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CHAPTER I

Introduction

It has been estimated that over 99% of the matter in the universe exists in the
plasma state. Indeed, the Earth exists as but a “bubble” of lower energy matter
traveling in the vast plasma background of the solar system. Here on Earth, however,
we can create small, localized “pockets” of plasma. Generated in vacuum chambers
and other devices, plasmas perform a multitude of useful tasks, such as semiconductor
processing and metal hardening, and plasmas are an inherent part of the so—far-
elusive goal of sustainable energy: fusion. We can also use these pockets of plasma
to test the designs of spacecraft and sensors that we launch above our atmosphere.
Properly testing their designs ensures that the spacecraft will survive and operate
correctly as they leave the confines of the Earth’s atmosphere and encounter the vast
plasma media surrounding the Earth: the ionosphere, the Van Allen radiation belts,
and the solar wind.

In recent years, the spacecraft we design for sending into space are becoming
very large. This increase in size presents new challenges to and opportunities for
spacecraft design; the concept of length must now be accounted for when designing
and flying these larger spacecraft. For example, long conductors—on the order of

100-20,000 m and longer—are now being used and proposed for scientific research



and engineering applications as long antennas and in electrodynamic-tether systems.
As another example, the power systems on large orbiting platforms, such as the soon—
to-be-constructed International Space Station (ISS), will utilize long conductors to
channel power from distant (> tens of meters) solar arrays. These solar arrays will
themselves be mounted on large metallic support structures which will be about 100
m long and exposed to the plasma environment.

Since these long conductors and structures are surrounded by a plasma medium,
the plasma-conductor interaction must be taken into account. Not doing so can result
in dire consequences to the spacecraft and its operation, including spacecraft failure.
Plasma interaction with short conductors has been an area of research interest for
many years. This research has produced a fairly good understanding of the plasma-
probe interaction for both steady-state and transient small signals, i.e., small applied
voltages on the order of the plasma potential. In recent years, there has also been a
research interest in the plasma’s response to high—voltages applied to short, plasma—
immersed conductors, e.g., plasma-processing systems. There is, however, little
current understanding of the physical processes involved as the conductor lengths
increase, especially for high-voltage excitation. That is, the plasma-conductor in-
teraction as a distributed phenomenon (i.e., along the conductor’s length) for large

applied voltages is not well understood.

1.1 Research Motivation

There are three primary motivations for this work. The first is to characterize
the general propagation behavior of electromagnetic (EM) pulses along conductors
in cold, low-density plasmas. The second is to aid in understanding the scientific

and engineering data collected during past and future electrodynamic-tether mis-



sions. Examples of such missions are the two Tethered Satellite System missions
which flew in 1992 (TSS-1) and in 1996 (TSS-1R), and a proposed mission called
Propulsive Small Expendable Deployer System (ProSEDS), scheduled to fly early in
the next century [Johnson, 1997]. The third motivation is to determine the mecha-
nism(s) behind the interaction between widely separated points on spacecraft in an
ionized atmosphere. In many cases, this interaction is an adverse coupling causing
undesirable interference. For example, how might a source such as an antenna lo-
cated at one point on a large ionospheric structure (e.g., ISS) affect sensitive systems

located at some distance from the first?

1.1.1 General Electromagnetic Signal Propagation

One motivation of this research is to develop an understanding of the general
propagation behavior of EM pulses and signals along conductors in plasmas. While
cold, low—density plasmas are the focus here, the techniques employed—such as de-
termining nonlinear sheath characteristics and developing circuit models—also lend
themselves to other types of geometries and densities, which are found in such devices
as plasma processing facilities and fusion reactors. Hence, while the plasmas gener-
ated in these facilities are not cold, low-density plasmas, the concept of a nonlinear
transmission-line is valid.

For example, some plasma-processing facilities, currently only in the research
phase, have become quite large with the hope that they can be used to process many
semiconductor wafers at a time. Figure 1.1a shows a hexode plasma-processing
chamber with a center electrode of length ~ 65 cm and faces ~ 17.5 cm wide. The
applied RF voltages have been generally assumed constant along the length of the

conductor. However, Savas and Donohoe [1989a] measured the variation in the RF-



potential amplitude along the electrode’s length and found a 10-15% variation in the
potential of the fundamental mode (fs = 13.56 MHz, A ~ 22 m) from the top of the
electrode to the bottom. More importantly, they found a 30-40% variation in the
second harmonic and a 70-80% variation in the third and fourth harmonics. This
was attributed to the decrease in wavelength with increasing harmonic number and
also to increased inductive impedance, wL. This voltage nonuniformity can adversely

affect implantation energies and dosage levels which can lead to poorly fabricated

semiconductors.
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Figure 1.1: Long conductors in plasma chambers for plasma processing: (a) cut—
away view of a large plasma etch chamber with a long, hexode, RF-
powered electrode (adapted from Savas and Donohoe [1989a]), (b)
ICRF plasma chamber with immersed electrode (adapted from Sugai
et al. [1994]).

Inductively coupled RF plasma (ICRF or ICP) systems generate a plasma via



current-flowing antennas of helical or spiral shape which are typically placed on the
outside of the vacuum vessel containing the plasma. Recently, however, some ICRF
systems (Figure 1.1b) have been developed which utilize conductors immersed in the
plasma [Denisov et al., 1984; Shirakawa et al., 1990; Sugai et al., 1994]. Since these
conductors make contact with the plasma, the signals on them are affected by and
interact with the plasma. In addition, the lengths of these conductors may be long
enough in many systems such that length is no longer negligible when compared to
the wavelength of the excitation frequency or its harmonics.

In fusion reactors, the region between the wall and the plasma can support two
possible surface waves, one of which is analogous to the TEM mode that propagates
in a coaxial cable [Lawson, 1992]. The potential existence of these waves localized
to the plasma surface or “scrape—off” layer is important since, if excited, the waves
would not propagate into the plasma. Instead, their energy would be dissipated at
the plasma edge, which may cause undesirable side effects. Hence, proper modeling
of the waves is needed to determine effective methods for ensuring that they are not

excited.

1.1.2 Electrodynamic Tethers

Electrodynamic tethers are conducting wires—which may be uninsulated or fully
to partially insulated—that typically join two separated spacecraft as they orbit the
Earth or other planetary body having a magnetic field. Electrodynamically teth-
ered, orbiting systems have become a reality with the first flights of the Tethered
Satellite System (Figure 1.2) in August 1992 (TSS-1) and February 1996 (TSS-1R)
and the Plasma Motor Generator (PMG) in June 1993. In addition, there have

been several electrodynamically tethered, suborbital sounding rockets flown in the



past several years, including MAIMIK in November 1985, CHARGE-2 (Cooperative
High-Altitude Rocket Gun Experiment) in December 1985, OEDIPUS-A (Obser-
vations of Electric-Field Distributions in the Ionospheric Plasma—A Unique Strat-
egy) in January 1989, and CHARGE-2B in March 1992. Table 1.1 provides a list of
known tether flights to date, both electrodynamic and not. In addition to these flown
systems, many future applications of orbiting, electrodynamically tethered systems

include:

e power and thrust generation for orbiting systems [Penzo and Ammann, 1989;
Johnson, 1997], including possibly the International Space Station [Crouch et

al., 1995; Johnson and Herrmann, 1998] and at Jupiter [Gallagher et al., 1998];

e large orbiting ULF/ELF/VLF communication antennas {Grossi et al., 1984;

Lorenzini et al., 1992];

e extremely-long-baseline double probes for measurement of ionospheric elec-

tric—field structure [Gilchrist et al., 1995];
e remote sensing of planetary geologies from orbit;

e stimulation of artificial aurorae and associated effects [Martinez-Sanchez and

Sanmartin, 1997]; and

radio astronomy [Linscott, 1992].

Before electrodynamic-tether systems can be fully exploited, a complete under-
standing of their electrical response is needed, which requires an understanding of
both their steady-state and their transient response. Also, in order to analyze the
data returned from tethered missions such as TSS-1 and TSS-1R, an understanding

of the physical interaction of the tethered system with the surrounding ionospheric
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Figure 1.2: Schematic of the Tethered Satellite System.

plasma is needed. Current models of the interaction are based on low-voltage and/or
static—sheath assumptions. Thus, an improved tether model is needed to account for
high induced voltages and dynamic sheaths. With an improved tether model, it
will be possible to determine the importance of the tether-plasma interaction to the
overall transient response of electrodynamically tethered systems with long deployed

lengths.

1.1.3 Interactions Between Separated Points and Adverse Coupling

Electromagnetic compatibility and interference (EMC/EMI) issues must be con-
sidered in the design of spacecraft and spacecraft structures if mission success is to
be ensured. Improper elimination and/or containment of EMI can result in data-
product loss or service reduction, at best, to complete mission failure, at worst. When

examining the EMC environment of a spacecraft, the assumption is often made of



Table 1.1: Listing of known tether flights to date on both orbital and suborbital
platforms (electrodynamic-mission names are italicized). Adapted from
Johnson [1997].

Mission Name Year Orbit Length Comments
Gemini 11 1967 LEO 30 m spin stabilized at 0.15 rpm
Gemini 12 1967 LEO 30 m local vertical, stable swing
H-9M-69 1980 suborbital 500 m partial deployment
S5-520-2 1981 suborbital 500 m partial deployment
CHARGE-1 1983 suborbital 500 m full deployment
CHARGE-2 1984 suborbital 500 m full deployment
MAIMIK 1985 suborbital ~ 400 m 8-keV electron generator
ECHO-7 1988 suborbital unknown magnetic field aligned
OEDIPUS-A 1989 suborbital 958 m spin stabilized at 0.7 rpm
CHARGE-2B 1992 suborbital 500 m full deployment
TSS-1 1992 LEO 267 m partial deployment, retrieved
SEDS-1 1993 LEO 20 km downward deploy, swing and cut
PMG 1993 LEO 500 m upward deploy
SEDS-2 1994 LEO 20 km  local vert. stabilized, downward deploy
OEDIPUS-C 1995 suborbital 1174 m magnetic field aligned
TSS-IR 1996 LEO 19.6 km severed during deploy
TiPS 1996 LEO 4 km long-life-tether mission

free—space propagation of EMI signals since present models and test procedures are
generally based on this assumption. However, several spacecraft experiments have
shown that transient or continuous-wave (CW) electromagnetic signals (interference)
can propagate over even long distances—a particular case in which free-space mod-
eling would probably not indicate an EMC issue—due to the plasma-sheath regions
which surround the spacecraft.

As an example of adverse EMC, Osbourne et al. [1967] describe a mechanism
for adverse signal coupling on Aluette I' whereby, under certain circumstances, its
VLF receiver observed an interference signal originating with its electrical converter

system. They conclude that:

1The primary experiment on Aluette I, which flew in 1963-64, was an ionospheric sounder with
a 150-ft (45.7-m) dipole antenna.



“[The reported] observations suggest a mechanism based on a coupling of
the converter signal to the solar cells through the v x B induced sheath
phenomena, resulting in an asymmetric distribution of electron collection
over the spacecraft and thus coupling to the v.l.f. receiver. This mech-
anism is purely a charged—particle collection phenomenon and does not
require capacitive effects of electromagnetic coupling, although they can

contribute to asymmetry in the observed signals.”

Balmain et al. [1990] indicate that EMI signals might also propagate along large
space structures as “sheath waves”. These sheath waves might cause interference sig-
nal levels to be much higher than they would be without the presence of the plasma.
Their suggestion is based on results from the OEDIPUS-A tethered sounding rocket
experiment (described in Section 2.5.2), which showed quantitative evidence of sheath
waves excited along its insulated tether surrounded by the ionospheric plasma. The
excited sheath waves had sharply defined passbands and stopbands. Within the
lowest passband, OEDIPUS-A detected resonance fringes which could be scaled to
determine the phase and group refractive indices of the observed sheath-waves [James

and Whalen, 1991; Godard et al., 1991].

1.2 Situation of Research

Except in some research on antennas and sheath waves, conductor length gener-
ally has not been accounted for when describing the plasma—-conductor interaction.
Specifically, research to date has generally concentrated on the one—dimensional as-
pects of the transient plasma sheath, that is, expansion away from a conductor
surface. The research presented here examines the two-dimensional aspects of the

transient sheath: expansion not only away from a surface, but along it as well. Since
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long conductors such as electrodynamic tethers will have, in many cases, hundreds
and even thousands of volts applied to or induced across them, this research concen-
trates on large applied voltages. In addition, the applied voltages are negative since,
along most of its length, the tether is biased negatively with respect to the local
plasma (this will be shown in Section 2.3.2). Under negative 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.
The existence of a dynamic and nonlinear sheath fundamentally changes the nature
of EM propagation along electrodynamic tethers.

As implied in the discussion above, high—voltage pulse propagation along a plas-
ma-immersed conductor cannot be analyzed in the same manner as it is along other
transmission lines, such as along coaxial cables or parallel-wire lines. This is due
primarily to the fact that, unlike these other transmission lines, the geometry of the
plasma~conductor system is not rigid because the plasma effectively forms the outer
conductor. James et al. [1995] state that the tether, sheath, and surrounding plasma
can form an approximation to a coaxial RF transmission line to the degree that the
surrounding plasma can be regarded as the outer conductor. These coaxial modes
are known as sheath waves and are a concept described under the assumption of
static sheaths.

Present tether transmission-line models [e.g., Arnold and Dobrowolny, 1980; Os-
molovsky et al., 1992] assume, as a first-order approximation, that the plasma-
sheathed tether can be modeled as a simple rigid coaxial cable (Figure 1.3a). While
this has proven acceptable for short tethers [e.g., Bilén et al., 1995], an improved
model is needed for longer deployed tether lengths, primarily to account for the

higher induced voltages and the dynamic sheath. That is, in the transient case of
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a pulse propagating along the tether, the approximate coaxial geometry is dynamic
since the surrounding plasma is affected by the pulse’s passage (Figure 1.3b), unlike

the case of typical coaxial cable which has a rigid-metal sheathing.
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Figure 1.3: Electrodynamic-tether transmission-line models: (a) static-sheath
model and (b) dynamic-sheath model.

1.3 Contributions of Research and Scope of Study

The primary contributions of this work are two. The first is the development
of a voltage-dependent sheath model valid in the frequency regime between the
electron and ion plasma frequencies and for negative high voltages. This model is
developed analytically and verified via plasma-chamber experiments and particle-
in—cell computer simulations.

The second contribution is a circuit model for electrodynamic-tether transmis-
sion lines that incorporates the high-voltage sheath dynamics. The transmission-line
circuit model, which can be applied to insulated and uninsulated plasma-immersed
cylinders, is implemented with the standard SPICE circuit-simulation program. The

SPICE implementation allows complete tether systems to be modeled by including
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circuit-models of the endpoints (which produce perturbations on the tether) with
the tether model itself. A range of excitation methods can be analyzed. Implementa-
tion in SPICE also requires closed—form (i.e., non-transcendental and non-iterative)
solutions for the parameters. This is in contrast with the complicated dispersion
relations often derived for waves on plasma-immersed conductors.

There are two other contributions of this work that are included in the appendices.
The first is an analysis of the far-field plasma environment of the hollow—cathode
assembly (HCA). This experimental characterization shows that the HCA can be
used to provide a plasma environment which closely resembles that found in the
ionosphere. The remaining contribution is a transient circuit model of the Tethered
Satellite System that was developed. This model was used to analyze TSS—1 mission
data and used a rigid coaxial model of the TSS tether which is valid under the
low-voltage conditions of the TSS-1 mission.

Throughout this work we assume a tether transmission line with TSS geometry.
The models can be extended to other tether geometries, in addition to other plasma—
(insulator)-conductor geometries for which the conductor diameter is on the order
of or smaller than the Debye length or, alternately, much smaller than the sheath
distance.

In developing the transmission-line model, we first developed a model of the
sheath response for a section of the transmission line. Then, certain assumptions
were made to allow the model to become distributed along the length of the line.
Direct distributed results were not possible for three reasons. First, no Earth-bound
experimental system was large enough to contain even a few tens of meters of tether
transmission line. This is certainly the case for the low-density plasmas and high

voltages needed to simulate propagation along the tethered system in the ionosphere
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since the dynamic sheath can be large and magnetic fields can penetrate a long
distance from the line.? Second, particle-in—cell simulations of such a system are
not possible due to the computational costs of simulating even a few tens of meters.
In addition, since the scope of this work was not PIC-code development, we relied
on an available code which does not simulate propagation delay along a conductor.?
Third, the TSS system might have been able to provide some info on propagation
velocities, but the unfortunate break before achieving full deployment made moot

the scheduled experiments.

1.4 Dissertation Overview
The six chapters of this dissertation are structured as follows:

Chapter I gives an introduction to the research, the contributions made by it, the

scope of the study, and an outline of the dissertation.

Chapter II provides background information relevant to this work as well as a

literature survey on previous work in the field.

Chapter III develops a voltage-dependent sheath model valid in the frequency
regime between the electron and ion plasma frequencies. This model is devel-
oped analytically and verified via plasma-chamber experiments and particle—

in—cell simulations.

Chapter IV develops a circuit model of the tether transmission line with parame-

ters based on the dynamic, voltage—dependent sheath.

2For low voltages (i.e., static sheaths) and/or higher plasma densities, the technique of spiraling
a long conductor, similar to that of Morin and Balmain [1993], could be employed.

3The extensibility of the XOOPIC code, however, does allow the possibility of including such
features [ Verboncoeur et al., 1995].






