - 2

where X2 accounts for the integration over E from 0 to oo
onee for 2, < 0 and again for w,. > 0. J.(E) is defined as

®

JUE) = 2mr°|E + ed(r)] %)

If time varations of ¢(r,] arc controlled by the stow ion
motion, adiabatic trapping ocours. The trapped clectron dis-
tribution function, time-averaged on the slow scale of ¢{r, 1)
is governed by a time-averaged Maxwell-Beltzmann equation

Ofir . Ofe
£ + < B> 3E

*For electron trapping, the actal potential is a hump {¢ > 0}

=0 (10}

where

- a¢ [ dt(—edg/ot)
< E>= <—e§> =4 = fTY

p (11}
The solution to the kinetic equation (10} is

frr= .ftr [I{t,E,J)l (12)
from which we know

df + <E>-—=4+0x
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where

o
I = constant x f dr/E+ep— J2/2m.r2  (14)

is an integral of the motion. r,, and ryy are two ends of
bounded orbits in which electrons may be trapped, given by
2. = {)

dr

i 1!%¢E+e¢-— J22mar? (15)

When J > J,.(0}, there exist bounded orbits to trap elec-
trons. The limiting energy for trapped electrons, separating
bounded and unbounded orhits, is a fixed value, E = 0. The
distribution function should be continuous at F = Q.

fulI(2,0,0)] = fur{E =10)

since I depends ont and .J,

v =

= fulE =0) (16)

fte = constant {independent of I) = f, (E =0} (I7)

Substituting equation (17) into equation (8), we have
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The tast term is a negligible correction for r 3 g, arising
from low enough J electrong migsing from the trapped pop-
ulation. ry is the point where r24(r) has a minimurmn, This
population of &' < 0 electrons is added at the boundarics, and
tracked numerically afterwards. It provides the extra negative
charge to break the apparent paradox raised carlier,

(18)



Computation

The major difficulty of a PIC method applied to an infinitely
large plasma appears in the specification ¢f the computational
outside boundary condition, namely the velocity distribution
function at a boundary point. In order to treat the compu-
tational boundary, electrons arc assumed te have a shifted
Maxwellian distribution given by equation (2) and ions are
assuined to have a distribution funcfion given by

- 2
( w? + i—f? - Uecs.rm-) + (awy, ~ U,)?
Fi=E&exp( — ]

v,

(19
where £ = 115 (%&T.) . The ion flow velocity U, is locally
determined computationally.

The density of incoming clectrons at the boundary is cateu-
lated from equation (2) and the trapped electrons, and that of
all tons at the boundary is from equation {19), The density of
outgoing electrons is obtained from the munerical technique
developed clsewherc]9]. Using these densities, the quasi-
neutrality equation is solved to give a local potential at the
boundary. This potential is used in the Poisson solver. When
the quasi-nentrality equation is nat sohible, V¢ = 6 is used
instead.

Tp avoid an crror associated with the very large velocity of
electrons near the high potential tethet, sub-iterations are used
for fast electrons. Tether charge is also lept at 7eV, which is
above the ion ram energy, reducing the number of very fast
particles near the tether. Higher potential cases can be com-
puted without any practical problems. We ate in the process
of incorporating analytically the movement of fast particles
in the immediate vicinity of a tether. We expect the analyti-
cal treatment of particles to enable a faster computation and
better accuracy.

Results

In ¥igure 1, instantaneous maps of electron densitics (non-
trapped, trapped and overall), ion density, electric charge
density and potential are shown for unmagnetized plasma,
Plasma, is flowing from left to right.

The ion density map (middle right) clearly indicates the wake
region behind the tcther. Due to the high positive charge
on the tcther, all ions are deflected from their quasi one-
dimensional motion as they approach the tether. Since the
pofential in €he presheath is mostly of the order of 0.1¢V, jon
density increases vety gradually (~ 1.1 X n.,). The peak
density is around 3.6 % ne..

In the fignre for non-trapped electron density {upper tight),
there are some region where the density i3 lower than that at

+

infinity. This is considered to be due to the electron sink at
the tether. Even without the sink, as mentioned earlier, non-
trapped electron density can be no more than that of infinity
in a steady state However this figure also shows the electron
density increase where jon deasity also increases. The same
tendency of efectron behaviot iz recognized in the figure for
trapped electron density (upper left).

Overall electron density {middle left) is obtained so that
plasma can maintain the quasi-neutrality in the pre-sheath,
Duc to the high mobility of electrons, increased electron den-
sity spreads whereas ion density increase is concentrated in a
narrow region. The very high positive potential on the tether
does not allow any ions inside the sheath, and only electrons
reside there. The density pealks of electrons near the tether
are typically from 1.3 ~ 1.7Tn..

Current collection was found to be around 1.3 times mote
than the OML current. Since ¢y, is relatively low, maybe the
simple formula for OML is not encugh. On second thought,
%@ ~ 70 is large enough.

In Figure 2, we check the distribution of current callection on
the tether surface, The X-axis is the angle from the wake
side, increasing counterclockwise. The distribution shows
that there are mote electrons absorbed on the ram side of the
tether than the wake side. The distribution of electron collec-
tion on the tether sarface is plotted. The current collection is
normalized by the OML current, The distribution of cusrent
collection on the tether surface shows that more electrons arc
collected on the ram side than the wake side. This is a clear
indication of the violation of the OML theory, In the OML
regime, regardless the shape of a collector, the distribution of
current collection must be uniform, This also suggests thag
the increased clectron density (non syeunetric) may be re-
sponsible for the current collection,

Conclusion and Future Work

A Particle-In-Cell method has been developed for the caleu-
lation of current collection by a moving bare tether. Current
collection erhancement has been recognized in the compu-
tation. Deficit electron density in the steady state solution
brought about “paradox” in the case of unmagnetized flow-
ing plasma, if only free (B > 0} elecirons were included,
Due ta the mesothermal condition and the very high positive
potential, ion density increases as jons approach the tether,
whereas electron density remaing no more than that of in-
fimty as stated in Laframbeise and Parker theory. In order
to resolve this, adiabatic eleciton trapping has been consid-
ercd to fill the deficiency of electrons, Adiabatic electron
trapping occurs when the motion of a potential well, ¢, is
much slower (or faster) than that of electrons. In space, a po-
tential well created by an EDtether is moving at the arbital



specd whicl: is much slower than the electron thermal speed.
Therefore we may introduce the phenomenon into eur moded.,
Az aresult, the abrupt potential increase seen previously near
owside computahonal boundary due to the deficiency of elec-
trons disappeared.

In order to maintain the quasi-neutrality, elcotrons, trapped or
noun-trapped, increase their density where ions are accumu-
lated due to the tether potential. The peak electron density
in the region is found to be 1.3 ~ 1.Tng,. Since the cur-
rent collection is about 1.3 x Joasz, the increased electron
density potentially provides a good source for the enhanced
currenl. The mechanism of the increase of electron density is

still unclear. More detailed analysis should be followed after
completing a 2-D PIC code, Work in process includes the an-
alytical movement of fast particles near the tether, and wave
damping at the boundary by introducing a virtuat vacuum.
Detailed anaylyses of velocity distribution functions and par-
ticle trajectories are to be performed as well,
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Figure 1: Instantaneous maps of trapped electron density (top left) , non-trapped electron density (iop right), overall electron
density {muddle lcft), 10n density (middle right), electric charge density (bottom left) and potentiz] (bottom right). All densities
a1e normalized by no,. Electric charge density is niormalized by efio.. Potential is in eV, (k7 = 0.Le})
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Figure 2: The distribution of electron cuirent collection on the tether surface. #(rad.) is taken from the wake side and increases
counterclockwise.



