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Applications of Electrodynamic Tethers
Utilizing Their Transmission-Line

Characteristics
Sven G. Bilen*

The Pennsylvania State University, University Park, Pennsylvania 16802
Eric Choiniere^ and Brian E. Gilchrist*

University of Michigan, Ann Arbor, Michigan 48109

In this work, we use a previously developed model for the tether transmission line to
examine several unique features of signals propagating on tethers as well as some of the
potential applications for tether transmission lines. The model we use is implemented
in SPICE, which allows the tether's transmission-line characteristics to be examined un-
der a large array of stimuli and in a variety of system configurations. In addition, we
offer a possible method for enhancing current to tethers using radio-frequency signals,
which is practicable due to the transmission-line characteristics of tethers. We present re-
sults of initial experiments and particle-in-cell computer modeling of the radio-frequency
enhancement.

Nomenclature
Eg geomagnetic flux-density vector, T
Cd dielectric capacitance per unit length, F/m
Csh voltage-dependent-sheath capacitance

per unit length, F/m
E tether transmission-line emf

per unit length, V/m
/ excitation frequency, Hz
/dc DC collected current per meter, A/m
-fomi OML collected current per meter, A/m
jsh sheath current density, A/m2

k Boltzmann's constant, 1.38 x 1CT23 J/K
/ tether length, m
L transmission-line inductance

per unit length, H/m
N integer, unitless
ne electron plasma density, m~3

«o undisturbed plasma density, m~3

Plf RF power, W
q charge magnitude, 1.602 x 10~19 C
r radius, m
R transmission-line resistance

per unit length, 0/m
r<j radius of dielectric-coated conductor, m
Ftp plasma resistance per unit length, fi/m
rsh ion-matrix-sheath distance, m
ri simulation outside radius, m
t time, s
Te electron temperature, K
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Va accelerating potential, V
vg group velocity, m/s
vp propagation (phase) velocity, m/s
yac AC applied voltage, V
Vdc DC applied voltage, V
Vprop propagation velocity, m/s
vg spacecraft velocity vector

(relative to rotating Earth), m/s
V^h potential across voltage-dependent sheath, V
ZQ transmission-line characteristic impedance, O
Zjoad load impedance, f!
F reflection coefficient
Sm magnetic skin depth, m
EO free space permittivity, 8.85 x 10~12 F/m
rjp plasma resistivity, ft-m
A wavelength, m
A£> Debye length, m
Ho free-space permeability, 4?r x 10~7

Taf applied-voltage falltime, s
Tap applied-voltage plateau, s
rar applied-voltage risetime, s
a; angular excitation frequency, rad/s
uipe angular electron-plasma frequency, rad/s
uipi angular ion-plasma frequency, rad/s

Introduction

ARMED with an understanding of the propagation
characteristics of electromagnetic pulses along

electrodynamic tethers in the ionosphere, we can begin
to examine a wide array of applications that exploit
this feature. Signals, or perturbations, take a finite
amount of time to propagate along a tether and tend
to affect the surrounding ionospheric plasma as they
travel. This interaction, in turn, affects the tether's

H/m
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where ra is the radius of the cylindrical conductor.
This equation is an important result in that it is non-
transcendental—unlike the exact expression—which
allows it to be used easily as the basis of the cir-
cuit model we develop for use in the SPICE circuit-
simulation code.

Electrodynamic-tether circuit model

We now employ the model of the voltage-dependent
sheath as the basis of a nonlinear transmission-line
model of the electrodynamic tether using the Tethered
Satellite System (TSS) tether6 as an example. The
model of the tether-plasma system that we develop is,
in effect, of a "non-static" coaxial transmission line,
i.e., a transmission line with voltage-dependent ("dy-
namic") parameters. In the frequency range wpe S>
u ~^> uipi, the tether's E- and S-fields are contained lo-
cally allowing us to define an effective capacitance and
inductance per unit length for the tether. In develop-
ing this model, we use the knowledge that the .E-field
is contained within the sheath region (as shown by
Bilen7) to develop the effective capacitance. We then
find the effective inductance by showing that the B-
field is also locally contained, but in a larger region
that takes into account the location of the plasma re-
turn currents.

The capacitance and inductance per unit length are
based on the sheath distance, rsj,, which is a function
of the voltage applied across the sheath. Hence, the
capacitance and inductance per unit length ultimately
depend on applied voltage. Fig. 2 shows rsh as a func-
tion of applied voltage with ra — 0.43 mm (TSS-tether
geometry) and ne = 1Q12 m~3.

Shealh Radius vs. Voltage

Fig. 1 Electrodynamic-tether transmission-line
models: (a) static-sheath model and (b) dynamic-
sheath model.

transmission-line (TL) characteristics. Under neg-
ative high-voltage excitation the sheath is dynamic
and nonlinear—unlike the assumptions generally used
for low excitation voltages, those being static sheath
size or linearized sheath characteristics. Because the
plasma effectively forms the outer conductor,1 the ge-
ometry of the plasma-conductor system is not rigid
and this dynamic and nonlinear sheath fundamentally
changes the nature of EM propagation along electro-
dynamic tethers.

Previous tether TL models2*3 assume, as a first-
order approximation, that the plasma-sheathed tether
can be modeled as a simple rigid coaxial cable (Figure
la). While this has proven acceptable for short teth-
ers,4 an improved model is needed for longer deployed
tether lengths, primarily to account for the higher in-
duced voltages and the dynamic sheath. That is, in
the transient case of a pulse propagating along the
tether, the approximate coaxial geometry is dynamic
since the surrounding plasma is affected by the pulse's
passage (Figure Ib), unlike the case of typical coaxial
cable which has a rigid metal sheathing.

In this paper, we will present first a TL model of the
electrodynamic tether and several applications that
exploit this TL nature. We then present some initial
work into possible RF enhancement of current collec-
tion to bare tethers.

The Electrodynamic Tether
Transmission Line

Transient plasma sheath model
Bilen and Gilchrist5 derived a transient plasma

sheath model by analytical means and verified the
model by experiments and PIC simulations. The
model is valid in the frequency regime between the
electron and ion plasma frequencies (wpe 3> w ^> WPJ),
and for large negative applied voltages, \Va\ 3> kTe/q.
In this frequency regime, the E-fie\d from the conduc-
tor is contained within the sheath region and the model
describes the ion-matrix-sheath radius as a function of
applied voltage, rSh(T4). The equation for rSh(Va) is

rsh(K) ~ %/3
5/12

rlj6 for rsh » ra, (1)

0 500 1000 1500 2000 2500 3000
Vollage (-V)

Fig. 2 Plot of ion-matrix-sheath radius, rsh, vs.
applied voltage for a cylindrical tether geometry in
an ne = 1012 m~3 plasma.

Coaxial capacitor approximation

Using the particle distribution shown in Fig. 3,
Bilen7 developed a model for the tether capacitance
using a coaxial capacitor approximation. The derived
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capacitance per unit length is given as

r — 27r£°
In (*

(2)

Using this simple model, we see that the cylinder-
sheath-plasma system approximates a coaxial capaci-
tor.

radius

Fig. 3 Simplistic model of an RF sheath sur-
rounding a negatively biased cylinder immersed in
a plasma.

Coaxial inductance approximation
The inductance of a typical coaxial transmission line

can be determined through a calculation of the stored
magnetic energy of the system. In the typical coaxial
line, the magnetic fields are confined to the region be-
tween the two conductors since a return current flows
in the outer conductor that is equal and opposite to
that of the center conductor; hence, the magnetic fields
are confined. In the absence of a return conductor,
as in the case of electrodynamic tethers, some other
mechanism for confining the magnetic field is needed.

Although a perfectly conducting plasma will exclude
a changing magnetic field just as a perfect conductor
does, magnetic fields can penetrate into a plasma to a
distance equal to the magnetic skin depth, 5m = c/u}pe,
because of electron inertia. Equivalently, we can say
that it is bulk plasma currents which flow to exclude
the external field rather than surface currents at the
sheath edge. A typical value of Sm for an ne = 1012

m~3 ionospheric plasma is 5.3 m. The effect of the
plasma skin depth is to cause the RF 5-field generated
by the current-carrying wire to diminish more quickly
than it would in a vacuum.

Using the concept of magnetic skin depth described
above. Bilen7 derived the inductance of the tether to
be approximately

LJ tt Lj' -pprox- (3)

which indicates that the inductance is approximately
what would be derived if all return current flowed as
a surface current at a radius of 8m/2.

The inductance-per-unit-length parameter generally
has been neglected in previous transmission-line mod-
els of electrodynamic tethers. For example. Arnold
and Dobrowolny2 exclude inductance and so avoid
integrating the rate of change of current in their com-
puter model. Osmolovsky et a/.3 include the induc-
tance term in a generalized description of their model,
but then set the inductance parameter to zero before
performing calculations. In general, the absence of an
inductance term in these previous models is justified
because those models are not concerned with examin-
ing electromagnetic-signal propagation effects.

Tether characteristic impedance and propagation
velocity

Using the parameters for capacitance and induc-
tance per unit length, we can calculate the classical
characteristic impedance of and propagation velocity
along the tether transmission line. Since the capac-
itance is a function of voltage, then both impedance
and propagation velocity are functions of voltage. As-
suming G = 0 (insulated tether). R <C uL, and L =
constant, then the characteristic impedance is given
by _____

Z0(Va) ~ ^L/C(Va). (4)

Eqn. 4 is plotted in Fig. 4 for several values of plasma
density; the figure clearly shows that as ne decreases,
Z0 increases. The propagation (phase) velocity for the
tether transmission line is given by

= vp(Va) = (5)

Eqn. 5 is plotted in Fig. 5 for several values of plasma
density; the figure clearly shows that as ne decreases,
v increases.

TL Impedance vs. Voltage

0 500 1000 1500 2000 2500 3000
Voltage (-V)

Fig. 4 Plot of tether transmission-line impedance
vs. applied voltage for the cylindrical tether ge-
ometry for various plasma densities. Solid line
represents an ne = 1012 m~3 plasma.

3 OF 12

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2000-3868



(c)2000 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)1 Sponsoring Organization.

Propagation Velocity vs. Voltage

500 1000 1500 2000
Voltage (-V)

2500 3000

Fig. 5 Plot of tether transmission-line propaga-
tion velocity vs. applied voltage for the cylindrical
tether geometry for various plasma densities. Solid
line represents an ne = 1012 m~3 plasma.

Several other researchers have reported on prop-
agation velocities along plasma-immersed conduc-
tors. James8 experimentally determined a small-signal
group speed vg — 0.6c ~ 1.8 X 108 m/s for sheath waves
along the OEDIPUS-A 958-m tether. This measure-
ment agrees well with the model presented here, given
the appropriate parameters for their system: ra = 0.26
mm, rd = 0.66 mm, rsh = ra + XD ~ 1-25 cm, and
ne ~ 1011 m~3. However, unlike the model presented
here, their model was based on a voltage-independent
(i.e., fixed) sheath distance.

Tether incremental circuit model
The incremental circuit model of the electrodynamic

tether (Fig. 6) consists of the elements R, L, E, Cd,
RP, Csh(Vsh), and jsh(Vs}t) per unit length, Az. The
values for R, L. E, Cd, and Rp are fixed values which
are either measured or calculated. The remaining two,
C'sh(Kh), and jsh(^h), are varying parameters which
depend on Khi the sheath voltage.

The other varying parameter we have included in the
circuit model is a current-per-unit-length term that
also depends on sheath voltage. Since we have confined
ourselves to rpe <gC T <£. TPJ, we are only interested in
electron current because on this timescale, electrons
can redistribute themselves but ions are motionless.
Hence, electron current can be collected but not ion
current.* The functional form for this term is that of
OML current collection. Since there is no ion current
collection, then for l^h < 0, jsh = 0.

In Fig. 6, the Rp resistance per unit length results
from the plasma's specific resistivity in the return-
current shell. This term is included in the return

"There is also a small ion ram current which is not included
in the model.

Az,0

Jsh("sli)Az / I \ -jl

<l> #

•^s^

Csh(Vsh)Az

Fig. 6 Tether incremental circuit model which
shows R, L, E, Cd, Rp, Csh(Vsh), and ji'sh(V"sh) per
unit length, Az.

(bottom) leg of the incremental circuit. For the TSS-
tether geometry, Table 1 summarizes the parameters
for the incremental circuit model with the assumption,
when required, of an ne = 1012 m"3, Te = 1160 K
ionospheric plasma.

Table 1 TSS transmission-line circuit parameters
per unit length. Typical values are given for an
ne = 1012 m~3, Te = 1160 K (Be = 0.1 eV) ionospheric
plasma.

Parameter and Equation

Csh(Vsi! <

R —
L~ fa jn ^|m.^
£= -|v, X B£|

Cd= j^gy

^P~^-

i_ f V^ 1 vsh'0 \5/12 1/6

Typical Value
0.103 n/m
1750 nH/m
-0.2 V/m

128 pF/m

0.5 mn/m

Jsh(Vsh

SPICE implementation of incremental circuit
model

Transient simulations of the circuit model were per-
formed using HSPICE (version H96) software devel-
oped by Meta-Software, Inc., which is similar to the
standard Berkeley SPICE. The electrodynamic-tether
circuit model was implemented as an HSPICE deck
with which transient analyses could be performed.

The entire tether circuit is assembled as a ladder
network of N incremental sections of length chosen
such that Az <C A. A choice of 4-m increments for Az
yields a minimum of 40 increments per wavelength. A
circuit consisting of N = 5000 increments was used,
which equates to an 20-km-long tether. This length
was chosen for two reasons: 1) 20-km is the length of
practical tether systems such as TSS and 2) this length
allows the applied pulses and sinusoidal waveforms to
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be adequately resolved at different sections along the
transmission line.

For tether systems, there are several methods for
producing tether voltage modulations, i.e., forced os-
cillations, which include 1) periodically producing cur-
rent increases, decreases, or breaks; 2) varying the
source and/or load impedances; and 3) changing pa-
rameters and control voltages of the contactors and
emitters. For these circuit simulations, we utilize a
voltage source controlled by pulse and sinusoidal func-
tions.

SPICE Simulation Results
A sample simulation that employed pulse excitation

of the transmission line is given here. The applied
pulse had the following properties: voltage magnitude
across sheath, V^h ~ —570 V; rar = rap = raf = 1 p,s.
Fig. 7 shows the simulation results for a lossless line
where R and Rp — 0. The figure plots the sheath
voltage, K h j on linear and log scales and sheath ca-
pacitance, CSh, as a function of time for five positions
along the transmission line: section N = I (initial),
TV = 1000, N = 2000, N = 3000, and N = 4000. Ev-
ery 1000 sections represents 4 km. Note that the time
axis increases to the right, which means that signals
located more to the right occur later in time.
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Fig. 7 Transient SPICE simulation of an excited
high-voltage pulse on the lossless tether transmis-
sion line. Plotted are the voltage across the sheath,
Kih, on linear and log scales and the sheath capac-
itance, Csh, as a function of time. The five curves
represent values at the indicated section number of
a 5000-section (20-km) tether transmission line.

In Fig. 7, it is interesting to note that the width
of the primary disturbance (marked "P") remains ap-
proximately the same as it travels the length of the
transmission line, although it becomes reduced in mag-

nitude. In addition to the primary pulse, a lower-
voltage tail at the trailing edge of the pulse (marked
"S") begins to form. This secondary pulse can already
be seen at section N = 1000. but becomes more pro-
nounced at later sections. A tertiary pulse (marked
"T") also forms and propagates at an even slower ve-
locity since its voltage is lower still. The formation of
additional pulses is not completely unexpected behav-
ior, since we know that higher voltages travel faster
along the line due to their increased propagation ve-
locity as compared to lower voltages.

Sinusoidal Excitation
The second type of simulation excited the trans-

mission line with an RF sinusoid that had the fol-
lowing properties: voltage magnitude across sheath,
Fsh ~ -1200 V; / = 100 kHz.t Figure 8 plots the
results of this RF-sinusoidal excitation simulation at
various points along the lossless line (R and Rp ~ 0).
The figure plots the sheath voltage, Vsh, and sheath
capacitance, Csh, as a function of time for three po-
sitions along the transmission line: sections N = 1
(initial), N = 2000, and TV = 4000.

40 50 70 80
Time (us)

90 100 110

Fig. 8 Transient SPICE simulation of a high-
voltage 100-kHz sinusoid excited on the lossless
tether transmission line. Plotted are the voltage
across the sheath, Vsh, and the sheath capacitance,
Csh; as a function of time. The three curves repre-
sent values at sections N = 1 (initial, solid line),
N = 2000 (long-dashed), and N = 4000 (short-
dashed) sections of a 5000-section (20-km) tether
transmission line.

The RF-sinusoidal excitation simulation shows the
very important result that the sinusoidal waveform
steepens as it propagates along the transmission line—
an effect noticed on many other nonlinear transmission
lines. Because of this steepening effect, significant
harmonic distortion will be added to any signal propa-

t Strictly speaking, this frequency does not satisfy the crite-
rion / > fpi. However, there was some attenuation that was
much more pronounced at the higher frequencies, so a lower
frequency was used here.
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gating along the transmission line. An analysis of this
added harmonic distortion was made by taking FFTs
of the waveform at various points along the transmis-
sion line and plotting the energy in the fundamental
and the first four harmonics. The results of this anal-
ysis are plotted in Fig. 9. What is seen in this figure is
that the harmonic amplitudes quickly build up within
the first 4 km and then much more slowly thereafter;
the energy in the harmonics comes from the energy in
the fundamental. This is important information for
several reasons: 1) the quick buildup in the harmonics
means that for all practical tether lengths, the propa-
gated signal is likely to be distorted: 2) for long tether
lengths the distortion builds up much more slowly af-
ter the initial buildup.

• Fundamental (100 kHz)
O 1st Harmonic (200 kHz)
A 2nd Harmonic (300 kHz)
O 3rd Harmonic (400 kHz)
PI 4th Harmonic (500 kHz)

10
Distance (km)

Fig. 9 FFT-derived powers in the fundamental
and first four harmonics of a propagating sinusoid
as a function of distance along the tether transmis-
sion line.

Tether circuit-model applications

Some potential applications for and the utility of
the circuit model developed here include 1) predic-
tion of time-domain reflectometry responses along the
tether transmission line from which it may be possi-
ble to reconstruct impedance profiles; 2) prediction of
pulse and waveform propagation morphology; and 3)
prediction of overall tether system responses to vari-
ous stimuli when implemented together with endpoint
models. We dicuss the first two below and refer the
reader to Bilen7 for the third.

Time-domain reflectometry

Time-domain reflectometry (TDR), also sometimes
known as pulse reflectometry, is a technique which con-
sists of sending an impulse down a transmission line
and recording the reflected energy—the "echo"—as a
function of time. The reflected TDR waveform mea-
surement provides insight into the physical structure
of the device under test (DUT). The characteristics of
the DUT(s) can be determined from knowledge of both
the incident and reflected signals. The TDR technique
has the advantage of being able to accurately model

nonlinear devices.*
The shortest pulse length that can be launched onto

this transmission-line model is on the order of ra = 1-
3 ps for an ne = 1012 m~3 plasma. This pulse length,
in turn, places a lower limit on the spatial resolution of
any TDR measurements. To get a idea for what kind
of resolution is possible with a TDR measurement, a
3-//s, -500-V pulse traveling ~ 2.3 x 10s m/s yields a
minimum spatial resolution •£ 700 m.

Several simulations were run to ascertain if TDR
can be used as a novel application of electrodynamic
tethers. Fig. 10 shows one such simulation wherein a
pulse was launched along a lossless tether transmission
line that had a step discontinuity in plasma density
(from Tie = 1012 ->• 1010 m-3) at section N = 3000;
the value of Z\0&a was left at the Zo(0) value of the first
portion of the line. Although somewhat artificial, such
a situation could occur if the upper half of the tethered
system were to fly into a deep density depression with
sharply defined features. The simulation results show
very clearly two return pulses, the first is due to the
change in plasma density at N — 3000 and the second
is due to the mismatch at the load. Do these reflections
make sense in the classic sense of TDR? To answer
this, we remember that the reflection coefficient, F, at
an impedance discontinuity on a transmission line is
given by the equation

T =
— Zp

(6)

where Z\OA^ is either a load impedance or a new trans-
mission line impedance. (Note: this equation does not
take into account the voltage dependencies of the char-
acteristic impedance.) As plasma density decreases,
Fig. 4 shows that ZQ increases. Hence, at the step
change in plasma density we would expect a positive
F, and indeed the return pulse from this discontinuity
is the same polarity. Conversely, at the load we would
expect a negative F, and indeed the return pulse from
the load is positive. This simple demonstration shows
that TDR applications along tethers may hold promise
for future systems.

Predictions of pulse and signal morphology
This circuit model promises to have utility for ex-

amining the propagation of undesirable high-voltage
signals along the lengths of structures in ionospheric
plasma. In addition, with signals for which propaga-
tion is desired, this model can help to understand and
predict the manner in which the signal will mutate
from its original shape. Such predictive simulations
should help to ascertain, for example, how much har-
monic distortion is added to a high-voltage RF signal

* Nowadays, the TDR technique is often accomplished by ap-
plying a Fourier transform to frequency-domain data. While
the transform technique has found much utility, especially for
microwave-circuit measurements, the "old" method of applying
an actual pulse continues to find areas of use.
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Fig. 10 Time-domain-reflectometry simulation
with a pulse along a lossless tether transmission
line that had a step discontinuity in plasma den-
sity and a unmatched load impedance.

on the tether. The utility of this model for determi-
nation of harmonic-distortion estimation was shown
above.

Radio-Frequency Enhancement of
Tether Electron Collection

One of the main limiting factors for increased thrust
in bare electrodynamic tether systems is the current
collection limit, which is determined by the given
plasma characteristics and tether geometry. The use
of radio-frequency signals is proposed here as a means
of increasing the electron collection on a bare tether.

Breaking through the OML current limit
Under steady-state DC conditions, the amount of

current collected by a positively biased long circular
cylinder such as a tether immersed in a low-density
plasma is limited by the orbital-motion-limited (OML)
current law, which is based on conservation of angu-
lar momentum.9 The proposed current enhancement
technique seeks to enhance current collection beyond
this apparent limit through the injection of a radio-
frequency signal superposed on the bias potential and
propagated along the transmission line formed by the
tether sheath structured

Analogous to what has been observed with spherical
probes,10 a resonance condition on the tether sheath

§The work of this section employs a positive DC bias on a
bare tether. As a point of contrast, the transmission-line model
of the previous section was developed for negative, transient
pulses on an insulated tether. Hence, the tether sheath struc-
tures will be different.

structure was experimentally observed on a cylindri-
cal tether simulator, which occurred at a frequency
slightly less than the electron plasma frequency. Ex-
perimental tests were first performed that consisted
of applying a 15-Vrms signal onto a bare 10-cm-long
tungsten tether simulator that had a 140-Vdc bias ap-
plied to it. The simulated tether was immersed in a
Xe+-electron high-density (~ 1014 m~3) plasma. The
tether was sized such that A£> ~ 1-3 ra. Results in-
dicated that a large increase in the collected current
occurred over a narrow frequency band centered at a
frequency slightly less than the electron plasma fre-
quency.

Particle-in-cell model and issues
The particle-in-cell (PIC) technique was used in or-

der to model the tether-plasma interactions and char-
acterize the enhancement phenomenon that previously
was observed experimentally. A 1-dimensional cylin-
drical implementation of this technique11 was adapted
and used to this end. The analysis of the simpli-
fied problem is based on assumptions of a collisionless
plasma, a negligible plasma drift velocity, quasi-static
electromagnetic fields, and no external magnetic field.
Another important assumption concerns the ion den-
sity distribution, which is assumed to be uniform ev-
erywhere around the tether; this is the well-known
matrix sheath approximation.12

Fig. 11 Basic geometry of the simplified model of
the electrodynamic tether problem.

Fig. 11 depicts the geometry of our simplified model.
An outer perfect electric conductor at T = ri is used
as the boundary condition representing the plasma
potential reference, arbitrarily set to zero here. The
potential difference between the center and outer con-
ductor is set to a sinusoidal potential variation of am-
plitude VAC on top of a bias potential Vdc- It should be
noted that the xpdcl11 code has been modified such
that the number of electrons present in the simulation
domain remains constant during the simulation. That
is, for every electron collected either on the tether or
on the outer conductor, another electron is emitted

7 OP 12

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2000-3868



(c)2000 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)1 Sponsoring Organization.

from the outer conductor with its three velocity com-
ponents chosen according to a Maxwellian distribution
at the bulk plasma electron temperature.

Because of memory and computing power limita-
tions, individual electrons cannot all be included in the
simulations. Instead, a reduced number of large par-
ticles with larger charge and mass are simulated. The
ratios used for the number of real electrons to the num-
ber of simulated particles were in the range of 107 to
108. In order to compensate for noise in the simulation
diagnostics caused by the artificial granularity of the
simulation, results were averaged over many RF cycles
after an initial delay. Many diagnostics were computed
using this averaging technique, among which the aver-
age collected DC current (/dc), average sheath width,
the fundamental and harmonics of the time-varying
current response, the average RF power dissipated in
the sheath (Prf). the input impedance, and the steady-
state time periodic electric field distribution.

Basic physics of the enhancement phenomenon

From the PIC simulations, an evaluation of the
steady-state time periodic electric field distribution (a
function of r and t) was obtained from averages over
several RF cycles. This steady-state, time periodic
field is a solution that accounts for all electron plasma
dynamics around the tether. Running a test particle
(an electron) through this field-solution allows one to
predict its trajectory as a function of initial position,
velocity, and time of release with respect to the phase
of the applied RF signal on the tether.

Fig. 12 shows the trajectories of two test electrons
with identical initial conditions through both a DC po-
tential distribution (no RF excitation on the tether)
and an RF-enhanced potential distribution. For the
case presented here, the initial angular momentum of
the electron is too large compared to its radial veloc-
ity for it to be collected by the tether with the DC
excitation alone. The RF enhancement, however, re-
sults in the scattering of the electron from the OML
trajectory. In the illustrated case, the electron run-
ning through the RF-enhanced field is collected. The
DC bias was 120 V in both cases and the RF signal
added in the second case had an amplitude of 10 V
and a frequency of 75 MHz, that is, lower than the
electron plasma frequency of 152 MHz corresponding
to an electron plasma density of 2.9 x 1014 m~3.

Although Fig. 12 illustrates a case where the elec-
tron running through the RF-enhanced field is col-
lected, this is so only for a certain range of "release
phases" measured with respect to the phase of the RF
signal source. However, part of the electron population
incoming at an incidence angle of 16.6 degrees with the
same velocity will be collected, whereas none are in the
DC case. On the other hand, an adverse effect is that
some of the electrons that would normally be collected
under DC conditions (at lower incidence angles, for ex-

0.5

0.4 -- .- . . . . .

0.3 •

~ 0.2 -
E

Hi «
"•-0.1

-0.2

-0.3

120 Volts DC
120 volts DC + 10 volts R.F. (75 MHz sinusoid)

'-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
x position (cm)

Fig. 12 Trajectories of two test electrons through
the steady-state, time-periodic potential distribu-
tions around a tether computed using a particle-
in-cell code. Both test particles are incident at the
thermal velocity (corresponding to Tc = 0.8 eV) and
an incident angle of 16.6 degrees off the horizontal
from the right-hand side. The first electron escapes
(is not collected) while the second one, being scat-
tered off the OML trajectory by RF oscillations, is
collected.

Table 2 Parameters of interest for both experi-
ments.

Parameter
ne

I

fpe
/oml

Experiment 1
(21 Dec. 1999)
9.4 x 1014 m-3

0.115 mm
10cm
140V
21.2V

~ 1-2 eV
275 MHz
24.2 mA

Experiment 2
(19 Feb. 2000)
2.9 x 1014 m"3

0.14 mm
29.4 cm
120V
10 V

~ 1-2 eV
152 MHz
24.5 mA

ample) might be scattered off the collection trajectory
and be repelled. Although only the collective behavior
formed by the combination of all scattered trajectories
will determine whether electron collection is increased
or decreased from the DC situation, this simple analy-
sis illustrates how RF excitation might lead to current
enhancement.

Simulation and experimental results

Two different configurations were investigated both
experimentally and using the 1-d cylindrical PIC
model. The experimental measurements were per-
formed at the Plasmadynamics and Electric Propul-
sion Laboratory (PEPL) at University of Michigan, in
the Large Vacuum Test Facility (LVTF). In both cases,
a cylindrical tether was immersed in a Xenon-based
plasma generated by the Hall-effect P5 thruster,13 de-
veloped by the PEPL research group. Specific param-
eters for both experiments are listed in Table 2.

It should be noted that the values used here for ne
were obtained by calibrating the model in order to
fit the simulated and experimental resonances. These
approximations agree fairly well with those experimen-
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tally determined via Langmuir probe and resonance
probe measurements. (These experiments were per-
formed along with two sets of experiments that ex-
amined the DC current collection to bare cylinders
ins a high speed plasma flow. More information on
the experimental setup and conditions may be found
in Gilchrist et al.14) Also, all simulation results pre-
sented here were computed using the PIC technique
with an nc2p (a parameter representing the number
of actual particles to simulated particles) of 107 and a
time step dt = 2.5 x 10~~n s.

First configuration
A 10-cm-long tether was tested first. Fig. 13

presents a comparison of simulation and experimental
results for the DC collected current. Both responses
show a resonance near 198 MHz. where an enhance-
ment of electron collection is observed.

In the experiment, an enhancement of approxi-
mately 750% was observed for the DC current. How-
ever, the levels of enhancement of simulated and ex-
perimental results cannot be compared, because the
actual voltage on the tether could not be controlled
with the experimental configuration that was used.
The simulation results, which were realized under con-
ditions of constant input voltage amplitude, show an
enhancement of the order of 70% at the 198 MHz res-
onant frequency. Another major distinction between
the simulations and measurements is the bandwidth
of the enhancement, which was much smaller in the
experiment than in the simulations.

As expected, the enhancement effect of DC cur-
rent is associated with an increase of the time-average
sheath width, which is shown in Fig. 14; this in-
crease near the resonance frequency of 198 MHz can
be seen even though convergence of the curves has
not been obtained due to computing time limitations.
The enhancement of the average sheath signifies that
the "radius of influence" of the tether on electrons is
increased, allowing it to attract a larger number of
electrons.
' The resonance condition on the DC current collec-
tion comes about because the input reactance of the
plasma-immersed tether crosses zero at / = 198 MHz,
which results in a peak of the injected RF power (see
Fig. 15) since we have an ideal voltage source. In our
collisionless model, all RF power is transformed into
radially-directed kinetic energy of the local electron
plasma, which seems to be the fundamental mecha-
nism leading to the increase of sheath size and the
enhancement of electron collection.

Because the RF power level is varying over fre-
quency, simply comparing levels of DC current en-
hancement for a fixed RF voltage does not yield a
useful figure-of-merit. As can be seen in Fig. 16, the
DC current enhancement is proportional to the input
RF power. Thus, a useful figure-of-merit would be

b)

Fig. 13 DC collected current (configuration 1):
(a) simulated, (b) measured.

the relative current enhancement per unit watt of RF
power per meter; that is, the relative variation of DC
current when 1 W of RF power is injected for every
meter of tether.

Fig. 17 depicts this figure-of-merit for the simulation
results. Results are approximate, because the refer-
ence level for the DC current without RF excitation
have been taken as the / = 50 MHz data, for which a
small but non-zero RF power was injected. However, it
can clearly be seen from the graph that the optimum
current enhancement does not occur at the resonant
frequency / = 198 MHz, which actually presents a
local minimum. The "lowest cost" of current enhance-
ment occurs near / = 90 MHz. much lower than the
resonant frequency; a current enhancement on the or-
der of 8% is obtained for every watt of RF power
injected per meter of tether length. This optimum
frequency corresponds to a region of high non-linear
behavior; note that this peak occurs in spite of the low
level of injected RF power at this frequency (Fig. 15).
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150 200
Frequency (MHz)

Fig. 14 Sheath width (configuration 1).

3.5

3 •

§2.5

150 200
Frequency (MHz)

Fig. 15 Injected RF power (configuration 1).

The sharp drop after / = 220 MHz in the relative
current enhancement shown on Fig. 17 might explain
the dip in the measurements (Fig. 13b) occurring near
the same frequency, if one assumes that the injected
RF power level was approximately constant during the
experiment. This drop is expected since reactance is
nearly singular around 250 MHz.

Second configuration
The second experiment involved a 29.4-cm-long

tether. Comparative results for the collected current
are shown in Fig. 18. Part (a) shows the simulation
result and part (b) shows measurements with uncon-
trolled RF voltage amplitude. The general level of
the curves are somewhat different (~ 15 mA for the
simulation and ~ 30 mA for the measurements). Ac-
tually, the experimental result without RF excitation
(7dc = 30 mA) is about 24% higher than the OML pre-
diction for the particular geometry considered here.
This difference might be explained by the ion drift,
which was neglected for the simulations and is known
to have an enhancing effect on electron collection.15

Prf(W)

Fig. 16 DC collected current as a function of input
RF power for a typical PIC simulation of a tether.

200
Frequency (MHz)

Fig. 17 Relative variation of DC current per meter
of tether per watt of RF power injected (configu-
ration 1).

The low simulation results compared with OML the-
ory are attributed to the matrix sheath approximation
for the ion density profile; further simulations should
account for a more realistic ion density profile.

Nevertheless, behavior of the curves around these
reference values can still be compared. Both results
exhibit a resonance near / = 117 MHz, which results
in a current enhancement of about 9 mA for the sim-
ulation case and about 1 mA for the experiment case.
The sheath width (Fig. 19) is seen to grow at reso-
nance, which is how the tether ends up gathering more
electrons. The vanishing of the reactance near / — 117
MHz is seen to result in maximum RF power (Fig. 20),
as was observed for configuration 1.

Two features of interest that do not appear in the
simulation results show up in the experiment results:
a maximum current enhancement near 65 MHz and
an anti-resonance near 130 MHz. Those effects would
presumably be explained using the figure-of-merit that
was developed earlier. Fig. 21 presents the simulated
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150 200
Frequency (MHz)

a)

frequency (MHz)

b)

Fig. 18 DC collected current (configuration 2):
(a) simulation with an RF amplitude of 10 V; (b)
measurements with varying RF amplitudes.

relative variation of the DC collected current per RF
watt per meter.

The relatively large levels of enhancement predicted
by the simulation (around 78% at low frequencies,
~ 75 MHz) were not obtained during the experiment,
which showed enhancement levels of about 8%. Al-
though the two enhancement levels differ, some im-
portant features which appear in the experimental
results also show up in the simulation curves, i.e., a
large peak in the current enhancement around 75 MHz
and another smaller peak near resonance at 117 MHz.
Even though the computed figure-of-merit is very high
around 150 MHz, virtually no power (see Fig. 20) is
being radiated due to the singular reactance at the
plasma electron frequency {fpe = 152 MHz), which
explains the large dip observed experimentally in the
same frequency range. There also is an increased en-
hancement as the frequency is increased even further.
For practical purposes however, the lower frequencies

150 200
Frequency (MHz)

Fig. 19 Sheath width (configuration 2).

150 200
Frequency (MHz)

Fig. 20 Injected RF power (configuration 2).

present more interest because of the availability, low
cost, and lower losses associated with lower frequency
hardware.

Summary
This research investigated and characterized the

general propagation behavior of electromagnetic pulses
along electrodynamic tethers in the ionosphere, and
in particular, the TSS tether. This investigation first
developed a voltage-dependent sheath model valid in
the frequency regime between the electron and ion
plasma frequencies and for negative high voltages. The
sheath model was developed analytically and verified
via plasma-chamber experiments and particle-in-cell
computer simulations.

Using this voltage-dependent sheath model, a cir-
cuit model was developed for electrodynamic-tether
transmission lines that incorporates the high-voltage
sheath dynamics. The transmission-line circuit model
was implemented with the circuit-simulation program
SPICE, which allows complete tether systems to be
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Fig. 21 Relative variation of DC current per meter
of tether per watt of RF power injected (configu-
ration 2).

modeled by including circuit models of the endpoints
(which "launch", or produce, the perturbations on the
tether) with the tether model itself.

Initial assessment for the injection of radio-
frequency power on bare tethers as a means of enhanc-
ing electron collection in the OML regime was realized
using a PIC 1-d cylindrical model and experimental
measurements. Large current enhancements were ob-
tained via simulation at resonance frequencies of the
input reactance (i.e., where X-m = 0), but at the ex-
pense of high RF power. On one occasion, a current
enhancement of 750% was observed experimentally for
an unknown input RF power level.

Since current enhancement is a linear function of
the RF input power level, current enhancement is best
measured with the relative current variation per unit
of RF power along a 1-m section of a tether. Using that
figure-of-merit, current enhancements up to 78% per
meter of tether per RF watt were obtained by simula-
tion at frequencies lower than the resonant frequency
(near 75 MHz). The main features of that figure-of-
merit were confirmed by experimental measurements,
although at a much lower level. This difference is at-
tributed to losses that were not accounted for in the
measurement set-up.

Further investigations should include a thorough
analysis of the convergence problem in the PIC model,
a comparison of the present simulation results based
on the ion-matrix approximation with results obtained
when using a Boltzmann distribution for ions based on
time-averaged potential and accounting for the pon-
deromotive force. Also, an experiment with controlled
power and loss levels should be realized, enabling the
direct measurement of the current enhancement figure-
of-merit which was presented here.
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