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                   ABSTRACT 

In the last decade, space has become the most hopeful frontier for human beings 

owing especially to the practical use of the Space Shuttle. In the next century, 

large-scale space structures such as a space station are planned and will be 

constructed. Prior to the increased human activity in space, it is very important 

to understand the space environment in the vicinity of space structures. Since 

space is filled with conductive medium called a plasma which consists of mobile 

charged particles, an electrodynamic interaction will occur between the space 

structure and the plasma. 

  To investigate the details of this interaction, a Tethered Satellite System 

(TSS) has been utilized in active experiments in space. This system consists 
of an orbiter and a satellite which are physically as well as electrically con-

nected to each other via a long conducting tether wire. Since the system is 

longer in one dimension, motion across the geomagnetic field develops a high 

potential in the system. This development enables us to study the details of 
electrodynamic interaction such as ambient plasma response to the high poten-

tial, current-voltage characteristics and current collection of the system as well 

as plasma wave excitation. Since the 1960's, theoretical studies have been done 

regarding the electrical behavior of a conducting body in a magnetized plasma. 

Further, in the last decade, the interaction of the TSS with a space plasma has 

been investigated theoretically in terms of wave radiation and current collection. 

By analyzing the results of these past experimental and theoretical studies, we 

can obtain some basic knowledge about the electrodynamic environment in the 

vicinity of a space structure. 

  To proceed in a more detailed analysis and obtain better understanding of the 

TSS-plasma interaction in space, we devoted ourselves to computer experiments 

in the present study. In these computer experiments, we construct a model which 

includes the space structure and the ambient plasma environment on the memory 

space of computer. The electrodynamic phenomena which will be observed in 

the vicinity of the structure are numerically solved in time and space. Since 

our concern is in the microscopic interaction, which is mainly governed by the 

electron dynamics near the space structure, we have utilized a two-dimensional 

fully electromagnetic particle code. We have modified the code to be able to 

handle the interaction of conducting bodies within a magnetized plasma. To 

see the interactions in a three-dimensional aspect, we have developed a three-

dimensional electrostatic particle code. 

  Using these codes, we have first investigated the electrodynamic interaction 

of the TSS with the ambient plasma by introducing two conducting bodies, 

representing a satellite and an orbiter, into the model space. The electron beam 

emission from the orbiter is also carried out in the computer experiments. The
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results obtained from the experiments could reveal the electrical properties of the 

TSS such as the charging, the potential variation, and the current collection of 

the system. These are examined both in two-dimensional and three-dimensional 

space and some of the results regarding the current collection of the TSS are 

compared with the data obtained from the TSS-1 mission. We can also clarify 

the ambient plasma response to the TSS and the electron beam dynamics in 

terms of density and current. From the interaction between the electron beam 

emission and the ambient plasma, a lower hybrid mode wave is excited and its 

generation mechanism is also discussed. 
  Secondly, we considered the high potential satellite which is one of the teth-

ered ends in the TSS. We performed computer experiments to investigate the 

electrodynamic interaction of the satellite with the surrounding plasma. The 

process of the sheath formation and the spatial profiles of the current flow around 
the satellite are examined in both two-dimensional and three-dimensional space. 

The current-voltage characteristics of the satellite are quantitatively studied by 

comparing them with the classical theories. An estimate of the peak current 

obtained in the transient stage is also performed and compared with the results 

from the computer experiments. 

  Thirdly, we investigated the field response to potential change in the TSS. 

The results obtained in the set of computer experiments show that the electro-

static field is strongly perturbed at the tether ends at the characteristic frequen-

cies of the plasma. We show that the low frequency perturbation is reduced by 

the electron beam emission which is used to remove negative charge from the 

TSS. In response to the transient current in the tether wire, it is also found 

that a whistler mode wave packet is induced which propagates along  Bo. In 

terms of plasma instability, it is found that the ion-electron two-stream insta-

bility occurs in the presheath region due to the relative motion of electrons and 

ions. Along B0 the Buneman instability, which is driven by electron acceleration 

toward the satellite, is responsible for the electrostatic perturbation. Across B0 

the beam cyclotron instability occurs and is associated with the electron beam 

E x B drift velocity. In both of these instabilities, the frequency range of the 

field perturbation corresponds approximately to the cvLHR in the ion rest frame 

of reference.
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Chapter 1

General Introduction

1.1  Electrodynamic Tethered Satellite System 

in Space Plasma

The concept of Tethered Satellite System (TSS) was originally proposed by Prof. 
Giuseppe Colombo of Smithonian Institution Astrophysical Observatory in 1974 

[Colombo et al., 1974]. It was introduced to sound the low ionosphere below 120 
km of altitude with use of a satellite tethered by a wire of 100 km long from 

Space Shuttle. Since then, many applications using tether system have been 

proposed by scientists such as a momentum transfer system for space [Woodies 
and VanPelt, 1986], a tether elevator [Medina et al., 1986], and tether-assisted 
microgravity laboratory [Kroll, 1986]. Besides those technological applications, 
TSS can be applied to study the space plasma physics. 

  Electrodynamic tether system, consisting of tethered satellite, conducting 

tether wire, and orbiter will provide capabilities for many new scientific inves-

tigation. Since the system is longer in one dimension than any previous space 

structure, motion across the geomagnetic field causes high potential of the order 

of kilovolts in the system. These characteristics enable us to study current-

voltage characteristics and charge collection at high potential in space plasma, 

the generation, propagation and interaction of low frequency waves in the ULF-

ELF-VLF range, the interaction of large vehicles with the space environment, 

and beam plasma interaction. 

  From the view point of scale and conductivity of the system, the electro-

dynamic tether system can be assumed as a large structure in space such as a 

future space station. In this aspect, studies on electrodynamic interaction of the 

tether system with the surrounding plasma will provide us significant knowledge 

for the construction of large-scale space structure in the near future.
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2 CHAPTER 1. GENERAL  INTRODUCTION

1.2 Shuttle Electrodynamic Tether System 

In the past decade, several active experiments utilizing electrodynamic tether 

system have been carried out in space. 

  The first mother-daughter tethered rocket experiment was conducted in 1980 

by the Institute of Space and Astronautical Science(ISAS) and Utah State Uni-
versity using a Japanese sounding rocket. The experiment was repeated in 1981 

and 1983. The last experiment was called CHARGE-1 (Cooperative High Al-
titude Rocket Gun Experiment). A reflight of the CHARGE payload called 
CHARGE-2 was successfully carried out in December of 1985. In the CHARGE-
2, an electron beam from 0.5 to 48 mA at 1 keV was injected from the mother 

payload, moreover a voltage up to 500 V was applied between the two payloads 
with and without the beam injection [Sasaki et al., 1988]. 

  The first mission of Tethered Satellite System (TSS-1) was carried out in 
1992 as a joint project between NASA and Italian Space Agency (ASI). Space 
Shuttle Atlantis carried the TSS-1 in its payload bay to be a circular orbit at 

an altitude of 296 km. The schematic illustration of the configuration of the 

TSS-1 is depicted in Figure 1.1. The TSS-1 consisting of a tethered satellite, 

conducting tether wire, and shuttle orbiter provides capabilities not only for 

many new scientific investigation but also for technological applications. Since 

the system is longer in one dimension than any previous space structure, motion 

across the geomagnetic field can cause high potential of the order of kilovolts in 

the system due to the Lorentz V x B effect. Taking advantage of this feature, 13 

experiments were planned to be conducted together in the TSS-1 mission in order 

to determine and understand the electrodynamic interaction of the satellite, the 

tether and the shuttle orbiter with electric and magnetic fields in the ionosphere. 

The Shuttle Electrodynamic Tether System (SETS) experiment [Banks et al., 
1993; Banks, 1989; Banks et al., 1981] is one of those experiments and we will 
focus on this in the present study. 

  The SETS experiments utilizing the tethered satellite system can offer the 
opportunity to provide important, new, basic, knowledge about fundamental 

plasma electrodynamics and the interactions of rapidly moving objects through 
the magnetized plasma of the earth's ionosphere. The primary objectives of the 
SETS investigation includes several different aspects of the primary objectives 
as described below. 

  Primary objectives include scientific studies of the following topics.

1. Current-voltage characteristics for a Satellite at potentials up to 5 kV. 

  This is required for planning future missions. Yet, no reliable theory exists 

 for the high voltage. At the voltage up to 10 V, classical prove theory can
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apply. At some larger voltage, 100, 1000 V, the plasma around the Satellite 

may become unstable. According to Linson [1982], the current should be 
proportional to (voltage)6/7. Due to E x B electron drift and field aligned 
electron current, instability may occur and the unstable waves are expected 

to modulate the characteristics.

2. Measurement of the tether impedance characteristics. 

  The TSS can be modeled as a transmission line in series with a high 

  voltage source arising from the V x B emf, the satellite plasma inter-

  face, orbiter-plasma interface, and a short circuit through the surrounding 

  plasma. Small pulses in the tether current induced by the SETS instru-
  ment will be used to study impedances of the tether system. By sending a 

  square pulse, we can determine the dispersion characteristics of the tether 

  system over the frequency band determined by the pulse width. 

3. Spacecraft charging characteristics. 

  An accurate, high time resolution potential reference has been available for 

  observing the variation of vehicle potential during electron beam operation 

  on the Space Shuttle. Results from these measurements will provide a 

  means of controlling and emitting electrons from the tether end and will 

  provide insight into the results from previous sounding rocket flight and 
  Space Shuttle based experiments. 

4. Wave generation and propagation (ULF/ELF/VLF) 

  TSS is utilized for generation of ULF/ELF/VLF waves in a pulsed current 
  driven mode to carry out active wave generation/reception experiments. 

  Tether lengths in the range 20km are comparable to, or longer than, the 

  longest antennas currently in use for long wave generation on the surface . 
  In the ionospheric and magnetospheric plasma, the wave length of 1 Hz 

  wave varies from about 200 km at 300 km to about 1000 km at an altitude 

  of 2000 km.

  5. Beam-plasma interaction. 

    The generation of ULF/ELF/VLF/HF via the use of modulated electron 
    beams and the interaction between these waves and the plasma have been 

    hot topics in recent years. Collected charges due to the high voltage 

    generated by the V x B emf are emitted from the Fast Pulse Electron 
   Gun(FPEG) at the Orbiter. 

  To meet the scientific objectives described above, the SETS flight equipment 
includes five scientific instruments, its flight computer (DEP), and power inter-
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Figure 1.2: Schematic illustration of the SETS instrument and its inter-

connection with the tether system.

face box (SPIB) [Banks et al., 1993]. Figure 1.2 shows a schematic illustration 
of the SETS instrument and its interconnection with the tether system. Control 

and measurements of tether current and voltage by SETS is made through its 

Tether Current Voltage Monitor (TCVM). Excess negative charge in the system 
is removed through a Fast Pulsed Electron Gun (FPEG). The Charge Cur-
rent Probe (CCP) measures the differential changes in the vehicle potential and 
return current from the ionosphere to the orbiter. The thermal plasma char-

acteristics are determined by the Spherical Retarding Potential Analyzer and 

Langmuir Probe (SRPA/LP). The magnetic field in the orbiter's payload bay is 
measured with a Aspect Magnetometer (AMAG). Tether current is controlled 
by placing one of four load resistors in series between the tether end and the 

orbiter electrical ground. Ion current can flow to the orbiter primarily through 

the orbiter's engine bells. The FPEG, which is also connected to the orbiter
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electrical ground, emits a 100 mA electron beam. 

  Unfortunately, due to a mechanical trouble in reeling the tether wire, the 

tether wire which was originally planned to be releases up to 20Km could not 

be fully extended. However, many significant data associated with the elec-

trodynamic interaction were obtained during the TSS-1 mission [Aguero, 1993; 
Gilchrist, 1993; Thompson et al., 1993]. In order to investigate the more detail, 
NASA has decided to refly TSS-1 in 1995.

1.3 Significance of Computer Experiments

In the past ten years, as stated in the previous section, several active experi-

ments utilizing the TSS have been carried out. Although very significant data 

regarding the electrodynamic interaction with the space plasma were obtained 

in those experiments, the amount of the data is not sufficient enough for the full 

understanding of the process of the electrodynamic interaction of the TSS with 

the ambient space plasma. This is due to the limited observation in terms of 

space and time. 

  Meanwhile, theoretical works regarding the electrical behavior of a conduct-

ing structure in a magnetized plasma have been done since 1960's. In the decade, 

electrodynamics in TSS have also been studied theoretically. However, the ana-

lytical studies based on the simplified linear model cannot sufficiently explain the 

phenomena resulting from the electrodynamic interaction of the space structure 
with its surrounding plasma. This is partly because the region of our interest 

is non-uniform space including both the space structure and the space plasma, 

and partly because the plasma kinetic effects which show high nonlinearity play 

an important role in the interaction. 

  To compensate the weak points in the observations and the theories and 

obtain quantitative understanding of the electrodynamic interactions between 

the TSS and the space plasma, we perform computer experiment which has ad-

vantages such as low cost, multi-points observation, and capability of nonlinear 

analysis in phenomena compared with the theoretical and space experimental 

approaches. Moreover, remarkable progress in supercomputer makes the com-

puter experiments practical in terms of cost and time. These situations allow us 
to plunge oneself into the phase that the computer experiments come first of all 

and we predict phenomena which will be observed in space experiments. In this 

respect, in order to investigate the scientific items stated in the previous section 

and give some physical and technical suggestions for the future experiments uti-

lizing electrodynamic tether, we have devoted the present thesis to the computer 

experiments on electrodynamic interaction of tether system with space plasma .
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1.4 Contribution of the Present Work

In Chapter 2, we first give a concept of computer experiment and basic equa-

tions to be solved in electromagnetic particle model. The detailed explanation 

of how to solve the basic equations is not given because it is found in the existing 

literature [e.g., Hockney and Eastwood, 1981; Birdsall and Langdon, 1984]. Con-
ventionally, periodic boundary condition is used for simulation codes because the 
numerical treatment is quite simple. This boundary condition is useful when one 
deals with plasma phenomenon which occurs uniformly in space. However, when 
an energy source is localized in a model region, the periodic boundary condition 
cannot be adopted because locally induced phenomena such as plasma wave can 

propagate away from the source but cannot escape from the system. To avoid 
such a situation, we have to introduce an isolated system for computer experi-
ments. In order to realize an isolated system in terms of electrostatic field, we 
also adopted the Dirichlet condition 0 = 0 on the boundaries for the solution 
of Poisson's equation. The numerical treatment of the boundary is described 
in detail in this chapter. For a problem on interactions between space vehicles 
such as TSS and its surrounding plasma, we need to bring in internal conduct-
ing bodies into the model region. The numerical method for an equipotential 
solution on the internal bodies is also introduced. To examine three-dimensional 
effects of the phenomena, we newly developed a three-dimensional electrostatic 

particle code in which Poisson's equation and the equation of motion are solved 
for field and particles, respectively. 

  In Chapter 3, we describe the computer experiments on the electrodynamic 
interaction between the TSS and the ambient space plasma. First we briefly 
introduce the theoretical and experimental works related to the tether system. 
Then we move to description of the computer experiments. We used two types 
of code for the computer experiments; one is a two-dimensional electromagnetic 

particle code, and the other is a three-dimensional electrostatic code which is 
newly developed for the present study. As previously stated, the TSS is a unique 
structure in space in terms of its dimension. Since a conducting satellite is con-
nected to an orbiter with a conducting wire, this system can be assumed as one 
conductor which has a long dimension in one direction. To deal with this system 
in the computer experiments, we introduce two conducting bodies electrically 
connected to each other in a model region by taking account of the charge sep-
aration due to the V x B effects. To avoid the charge accumulation due to the 
electron collection of the TSS, we emit electron beam from the orbiter. To clar-
ify the beam effects in the computer experiments, we also used non-beam model 
in the TSS. We examined the plasma response to the TSS in terms of density 
distribution, current path, and field perturbation. The electrical properties of
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the TSS such as potential variation and current collection at the tether ends are 

also investigated. The results obtained in the computer experiments are com-

pared between the two-dimensional cases and the three-dimensional cases. The 
beam-plasma interaction is also studied in terms of the beam dynamics and the 

wave excitation. In particular in the two-dimensional case, the enhancement of 

local LHR mode wave is observed at the plasma cloud which is created due to 

the electron rotation by the E x B drift effects in the direction perpendicular 

to Bo. The physical interpretation of the mechanism of the wave excitation is 

described in the discussion. 

  In Chapter 4, we focus on the plasma environment in the vicinity of the high 

potential tethered satellite. As well as in Chapter 3, we perform the computer 
experiment by utilizing two- and three-dimensional models which include one 

conducting body representing a satellite in a magnetized plasma. Through the 

results obtained in these computer experiments, we examine the plasma response 

to the high potential satellite such as density modulation in its vicinity and 

current collection of the satellite. The transient process in the plasma density 

variation and current collection is quantitatively studied. In general, charged 

particles have high mobility along Bo so that electrons are attracted to the 
satellite and form a dense sheath. Ions, on the contrary, are evacuated by 

the satellite and eventually form an ion cavity. In the presheath region, low 

density region is created along Bo due to the ion acceleration away from the 

satellite region. To keep the local charge neutrality, electron density there is 

also low. In the direction perpendicular to Bo, electrons are hard to move 

and the electron sheath becomes thick because of they are frozen to Bo. In this 

situation, electron sheath is formed with a donut-like structure stuck by Bo. This 

is clearly observed in the three-dimensional case. In the downstream region, a 

rarefactional wake is created due to the presence of the satellite. The density 

profile in the plane perpendicular to Bo shows asymmetry with respect to the 

plasma flow direction. One of the main concern in this chapter is the current-
voltage characteristics of the satellite at steady state. The existing classical 

theories such as the Langmuir theory are used to be compared with the results 

obtained in the computer experiments. 

  In Chapter 5, we describe the two-dimensional computer experiments asso-

ciated with the field perturbation induced by the tether current and the plasma 

instability due to the relative motion of electrons and ions in the vicinity of the 

high potential satellite. The potential difference generated by the electromotive 

force of the TSS causes the current circuit through the TSS and the ambient 

space plasma. In such a situation, the long tether can be assumed as a cross-field 

antenna which can radiate plasma waves. By assuming the satellite current due 

to the electron collection in the initial stage is equivalent to the transient current
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flow in the tether wire, we performed computer experiments and examined the 

field response to the tether current in a magnetized plasma. It is found that a 

wave packet of whistler mode is enhanced and propagates mostly along Bo when 

the modulated frequency is below the electron cyclotron frequency. The char-

acteristics of the whistler wave packet such as the direction of the propagation 

and frequency are studied by one-dimensional computer experiments. We also 

examine the wave activity around the high potential satellite. As basic physics, 

the high potential satellite attracts and excludes electrons and ions in its vicin-

ity, respectively. During its process, electrons and ions make a relative motion, 

which can drive the two-stream instability. By performing the two-dimensional 

computer experiments, we study the possibility of a plasma instability along and 

across Bo. The detail is described in this chapter. 

  In Chapter 6, we summarize the present study and give conclusions obtained 

in the computer experiments regarding the electrodynamic interaction of the 

TSS with the space plasma. Finally, we give suggestions for future works.



Chapter 2

Numerical Technique in 

Computer Experiment

2.1 Introduction

Computer experiment enables us to numerically simulate the electrodynamic 

interaction between the TSS and its surrounding plasma. To perform computer 

experiment, we need a simulation code which solves the basic equations govern-

ing the time and space evolution of all the possible phenomena to occur in a given 

system. Prior to the description of the computer experiment, we will present an 

introductory guide for the simulation codes used in the present study. Since the 

basic concept and the numerical scheme of the code have been described in the 

existing literatures [Omura, 1985; Hockney and Eastwood, 1981; Birdsall and 
Langdon, 1984], their details are not stated in the present paper. 

  In the present study, the model region used in the computer experiments is 

non-uniform one which includes a stationary conducting structure and ambient 

plasma flow, not the conventional one which treats uniform plasma with peri-
odic boundary condition. In order to realize such a unique model, we adopt a 

several new numerical technique in the simulation codes such as open boundary 

condition for an isolated system and capacity matrix method for equipotential 

conductive multi-bodies. 

  In the present study, we primarily utilize a two-dimensional full electromag-

netic particle code, KEMPO (Kyoto University Electromagnetic Particle Code) 
[Matsumoto and Omura, 1985; Omura, 1985] which has been developed in the 
space plasma study group at Radio Atmospheric Science Center of Kyoto Uni-

versity. Generally, plasma in simulation codes can be treated as a bulk of fluid 

or a group of particle depending on a phenomenon to be focused on with com-

puter experiment. For example, a magnetohydrodynamic code treats the plasma

10
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as fluid, which is suitable for solving the problems associated with macroscopic 

phenomena such as solar flow plasma interaction with the magnetosphere. In 
order to investigate the phenomena in which ion dynamics plays an important 

role, a hybrid code is appropriate in which electron and ion are treated as fluid 

and particle, respectively. In the present study, the electron kinetic effects in the 

vicinity of the tether system are considered as an important factor to determine 

the plasma response and field environment. In this sense, KEMPO which can 

tread all the species of plasma as particle is most suitable for the present com-

puter experiments. For the analysis in the three-dimensional space, we newly 
developed an electrostatic particle code in which we adopted an electrostatic 

approximation in solving the fields in a given system. 

  In Section 2.2 we will give general features of KEMPO such as the basic 

equations, the boundary conditions and the numerical treatment of a space ve-

hicle and TSS. Section 2.3 is devoted to the numerical scheme for solving the 

Poisson equation in a three-dimensional isolated system. In Section 2.4 numeri-

cal treatment of conducting bodies is described in terms of the capacity matrix 

method. The treatment of tethered satellite system in computer experiment is 

also stated in Section 2.5.

2.2 Two-Dimensional Electromagnetic Parti-

cle Code

In the present study, one of our interests is the kinetic effect which significantly 

affects the microscopic plasma interaction in the vicinity of the vehicle surface. 

In addition, to quantitatively determine the electrical properties of a space vehi-

cle such as the charging and the current collection, we need to take the electron 

dynamics into consideration because they can control the plasma environment in 

the vicinity of the TSS.  From a view point of field variation, we are interested in 

not only the electrostatic response to the TSS but also the electromagnetic field 

environment around the system. In order to satisfy those demands stated above, 

we will utilize KEMPO in the present computer experiments. This section is 

devoted to the description of the general features of KEMPO.

2.2.1 Basic Equations 

For the last decade, much efforts have been dedicated to revise our KEMPO 
code. In conjunction with the rapid progress in computer in terms of its speed 
and working area of memory, KEMPO has become a very powerful tool in in-
vestigating nonlinear phenomena in space plasmas. In KEMPO, the equations
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of motion with no collision terms and Maxwell's equations are simultaneously 

solved in self consistent manner. Assuming a non-relativistic effect, equations 

of motion are given by 

     dr, -_(2.1) 
dtv° 

dv, -_9'(E+ v, x B),(2.2) 
dt m, 

where the subscript s denotes the s- th species of particles and v„ r,, q„ m,, E, 

and B denote particle position, velocity, charge, mass, electric field and magnetic 

field, respectively. Maxwell's equations in the MKS unit are 

V x E =—-(2.3) 
V x B =c2+ poJ(2.4) 

V • E = P(2.5) 
Ep 

V B = 0,(2.6)

where c, co, and /- o denote the speed of light, dielectric constant and magnetic 

permeability, respectively. The quantities p and J denote the charge and current 
density, respectively and they are calculated by using PIC (Particle In Cell) 
method which distributes the current and charge of particles to the adjacent 
four grids points with an area weighting. 

  The basic equations stated above are replaced by the finite-difference equa-
tions to be solved. The detailed description is shown in Omura, [1985], Hockney 
and Eastwood, [1981], and Birdsall and Langdon, [1984]. Analytically, we do 
not need to solve (2.5), (2.6) if they are satisfied at t = 0. With a help of the 
continuity equation, one can find that the two equations are satisfied all the 

time. Since the continuity equation is not solved explicitly in KEMPO, there 

is no guarantee that it is satisfied all the time. In order to satisfy the continu-

ity equation, we need to solve Poisson's equation and correct the electrostatic 

component at each time step. 

  Mainly because of shortage of the memories for a working area on our com-

puter, we reduce the dimension in phase space, i.e., we do treat all the six 
components but only five components, If we take the z axis orthogonal to the 

model plane, for example, five components (x, y, Vx, VV, VZ) are solved. We ne-
glect the dependence on z of all quantities and assume a/az = 0 in the basic 
equations. Three components are calculated for the electric and magnetic fields, 

and current density.
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2.2.2 Boundary Conditions 

In computer experiment, the basic equations are solved as an initial value prob-
lem. Therefore, as long as the time integration is  concerned, all we have to give 
is an initial solution at t = 0. In integration of space, however, we have to 
determine boundary conditions at each time step. 

  Boundary conditions which have to be determined are summarized as follows.

(1) Maxwell's equation

(2) Poisson's equation (for electrostatic components)

(3) Particle position r

  So far, a periodic boundary condition has been widely used. One boundary 

is connected to the other boundary, giving no ending point in the simulation 

region. This is suitable for a case which treats a uniform space. In this case, the 

total energy should be exactly conserved because it is a closed system. 

  On the other hand, in an inhomogeneous space including a spacecraft, a 

local beam, the gradient in charge density, etc., the periodic boundary condition 

fails. By the periodic condition, fields and particles are perturbed non physically 

through the fields and particles reentering to the simulation region. In order to 

neglect the artifact, it is necessary to invent an isolated system by hiring an 

open boundary condition [Usui, 1989]. 
  In the following, we present the boundary conditions for full-open system. 

General features of the open boundary version of KEMPO are stated below.

1. We revised the Poisson solver from the conventional FFT to the Sine FFT 
  method. This is done based on the following consideration. In a large 
  isolated system, the solution to the potential at the boundaries can be set 

  to zero allowing the Dirichlet condition ¢ = 0 on the boundaries.

2. Numerical damping region is placed at each boundary of the x and y 

  direction. Outgoing perturbed fields are absorbed in the damping region 

  and never reflected back to the simulation region through the boundaries.

3. An outgoing particle is no more traced. Instead a new particle is injected 
  with a newly given position and velocity on the occasion of the outgoing 

  particle.
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2.3 Three-Dimensional Electrostatic Particle 

Code

Basic physics associated with the interaction between the TSS and the ambient 
space plasma can be investigated by performing two-dimensional computer ex-

periments. By combining the results obtained in different model planes, we can 
analyze the plasma phenomena in three dimensional aspect. However, to quanti-
tatively examine the plasma dynamics in a realistic situation, we definitely need 
to carry out computer experiments in a three-dimensional space. 

  In the present studies, the electrostatic component originated from the po-
tential difference between the two tether ends governs the plasma dynamics 
and field perturbation in its vicinity. In this sense, the electrostatic component 
obtained by solving Poisson's equation can represent the field variations in a 
model region. For this reason, we have newly developed a three-dimensional 
electrostatic particle code. 

  As stated above, the electrostatic field is calculated by solving Poisson's equa-
tion with the data of the charge density at each grid point. The obtained electric 
field is used to push the particles according to the equation of motion. Then, the 
value of charge density is renewed at each grid point. The time variation of the 
magnetic field is not solved. The boundary condition for particles are the same 
as that adopted in the two-dimensional KEMPO. As for the  boundary condition 
of the electrostatic field, we use the Dirichlet condition 0 = 0 as adopted in 
the KEMPO. In order to realize this condition, we introduce the sine transform 
method for Poisson's equation [Press et al., 1987]. This method is also applied 
in KEMPO full-open boundary version stated in the previous section. The brief 
formulation is stated in the following. 

  Instead of expanding a potential 0 as the usual Fourier transform given by

cbhjk =
1 1

NX NY 1\

1 NX-1 NY-1 NZ-1 

1=0 m=0 n=0
 lmne-2rihl/NXe-2rijm/NYe-2rikn/NY (2.7)

we expand 0 in sine waves.

ohjk =
2 2

NXNYI\

2 NX-1 NY-1 

    1=1 m=1

NZ-17rhl7rjm 7rkn 
    lmn sinNXsinNYsinNZ 

n=1
(2.8)

where (bhjk denotes the potential value at grid point (h, j, k) and indicates 
the potential value Fourier transformed with respect to space. In the above 
equations, NX, NY, and NZ are the numbers of the grid point in the x, y, and 
z directions, respectively.
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Figure 2.1: Spatial profile of the solution of Poisson's equation in a 

two-dimensional space including a unit charge at the center.

  (2.8) satisfies the Dirichlet conditions at the boundaries. Using this expan-
sion, we find that the solution procedure parallels that for periodic boundary 
conditions as follows. 

  We have Poisson's equation 

                ,I,a2a252             v2Y'=a+ay+a_—o(2.9) 
  First of all, we compute the Fourier component of the charge density plmn 

by the sine transform. 

NX-1 NY-1 NZ-1 

       Armn=EP hjk  S111NXsinNYsinNZ. (2.10) 
                   h=1 j=1 k=1

Next we calculate cbimn by 

                  (Plmn 1 ~
1mn = ,~()2(~rm\2(~n)2 E 

                    NXINY/+INZo 

Then hjk can be computed by the inverse sine transform (2.7).

(2.11)
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  In the two-dimensional KEMPO of full-open boundary version described in 

the previous section, the sine transform method is also adopted for Poisson's 

equation. Because a model region is two-dimensional x — y plane, the spatial 

variation with respect to z direction is neglected in the above formulation. 

  In Figure 2.1, we have a three-dimensional spatial profile of potential solution 

owing to a single charge. Since the Dirichlet conditions are adopted for the 

boundary conditions, it is shown that potential solutions at boundaries are all 

zero. This is solved with the sine transform method described above. 

  There is one thing we have to be careful with when we use the sine transform 

method. If we take the simulation region smaller than the depth of debye shield-

ing, we can not neglect the effect on the field inside the model region by the fixed 

zero potential at boundary. We have to use such a large simulation plane that 

we can assume far field solution  (¢ = 0) at boundaries. For an isolated system 
in a strict sense, potential solutions of Laplace's equation has to be connected at 

the boundaries of the model region. The method to realize this isolated system 

is described in Appendix [Hockney, 1970; Eastwood and Brownrigg, 1979].

2.4 Numerical Treatment of Conducting 

ies

Bod-

In solving problems about the interaction between a space vehicle and space 
plasma, we need to bring in an internal conducting body representing the vehicle 
into the model region. In a real situation, space vehicle is not necessarily made 
of conducting materials. Space Shuttle, for example, is mostly covered with non-
metal materials to avoid the melt of body surface owing to the heat in reentering 
the atmosphere. Only the part of engine thruster is conductive . From a view 
point of electrodynamic interaction, the charging and potential variations of 
the space vehicle are affected by the interaction of the conducting parts of the 
vehicle with its surrounding plasma. Since our main concern is the process of 
the electrodynamic interaction, we just take account of and treat numerically 
the conducting parts of the space vehicle in the present computer experiments . 
To do this in KEMPO in self-consistent manner, we utilize a numerical method 
which realizes equipotential solution on the vehicle surface. In this section , we d

escribe the way for equipotential solution on internal conducting bodies through 
the use of the capacity matrix method [Hockney and Eastwood, 1981]. 

  In the following we first describe the basic concept of the capacity matrix 

method to obtain an equipotential solution for one conducting body . The ca-

pacity matrix method can be applied to multi-bodies case, which will be stated 
next. Finally the application to the TSS model will be presented .
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2.4.1 Equipotential Solution on One Internal Body 

In treating the interaction of one conducting body with the surrounding plasma, 
we need to obtain the equipotential solution of the body surface at each time 
step in self-consistent manner. We summarize the treatment of potential and 
surface charge on one conducting body. 

  The potential value  0; and charge density pi on the grid points are related 
to each other by a quantity of 'capacity matrix Ci; '. The relation is given by 

Pi = E(2.12) 

where i and j are varied from 1 to the total grid number in the simulation box. 
ci is calculated as 

= E Bi;P;(2.13) 

9 where B = C-1. 

  Before correcting the surface charge on the body to realize an equipotential, 

(2.13) gives the relation between the charge density p and the potential value 0 
in the simulation box as

01 

QNBODY 
Y NBODY+1 

ONALL

=[B~

P1 

PNBODY 

PNBODY+1 

                 • 

 PNALL

(2.14)

where NALL and NBODY are the total number of grid points in the simulation 
box and in the body, respectively. 

  For the corrected charge density p' and potential value 0', we have the same 
relation as expressed above

CbC 

cbC 
Y' N BODY+1 

 0/NALL

=[B]

  Pi 

PNBODY 

PNBODY+1 

PNALL

(2.15)

where ¢C is an equipotential value in the body. We do not change the charge 
density outside the body, then p= = pi (NBODY+1 < i < NALL ).
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By subtracting (2.14) from (2.15), we obtain

cbc—chi 

c5C — ON BODY 
7'N BODY +1 — 0N BODY+1 

Y'NALL — ON ALL

=[B]

Pi — P1 

fNBODY — PNBODY 
     0 

     0

(2.16)

  Writing each component of the column vector in the both sides of (2.16) as 
Lcb, and Ap, and dividing the matrix B into four sections, Bb, Bbp, BP'', and Bp, 

(2.16) is rewritten as

0c51 

AONBODY 
AON BODY +1 

AON ALL

 fBb Bbp =1 BPb Bp

OP1 

APN BODY 

  0 

0

(2.17)

Bb contributes to the values of the body only while Bp to the values in the 
surrounding plasma outside the body only. BbP contributes to the 0 in the body 
and the p in the plasma and Bpb connects the p in the body to the 0 in the 
plasma. 

  Since we focus on the charge density and the potential values only in the 
body, we use a subset of (2.17) as

0q1API 
={BbI 

OONBODYAPN BODY
(2.18)

  The correction of the surface charge for an equipotential solution is calculated 

by a matrix inversion of  B"

             OP1 

         ][BbI—'              OPNBODY 

which is expressed in a form as 

AA=E/47' Ao;  = 

i

 L1 

DONBODY i

Di; AO, 

i

(2.19)

(2.20)



2.4 NUMERICAL TREATMENT OF CONDUCTING BODIES 19

 .41a kt
o:

.00

2.vo

Figure 2.2: Potential profile of a two-dimensional system with one 

ducting body with a square shape
con-

where D represents the inverse matrix of Bb and i and j are varied from 1 to 
NBODY. Q= is given by 

OOt = E D= 10p~(2.21) 

  When we calculate the capacity matrix D for the body, we give a unit charge 

density to Op; and give zero charge to all other grid points, then solve Poisson's 

equation and obtain 0O= (1 < i _< NBODY ). The solutions A¢_ (1 _< i < 
NBODY ) are equivalent to Dij1. Repeating this process from 1 to NBODY 
with respect to j, all elements of D-1 are determined. D is calculated by a 
matrix inversion of D-1. D is unique for the shape of a given internal body, so 
the calculation stated above is needed only once before the simulation run. 

  When we calculate Op at each grid point in the body, we need to obtain the 
equipotential solution cbc in advance. From (2.20), 

Ap= _ > D=j(cbc — cb)(2.22)

where c; (1 < i < NBODY ) are the potential values before correction. The
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total charge in the body should be conserved, then

 EApi=0 

i

(2.23)

This gives us 4c as 
                        Eij DO.;  O

c =(2.24) E
ij Dij 

We calculate the correction of the charge density Api by solving (2.22) again 
with the determined ¢c. The correction Opi (1 < i < NBODY) gives us the 
corrected charge density pt (1 _< i _< NBODY ) and from (2.15), the equipotential 
¢c is guaranteed in the body. 

  In order to demonstrate the results with use of the method stated above, 
we conducted a test analysis with a model region including a conducting body. 
Figure 2.2 shows the potential profile of a two-dimensional system in which the 
conducting body with a square shape is put at the center. We provide some 
positive potential to the body. As clearly shown, equipotential is realized on the 
surface of the body, which assures that the numerical scheme with use of the 
capacity matrix works with no trouble.

2.4.2 Equipotential Solutions on Multi-Bodies 

We can apply this method to not only two bodies' case but also as many bodies 
as we desire. For simplicity, we introduce the method for two internal bodies. 
One might think that we have to have two capacity matrix for each internal body. 
This is wrong. The charge correction for one equipotential solution changes the 
potential of the other body. Two equipotential solutions have to be obtained 
simultaneously. That means all we need is one capacity matrix including two 
internal bodies just like one body. 

  As well as the one body case, the relation between the potential and the 
charge density is given by (2.12). However, for two bodies case, i and j vary 
from 1 to NCPMX 1 + NCPMX2 where NCPMX1 and NCPMX2 denote 
the numbers of grid points of the bodyl and body2, respectively. 

  The capacity matrix C is obtained easily by the same procedure as stated 
in the last section, and this calculation is also needed only once before the 
simulation run. Assuming the two bodies have different equipotential each other, 
Ore f1 and c5ref2, we have two equations involving the capacity matrix.

AA = >Cij(q5refl — 0Oj) 

j

(2.25)
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for 1  < i  < NCPMX1, and 

                   = E Csi(Oref2 — 00j) (2.26) 

for NCPMX1 + 1 < i < NCPMX1 + NCPMX2, where ¢oi is the potential 
before correcting the charge density. The conservation of the total charge gives 
two equations independently 

E Op= = 0(2.27) 

for 1 < i < NCPMX1,

>Opi=0 

for NCPMX1 + 1 < i < NCPMX1 + NCPMX 2, 
  By solving these two equations together with respect to ¢refl 

equipotential solutions are determined. Op= is recalculated with 

(2.26).

(2.28)

and y)re f2, 

(2.25) and

2.4.3 Potential Treatment of Tethered Satellite System 

In the TSS, high potential is generated by the V x B emf between the tether 
ends due to the cross-field motion of the system. If the system's speed Vb is 
constant, Vb x Bo is also kept constant. The potential difference between the 
satellite and the orbiter, A& = L . Vb x Bo has no change where L is the tether 
length. We present here how to apply the capacity matrix method to the TSS 
model. In the previous section, we seek equipotential solutions for independent 
two bodies. In the computer experiment of TSS, however, two conducting bodies 
corresponding to the satellite and orbiter are electrically connected and therefore 
are not independent in terms of potential. The following relation should be 
maintained if L and Vb are constant. 

sat — orb = L . V x B = O0e = const. (2.29) 

where ¢sat and orb represent the potential of the satellite and orbiter, respec-
tively. 
  The capacity matrix C is obtained in the same way as we have done in the 
last section. From (2.25) and (2.26), 

OPi = E C=i(q5sat — 00j)(2.30) 

for 1 < i < NCPMX1,



22 CHAPTER 2. NUMERICAL TECHNIQUE
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Figure 2.3: Potential profile in a two-dimensional space which includes 

two bodies representing the TSS. Owing to the charge separation by the 

V x B effect the satellite potential and the orbiter potential become pos-

itive and negative with respect to the space potential, respectively.

AP= _ E Cai(cbsat — Occ — ooj)(2.31) 

for NCPMX1 + 1 < i < NCPMX1 + NCPMX2. 

  Since the two bodies are connected with a conducting tether, the total charge 

of them, not each body, should be constant. Therefore we have

>Op==0

for 1 < i < NCPMX1 + NCPMX2,

>Ap, = — > C, cboi+gsatEC=; —L4E C=.i 
=A=A fj

(2.32)

(2.33)

  By solving the equation above, we get cbsat and with (2.29) corb is obtained. 
The correction of the charge density (Op=) is accomplished with use of the equa-
tion (2.30) and (2.31). To test the numerical treatment, we solve Poisson's
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equation in a two-dimensional space including two conducting bodies which rep-
resent the tether ends. We set L4 and provide no net charge on the bodies. 
In this situation, positive and negative A4/2 should be provided to each body, 
respectively. Figure 2.3 shows the potential profile in the same manner as Fig-

ure 2.2. Two bodies representing the TSS have square shapes. As clearly seen, 

equipotentials are realized on each body with ±i t. /2 as expected. During the 
runtime of the computer experiments, the TSS may accumulate the charged 

particles which will affect the net potential of the system. In this situation, the 
right hand side of (2.32) becomes non-zero. Therefore, we need to take account 
of the charge amount accumulated to the tether system to obtain its potential 

distribution in self-consistent way.

2.5 Model of Tethered Satellite System in 

puter Experiments

Corn-

In this section, we will describe the TSS model used in the computer experiments. 

The configuration of TSS in a magnetized plasma is rather complicated because 

it is primarily three-dimensional. Namely, The directions of the tether, TSS 

speed, and Bo intersect to each other as illustrated in Figure 1.1. As for a 

reference frame of the model region, We have two choices; one is a moving 

vehicle frame and the other is an ambient plasma frame. In the present study, 

we use the vehicle frame of reference. due to the following reason. 

  In order to obtain an equipotential solution on the tether system, we use the 

capacity matrix as stated above. In the vehicle frame, the grid points occupied 

by the vehicle never changes and the calculation of the capacity matrix needs 

only once before the computer experiment. 

  In the vehicle frame, the ambient plasma should have drift velocity whose 

intensity is the same as the vehicle's. Assuming the vehicle moves parallel to Bo, 

it is easy to give the plasma drift velocity because the direction of the plasma 

flow is along Bo and there is no need to consider the effect of the gyromotion of 

plasma. 
  Difficulty arises when the direction of relative motion between the vehicle 

and the ambient plasma is not parallel to Bo. In the vehicle frame of reference, 

we show this situation in Figure 2.4(a). Even if we initially set the plasma drift 
velocity across Bo, the gyromotion of charged particle occurs and eventually 

every particle moves along Bo. We would like to realize the cross-field plasma 

drift across Bo at any time which is illustrated in Figure 2.4(b). 
  Figure 2.5 shows the detail of this situation. From the plasma rest frame, 

the vehicle moves oblique to Bo. Then the electromotive force, Vb x Bo, causes
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(a)
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(b)
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Figure 2.4: Schematic illustration of a particle motion oblique to Bo. (a) 
gyromotion, (b) drift motion across Bo.

the electric field perpendicular to both the direction of Vb and Bo.

Eo = —14 x Bo = VVBo sin 02(2.34) 

where 2 direction is orthogonal to the plane. 
  Taking the vehicle as a reference frame, no electric field is allowed inside 

since it is assumed to be made of conducting material. Instead, E0 obtained 
in (2.34) exists in the ambient plasma pointing to the opposite direction as 
shown in Figure 2.4. With B0, this electric field gives a E x B drift velocity to 
the charged particles perpendicular to both E0 and B0 as shown in Figure 2.5. 
Adding another drift velocity Vdrtft cos 0 parallel to B0, we can realize the plasma 
drift motion oblique to Bo. 

  Since the two bodies, satellite and orbiter, are connected with a conducting 
wire, no potential difference is allowed inside the system in the vehicle frame of 
reference. However this does not imply that we can ignore the charge separation 
between the tether ends. The charge separation caused by the cross-field motion 
exists which frame of reference we take. Therefore all we have to do is evaluate 
the amount of the charge separation. In Section 2.4.3, we take the plasma frame 
and evaluate the charge separation by seeking the potential solutions of the
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Figure 2.5: Schematic diagram of a moving body across Bo. (a) plasma 
rest frame of reference, (b) vehicle frame of reference.

tether ends. The obtained quantity on the charge separation never changes even 

if we take the vehicle frame of reference. 

  The tether wire which electrically connect the satellite and the orbiter is 

not treated as an internal conductive body in the present computer experiments 

because it is primarily insulated and therefore the direct contact with the plasma 

surrounding it is assumed to be neglected compared with the plasma contact at 

the tether ends. Instead, taking account of the rate of charge accumulation to 

the tether ends, we provide current flow on the grid points which corresponding 

to the location of the tether wire between the tether ends. 

  In the next chapter, we will present the computer experiments of the TSS 

by using the numerical treatment described in this chapter.



Chapter 3

Computer Experiments of 

Electrodynamic Tether System

3.1 Introduction

As a part of the first mission of the Tethered Satellite System (TSS-1) launched 
31 July, 1992 aboard the space shuttle Atlantis, the SETS experiment was carried 

out [Banks and Byers, 1986]. The tether wire connecting the orbiter to the 
satellite experiences the Lorentz electric field, V x B, due to its motion across 

the geomagnetic field, which causes large potential difference between the tether 

ends. To control the system charging, the electron beam is emitted from the 

orbiter [Banks et al., 1981; Gilchrist, 1990]. The primary objectives of the SETS 
investigation are to study space plasma physics associated with the interaction 
of the satellite, tether and orbiter with each other and with their environment. 
The scientific objectives  are itemized in Chapter 1. 

  Since 1970's, theoretical works regarding the electrodynamics of the TSS have 
been conducted. Dobrowolny [1978], and Arnold and Dobrowolny [1980] investi-
gated the current and potential distribution along the tether taking account of its 
internal resistance. From the view point of electromagnetic radiation, Hastings 

and Wang [1987], and Estes [1988], assuming a dumbbell-like current system for 
tether system, calculated the wave impedance which determined the power of 

the Alfven wings. As well as the theoretical works, CHARGE experiments using 

a tethered rocket have been carried out since 1980 with collaboration between 

Japan and the United States. The initial results obtained in the latest exper-

iment, called CHARGE-2, were described in Sasaki et al. [1988]. Laboratory 
experiments have also been conducted by Stenzel and Urrutia [1990] in which a 
field-aligned electron beam was emitted from a cathode and return electrons were 

collected by a plane electrode. They showed the behavior of a current system,

26
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which modeled some aspects of the TSS-1. In numerical studies, two-dimensional 
computer simulations of the electron beam injection from an isolated conduct-
ing spacecraft have been performed [Winglee and Pritchett, 1988; Okuda and 
Berchem, 1988; Winglee and Kellogg, 1990]. However, computer experiments of 
TSS including two conducting bodies representing a satellite and an orbiter have 

never been reported. For the first time, we performed computer experiments of 

the TSS [Usui et  al. 1991]. 
  In this chapter, we describe the obtained results in the computer experi-

ments of the TSS and analyze them quantitatively. Since we deal with the 

non-uniform space including the TSS in a magnetized plasma , it is difficult to 
examine the electrostatic and electromagnetic environment in the vicinity of the 

conducting system in the analytic way. Moreover, the electron beam is emitted 

from the orbiter, which makes the plasma environment complex around the TSS. 

To quantitatively investigate the TSS - plasma interaction such as the plasma 

response to the TSS, electron beam dynamics, and wave emission, we utilized 

two types of simulation codes in the computer experiments; a two-dimensional 

electromagnetic and a three-dimensional electrostatic codes.

3.2 Two-Dimensional Electromagnetic Parti-

cle Model

3.2.1 Model and Parameters

Since the electron kinetic effects are significant in the analysis of the electro-

magnetic perturbations and plasma behaviors around the TSS, we use the two-

dimensional full electromagnetic particle code called KEMPO which can treat 

electrons as particles as well as ions. The numerical technique used in KEMPO 

was described in Chapter 2. 

  The model for the computer experiments is shown in Figure 3.1. We take a 

vehicle frame of reference. Namely, the ambient plasma flows across the static 

magnetic field Bo. We adopt two models; one is Model-1 where the simulation 

plane includes the plasma flow 1 p along the x axis. Bo is orthogonal to the 
plane. The other is Model-2 which contains Bo in the y direction. The plasma 
flow is perpendicular to the plane of Model-2. As for the outer edge boundary 

conditions of the simulation box, we use open-boundaries conditions by adding 

wave-absorbing regions to the simulation system. 

  In each model plane, we have two conducting bodies representing a satellite 

and an orbiter, respectively, whose dimensions are GAD x GAD where AD denotes 

the Debye length for the background plasma. Although the actual size of the
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Figure 3.1: Schematic illustration of the model plane for the computer 

experiments.  Model-1 and Model-2 has a plasma flow parallel and per-

pendicular to the model plane, respectively.

satellite (1 — 2 m) is much smaller than that of the shuttle orbiter (10 — 20 m), 
we choose the same size for the two conducting bodies for simplicity. They are 
located with a distance of approximately 40AD each other. For numerical brevity, 
we assume that both of the bodies are conductive. In the plasma rest frame of 
reference, the potential difference AO between the tether ends is calculated by 
taking account of the V x B effect, i.e., AO = L • IV x Bol where L and V„ 
denote the tether length and the vehicle velocity. This AO is caused by the 
charge separation due to the V x B electromotive force of the TSS. As described 
in Chapter 2, this effect always exists whichever frame of reference we take in 
the computer experiments and all we should know is the quantity of the charge 
separation. In order to evaluate this, we solve Poisson's equation using the 
capacity matrix method [Hockney and Eastwood, 19811 under the assumption
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that the tether ends have a potential difference  AO which should be observed 
from the plasma rest frame. The detail was described in the previous chapter. 

  In the SETS experiment, the charge collection of the TSS affects its poten-
tial. Since the electron thermal velocity is much larger than the ion's in the 
ionosphere, electrons are collected to the conductive system much more than 
ions. This causes the negative charging of the TSS. To avoid the excess charg-
ing of the system, electron beam is injected from the orbiter into the ambient 

plasma. For simplicity, in the computer experiment, we emit the same num-
ber of beam electrons as that of incoming electrons at each time step from the 
orbiter in order to keep the amount of the total charge in the TSS conserved 
during the simulation. Since it is one of our interests to see the influence of 
the electron beam to the electrodynamics of the TSS. we perform several cases 
of computer experiment by changing the manner of the electron beam emission 
from the orbiter. In each model plane, we change the location of the electron 

gun and the initial pitch angle of the electron beam. Three cases stated below 
are commonly adopted for the computer experiment in Model-1 and Model-2. 
In Case (a) and Case (b), electrons are emitted from the top and the bottom of 
the orbiter with 90 degrees of the initial pitch angle, respectively. In Case (c), 
no electrons are emitted. To see the dependence of the beam dynamics on the 

initial pitch angle, Case (d) and Case (e) are additionally introduced in Model-2, 
in which electrons are emitted from the top and the side of the orbiter with the 

initial pitch angle of 45 and zero degrees, respectively. 

  The parameters used in the computer experiments are the followings. The 

ratio of the tether potential energy to the electron thermal energy, eAO/kBTe, 
is set equal to 10, where e, Te and kB denote the electron charge, temperature, 

and Boltzmann's constant, respectively. The grid spacing and the time step 

are taken as Or = AD and At = 0.005/S2e, respectively, where fie denotes 
the electron gyrofrequency, respectively. The dimension of simulation plane is 

128Or x 256zr. We take 16Or from each boundary for numerical damping of the 

outgoing wave fields. The number of the superparticles is 131,072 for each species 

of plasma particles at the initial state. For ambient electrons, Ile/Ste = 2, and 
vte/Vp = 8, where He and vte denote the electron plasma frequency and thermal 
velocity, respectively. For ambient ions, Ili/S2, = 0.2, fii/S2e = 0.01, and vtt/Vp = 
0.8, where Hi, 52;, and vt= denote the ion plasma frequency, gyrofrequency, and 

thermal velocity, respectively. We carried out the simulation run up to Stet = 327 

for both Model-1 and Model-2 with the same parameters.

3.2.2 Ambient Plasma Response and Beam Dynamics 

  In this section, the ambient plasma response to the TSS and the electron
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electrons, ions, and beam electrons for Case (a) and (b) in Model-1.
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 Figure 3.3: Contour maps of the number 
electrons and ions for Case (c) in Model-1.

densities for the background

beam dynamics are described in terms of number density and current path. 

As stated previously, the satellite and orbiter have initially higher and lower 

potential than the space potential, respectively. This can modify the plasma 
distribution around the TSS in such a way that electrons and ions are attractive 

and repulsive to and from the satellite, respectively. The beam electrons emitted 

from the orbiter can also affect the plasma environment in the vicinity of the 

TSS. In particular, the electrostatic and electromagnetic environment of the 

orbiter will be greatly affected by the beam-plasma interaction. 

  First, we examine the spatial variation of the plasma density in Model-1. 

Figure 3.2 depicts the contour maps of the number densities for the background 

electrons, ions, and beam electrons. The upper and lower sets of the contour 

maps show the density variation in Case (a) and Case (b), respectively. The 
density profile in Case (c) is shown in Figure 3.3. The density values are averaged 
in time at the steady state. In each panel, the upper and lower squares indicate 

the satellite and orbiter, respectively. In Model-1, we have a plasma flow from 

the left to the right in the model plane. Then a rarefactional wake region is 

created in the downstream region of the satellite. The size of plasma void at the 

wake region is about 30 -, 40AD. The shape of the wake is almost identical for
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the background electrons and ions. In the computer experiments, vte is much 

greater than vtt, and AD is smaller than the size of the body. In this situation, 
the dynamics of ions determines the wake formation. The ions blocked by the 

body cannot penetrate the wake region because of their small thermal velocity, 

which elongates a wake region behind the body. To maintain the local quasi-

neutrality, the shape of the electron wake becomes very similar to that of the ion 

wake. The shapes of the wake in Case (a) and (b) are obviously asymmetric with 
respect to the direction of the ambient plasma flow. Although faintly observed 

in Case (c), this may be associated with the interaction between the local E x B 
rotation of electrons and the ambient plasma flow, which will be examined in 
detail in next chapter. 

  At the orbiter region, the electron beam injection completely changes the 
spatial profile of the ambient plasma. In the electron beam cases, i.e., Case 
(a) and Case (b), the emitted electrons from the orbiter, making gyromotion 
in the counterclockwise direction, hardly escape from the orbiter region and 

eventually form a high density electron cloud in the vicinity of the emission 

gate. The electron cloud causes the local intense electric field and rotate in the 
counterclockwise direction due to the E x B drift motion of the beam electrons. 

The beam electrons, however, are frozen in the ambient magnetic field and 

move to the downward region. For this reason, in Case (a), the electron cloud 
is carried downstream. The cloud in Case (b), however, is decelerated and 
cannot escape from the orbiter region because it tends to move to the upstream 

direction against the ambient plasma flow. Some of the beam electrons located 

at the edge of the cloud can be trapped by the ambient magnetic field and move 

in the downstream direction. Because of the electron cloud, the background 

electrons are expelled away from the cloud region. The ambient ions also form 

a cloud around the electron beam cloud to keep the local charge neutrality. As 

for Case (c) shown in Figure 3.3, in which no electron emission is performed, 
the rarefactional wake is observed at the orbiter region. The wake tail is much 

shorter than that at the satellite region. This is because the ions which can 

determine the shape of the wake as stated above are attracted by the orbiter 

which is negatively charged with respect to the ambient plasma. 

  Next, we present the plasma response in Model-2 contains Bo in the y di-

rection and the plasma flow in the —x direction. Figure 3.4 shows the contour 

maps of the number density for each plasma species in Case (a) and Case(c). 
In Case (a) which is the electron beam mode, the low density region in the 
vicinity of the satellite has a shape elongated in the y direction for both of the 

background species. This is due to a large amount of electron collection and to 

ion scattering by the high potential satellite along Bo. As observed in Model-1 , 
the density structure is almost identical for both of the background ions and
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electrons, ions, and beam electrons for Case (a) and the background elec-
trons and ions for Case (c) in Model-2.
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electrons keeping the local charge neutrality. 

  At the orbiter, the electron beam keeps its density maximum at the gate of 

the electron emission in Case (a) because the beam has the initial pitch angle of 
90 degrees. In the both sides of the orbiter, some of the beam electrons escape 

and form wing-like orbit around  Bo. The gyromotion of the beam electrons 

causes their bending orbits. The background electrons in the vicinity of the 

gate of the beam emitter are expelled by the beam electrons. In order to cancel 
the negative charge, the ions gather there. However, they are absorbed by the 

orbiter of negative potential. As the result, the beam electrons are rich and they 

can induce the electric field. This field causes the pitch angle modification and 

acceleration of the beam electrons along the wing-like orbit. Although faintly 

seen in the figure, the background electrons along the the wing-like orbit of 

the beam are scattered away while the ions gather to compensate the negative 

charge of the beam electron. 

• We also performed the computer experiments including the electron beam 

emission with the pitch angle of 45 and zero degrees, which correspond to Case 

(d) and Case (e) in Model-2, respectively. The contour maps of the plasma 
number density are depicted in Figure 3.5 for both cases. The density profiles 

around the satellite are almost identical to those in Case (a) and Case (b). The 
plasma density is low along Bo in the y direction due to the attraction and 
evacuation of electrons and ions to and from the satellite, respectively. 

  Since the pitch angle of the beam electron is not a right angel, the electrons 

can escape from the orbiter region along Bo. The beam trajectory in Case (d) 
bends due to the cyclotron motion of the electrons as shown in Case (a) and (b) 
in Model-2. In Case (e), the profile shows the beam electrons escape away along 
Bo. 
  Next, we examine the current profile in the vicinity of the TSS. Since elec-

trons, which are light enough compared with ions, quickly response to the change 
of the field environment, they will play a major role to determine the current 
path associated with the TSS, As shown in the density profiles, electrons are 
primarily attracted by the high potential satellite. At the orbiter region, on the 
other hand, they are repulsive because the orbiter is negatively charged. In the 
beam mode, particularly, this repulsion is apparently seen and the beam elec-
trons escape away along Bo. Figure 3.6 shows the vector plots of current density 
at each grid point in the model plane of Case (a) and Case (b) in Model-1. The 
squares in each panel represent the tether ends. In the direction perpendicular 

to Bo, as shown in the panel for Case (a), cross-field rotating current is observed 
at both satellite and orbiter region. Primarily, as stated above, the electron 

motion can determine the current flow. In this aspect, it is speculated that the 

cross-field current is due to the electron motion across Bo. Taking account of
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Figure 3.5: Contour maps of the number densities for the background 
electrons, ions, and beam electrons for Case (d) and (e) in Model-2.
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Figure 3.6: Vector plots of the current density in the model plane of Case 
(a) and (b) for Model-1.

the presence of the intense electric field of the satellite in the radial direction, 

the electrons in the vicinity of the satellite make cross-field motion with E x B 

velocity. In the present configuration of B0, the direction of the electron cross-

field motion around the satellite is clockwise. Hence, the current due to those 

electron drift is observed in the counterclockwise direction as shown in the fig-

ure. At the orbiter region, it is speculated that the beam electrons are mainly 

responsible for the current flow. In comparison with the density profile shown in 

Figure 3.2, it is found that the current rotates around the electron beam cloud. 

This implies that the cross-field current is owing to the cross-field drift motion 

of the beam electrons. In the later section, we will examine the potential profile 

at the orbiter region, and will clarify this point.
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Figure 3.7: Vector plots of the current density in the model plane of Case 

(a) for Model-2.

  We also depict the current profile for Case (a) of Model-2 in Figure 3.7. 
Primarily, the current path is obviously observed along the y direction, i.e., the 

B0 direction, is dominantly observed at both the satellite and orbiter regions. 

At the satellite region, the electron collection of the high potential satellite is 

responsible for the intense current along Bo. At the orbiter region, the field-

aligned current due to the beam electrons emitted from the orbiter is dominant. 

The profile of the current path is almost identical to the bending orbits of the 

beam electrons which is shown in Figure 3.4. Thus the modulation of the current 

path is caused by the gyromotion of the beam electrons. Although not shown 
in the figure, the field-aligned current at the tether ends are connected to each 

other by the tether current. For the completion of the current closure from
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a macroscopic point of view, it is speculated that the field-aligned current in 

the ionosphere can be connected at low altitude around E region owing to the 

collisional diffusion of electrons and neutral particles. The detail of the current 

system including the ambient space plasma, the tethered satellite, tether wire, 

orbiter, and the electron beam will be discussed in the later section.

3.2.3 Electrical Property of Tethered Satellite System 

In this section, we pay our attention to the electrical properties of the TSS such 
as charging and current collection. In the SETS experiment, a long conductive 
system of 20 km experiences the electromotive force, V x B, between the tether 
ends, which makes the electrical properties of the TSS different from those of 
a single space vehicle. Since the satellite and the orbiter are electrically con-
nected to each other by the conducting tether wire, the potential of the TSS and 
the current collection at each tether end cannot be determined independently. 
Moreover, as described in the previous section, the dynamics of the ambient 

plasma and the electron beam emitted from the orbiter have great influence on 
the charging and current collection of the TSS. Here, we focus on the following 
three points from a quantitative point of view; 

  1. Electron and ion current at the tether ends

  2. Emissivity of the electron beam injection from the orbiter 

  3. Potential variations of the tether system 

The current-voltage characteristics of the high potential satellite are one of the 
significant issues to be examined in the electrodynamic tether. In the next 
chapter we will present the computer experiment on the electrodynamics of 
the high potential satellite. The detailed current-voltage characteristics of the 
satellite will be described there. 

  First we examine the electron and ion current collected at each tether end 
at the steady state. Figure 3.8 shows the average amount of current collection 
to the tether ends for each case in  Model-1 and Model-2. The current value is 
normalized to the average current of electron. Namely, the positive and negative 
values represent the current due to the electron and ion collection, respectively. 
In the figure we first pay our attention to the beam emission mode such as 
Case (a) and Case (b) in Model-1 and Case (a), (d), (e) in Model-2. Primarily, 
the amount of the electron collection of the satellite is much less in Model-1 

because no field-aligned current is taken into consideration. The difference in 

the amount of the current collection is qualitatively seen in comparison of the 

satellite current between Model-1 and Model-2. The amount of the satellite
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Figure 3.8: Amount of current collection to the tether ends at the steady 

state for  Model-1 and Model-2.

current in Case (a) and (b) of Model-1 is approximately half of that in Case (a), 
(d), and (e) in Model-2. As examined in the previous section, the field-aligned 
electron attraction to the satellite in Model-2 contributes the large amount of 

the electron current. 

  In Case (a) and (b) of Model-1 and Case (a) of Model-2, the orbiter also 
obtains the electron current, although it is negatively charged in the present 

system. The common condition in all the cases above is the electron beam 

emission with 90 degrees of the beam pitch angle. In such a situation, the 

electron current at the orbiter can be return current due to the reentry of the 

beam electron to the orbiter. In particular, the orbiter current of Case (a) in 
Model-1 is approximately six times larger than the satellite current. This is due 

to the low emissivity of the electron beam. When the emissivity is low, most 

of the electrons emitted from the orbiter at each time step are collected again 

by the orbiter as the return current. At next time step, the electrons which are 

due to the return current and the collection to the satellite are emitted again
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from the orbiter. Assuming the amount of the satellite current is constant at 
each time, eventually the electron beam current and the resulting return current 
increases. In Case (b) of  Model-1, the orbiter current is much reduced compared 
with that in Case (a). This implies the decrease of the return current. 

  The orbiter current in Case (d) and Case(e) of Model-2 are ion current. This 
implies no returning electron beam to the orbiter because the pitch angle of the 

electron beam are 45 and zero degrees in Case (d) and Case(e), respectively, 
which enables the beam escape from the orbiter region along Bo. 

  As for Case (c) in which no electron beam is emitted, the satellite and orbiter 
current balance each other. Since the ion thermal velocity is approximately ten 

times lower than the electron's, the ions incoming to the orbiter eventually 

determine the current balance in the tether system. 

  We could qualitatively understand the current collection of the tether ends 

by the above discussion. In the following we estimate it quantitatively in terms 

of beam emissivity, i.e., the ratio of how much percentage of the total electron 

beam can escape from the orbiter region. Assuming that the beam current 

is equivalent to the sum of the satellite current and the return current at the 

orbiter, we can evaluate the beam emissivity for each case. The emissivity is 

defined as 1 — irtn/ibeam where -beam and irtn denote the electron beam current 
and the return current at the orbiter, respectively. For the cases in which the 
beam pitch angle is 90 degrees, the emissivity is approximately 90 % except for 
Case (a) in Model-1. As shown in the density plot for Case (a) in Figure 3.2, 
the electron beam cloud is created in the vicinity of the orbiter rather at the 
upstream side with respect to the portion of the TSS. Since the most part of the 
cloud remains in the vicinity of the orbiter, the return current increases and the 
emissivity eventually becomes low around 13 %. When the initial pitch angle of 
the electron beam is not a right angle, such as Case (d) and Case (e) in Model-2, 
no electron return current is observed because the beam electrons can escape 
from the orbiter region. Hence, the beam emissivity for those cases are 100 %. 

  Next, we investigate the potential variation of the tether ends. Figure 3.9 
shows the time evolution of the electric potential of the tether ends observed in 
Model-1. The potential value is plotted in terms of energy which is normalized to 
the electron thermal energy. The upper and lower panels indicate the potential 
variations for Case (a) and Case (c), respectively. In each figure, q,tlt and (kobt 
respectively denote the satellite and orbiter potential with respect to the space 
potential which is set as zero potential in the present case. The potential differ-
ence between the tether ends, AO = Oobt — Osat is kept constant self-consistently. 
In all the cases, we set Oath and ¢obt as +6,0/2 and —0¢/2 at t = 0, respectively. 
As shown in the both panels, the time variation of the potential seems similar, 

i.e., the potential changes with a high frequency while the net potential varies
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Figure 3.9: Time evolution of the potential at the tether ends for Case 

(a) and Case (c) of Model-1.

rather slowly. The main difference is found in the variation of the net potential. 

In Case (a), it simply decreases as time elapses. Owing to the bad emissivity of 
the electron beam, the continuous accumulation of the negative charges by the 

return current is responsible for the negative net potential. In Case (c) which 
represents the non-beam mode, the net potential also becomes below zero even-

tually because of the accumulation of electrons. However, contrary to the Case 

(a), the net potential drops abruptly to the negative value at the beginning of 
the simulation run and it starts to oscillate with a larger amplitude than that in 

Case (a). Since no beam is emitted in Case (c), the negative charges collected to 
the TSS in the initial phase are all accumulated in the system. This can lead to 

the abrupt drop of the net potential which triggers the potential oscillation later 

on. The oscillation has a frequency approximately at WLHR which is 0.151e in the 

present parameters. Meanwhile, the oscillation with much shorter time period, 
which is overlapped on the main envelope of the potential profiles in the both 

cases, has a frequency of WUHR• This implies the electron oscillation around the 

tether ends perpendicular to B0 in Model-1.
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Figure 3.10: Time evolution of the potential at the tether ends for Case 

(e) and Case (c) of Model-2.

  In the same fashion as in Figure 3.9, Figure 3.10 shows the time evolution 

of the electric potential of the tether ends observed in Model-2. The upper 

and lower panels indicate the potential variations for Case (e) and Case (c), 
respectively. Contrary to the potential variation in Model-1, the upper panel 
for the beam emission case along Bo shows the ¢strt and cdt are maintained 
as almost their initial values. Namely, the net potential of the TSS is kept 
almost as the space potential. The beam emissivity can account for the reason. 
In Model-1 where the system has low emissivity of the beam, negative charges 
are kept accumulated in the TSS. Hence, the net potential decreases in time as 
described previously. In Model-2, on the contrary, extra negative charge which 
is mainly collected to the satellite are almost emitted out with emissivity of 100 
%. Then, the potential is not affected by the charge accumulation so that the 
potential decrease can be hardly observed. In the lower panel for the non-beam 
case, however, the net potential abruptly drops to the negative value in the
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initial phase, which is also shown in Case (c) of Model-1. This is also due to the 
electron accumulation to the TSS. Regarding the high frequency oscillation in 

the profile, the frequency is slightly different from that observed in Model-1. In 

Model-2 which contains B0 in the model plane, the frequency of the oscillation 

corresponds to He. This is reasonable because the electrons oscillation along 

B0 is stressed during the collection to the satellite. The envelope of the high 

frequency oscillation also suffers from modulation in the initial phase. The time 

interval is approximately 70/IIe, which corresponds to the frequency of 0.18f e. 
This frequency is in between the beat frequency of WUHR and IIe, and WLHR• 

  To summarize the dependence of the potential variation on the beam emis-

sivity, we present Figure 3.11 which shows the potential values of the tether ends 

at the steady state for Case (c) and Case (e) in Model-2. The potential values 
are normalized in the same fashion as those in the previous figure. For Case (e) 
in which the electron emissivity is almost 100 %, the potential at each tether 
end keeps its initial value because no excess charge is accumulated in the tether
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system. However, as for Case (c) in which no electron beam is emitted the net 
potential of the TSS becomes negative with respect to the space potential. It is 
due to the accumulation of the negative charges collected by the TSS.

3.2.4 Field Perturbation

In this section, we investigate the field environment of the TSS. When the V x B 
electromotive force is active in the TSS, the current closure is created through 
the TSS and the ambient plasma because the TSS works as a dynamo in the 
space plasma. Along the current path, the impedance between the tether ends 
and the ambient plasma is the largest because the tether ends are the contact 
surfaces to the ambient plasma. As the result, the field around the tether ends 
are perturbed as well as the plasma dynamics. During the transient period for 
the system to approach to the steady state, in particular, the field perturbation 
will be obvious. In this aspect, this section is devoted to the study on the field 
response near the tether ends against the change of the TSS potential, which is 
equivalent to a switch-on of the current system of the TSS. We also compare the 
results obtained in the beam mode and in the non-beam mode. In the current 
path associated with the TSS, the tether current is another important factor for 
the field perturbation. This topic will be discussed in Chapter 5. 

  In the vicinity of the tether ends which have large cross section to the am-
bient plasma, the plasma dynamics are greatly modulated due to the potential 
difference between the tether ends and the ambient plasma. In conjunction with 
the modulation of the plasma dynamics, the field environment is also affected 
near the tether ends. We first examine the electrostatic field perturbation by 
comparing the results in the case of the beam mode and the non-beam mode. 
Figure 3.12 shows frequency spectra of the perturbations in electrostatic poten-
tial in  Model-1, Case (b), i.e., the case of the electron beam emission from the 
orbiter in the plane perpendicular to Bo. The electrostatic fields are measured 

along two lines in the y axis. One crosses the portion of the TSS at x/AD = 0 
and the other does at x/AD = 30 which corresponds to the downstream region. 
The potential values and the frequency are normalized to kBTe/e and Ste, respec-
tively. In Figure 3.13, for the comparison, the spectra contour maps are depicted 

for Case (c) of Model-1 which is the non-beam emission mode. As shown in Fig-
ure 3.12 and Figure 3.13, potential perturbation around W/fle N 2.3 is intense, 
which corresponds to the oscillation at the upper hybrid resonance frequency 

WUHR/He ̂' 2.3. At the lower frequency range around the lower hybrid reso-
nance frequency ( WLHR/fie = 0.1), the field enhancement is also found near the 
region of the tether ends. However, it should be noted that the field profiles 

for the low frequency range are different between Figure 3.12 and Figure 3 .13.
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Figure 3.13: Frequency spectra of the electrostatic potential in Case (c) 
of Model-1 in which no electron beam is emitted from the orbiter.

In the non-beam model, as shown in Figure 3.13, the potential perturbation at 

the tether ends is the most intense while it is rather quiet at the same region in 

Figure 3.12 which displays the case of the beam model. The reason for this dif-

ference is speculated as follows. In the beam emission model, the extra negative 

charges collected by the high potential satellite are emitted as beam electrons 

from the orbiter. Owing to this function, the floating potential of the TSS is 

maintained not to become much below the space potential. In the non-beam 

model, on the contrary, the collected charges are accumulated in the TSS, then, 

the potential of the TSS eventually becomes much negative with respect to the 

space potential. Because of this difference in potential variation, the oscillation 

at the low frequency around WLHR is stressed in the case of the non-beam model 

as shown in Figure 3.13. In fact, as shown in Figure 3.9 which depicts the time 

variation of the potential at the tether ends, the oscillation with low frequency 

is obviously observed in the non-beam model during the transient phase. 

  Figure 3.14 depicts frequency spectra of the perturbations in the By field 

which contains the electromagnetic component observed in the Case (b) of 
Model-1. The field intensity is measured in the same fashion as in Figure 3.12.
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Figure 3.14: Frequency spectra of the By field in Case (b) of Model-1 in 
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As shown in the upper panel, the field enhancement is observed at the tether 

ends with low frequency range up to  wide ti 0.3, which is approximately three 
times as high as wLHR• At the downstream region, the low frequency mode re-

mains near the orbiter region while it is damped at the satellite region. Taking 

account of the location of the electron beam cloud which is shown in Figure 3.2, 

the frequency spectra suggests the strong correlation between the electron beam 

cloud and the local field enhancement at the frequency near WLHR. As shown in 

Figure 3.12, electrostatic perturbation is also intense at the downstream region 

which corresponds to the beam electron location. 

  According to the above analysis, we found the intense perturbations at fre-

quencies of wuHR and WLHR around the tether ends and the electron beam cloud. 
To study the detail, we focus on the spatial distribution of those intense fields in 

the beam mode. Figure 3.15 displays the spatial profile of the potential pertur-

bation for the LHR mode range in the model plane. In the figure, two squares 

connected by a dashed line represents the tether ends in the TSS. Primarily, 

as we examined above, the field activity is high around the tether ends as a 

transient response to the change of the TSS potential. It is also apparently 

shown that the field variation at the tether ends, particularly at the satellite, is 

less active compared with that in the surrounding ambient plasma. An impor-

tant thing to be noted here is that the low frequency LHR mode is intensively 

enhanced at the downstream region where the electron beam creats the cloud. 

Figure 3.16 shows the spatial distribution of the electromagnetic .component, 

i.e., the By field in the LHR mode range. The panel (a) and (b) correspond 
to the field perturbation of Case (a) and Case (b) which deal with the upward 
and downward beam emission from the orbiter, respectively. Basically, the field 
perturbation is intense at the tether ends as examined in the electrostatic field. 
The major difference of the field distribution between the two panels is found 
around the orbiter region. In the panel (b), the intense field is localized at the 
downstream region while it sticks to the orbiter region in the panel (a). Taking it 
into account that the electron beam location as shown in Figure 3.2 corresponds 

to the region of the intense field perturbation, it is straightforward to conclude 

that the local field enhancement at the frequency around WLHR is strongly cor-

related with the beam-plasma interaction. In the next section, we will examine 

and discuss the mechanism of the LHR mode wave excitation associated with 

the electron beam cloud. 

  Next we analyze the field environment in Model-2 in which Bo lies along 

the y direction. Figure 3.17 depicts the frequency spectra of potential in Case 

(e) in which we emit the electron beam in the direction parallel to Bo. The 
field intensity is measured in the same manner as in Figure 3.12 . Since Bo 
lies in the model plane, the electron plasma oscillation is obviously observed at
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frequency of IIe/S2e = 2. The electrostatic perturbation is mainly due to the 
plasma oscillation in the process of the plasma response to the change of the 
tether potential and the electron beam emission. Namely, electrons which are 

much lighter than ions are responsible for the enhancement of the oscillation 

at high frequency of Ile. Regarding the oscillation at low frequency around 

WLHR, ion dynamics which also should be affected by the potential change in 

the TSS play a role. At the low frequency region, as observed in Model-1, the 

electrostatic field is strongly perturbed at the region of the tether ends below 

the frequency of co/S2, = 0.1 which corresponds to cWLHR. In particular, at the 
beam electron region which is shown in the orbiter portion in the panel (b), the 
field enhancement is the most intense. In the panel (a), it is shown that the 
field activity at the low frequency range is quiet at the tether ends, which is also 

observed in Model-1. This is owing to the electron beam emission which can
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get rid of the negative charges from the system and can contribute to stabilize 
the potential variation of the TSS. The field profile for WLHR range is shown in 
Figure 3.18. The region of the intense field spreads along the y direction around 
the tether ends. In the model plane, the electron beam is emitted from the right 
side of the orbiter along the y direction with a pitch angle of zero degree. Hence, 
the most intensive field is observed along the beam orbit. 

  In terms of electromagnetic field environment, we also analyze the magnetic 
field perturbation. The panel (a) of Figure 3.19 shows the frequency spectra of 
the By field observed along the line of y/'\D = 0. As clearly seen, the magnetic 
field around WLHR is dominantly perturbed at the regions of the tether ends. To 

study the detail of the wave field distribution, we present the spatial profile of 

the By field at frequency range around WLHR in the panel (b) of Figure 3.19. It is
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Figure 3.17: Frequency spectra of the electrostatic potential in Case (e) 
of Model-2 in which the electron beam is emitted along Bo.
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shown that the region of the intense field perturbation spreads along the  direction 

of the static magnetic field, i.e., the y direction. Particularly, the perturbation 

of the magnetic field is most intense at the electron beam region as well as the 

enhancement of the electrostatic field. In general, current variation causes the 

perturbation in the magnetic field. In the transient stage, the electromagnetic 
field environment near the TSS can be greatly perturbed as a response to the 

initial current variation near to the TSS. Regarding the perturbation on the 

static magnetic field as presented above, the time variation of cross-field current 

can be responsible. The relation between the current and the magnetic field 

perturbation will be discussed in the next section. We will also focus on the field 

perturbation associated with the high potential tethered satellite in Chapter 5.

3.2.5 Discussion

As described in the previous series of sections, the two-dimensional computer 

experiments could reveal some of the basic physics associated with the electrody-

namic interactions between the TSS and its surrounding plasma. One significant
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electron beam cloud in  Model-1.

issue to be discussed is the mechanism of the local LHR mode excitation associ-

ated with the electron beam emission from the orbiter. Here we seek a possible 

mechanism of the local LHR mode excitation. 

  First, we pay our attention to the energy source for the wave excitation. 

Since the wave is excited at the beam cloud region, we examine the properties 

of the cloud. As a reference, Figure 3.20 depicts the magnified contour `map of 

the electron beam cloud. The profiles of the electrical potential and the current 

density in the vicinity of the orbiter is also shown in Figure 3.21. The rectangle 

in the figure indicates the orbiter. The potential values are obtained by solving 

Poisson's equation with use of the charge density at each grid point. It is found 

that a potential well due to the electron beam is clearly created at the beam 

cloud region. This implies inward electric field toward the center of the cloud. 

In particular, at the lower side of the cloud, the electric field is the most intense 

because of the steepest gradient of the potential. Since Bo is perpendicular to 

the simulation plane, this electric field causes the cross-field vortex-like motion 

of electrons around the cloud with E x B velocity. Ions, which are weakly 

magnetized due to its large mass, move along the radial electric field. This 

difference of motion leads to a relative velocity between electrons and ions in 

the azimuthal direction, which causes cross-field current flow around the cloud as 

shown in the panel (b) of Figure 3.21. The cross-field current due to the electron 
E x B drift is obviously seen in the clockwise direction around the beam cloud.
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This  current can be the energy source for the perturbation of the LHR mode as 

shown in Figure 3.22. 
  To account for the LHR mode enhancement by the cross-field current , the 

theories of the modified two-stream instability and the lower-hybrid drift insta-

bility have been proposed. The characteristic frequency and growth rate en-

hanced by the instabilities are both comparable to the lower-hybrid frequency. 

At the plasma cloud such as observed in the present computer experiments, the 

relative electron-ion motion in the azimuthal direction can be generally written 

in the fluid approximation as 

              Vd = IE x BI /B2 + vne = Vg + I vniI + vne(3.1) 

Here VE = IE x BI/B2, the density gradient drift vn; = En;T;/m;SZ;, and 
Vg = dU/dt0i where T;, m3, n3, 527, V and En; denote the temperature, mass, 
density, gyrofrequency, velocity and the inverse density gradient length IV n; /n; I 
of the j-th species, respectively. When the term of the plasma density gradient 
is negligible in (3.1), the instability is categorized in the modified two-stream 
instability. When the plasma density gradient is apparent such as in the present 

case, the lower-hybrid drift instability can become dominant. 

  The theory of the lower-hybrid drift instability has been intensively studied 

in recent years. The local dispersion relation for the lower-hybrid drift insta-

bility was driven in a fully self-consistent manner including the finite electron 

temperature Te, VBo electron orbit modifications [Davidson et al., 1977], elec-
tron temperature gradients, and finite k11 which is the component of wave vector 

parallel to Bo [Zhou et al., 1983; Hsia et al., 1979]. However, when the electron 
temperature is finite, the problem becomes complicated and it is not our purpose 
to handle it in this paper. In fact, the beam electron emitted from the orbiter 
in the present computer experiment is cold. Therefore we just allow the finite 
temperature for ions but Te = 0. 
  Here we show the linear dispersion relation obtained by Winske [1989]. The 

geometry used in the derivation is shown in Fig. 3.23. The density n and external 
magnetic field Bz are assumed as slow varying functions with respect to x; n = 

no(x), Bz = Bo(x). The wave vector k is pointed to the y direction. Under the 
assumption that electrons are magnetized while massive ions are unmagnetized, 

the linear dispersion relation is derived in the conventional way from the fluid 

equations for electrons and ions and Maxwell's equations. For simplicity, we 

first assume that both electrons and ions are cold and later include the effects 

of the finite ion temperature. 

  The cold dispersion relation is given; 

        He He He no, Bo 1 rI?         1-E
SZe(1+c2k2) ——the (no Bo)w— kVE—co2= 0 (3.2)
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tions of the linear dispersion relation.

where c, w, and k denote the light speed, frequency, and wavenumber, respec-

tively. The prime in the above equation denotes d/dx. The IIe/c2k2 in the 
second term of (3.2) is the electromagnetic component. The gradient effects is 
represented in the third term, and the last term is due to the ion contribution. 

  As for the magnetic field gradient, Ampere's law gives 

                Bo1 dB0II?VE 
       -_                                              (3.3) B

o Bo dxSltc2 

  By defining L, = c/II=, and multiplying (3.2) by v,2q/c2(= S2?/II?), (3.2) is 
rewritten as; 

   v,2~ 771e 1 En:l k  (VEI vA)I kL= fiF 0 .43 
   c2 +rnt + k2L? + w/1l— kVE/1l1 +w/S2t— kVE/S2;w2() 

where vA is the Alfven velocity.
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obtained with the parameters used in the computer experiments.

  Now we include the finite Ti in the equation above. The last term represent-

ing the ion effect is modified with theplasma dispersion function Z. 

VAMe 1En: l k (VE/vA)/kLi  _  1  ~ wl Sli  l c2+m=+k211+ w/SZ; — kVE/SZI + w/SZ= — kVE/SZ; k2LF,3=ZCkL=Q:1/2)= 0 
                                             (3.5) 

where we define the ion beta as Q= = 2pon=TT/B3. If the quantities such as VE/vA, 
  and En;Li are known, the dispersion equation (3.5) gives us the complex 

frequency w = w,. + iy at each k value. 

  We now apply those quantities obtained in the computer experiment to the 

dispersion equation. At the equilibrium state when the beam cloud formation 

is completed, the maximum value of len, is approximately 0.1 at the steepest 
gradient of the cloud. /3 is a bit increased to approximately 0.01 owing to the 
effect of ion attraction to the beam electrons. Taking account of the intensity of 
the electric field at the edge of the cloud, VE/vA is obtained as approximately 0.4. 
Using the parameters stated above, Figure 3.24 is obtained which presents the 

complex frequency w = w,. + iy at each k value. The real part w,. and imaginary 

part y are indicated with solid and dashed lines, respectively. The frequency 

is normalized to the local lower hybrid frequency WLHR ti V ISZeISl,. As shown
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clearly,  7 which represents the growth rate has the peak at kL; 110, i.e., k = 

0.22, where the real part of the frequency is co/wLHR.--_, 1. This implies that the 
most unstable mode in the simulation have the frequency around WLHR, which 
shows good agreement with the simulation result. Regarding the wavelength, it 
is approximately 28.6 according to the wave number at the maximum growth 
rate. Owing to the continuous beam injection to the plasma, the beam cloud in 
not symmetrically created in the azimuthal direction. Thus the mode number 
which is supposed to be confirmed at the edge of the cloud cannot be determined 
in this computer experiment. To discuss the details of the LHR mode wave 
including the wavelength, we need to perform a computer experiment focusing 
on the plasma cloud only, which is left as a future work. 

  It is clarified that the excited LHR mode wave is a drift mode owing to the 
nonuniform cloud caused by the beam-plasma interaction, not the Cherenkov or 
cyclotron radiation such as Alfven wings due to a current source moving across 
Bo. In Model-1, the wave field is most intense at the edge of the cloud where 
the density gradient is large. In Model-2, although the intensity is much less 
than that observed in Model-1, the LHR mode is also enhanced along the beam 
orbits, in particular, at the edge of the beam. These facts suggest that the 
density gradient at the beam region, which induces the E x B cross-field drift 
of electrons, can cause the enhancement of the LHR mode wave. When the 
initial pitch angle of the electron beam differs from a right angle, most of the 
emitted electrons escape from the orbiter region along Bo leading to less steep 
beam density gradient. Therefore the enhancement of the LHR mode waves 
owing to the density gradient in the realistic case is not as intense as observed in 
the present computer experiments. Instead, whistlers and plasma waves become 
dominant emission due to field-aligned injection of the electron beams [Omura 
and Matsumoto, 1988; Winglee and Kellogg, 1990]. 
  Although not as intense as observed at the beam cloud region, the field is 

also perturbed at the frequency of WLHR at the satellite region. it also can be 

enhanced by the plasma instability driven by the density gradient at the edge 

of the sheath or the rarefactional region at the downstream region. However, 

taking account of the abrupt change of the TSS potential, the field oscillation 

at the tether ends is due to the transient response to the plasma oscillation. 

This is speculated by the fact that the activity of the low frequency field at 

the tether ends is much lower in the beam-emission mode in which the initial 

TSS potential is maintained in time than in the non-beam mode where the TSS 

potential drops abruptly because of the charge accumulation. 

  Besides the LHR mode excitation, the essential phenomena are well studied 

with the present model such as the electron absorption to the satellite, elec-

trostatic oscillation at the tether ends, and electron beam dynamics. Regarding
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current path, we have clarified the field-aligned structure formed from the tether 

ends caused by the electron absorption to the satellite and electron emission from 

the orbiter in the steady state. Owing to the motion of the electrodynamic tether 

system across B0, potential difference due to the electromotive force is generated 

between the tether ends. This dynamo can form a current system including the 
TSS and the ambient plasma surrounding it. Figure 3.25 shows a schematic 

illustration of the current system. As observed in the computer experiments, 

the currents are mainly  carried by electrons along Bo. In the real situation, the 

current path is believed to be closed in the E-region of the ionosphere where 

the transverse electrical resistivity is small [Banks et al., 1981]. Qualitatively, 
the current path is predicted by the present computer experiments. However, it 

is difficult to answer the question of how much current can be drawn in such a 

current system. This is mainly because of unknown impedance in the current 

loop such as the satellite-plasma impedance and the orbiter-plasma impedance.



3.2 2D ELECTROMAGNETIC PARTICLE MODEL 61

Assuming that the resistance of space plasma is low enough because the plasma 
is a conductive media, the major impedance is loaded at the contact surface 
between the conducting parts of the TSS and the space plasma. In this aspect, 
the satellite-plasma and orbiter-plasma impedances are important in determin-
ing the intensity of the current flow in the current loop. In particular, the latter 
impedance depends on the ways of the electron beam emission from the orbiter. 
As examined in the previous section, the beam emissivity is dependent on the 
initial pitch angle of the beam electron. It is noted that the total current in the 
current loop is maximized when the initial pitch angle of the beam is equal to 
zero. In terms of the satellite-plasma impedance, the plasma depletion by the 
positively biased satellite [Thompson, 1989] and the electron sheath formation 
are the major factors to control the current collection of the satellite. We will 
examine the current-voltage characteristics of the satellite in detail in the next 
chapter.

  Regarding the electrostatic environment of the orbiter, it differs from that of 

an isolated single vehicle and it also causes the difference of the electron beam 

dynamics. In the case of beam emission from an isolated vehicle, the beam 

emissivity can be determined by the balance between the kinetic energy of the 

beam electrons escaping from the orbiter region and the potential energy due to 

the positively charged orbiter which causes the return current. In the present 

model, however, the orbiter, as one of the tether ends, keeps negative potential 

even if it emits electron beam. Then the electrons emitted from the orbiter are 

repulsively accelerated away due to the negative potential of the orbiter as well 

as the repulsion of the beam cloud itself. In this sense, the beam emissivity at 

the orbiter in the TSS may be larger than that of the isolated single vehicle.

  Because of the restriction of the available memory and speed of the computer, 

the model in the present computer experiments does not give the same configu-

ration as that of SETS in terms of dimension, the shape of vehicle, the way of 

electron beam injection,  eAO/kBTef etc. Since we adopt the small e0¢/kBTe7 
the current-voltage characteristics, which is one of the crucial questions in elec-

trodynamic tethers, is not obtained in the present computer experiments. In 

the next Chapter, we will focus on the satellite-plasma interaction such as the 

plasma response in terms of density variation and current path. We will also 
examine the current-voltage characteristics of the satellite.
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3.3 Three-Dimensional Electrostatic 

Model

Particle

3.3.1 Model and Parameters

The TSS with relative motion to the ambient plasma is unique in terms of its 

geometric configuration. The directions of the plasma flow, B0, and the TSS 
are orthogonal to each other. In the previous sections, taking account of this 

configuration, we studied the basic physics of the electrodynamic interaction 

between the TSS and the ambient plasma by the two-dimensional computer ex-

periments. In the actual three-dimensional space, however, it is not confirmed 
whether the results obtained in the two-dimensional computer experiments can 

be observed or not. In addition, there might be possibility to find phenomena 

which are peculiar to the three-dimensional configuration and cannot be seen 

in the two-dimensional space. Fortunately, owing to the rapid growth of the 

hardware of computers which provides us enough memories and speed of CPU, 

three-dimensional computer experiments becomes available. This situation en-

ables us to perform three-dimensional computer experiments of the electrody-

namic tether system with the three-dimensional configuration stated above for 

the first time. As shown in the plasma density profiles and the current path, 

the interaction between the TSS and the ambient plasma is mostly electrostatic. 
This is because that the  energy source driving those plasma response is the elec-

trostatic potential difference between the tether ends. Taking account of this, 

we put an emphasis on the electrostatic responses of the ambient plasma and the 

electron beam and use the three-dimensional electrostatic particle code which 

was described in Chapter 2. 

  The configuration of the model space is displayed in Figure 3.26 which is 

primarily the same as the one used in the two-dimensional computer experi-
ments. The directions of the plasma flow Vp and the external magnetic field 

B0 are along the x and the y axes, respectively. The potential values at the 

outer boundaries surrounding the model space are set to be zero. In the model 

space, the TSS is set along the z axis. Two conducting bodies representing a 

satellite and an orbiter have the same dimensions as 3AD x 3AD x 3AD. They 

are located with a distance of approximately 30AD each other. For numerical 

brevity, as applied in the two-dimensional cases, the charge separation at the 

tether ends due to the electromotive force is calculated by the Capacity Ma-

trix Method. The detail of this method is described in the previous chapter. 

Regarding the potential difference between the two tether ends e00/kBTe, we 
adopt two cases; one is eOcb/kBTe = 10 which is the same as previously used in 
the two-dimensional model for the comparison with the results obtained in the
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Figure 3.26: Schematic illustration of the model space for the 

three-dimensional computer experiments of the TSS.

two-dimensional computer experiments. The other is  e04/kBTe = 100, which 
is utilized to emphasize the plasma response to the TSS. This large potential 
difference enable us to examine the detail of the plasma response such as the 
formation of sheath and rarefactional wake. 

  To avoid the excess charging of the TSS, an electron beam is injected from 
the orbiter into the ambient plasma. The way of the electron beam emission is 
the same as that in the two-dimensional computer experiment. For simplicity, 
we emit the same number of beam electrons as that of incoming electrons at 
each time step from the orbiter upward with a right angle of the initial pitch 
angle. No-beam emission model is also adopted to the computer experiments. 

  The physical parameters used in the computer experiments are almost the 
same as we used in the two-dimensional cases stated in the previous sections. 
Because of the limitation to the speed and memories of the computer, we reduced
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electrons, ions, and beam electrons in (a)  x— z plane and (b) y —z plane, 
respectively. The results obtained in the three-dimensional computer ex-
periments with eIgs/kBTe = 100.
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the size of a model space in this three-dimensional study. The dimensions of the 

model space are 64 x 64 x 128 in the x, y, and z directions, respectively. The grid 

spacing is taken as  Or = AD. In electrostatic model, the Courant-Fredericks-

Lewy (CFL) condition which provides the limitation of At is no more valid 
because of no need to consider the propagation of the speed of light. Then we can 

choose much larger At than the one we used in the electromagnetic model. In the 

present study, At = 0.1/Ste is selected which is still small enough for us to trace 
the plasma dynamics correctly. The number of the superparticles is 2,097,152 
for each species of plasma particles at the initial state. The outgoing particles 
which have crossed the boundary planes are no more traced. To compensate the 
particles in the model box, the thermal plasma is injected from the y — z planes 
at the edge of the x axis. For ambient electrons, Ile/Ste = 2, and vte/Vp = 8. For 
ambient ions, H,/Ste = 0.2, Sli/SZe = 0.01, and vt;/Vp = 0.8. We carried out the 
simulation run up to Stet = 327. In the following section, we describe the results 

obtained in the three-dimensional computer experiments with the configuration 

and the parameters stated above.

3.3.2 Ambient Plasma Response and Beam Dynamics 

The plasma response to the TSS is examined in terms of plasma number density 
in the three-dimensional space. In the three-dimensional model, Coulomb's force 
between charges is proportional to r-2 while it is r-1 in the two-dimensional 
model where r denotes the distance between the charges. This implies that the 
force in the three-dimensional space becomes weak more drastically than that 
in the two-dimensional space as the distance r increases. This difference of the 
basic physics will greatly affect the plasma response to the TSS. In addition 
the plasma dynamics itself differ from that of two-dimensional case because the 
spatial variation of the plasma dynamics is allowed in the direction of the third 
dimension in the three-dimensional case. Qualitatively, however, the plasma 
response to the TSS such as electron attraction and ion repulsion to and from 
the satellite will be the same as that observed in the two-dimensional cases, 
respectively. In the aspects stated above, we will describe the density variation in 
the vicinity of the TSS observed in the three-dimensional computer experiments 
in this section. 

  To obtain a clear profile of the plasma response to the TSS, eOcb,lkBTe 
adopted in the three-dimensional cases is 20 times as high as that used in the 

two-dimensional cases. The plasma density is obtained at each grid point in 

the three-dimensional space. To obtain better comprehension of the density 

variation, we cut two planes out of the model box; the x — z and y — z planes 

corresponding to Model-1 and Model-2 used in the two-dimensional computer
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experiments in the previous sections. The x — z and y — z planes are parallel and 
perpendicular to the plasma flow, respectively. Figure 3.27a and Figure  3.27b 
show the contour maps of the number densities for the background electrons, 
ions, and the beam electrons in the x — z plane and y — z plane, respectively. 
In each panel, the upper and the lower squares indicate the satellite and the 
orbiter, respectively. 

  Around the tether ends the plasma distribution is greatly modulated by their 

potentials. At the satellite region, an electron sheath is clearly formed while ions 
in the vicinity of the orbiter are evacuated due to the repulsion from the positive 

potential of the satellite. The sheath structure shows directional dependence 
with respect to Bo. As shown in Figure 3.27a, the sheath is uniformly formed 
around the satellite in the x—z plane. In the y—z plane as shown in Figure 3.27b, 
however, the sheath is much thicker in the direction perpendicular to Bo, i.e., 
along the z direction, than parallel to it. This is because of the directional 
dependency of the electron mobility; the electrons attracted by the satellite are 
hard to move across Bo while they are mobile along it. Low density region of 
electrons along Bo in the satellite region is due to the electrons attraction to 
the positive potential of the satellite. In result, the electron sheath forms a 
donut-like structure around the satellite as speculated from the density profile 
in the both planes. At the downstream region of the satellite, a rarefactional 
region with a wake structure is clearly shown in Figure 3.27a particularly for 
the background ion. This is also observed in the two-dimensional computer 
experiments and will be examined in the next chapter. 

  From the top of the orbiter, an electron beam is emitted upward into the 
ambient plasma. Since the initial pitch angle of the electron beam is a right angle 
with respect to Bo, the maximum density of the beam is found near the gate 
of the electron emission at the orbiter. Owing to the local electric field which 
directs toward the high density of electrons, the beam electrons are accelerated 
and escape along Bo in the y direction. Those processes are consistent with 
the results obtained in the two-dimensional computer experiments described in 
Section 3.2.2. As shown in the panel for the beam electrons in Figure 3.27b, 
the distortion of the beam trajectory due to the gyromotion around Bo is also 
observed in the three-dimensional case. Compared to the two-dimensional case, 
however, the distortion is much less in the three-dimensional case, which will be 
discussed in the later section. 

  The main difference of the beam dynamics between the two- and three-
dimensional cases is the formation of the electron beam cloud. As shown in 
Figure 3.2 obtained by the two-dimensional computer experiment, the electron 
beam cloud is spatially distributed in larger area near the orbiter. In the three-
dimensional case, however, the beam cloud region is spatially limited in the



3.3 3D ELECTROSTATIC PARTICLE MODEL 67

56

 CI 
 e 0 

N

—56 El 

 —24

Ast = 192.00 

Electron

 0 

Y/XD

so 
• 1.0

0.5

 I-'  0 .0. 
24 —24

Ion

 0 

 Y/XD

no 
• 1.0

0.5

,-10 .01- 
24 —24

Beam Elec.

 0 

 Y/XD
24

0.2

0.1

0.0

Figure 3.28: Contour maps of the number densities for the background 
electrons, ions, and beam electrons in the y—z plane. The results obtained 
in the three-dimensional computer experiments with e00,/kBTe = 10.

vicinity of the gate of the beam emitter at the orbiter. Besides, its density is 

much smaller than that observed in the two-dimensional case. This beam profile 

accounts for the little influence on the ambient plasma distribution. The reason 

for this difference is also discussed in the later section. 

  As a response to the negative potential of the orbiter, the ambient electrons 

are evacuated and an electron cavity is created around the orbiter. Ions are 

attracted to the orbiter and an ion sheath is eventually formed around the 

orbiter. Since the ion gyroradius is much larger than the size of the satellite 

in the computer experiments, the sheath is uniformly formed and shows little 

dependence on the direction of Bo as shown in Figure 3.27. 

  To quantitatively compare the density structure between the two- and three-

dimensional cases, we also performed the three-dimensional computer experi-

ments with the same potential difference eA0,/kBTe = 10 as used in the previous 
two-dimensional computer experiments. Contour maps of the number densities 
for the background electrons, ions, and the beam electrons measured in the y— z 
plane are depicted in the Figure 3.28 As in the figure, no evident structure is
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shown in the ambient plasma such as sheath formation at the tether ends, al-
though the density variation is apparently seen in the two-dimensional case. At 
the orbiter region, the trajectories of the beam electrons are clearly seen along 
the y direction, namely,  Bo direction. The electrons emitted from the orbiter 
are accelerated along Bo due to the repulsion to the negative potential of the 
orbiter. The difference from the results obtained in the two-dimensional case is 
found the structure of the beam trajectories. In the two-dimensional case, as de-
scribed in the previous sections, the electrons emitted form an electron cloud in 
the vicinity of the orbiter rotating itself owing to the local E x B drift motion in 
the direction perpendicular to Bo. Along Bo, the beam electrons are accelerated 
away from the orbiter, making gyromotion around Bo. In the three-dimensional 
case, the dynamics of the electron beam is primarily the same as observed in 
the two-dimensional case. However, the gyromotion of the electrons is not ev-
ident even though the initial pitch angle of the beam electron is the same as 
that of the two-dimensional model. Taking account of the quiet structure of 
the background plasma density around the satellite, the electron collection to 
the satellite is much less than that in the two-dimensional model. This implies 
that the amount of the electron beam emission is much reduced in the present 
case. Hence, the beam density in the vicinity of the orbiter becomes lower than 
that observed in the two-dimensional cases. In such a situation, the electric field 
induced by the beam electrons themselves becomes weak and the resulting pitch 
angle modulation of the beam electrons is hardly seen as shown in Figure 3.28. 
The essential reason for the difference in the plasma dynamics will be discussed 
in the later section.

3.3.3 Electrical Properties of Tethered Satellite System 

In this section, the electrical properties of the TSS such as the potential vari-
ation and the current collection to the tether ends are studied with the three-
dimensional model. As discussed in the previous section, the spatial variations 
of the charge density in the vicinity of the tether ends quantitatively differ from 
those observed in the two-dimensional case. This can also cause the difference in 
terms of the electrical properties of the TSS because they are strongly affected 
by the plasma environment in its vicinity. 

  According to the items concerning the electrical properties raised in the two-
dimensional model, we will proceed in the analysis for the three-dimensional case. 
First, we focus on the current collection to the tether ends at the steady state. 
Figure 3.29 shows the current values normalized to the ambient electron current 
for the cases of eOq /kBTe = 100. The positive values implies the electron 
current due to the electron collection. The electron current at the orbiter is
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Figure 3.29: Amount of current collection to the tether ends at the steady 

state for the beam mode and the non-beam mode.

approximately twice as much as that at the satellite. This is due to the return 

current of the beam electrons to the orbiter. The beam emissivity is obtained 

from the current values at the tether ends as 1— irtn/-beam. In this case it is 
estimated as approximately 35%. This emissivity is lower than that obtained in 
the two-dimensional model such as Model-2. This is because that the electric 
force which can accelerate the beam electrons away from the orbiter is reduced 
in the three-dimensional model. In the case where no beam is emitted from 
the orbiter, the electron current outgoing from the satellite and the ion current 
incoming to the orbiter are balancing each other. In this model, the negative 
charges are accumulated in the tether system. Then the average potential of 
the system should be negative, where ions, which are attracted to the tether 
system will play a roll to determine the current value to the TSS. Since the ions 
in the vicinity of the orbiter are accelerated due to its negative potential, the ion 
current at the orbiter becomes approximately 20 times as much as that of the 
ambient ion current. This is equivalent to twice of the ambient electron current. 
At the satellite, electrons are also collected to compensate the charges owing to 
the ion collection by the orbiter.
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  Next, we examine the charging of the TSS in terms of potential. Figure 3.30 
shows the time evolution of the potential energy of the satellite up to llet = 51.2. 
The potential difference LS between the tether ends is kept constant. Namely, 
the orbiter potential is always lower than the satellite potential by O(/)g. As 
evidently shown in the figure, the satellite potential starts to oscillate in time 
after a potential drop due to the electron collection in an early phase. The 
frequency of the oscillation nearly corresponds to the electron plasma frequency. 
This is due to the electron attraction to the satellite along Bo. Although not 
displayed, the time evolution of the current flow to the TSS also shows the 
oscillation with the frequency of Ile. According to the two-dimensional results, 
the potential oscillation with the frequency of WUHR and WLHR is observed in 
the model plane perpendicular to Bo. In the three-dimensional case, however, 
the oscillation with Ile is dominant and the other frequencies are not detected 
or their amplitudes are too weak to be observed. Taking account of the high 
mobility of electrons along B0, the electron collection of the satellite and the 
density modulation in its vicinity are mainly stressed along Bo. From the three-
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Figure 3.31: Potential values of the tether ends at the steady state for 
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 Figure 3.31 shows the potential values of the tether ends in an equilibrium 

state. The potentials are plotted in terms of energy normalized to the elec-

tron thermal energy for the beam emission mode and the non-beam emission 

mode, respectively. As stated in the previous section, a space vehicle is normally 

charged negatively in the ionosphere because of the larger thermal velocity of 

electrons than that of ions. This situation is shown in the non-beam emission 

case in the figure. The net potential energy of the TSS, defined by taking the 

average value of the potential energy at the satellite and the orbiter, is approx-

imately -40. On the other hand, due to the electron beam emission from the 

orbiter, the normalized potential recovers to a value close to the space potential 

in the beam emission case. The results stated above qualitatively agrees with 

the one obtained in the two-dimensional model.
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3.3.4 Comparison With Two-Dimensional Results

We presented that basic physics associated with the plasma response to the TSS 

 are qualitatively the same between for the two- and three-dimensional models. 

In the computer experiments performed in the previous sections, eA0/kBTe is 20 
times higher than that adopted in the two-dimensional model to emphasize the 
plasma response to the TSS. We also performed three-dimensional computer ex-
periments with the same potential difference AO, as used in the two-dimensional 
cases; ezq,/kBTe = 10. However, as shown in Figure 3.28, no remarkable varia-
tion of the background plasma is observed as a response to the TSS. Regarding 
the electron beam dynamics, some differences are found in the cloud formation 
and the beam trajectories between the two-dimensional model and the three-
dimensional model. The detail was described in the earlier section. The reasons 
for the differences in the beam dynamics can be accounted for as follows. 

  As for the beam cloud formation, it is closely related to the dimension of 
the model region adopted in computer experiment. In general, the electron 
dynamics depend on the direction of Bo. Along Bo electrons are so mobile that 
they are easy to move while they are stuck to Bo in the direction perpendicular 
to it unless cross-field drift effect such as E x B drift is taken into consideration. 
In the two-dimensional space, spatial variation of the physical quantities along 
the direction perpendicular to the model plane cannot be solved. Therefore, 
for example, in Model-2 where Bo is perpendicular to the model plane, it is 
impossible to trace the beam dynamics such as diffusion or acceleration along 
Bo. Eventually the emitted electrons increase the density and form a beam cloud 
in the vicinity of the orbiter. In a real three-dimensional situation, however, 
electron transportation along Bo is so dominant that the beam electrons are 
easily diffused and accelerated along Bo. We have clarified this process of the 
beam dynamic by the three-dimensional computer experiments in which all the 
physical quantities can be fully solved with electrostatic approximation. 

  As for the difference found in the structure of the beam trajectories, it is 
basically owing to the difference of Coulomb's force between the two- and three-
dimensional spaces. Namely, the force between the charges is proportional to 
r-2 in the three-dimensional model while it is r-1 in the two-dimensional space 
where r denotes the distance between the charges. In both the two- and three-
dimensional cases, the beam density has its maximum value at the gate of the 
beam emitter. Since electrons are rich in this region, the potential relative to 
the space potential becomes negative as well as the orbiter potential. Owing 
to this negative potential, electric field is induced inward the beam electrons 
which can accelerate them away from the cloud region. Taking account of the 
finite pitch angle of the electron beam, the beam electrons escaping from the
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cloud region make a gyromotion as clearly observed in the two-dimensional case. 
However, in the three-dimensional model, the electric field induced by the beam 
electrons abruptly becomes weak as the distance from the cloud region becomes 
long because it is reduced according to  r-2. It turns out that the effect of the 
pitch angle modulation of the beam cloud, shown in the bending structure of 
the beam trajectory, is weakly observed in the three-dimensional space. 

  In conclusion, due to the difference in the function of Coulomb's force, the re-

gion where the electrostatic force induced by the TSS is effective is spatially lim-
ited much more in the three-dimensional space than that in the two-dimensional 
space.

3.4 Discussion and Conclusion

3.4.1 Comparison With Data Obtained in the TSS-1 
      Mission 

The first mission of the TSS (TSS-1) was launched aboard the space shuttle 
Atlantis in July in 1992. Although the tether extension of 20km was not carried 

out due to several unexpected accidents, many interesting results were obtained 

[Banks et al., 1993; Thompson et al., 1993., Gilchrist et al., 1992; Aguero et 
al., 1992]. Out of them, one of our main concern is the current collection of the 
TSS. We review the result and compare it with the one obtained in the present 
computer experiments. 

  Figure 3.32 shows the time variation of the tether current and system re-
sistance observed during one orbit of the deployed operations in the TSS-1 
mission. During this orbit, the lowest valued resistor, called shunt, was used. 
Namely, the resistance of the tether Rtether itself, about 2040 Sl, was the main 
impedance between the tether ends. The FPEG beam was not emitted during 
this time. In the TSS, as stated earlier, the potential difference has magni-
tude AO = V x Bo • L, where V„ is the TSS velocity, Bo is the geomagnetic 
field, and L is the tether length between the tether ends. Taking account of the 
extended tether length, 256m, the maximum AO, reaches up to 60V. In Fig-
ure 3.32a, the upper curve, marked with + symbols, is the maximum current, 
Imax = (V„ X Bo • L)/Riether, that can be drawn through the tether with AO. 
During the periods from 218/10:49 to 218/10:58 and from 218/12:15 at the end 
of the orbit, all the electrical potential available to the system is accounted for 

by the IR drop in the tether. However, during the larger part of the orbit the 

IR drop in the tether is not equal to the available potential. The amount of the 

current collection is much smaller than the maximum current. This implies that 

the net impedance in the current system is more than the tether impedance. As
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shown in the schematic illustration in Figure 3.25, other factors such as plasma 

density of the sheath near the current collecting surfaces may control the amount 

of current collection. In comparison with Figure 3.32a, Figure 3.32b shows that 

the system resistance  Rayatem = (Vv X B0 • .01 heater becomes extremely high dur-
ing the period when the amount of the tether current is small around 0.005A. 

Although not displayed, the results of the TSS-1/SPREE experiment show that 
the strong correlation between the orbiter potential and that available after the 
tether IR drop is subtracted from the total AO. Taking account of the small 

potential drop in the electron sheath around the satellite because of good mo-
bility of electrons, nearly all the available voltage is in the ion sheath around 
the orbiter. This implies that the large resistance of Rayatem is mainly due to 
the ion sheath around the orbiter. 

  In Figure 3.32b, it should be also noted that the enhancement of the resis-
tance occurs at night. In the ionosphere, generally, the ionization of the neutral 

particles becomes less active at night. Then the ion supply from the ionospheric 
plasma is not enough for the sheath formation around the orbiter. This means 
ions are not sufficiently collected by the orbiter. Then, the amount of the tether 
current becomes less than the maximum current. 

  As stated above, the current drop observed during the night in the TSS-1 
may be accounted for by the decrease of the ion current at the orbiter. As for the 
observational fast that the ion current can control the total tether current in the 
non-beam emission mode, the results of the present computer experiments agree 
well. As shown in Figure 3.30, the TSS potential becomes negative with respect 
to the space potential in the non-beam emission mode due to the electron accu-
mulation to the system. Once the satellite potential becomes low, comparable to 
the plasma potential, background electrons are not much attracted to the satel-
lite compared to the beam emission case. This situation is shown in Figure 3.29. 
Rather, the ions are strongly attracted to the orbiter which is much negatively 
charged with respect to the plasma potential. Then the ion current becomes 
dominant at the orbiter. To balance the ion current, electrons are collected by 
the satellite with the same amount of ion charge at the orbiter. 

  In order to understand the effect of the density decrease of the background 

plasma on the tether current, computer experiments with different plasma den-
sity can provide helpful data. The main concern is the density dependence in 
the ion sheath formation about the orbiter. Ions are attracted to the orbiter and 
form a sheath. This ion sheath provides the ion current at the orbiter. In case 
of low density of the background plasma, however, the potential shielding effects 
by the ions may be insufficient. This can be examined by computer experiments 
with different density of the background plasma, which is left as a future work. 

  In the TSS-1 mission, the electron beam was emitted by the FPEG, Fast
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Pulse Electron Gun. During the period of the FPEG beam operation, the tether 
current was measured and compared to the current with the FPEG beam off. 
Figure 3.33 shows the tether current versus  0¢ with various resistance in the 
tether system. Since the difference is found in the shunt mode in which the 
tether impedance is dominant, we just focus on the data marked with x and 0. 
It is found that the variability of the tether current was dramatically reduced 
during the FPEG operation. In particular, at night, the variation in current 
intensity is obviously reduced by the FPEG beam emission. As stated above, in 
the non-beam mode, the tether current is controlled by the ion collection to the 
orbiter. As shown in Figure 3.32, the ion current depends on the local plasma 
density which is sometimes reduced at night due to the less ionization in the 
ionosphere. In this sense, the large variation of the current intensity in the non-
beam mode can be accounted for by the density fluctuation in the ionosphere. 
With use of the electron beam emission, on the contrary, the total current can be 
controlled by the amount of the beam electrons, not the ion current. Therefore, 

primarily the current intensity is not affected by the ion density in the sheath. 
In the present computer experiments, we have shown this situation in Figure 3.8. 
When the electron beam is emitted from the orbiter, the electron current at the 
satellite is dominant and no ion current is observed at the orbiter. This implies 
that the density of the ion sheath around the orbiter is not important in the 
amount of the current collection of the TSS. The electron currents control the 
total tether current. 

  So far the electrostatic behaviors of the TSS such as the potential and current 
variation have been reported. As described above, the results concerning the 
tether current obtained in the present computer experiments qualitatively show 
a good agreement with those obtained in the TSS-1 mission. Although we 
could not obtain enough data concerning the electromagnetic field in the TSS-1 
mission, next TSS experiment which is planned to be carried out in 1995 will 
provide us much more data and enable us to compare the results with those 
obtained in the computer experiments.

3.4.2 Conclusion

In the present paper, we have studied the electrodynamic interaction between the 
TSS and the ambient space plasma by the two- and three-dimensional computer 
experiments. In the model region, two conducting bodies, corresponding to 
a satellite and an orbiter, are placed in a vehicle frame of reference. They 
are connected electrically to each other. Taking account of electromotive force 

generated by the cross-field motion of the TSS, the potential difference between 
the tether ends AO is retained constant. In the computer experiments, the
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plasma dynamics and field variation are obtained in self-consistent manner by 
solving the equation of motions and Maxwell's equation at each time step. In 

the three-dimensional electrostatic model, the field at each time step is solved 

with Poisson's equation. As performed in TSS-1, electron beam is emitted from 

the orbiter. In the interaction of the tether ends with their surrounding plasma, 

space charge effects play a significant roll. Therefore, we have utilized particle 

model in the computer experiments. 

  By performing the two-dimensional electromagnetic and three-dimensional 

electrostatic computer experiments, we have quantitatively examined some of 

the physics associated with the TSS such as the potential and current variation 

of the tether ends, density variation in the vicinity of the tether ends, electron 

beam dynamics, wave excitation due to the beam, and current path through the 

plasma. Since the satellite potential is elevated higher than the space potential 
at the initial time, electron attraction and ion repulsion are clearly observed. 

In the downstream region of the plasma flow, a rarefactional wake structure is 

found. As shown in three-dimensional space, high density region of electrons 

is formed around the satellite across  Bo. Ions are spherically depleted by the 

satellite. At the orbiter which is negatively charged with respect to the ambient 

plasma, ions, which are assumed to be unmagnetized, are concentrated while 
electrons are depleted. When no electron is emitted from the orbiter, the tether 

system is negatively charged due to the accumulation of electrons by the satel-

lite. Then, an ion sheath becomes large enough around the orbiter to control 

the potential and the current collection of the TSS. As for the beam dynamics, 

basically the beam electrons are accelerated away along Bo. As easily predicted, 

it is shown that the beam emissivity becomes low as the initial pitch angle of 

the beam becomes close to a right angle. This implies that the return current 

to the orbiter increases in a low emissivity case and the TSS becomes negatively 

charged. In the two-dimensional space, an electron beam cloud is clearly cre-

ated in the downstream region in the direction perpendicular to Bo. The local 

electric field induced by the cloud modifies the beam pitch angle and accelerates 

some of the beam electrons along Bo. Moreover, due to the cross-field current by 

the electron E x B drift motion around the cloud, LHR mode waves are locally 

enhanced. The local LHR wave excitation is quantitatively interpreted by the 

theory of the lower-hybrid drift instability. In the three-dimensional computer 

experiments, however, the beam cloud structure in the downstream region is not 

observed. Instead, the beam cloud is located in the close vicinity of the gate of 

the beam emitter. In the three-dimensional case, beam electrons emitted from 

the orbiter can immediately escape along Bo before they form a cloud in the 

plane perpendicular to Bo. In the two-dimensional case, however, they cannot 
escape along Bo because Bo is perpendicular to the model plane. Eventually ,
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a dense cloud is formed in the downstream region. Considering the real situa-

tion, the results obtained in the three-dimensional space is reasonable because 

electrons are generally so mobile along  Bo that they can escape along Bo. In 

any models, however, the beam-plasma interaction can occur such as local LHR 

mode excitation due to the presence of the density gradient of the beam edge 

and the cross-field current. In this sense, the discussion of the mechanism of 

LHR wave can be applicable in a real beam-plasma interaction. 

  The dimensional ratio of the tether ends to AD is considerably small com-

pared to that in the actual situation although it is retained larger than unity. 
However, we believe that the results obtained in the computer experiments are 

quantitatively correct. For example, as long as a ratio of a vehicle size to AD is 
larger than unity, sheath width measured from the vehicle surface is a function 

of the vehicle potential and is independent of the vehicle size. The details will 

be examined in the next chapter. 
  In the present computer experiments, we adopted a simple manner for elec-

tron beam emission. The number of the beam electrons is the same as that of 

collected by the satellite at each time to avoid the excess charging of the system. 

In the actual situation of TSS-1, the beam emission is well controlled as follows. 

A Fast-Pulse Electron Gun (FPEG) emits electrons beams of 50 and 100 mA at 
1 keV, stimulating wave activity over a wide range of frequencies. These beams 

discharge the orbiter and produce electrical changes in the system and can be a 

pulsed with on/off times ranging from 600 to 105 nanoseconds. In the present 
paper, we qualitatively studied the beam dynamics as well as the beam emis-
sivity in the electrodynamic tether case. However, to quantitatively compare 

the results of the computer experiments to the real situation, we need to take 

account of the manner of the FPEG beam. To study the plasma response to 

each mode of the FPEG beam, we need to perform computer experiment for 

each case, which is left as a future work. 

  The importance of the present study is based on the fact that the multiple 

phenomena stated above are closely related to each other in the TSS, although 
each of them has been investigated independently in the past studies. Namely, 

the amount of the electron beam emission from the orbiter depends on the 

efficiency of the electron collection by the satellite. The density gradient of the 

beam electrons affects the intensity of the LHR mode waves. From this point of 

view, the knowledge obtained through the computer experiments and theoretical 

analyses described in the present chapter have significant meaning to understand 

the electrodynamic interaction of the TSS with the space plasma. 

  In the next chapter, based on the knowledge acquired in this chapter, we will 

focus on the electrodynamic interaction of the high potential tethered satellite 

with the ambient plasma.



Chapter 4

Plasma Response to High 

Potential Tethered Satelli  to

4.1 Introduction

As described in Chapter 3, the basic physics associated with the electrodynamic 
tether system have been revealed with the help of the computer experiments. 
Among the scientific objectives in the TSS experiments, the electrodynamic in-
teraction with the high potential tethered satellite and the ambient space plasma 
is one of the most significant issues for the investigation. In order to study the 
detail of the plasma responses to the high potential satellite such as the density 
variation near the satellite and current collection, we have performed two- and 
three-dimensional computer experiments with a model region including the high 

potential satellite and a magnetized plasma flow. Theoretical interpretation of 
the obtained results associated with the current collection and current-voltage 
characteristics of the TSS are described in the present chapter. Before the de-
scription of the computer experiments, we provide a historical review concerning 
the previous works in conjunction with the electrical properties of a space vehicle 
in the ambient space plasma. 

  Since the 1960's, electrical properties of spacecraft in the ionosphere such as 
current-voltage characteristics and the sheath structure have been investigated 

[ e.g., Garrett, 1981]. As for the current-voltage characteristics, the classical 
probe theory [Langmuir and Blodgett, 1924; Mott-Smith and Langmuir, 1926], 
is applicable for the satellite in the ionosphere at a potential up to 10 V. For 
higher voltages in the range 100 N 1000 V, the plasma around the satellite 
is accelerated. The current-voltage characteristics are then modified by the 
resulting plasma waves, turbulent electron heating, and cross-field transport of 
electrons and ions. There have been several theoretical studies of the current-

80
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voltage characteristics of such a high potential satellite in the ionosphere. Beard 

and Johnson [1961] estimated the maximum current to a satellite, neglecting the 
presence of a static magnetic field Bo. Parker and Murphy [1967] examined the 
maximum current in the presence of Bo by assuming constants of motion of a 

single particle in the absence of time-varying electric and magnetic fields. Linson 

[1969] investigated the current-voltage characteristics of a spherical satellite of 
a large positive potential in an external magnetic field. His theory gives a value 

for current lying between the previous two theories assuming a constant plasma 

density in the vicinity of the satellite. Palmadesso and Ganguli [1992] modified 
Linson's method assuming nonuniform space charge around the satellite. They 

found reduced levels of current collection relative to Linson's model. In the 

present paper, the classical theories such as the Langmuir theory, the Parker-
Murphy theory and the Linson theory are compared with the current-voltage 

characteristics obtained in the present computer experiments. 

  The Langmuir theory and the constant density theory deal with a case where 

the sheath effects around a body in a plasma dominate the current flow to the 

body. Therefore, Poisson's equation and space charge effects should be taken 

into consideration. For a case where a sheath is so thick that the space charge 

effects disappear, and the Debye length is assumed to be infinite, an orbit-

limited current theory has been proposed [Whipple and Parker, 1969; Parker and 
Whipple, 1970; Laframboise and Parker, 1973; Prokopenko and Laframboise, 

1980]. In this situation, the electrostatic field can be obtained by Laplace's 
equation. Then, the current flow to the body is maximized. In the present paper, 

however, we focus on the theories which include the sheath effects because the 

electron sheath around the satellite cannot be ignored in the present computer 

experiments. 

  In addition to the theoretical studies, active space experiments, such as the 

CHARGE 2 sounding rocket experiment, have been carried out. Most of them 

had a mother/daughter configuration connected by a tether to each other [Sasaki 
et al., 1988; Mandell et al., 1990; Myers et al., 1990; Gilchrist et al., 1990; Neu-

bert et al., 1991]. Laboratory experiments have also been conducted by Stenzel 
and Urrutia [1990], simulating an electrodynamic tether model of the TSS-1. 
They examined the behavior of the current system. As for the numerical studies, 

a model with two bodies of the orbiter and the satellite, connected electrically to 

each other, has been examined by utilizing a two-dimensional electromagnetic 

particle code [Usui et al., 1991]. Concerning a one body problem, Martin [1974] 
studied the interaction of a conducting body through the ionospheric plasma 

by solving Poisson's and Vlasov's equations. Calder and Laframboise [1990], 
using a one-dimensional electrostatic code, and Ma and Schunk [1989], using 
a three-dimensional fluid code, have presented time-dependent behavior of a
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plasma sheath surrounding a satellite body whose potential is abruptly changed 
from zero to a positive value. Using a two dimensional electrostatic code, Wang 

and Hastings [1992] have investigated dynamic interaction of a negatively biased 
plate in ionospheric plasma. They studied both the  'transient formation of the 
space-charge wake and its steady-state structure. 

  In many practical situations, transient phenomena associated by the onset 

of a high potential onto the electrical system are important. In the present 

study, we imposed a high potential on the satellite at t = 0, and observed 

transient responses in the surrounding magnetized plasma. Unless the electrical 

charge is released by the electron beam emitter, the satellite potential becomes 

negative [Neubert et al., 1990] because the thermal velocity of electrons is much 
higher than that of ions in the ionosphere. In the case of the tethered satellite, 

however, its potential can be kept positive with respect to the space potential by 

the dynamo cross-field motion of the tether system [Laframboise and Luo, 1989; 
Hastings and Chang, 1989], which makes the plasma response to the satellite 
different from that to an isolated single satellite. In the present study, we keep 

the satellite potential positive relative to the space potential throughout the 

computer runs. 

  Section 4.2 is devoted to a description of two-dimensional computer experi-

ments using a full electromagnetic particle code. The model region and param-

eters used in the computer experiments are stated. The results of the computer 

experiments are then described in detail. We show the density variation in the 

vicinity of the satellite, the transient current to the satellite and the current 

flow pattern in the steady state. We also present an analysis of the current-

voltage characteristics of the satellite, compare to existing theories and examine 

the transient current. In Section 4.3 we describe three-dimensional computer 

experiments using an electrostatic particle code.

4.2 Two-Dimensional Electromagnetic Parti-

cle Model

4.2.1 Models and Parameters

In the present computer experiments, we use a two-and-half dimensional full 

electromagnetic particle code called KEMPO [Matsumoto and Omura, 1985] 
which can deal with kinetic interactions of a space vehicle with its surrounding 

plasma. In KEMPO, we solve Maxwell's equations and equations of motion 
of electrons and ions. We use (x, y, z) coordinates but neglect a variation in 
one of the three dimensions which is perpendicular to the model plane . Three
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velocity components  v., vs,, vZ and all three components of electromagnetic fields 

are retained. The model configuration for the computer experiments is shown in 

Figure 4.1. We place a perfect conducting satellite in the center of the model box 

of our computer experiments. Through the computer runs, the satellite potential 

is fixed higher than the space potential. This is based on the assumption that 

the tethered satellite is driven to the high potential by the Lorentz electric field 

generated by the motion of the tether system across Bo. The static magnetic 
field Bo is assumed to be along the y axis without loss of generality. Since the 

vehicle frame of reference is adopted, the ambient plasma has a cross-field flow 

in the x direction owing to the E x B effect. 

  We adopt three kinds of model for the two-dimensional computer experi-

ments. The first one is Model-1 where both Bo and the plasma flow lie in the 

model plane. The second one is Model-2 in which Bo is perpendicular to the 

plane while the plasma flow lies in the plane. The third one is Model-3 in which 
Bo lies in the plane while the plasma flow is perpendicular to the plane. Com-

bining the three models, we may be able to understand, not all but most of, the 

three dimensional dynamics around the satellite. As for the boundary conditions 

of the outer edges of the model, we use an open-boundary. The open bound-

ary is realized by adding wave-absorbing regions (numerical damping regions) 
to four surrounding boundaries of the physical region. The outer boundary of 

the wave-absorbing regions is fixed at zero potential [Press et al., 1987]. To 
obtain the equipotential solution of the satellite, we make use of the capaci-

tance matrix method [Hockney and Eastwood, 1981]. To simplify the problem, 
no photoelectrons nor secondary electrons are emitted from our model satellite. 
The inclusion of these low energy electrons may change the situation to some 
extent. However, most essential results presented in the paper remain the same 
because their density is normally much less than the ambient plasma density. 
We neglect the effects of ionization and recombination, which itself is another 
interesting subject of study and is to be presented in future publications. We 
assume that the electrons which hit the satellite surface are all collected by the 
perfect conducting satellite. 

  The physical parameters used in the computer experiments are given below. 
Generally, there is no need to stick to a real unit system such as MKS unit 
system in computer experiments. The important rule we have to obey in select-
ing physical parameters is to retain the quantitative relations in the parameter 

group. Then each physical process involved in the evolution of the system can 
be correctly simulated in the computer experiment even if the absolute values of 
the physical quantities are different from those in the real situation. In selecting 
the relative mass ratio, we adopt mi/me = 100 where me and m; denote the 
electron and ion mass, respectively. At the low Earth orbit where the SETS ex-
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all cases.
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periment will be performed, the ambient predominant ions are mostly Oxygens 
and have the mass of approximately 30,000 times heavier than the electrons. 
This implies that the time and spatial scales for the ion dynamics are much 
longer and larger than those for the electron dynamics, respectively. To ex-
amine both the electron and ion dynamics simultaneously within a reasonable 
running time of the computer experiments, we reduce the mass ratio as stated 

 above. mi/me = 100 is sufficiently large to discriminate ion contribution from 
that by electrons. In selecting the velocities, the relation vie >> Vp > vti should 

be retained in computer experiments, where vie, vti and Vp denote the electron 

and ion thermal velocities and the plasma flow velocity, respectively. At an al-

titude of 300 km, vie/Vp and vti/Vp are approximately 30 and 0.5, respectively. 
In the computer experiments, we take each ratio of the velocity as 8.0 and 0.8, 

respectively; vte/Vp is reduced for the same reason as in selecting the mass. This 
implies that plasma flow effects such as wake formation are more emphasized in 

the computer experiment than in the real situation. In selecting the frequencies, 

~e > 11e >> li > WLHR > Ili should be retained, where He Ile, Hi, 1l , and 

WLHR denote the electron plasma frequency, gyrofrequency, the ion plasma fre-

quency, gyrofrequency, and the Lower Hybrid Resonance frequency, respectively. 
In order to cover this wide range of frequency in the computer experiment, each 

ratio of the frequency is reduced: 11e/1 e = 2, Hi/1e = 0.2, WLHR/ule = 0.1, and 
S2i/f2e = 0.01. Thus, the ratios of the physical quantities are reduced to enable 
us to perform computer experiments within a reasonable running time. Even 
if the time and spatial scale of the system is reduced, the essential character of 

the problems is never changed in the computer experiment. 

  For Model-1 and Model-2, the grid spacing and the time step are Ar = AD 

and At = 0.032/12e7 respectively, where AD denotes the Debye length of the 
background plasma. The dimensions of the model plane in Model-1 and Model-

2 are 128Ar x 256Ar in the x — y and x — z planes, respectively. The numerical 

damping region with a length of 16Ar is added at each boundary. The number 

of the superparticles is 131,072 for each species (electrons and ions) of plasma 
particles at the initial state. To compensate the plasma particles outgoing from 
the downstream boundary, we feed the incoming particles at the upstream side 

of the boundary at a constant rate. In the model plane, the satellite shape 

is a square whose size is 4Ar x 4Ar. The potential energy of the satellite 

normalized to the background thermal energy, eqs/kBTe, is fixed to be 100, 
where Os, e, Te7 and kB denote the satellite potential, the electron charge, the 
electron temperature, and Boltzmann's constant, respectively. The satellite size 
relative to AD is much smaller than the actual ionospheric parameters. However, 
as long as the satellite size is kept larger than AD and the electron gyroradius, 
the essential character associated with the electrodynamic interaction of the
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tether system is never changed in the computer experiments. We carried out 

the computer runs up to  Hat N 2000 which corresponds to approximately two 

times of the transient time of the plasma flow passing through the whole model 

region across B0. This time step is sufficiently large to observe the steady state 

of the interaction of the satellite with the ambient plasma flow. 

  To obtain the current-voltage characteristics of the satellite, we perform 

twelve cases of computer experiments by using Model-3 with different satel-

lite potential from eO,/kBTe = 10° to 103. The grid spacing and the time step 
are Or = AD and At = 0.005/SlE7 respectively. The satellite shape is the same 
as that in Model-1 and Model-2. For the cases of e¢,/kBTe 103, we double the 
model region of the computer experiments, i.e., 512Or x 256Ar in the y—z plane 
to cover the large expansion of the sheath region. In Model-3, the satellite and 
the surrounding plasma make a relative motion in the direction perpendicular 
to the model plane. Since the vehicle frame of reference is adopted, the am-
bient plasma flows perpendicular to the plane. In the two-dimensional model, 
however, no spatial variation is assumed in the direction perpendicular to the 
model plane. This implies that neither upstream nor downstream region exists 
in the model. Therefore, even if the plasma flow is taken into consideration 
in Model-3, the plasma flow has no influence on the plasma response to the 
satellite in the model plane. Model-3 is symmetric with respect to the magnetic 
field line which penetrates the satellite. To obtain a better spatial resolution, 
we calculated the plasma dynamics for only a quarter of the extended model 
region, i.e., 256Ar x 128Ar area. The computer experiments are conducted up 
to Hot ̂ ~ 330 (equivalent to WLHRt 17).

4.2.2 Ambient Plasma Response 

In the present study, the satellite potential is biased much higher than the space 

potential. This causes ion repulsion and electron attraction from and to the 
satellite. In the ionosphere, electrons are strongly magnetized while ions are 
much less because of their large mass, which leads to a substantial difference in 
the dynamics between the two species. In the present computer experiments, 
the plasma flow velocity Vp (or equivalently the velocity of the satellite) is taken 
to be slightly higher than vtt and much lower than vie. This implies that ions 

are affected by the plasma flow while electrons make random thermal motion 

without being restricted by the plasma flow. Thus, the B0 effect, the velocity 

difference between vie and vt=, and the ambient plasma flow are significant factors 

for the plasma dynamics associated with the moving high potential satellite. In 

the present computer experiments, we place a high potential body representing 

the high potential satellite in the flowing ambient plasma at t = 0. To examine
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Figure 4.2: Contour maps of the number densities for the background 

electrons and ions in Model-1 where Bo and the plasma flow are taken 

along the y and x directions, respectively.

the time evolution of the phenomena, we divide the whole chain of the plasma 

responses into three stages: initial, transient and steady stages. 

  The time history of the plasma number density for Model-1 is shown in Fig-
ure 4.2 which has four sets of density contour maps of the background electrons 
and ions. The number density is normalized to the ambient number density no. 
The small square located at the center of each panel indicates the high potential 
satellite. The initial plasma response to the high potential of the satellite occurs 
in a time scale of the period of the electron plasma oscillation. Figure 4.2a shows 
the density profiles at WLHRt = 0.82 which corresponds to approximately two 
cycles of the electron plasma oscillation. Electrons within several Debye length 
of the satellite experience an intense attractive force, forming a dense electron 
sheath around the satellite. The sheath is thick in the x direction perpendicular 
to Bo. This is due to the Bo effect which restricts the electron attraction of 
the satellite in the x direction transverse to Bo. The ions in the vicinity of the 
satellite are repelled away in the radial direction, forming an ion cavity. 

  At the transient stage, the electrons attracted toward the satellite in the
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initial stage are absorbed by the perfect conducting surface of the satellite. This 

gradually reduces the electron number density in the electron sheath region. 
Figure 4.2b depicts a snapshot of the plasma number density at  WLHRt = 6.1. 

It is clearly seen that the plasma dynamics show the directional dependence on 

Bo. Due to repulsion from the satellite, the ion cavity continues to expand. In 

the transverse direction to Bo, the plasma density becomes high at both the 

upstream and downstream edges of the cavity. This is because of the snow-

ploughing effect by the ions accelerated outward from the. satellite. Along Bo, 
however, a low density region is created beyond the ion cavity region. The cavity 

is slightly shifted downstream by the plasma flow. The electrons in the ion 

cavity at this stage keep low density to maintain the quasi-neutrality of charge. 

Although the density is not as high as that in the initial stage, the electron 

sheath still remains around the satellite. Figure 4.2c shows the density profiles 

at WLHRt = 12.3 which corresponds to approximately two cycles of the lower 

hybrid oscillation. The ion cavity is much extended along Bo and downstream. 

At the upstream region, the high density plasma created by the snow-ploughing 

effect moves upstream against the plasma flow. The density profile of electrons 

is similar to that of ions except for the vicinity of the satellite. Although the 

density of the electron sheath becomes lower, the satellite draws electrons from 

the upstream region. 

  After the time in which the plasma flow passes through the simulation region, 

the plasma response reaches the steady state. Figure 4.2d shows the density 

profiles at WLHRt = 62.7 which corresponds to approximately ten cycles of the 
lower hybrid oscillation. It is found that the dense plasma wall in the upstream 

region has moved downstream to a position where the force balance is reached 

between those by the gradient of the plasma pressure and the electric force by 

the high potential satellite. The ion cavity has expanded downstream forming 

a rarefaction. Electrons are attracted from the upstream side of the satellite to 

keep the electron sheath. 

  A time series of the density contour maps for Model-2 is depicted in Fig-

ure 4.3. The plasma dynamics around the satellite are basically the same as 

those in Model-1. At the initial stage, the electrons in the vicinity of the satel-

lite are attracted by the high potential satellite, while the ions are repelled from 

it forming an ion cavity as shown in Figure 4.3a. Since Bo is perpendicular to the 

plane, an electron sheath is uniformly created around the satellite with a radius 
of approximately 10AD. Combining this result with the previous result in Model-

1, we see that the electron sheath in the 3D situation has a donut form around 

the satellite at the initial stage. At the transient stage shown in Figure 4.3b, as 

the ion cavity expands, the electron density in the cavity becomes low keeping 

the charge neutrality. Since electrons are strongly magnetized, some of the elec-
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trons attracted by the high potential satellite remain unabsorbed forming the 
electron sheath. They suffer from the E x B drift in the direction perpendic-
ular both to the radial electric field' emerging from the satellite and the static 
magnetic field. The dynamics of those electrons will be discussed later in terms 
of current. Although the ion cavity is extended downstream in Model-1, the 
cavity continues to expand in the radial direction suffering little influence from 
the plasma flow in Model-2. This is because the E x B drift of the plasma is 
dominant around the satellite in the model plane. At the upstream region, the 

plasma density is high because of the compression effect caused by the ambient 
plasma flow. 

  Figure 4.3c shows the density profiles at WLHRt = 12.3. The plasma density at 
the upstream edge of the ion cavity continues to increase owing to the continuous 
compression by the plasma flow. It should be noted that the profile of the 
rarefaction shows asymmetry which is extended to the lower side of the ion 
cavity. Associated with this asymmetry, the distribution of the high density 

plasma at the upstream region tends to be asymmetric.



90 CHAPTER 4. PLASMA RESPONSE TO TETHERED SATELLITE

(a) Model-1 

   Plasma Flow

  (b) Model-2

Dense Plasma

 °B o/  Satellite 
 I„~ a 

" fl~ 

 Electron 
Sheath (Jon Cavity)1

Extended Ion Cavity

Figure 4.4: Schematic illustrations 

state for Model-1 and Model-2.

of the density profile in the steady

  At a later time in the steady state stage, the density asymmetry of the 
rarefaction becomes more evident with respect to a plasma stream line passing 
through the satellite. The density contour maps at WLHRt = 62.7 are shown 
in Figure 4.3d. As well as the distortion of the ion rarefactional region, we 
see strong asymmetry in density at the upstream region. The density profile of 
electrons is almost the same as that of ions except for the electron sheath around 
the satellite. 

  Figure 4.4a and Figure 4.4b show a schematic illustration of the density 
profile in the steady state for Model-1 and Model-2, respectively. In the vicin-
ity of the satellite, the electron sheath and the ion cavity are created. In the 
downstream and upstream regions with respect to the satellite position, the rar-
efactional region and the dense plasma wall are formed, respectively, which are 
extended along Bo because of high plasma mobility in its direction. Although 
we supply no thermal electrons along Bo at the boundary, the plasma depletion 
qualitatively makes sense because it is basically created by the ion repulsion from 
the satellite. If the thermal electrons were injected along Bo at the edge of the 
model plane, the electron sheath around the satellite might become thick and
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the resulting shielding effects would reduce the plasma depletion region along 
Bo. In estimating the current-voltage characteristics of the satellite, which will 
be described in a following section, the injection through this boundary is made 

properly. In 3D situation, the satellite will be more effectively shielded because 
of the effect of electron attraction from all the directions. This implies that the 
size of the plasma depletion region will be less than that observed in the present 
computer experiments. In the plane perpendicular to  Bo, the ambient plasma 
shows the asymmetrical behavior. It is owing to the strong E x B effect on the 
plasma flow. In the next section, we will discuss the asymmetry of the density 
profiles in detail. 
  Note that the density value is different along y/AD = z/AD = 0 between 
Model-1 and Model-2. For example, at x/AD = —48, y/AD = 0, z/AD = 0 
located at the upstream region in Figure 4.2 and Figure 4.3, the plasma density 

in Model-2 is higher than that in Model-1. This is due to the fact that these 

models hire different configuration in terms of direction of Bo in two dimensional 

plane; Bo is parallel and perpendicular to the model plane in Model-1 and Model-
2, respectively. Generally, in a two dimensional plane, the spatial variation of 

quantities along the third dimension are not solved. Therefore, when the plasma 
is compressed at the upstream region in Model-2, the compressed plasma cannot 

escape along Bo and eventually the thickness of the compressed region expands 

in time. In Model-1, however, some of the compressed plasma can escape along 

Bo. This makes the plasma compressed region thinner than that of Model-2 

at the same position. At the downstream region, for example, at x/AD = 48, 
WAD = 0, z/AD = 0, the plasma density in Model-2 is also higher than that 
in Model-1. This is also due to the fact that no plasma can escape along Bo in 

Model-2. If we perform a three dimensional computer experiment, this confusion 

will be avoided.

4.2.3 Current Variation

The most significant factor dominating the plasma dynamics in the present 

computer experiment is the intense electrostatic field directed outward from the-

high potential satellite. In this section we present the plasma response in terms 

of the current due to this intense electric field. First, we examine the transient 

current which initially flows outward from the satellite. For simplicity, we use 

Model-3, in which the plasma flow is perpendicular to the model plane so that 

the plasma dynamics in the plane are independent of the flow effect. To see the 

current variation as a function of satellite potential, we performed three cases 

of computer experiment with different satellite potential: e s/kBTe = 12.5, 125, 
and 1000.
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Figure 4.5: Time evolution of the transient current flowing out from the 
satellite for potentials ecb/kBTe = 12.5, 125, and 1000.

  Since the high potential satellite is placed in the unperturbed plasma at 
t = 0, the transient current flows outward from the satellite until it reaches 
the steady state. Figure 4.5 shows the time variation of the current from the 
satellite for the three different potential 4 's. In the computer experiments, we 
measure the current by counting the number of particles which are trapped by 
the satellite for one time step At. To smooth the time series of the current 
values, we make use of a digital three-point-filter [Birdsall and Langdon, 1985]. 
The current is normalized to the ambient current Io which is defined as follows. 

When the satellite with a radius ro keeps its potential at the space potential, it 

will collect the current Io contributed by the thermal motion of the surrounding 

plasma, which is given by 

eno 112k BT e 
              Io= 2lrro3o ; ,,o =2~rm(4.1) 

                                                                   e where jo is the random thermal current density. In each case, the time scale for 
the initial rise of the current is the order of Tpe where Tpe denotes the period of the 
electron plasma oscillation. The peak value of the initial current increases as 0,
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increases. The peak initial current is approximately 10, 90, and 400 times  Io, for 

ecb,/kBTe of 12.5, 125, and 1000, respectively. After this initial peak, the current 
decreases exponentially with respect to time up to around WLHRt = 12. After 

this transient period, the current flowing out from the satellite is approximately 

constant. 

  In the steady state, the electrons attracted by the high potential satellite 

contribute to the current flow. In the present computer experiments, electrons 

are strongly magnetized. Therefore the current profile has to be analyzed in 

two directions; parallel and perpendicular to Bo. The general features are the 

followings. Initially, the electrons in the vicinity of the satellite are attracted 

toward the satellite from all directions. Later, however, the electron current 

flowing parallel to Bo becomes dominant. In the direction perpendicular to Bo, 

the cross-field current flows only in the vicinity of the satellite owing to the local 

E x B drift motion of the plasma. 

  Figure 4.6a and Figure 4.6b show the vector plot of the current intensity in 

the steady state in Model-1 and Model-2, respectively. In Figure 4.6a, it is seen 

that the arrows are pointing outward from the satellite. The electron current 

flows along Bo out from the satellite due to the electron attraction to the high 

potential. In the downstream region, the current is weak because of few number 
of electrons there. Figure 4.6b depicts the profile of the cross-field current in the 

x — z plane for Model-2. In this case, the electron motion is along the E x B 
vector of the electric field out from the satellite and Bo field. The area of the 

intense current corresponds to the electron sheath formed in the ion cavity. For 

eq5,lkBTT = 100, the intensity of this cross-field current is almost comparable to 
that of the field-aligned current observed in Model-1.

4.2.4 Current-Voltage Characteristics 

Due to the large thermal velocity of electrons, the space vehicle is generally 
negatively-charged in the ionosphere. In the shuttle electrodynamic tether sys-
tem, however, the satellite potential c, can be boosted up to e4,/kBTe 104 
which is much higher than the space potential. In this high potential, con-
ventional models, e.g., the Langmuir theory, are inapplicable. One of the major 
aims of this paper is to study the current-voltage relation of such a high potential 
satellite. 

  When a dynamo is created in the space plasma owing to the cross-field motion 
of the electrodynamic tether, a current closure will be formed through the tether 
system and its surrounding plasma. To estimate the total current in the current 
closure, we have to take total resistance of the current loop into consideration. 
In addition to the impedance between the satellite and its surrounding plasma,
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there exist the tether wire resistance, the impedance between the orbiter and 

the plasma controlled by the electron beam emission, and the impedance in the 

ambient plasma itself. In the present paper, however, we focus on the satellite-

plasma interaction only. Although the total current in the current closure cannot 
be determined by the present model, the satellite-plasma impedance can be 

obtained by the current-voltage characteristics of the satellite, which is one of 

the essential factors in the current closure created by the electrodynamic tether 

system. 

  We approached to this problem by a series of computer experiments based 

on a particle model. To avoid plasma flow effects such as the plasma compres-

sion and the rarefactional wake formed in the upstream and downstream region, 

respectively, we use Model-3 in which the ambient plasma flows perpendicular 

to the model plane. As stated in the previous section, thermal electrons are
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injected along  B0 at the edge of the model plane. Twelve cases of computer ex-
periments are performed with different satellite potentials from e¢,/kBTe = 10° 
to 103. Since the steady-state current collection is of interest to us, we follow the 

plasma dynamics until the current reaches a steady state. To understand the 
current-voltage characteristics obtained by the computer experiments, we com-

pare the results with existing theories of maximum electron current attainable 
to a cylindrical probe. 

  The first theory to be compared with is the well-known classical Langmuir 

theory for a co-axial cylindrical probe consisting of an outer cathode and an inner 

anode tube. This theory takes space charge effects into account [Langmuir and 
Blodgett, 1923]. Regarding the outer edge of the ion cavity as the outer cathode 
tube, we can apply the theory to the high potential satellite case. Equating 

the ratio of the cathode to the anode radii with that of the ion cavity and the 

satellite radii, the current-voltage relation is given by 

             I_— 
              8for2e¢;~24 .2 

          9mero/2()

                                7 

    \rol5[ln\r, 120L\ro1133300L/J\ro4(In—+ —11InIn+ •(4.3) 
where I is the electron current to the satellite per unit length, Tic is the ion cavity 

radius, and co is the electric permittivity. An unknown variable in the equation 

is the ratio of Tic to ro which may vary as the satellite voltage changes. The 

ratio of r=c/ro can be estimated as follows. Assuming that all of the electrons 
that enter the ion cavity region reach the high potential satellite, the current I 

flowing out from the satellite is simply estimated by

r=c 
I = 2irr=cjo = Io 

r 

0 This gives the following relation between I and Tic. 

Ttc I 

                       ro Io 

Substitution of (4.5) into /3 in (4.3) yields the current-voltage relation 

cb3/2 = 9T° me I [in2[in(1±12±—11fin(.1)1347r 8eorr2e (4q) 5 L \
It should be noted that the theory 

current I would be reduced if the Bo

(4.4)

(4.5)

             ln(Io\]4 
_Hi1203300

(4.6) 
stated above includes no B0 effects. The 

effect was taken into consideration because

2
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the  Bo effect may block some electrons which pass the surface of the cavity from 

reaching the surface of the satellite. 

  The second theory to be compared is the current-voltage relation derived 

by Parker and Murphy [1967]. They took account of Bo effects using the con-
servation of energy and angular momentum of a single particle, neglecting the 

possible collective effects owing to the presence of the background plasma. Thus 
their theory gives a lower limit to the current. A brief description is given below. 

  Cylindrical coordinates r, 9, and z are chosen to represent the radial, az-

imuthal, and axial coordinates. The static magnetic field Bo points along the 

z direction. Assuming that an electron is on a magnetic field line at infinite z 

with a radial distance r=n f from the z axis and its kinetic and potential energies 

are zero, the constants of the motion are given by 

                   2(d9 s2e C1= rdt+2(4.7)

and 
          2a,2        C22e(dt)+(dt)+ r2Id~—e~rz (4.8) 

which correspond to the conservation of canonical angular momentum and of 
energy, respectively, where 0„ denotes the potential in the r — z plane. C1 and 
C2 at infinite z, where all of d9/dt; dr/dt; dz/dt and Orz are set to be zero, are 
r nff2e/2 and zero, respectively. By equating the constants of motion C1 and C2 
at z = oo to (4.7) and (4.8), the particle trajectory in the r — z plane is given 
by           rin f28meC)                                  dz2

.(4.9) 

               r 

          Cr:nf—r)=mef2er nfeTz—2(7/t 
The unknown variable is dz/dt. For simplicity, however, we set dz/dt = 0 which 
gives us the maximum value of r/r=nf in (4.9). In the case that the electron 
located at infinite z with r,nf is trapped by the satellite, r = ro and qrz = 
can be substituted into (4.9) at the satellite surface. Assuming that all the 
electrons within a distance r:n f from the z axis can reach the satellite surface, 

the maximum current I attainable to the satellite along B0 is given by 

                 I = 2r{n fjo • 2.(4.10) 

The normalization of I to Io by using (4.1) yields the following current-voltage 
relation. 

----------- 1/2 I _2r=nf-2 (1+iY/8e0,(4.11)                             men!ro
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  The  third theory to be compared is a constant density model proposed by 

Linson [1969]. As the Boltzmann distribution can no more be descriptive for 
the electron density in the ion cavity region in case of eq,/kBTe >> 1, one can 
assume a constant density profile for electrons. 

  For Model-3, Poisson's equation is simply given by 

           a+a=en,(4.12) 
where ¢ and ne are the potential and the constant electron density in the ion 
cavity, respectively. As the electron mobility is very high along Bo (i.e., along the 
y axis), we can assume the potential gradient along the y direction is zero. This 
assumption eliminates the first term on the left hand side of (4.12). Therefore 
(4.12) is easily integrated with respect to z under boundary condition such that 
the potential and the electric field at the edge of the cavity are equal to zero. 

The relation between the satellite potential cb, and the ratio ric/ro is then given 
by 

              cbsenero(ric 1)2(4.13)                            2c0 \ ro — 

In a similar fashion, the maximum current I attainable to the satellite along Bo 

is expressed as 

                I = 2ricjo • 2.(4.14) 

The current ratio is then given by

I _ 2rte _ 2 C12m0, 1(4 .15)                 Io77.0eq,roB0J ' 

where = IIe/S2e in the ion cavity region. 
  Estimation of qe is not straightforward. qc depends on the satellite poten-

tial and position relative to the satellite. The electron density observed in our 

computer experiments is actually not constant around the satellite and the elec-

tron density varies as the satellite potential changes. Figure 4.7 and Figure 4.8 

show a series of contour maps of the electron and ion number densities for dif-

ferent satellite potentials from 08/kBTe = 60 to 2500. As the satellite potential 
increases, the ion cavity expands because of repulsion from the satellite. To 

maintain charge neutrality, the density profile of electrons is almost equal to 

that of ions except for the electron sheath in the ion cavity. The electron den-

sity used for qc is averaged over the length from the satellite surface to the edge 

of the ion cavity in the direction transverse to Bo. As shown in Figure 4.7, the 

electron distribution in the ion cavity is rather uniform up to e0,/kBTe 1000. 
The average density is approximately a quarter of the ambient density, this gives
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Figure 4.7: Contour maps of the number densities for the background 
electrons and ions in Model-3. The ratio of the satellite potential energy 
ecb/kBTe are 60, 125, and 250.

qe 1.0. It is seen in Figure 4.8 that for eq5s/kBTe > 1000 electron distribution 
is nonuniform in the ion cavity. Electrons are highly concentrated around the 

satellite for e0s/KBTC = 2000 and 2500. The maximum density is higher than 
the ambient plasma density. In addition, the ion cavity expands in the direction 
not only parallel but also perpendicular to B0. The cavity size thus becomes 
comparable to the size of the model region of the computer experiments. As the 
thermal electrons are injected only along Bo at the boundaries to compensate 
for the electrons collected by the satellite, the electron density in the ion cavity 
in these cases would be a little smaller than expected. However, we adopted the 
average values of the electron density in the ion cavity to estimate qc. The aver-
age electron densities are 0.38 and 0.46 times the ambient density respectively 
for eqs/kBTe = 2000 and 2500. The estimated qe are thus approximately 1.5
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Figure 4.8: Contour maps of the number densities for the background 
electrons and ions in Model-3. The ratio of the satellite potential energy 

 eq/kBTe are 1000, 2000, and 2500. The square at the center represents 
the satellite.

and 1.8, respectively. 

  In Figure 4.9, the current values obtained by the computer experiments are 

plotted as a function of the satellite potential energy small squares with error 
bars. The each current value is averaged over a period of WLHxt = 12 N 17. 
The maximum current values estimated by the three theories stated above are 
superimposed in Figure 4.9. The dotted curves (1) and (2) represent the current 
voltage relation of the Langmuir theory obtained from (4.6) and the single par-
ticle theory from. (4.11), respectively. In addition, the current estimate from the 
constant density theory assisted by the result of the present computer experi-

ments on the electron number density in the ion cavity is plotted cross marks. 

  The average current values obtained by the computer experiments lie be-
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average current in the steady state obtained by the computer experiments 
using Model-3. The cross marks correspond to the constant density the-
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tween the theoretical curves (1) and (2). The Langmuir theory, which gives the 
upper limit to the satellite current, can provide a good estimate of the average 

current for the satellite potential up to e0s/kBTe — 10. For the higher potential, 
however, the current gap increases between the Langmuir theory and the aver-

age current by the computer experiments. The current by the Langmuir theory 

is approximately eight times higher than that by the computer experiments for 

ecbs/kBTe = 2500. Even though taking account of the boundary effects which 
may reduce the current collection of the satellite, this difference is essential 

because the Langmuir theory includes no B0 effect. 

  In comparison with the single particle theory which includes the B0 effect, the 

average current by the computer experiments is approximately twice as intense
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as the theoretical estimate shown by curve (2). This gives a much better estimate 
of the average current from the satellite than the Langmuir theory. However, 

the electrons attracted by the satellite cannot strictly conserve the constants of 

motion as assumed in the single particle theory. This implies that the cross-field 

transportation of electrons occurs in spite of the magnetization of the plasma.

  In terms of the upper bound of the current from the satellite in the steady 
state, the constant density theory represented by the cross marks in the figure 

provides the best estimate among the three theories discussed in the present 
study. In applying the constant density theory, we need to estimate the con-
stant electron density in the ion cavity. However, it is difficult to obtain an 
analytic estimate of the density in the vicinity of the high potential body. In 
such cases, computer experiment can be a powerful method to estimate the 
density distribution in the ion cavity.

  It is shown that the cavity size becomes as large as the model size of the 

computer experiments for the potential above  eqS,/kBTe 103 in the present 
computer experiments. This might cause an error of the current estimate by 

the computer experiments. Basically, in the direction perpendicular to B0, the 

cavity is hard to expand because the plasma tends to be frozen Bo. However, as 

the satellite potential is increased, the cavity grows and the edge of the cavity 

encounters the edge of the model plane. In such a case, the thermal electrons 

cannot be supplied fast enough to the ion cavity region across Bo. This will 

cause an erroneous reduction in the current collection of the satellite. To see 

the boundary effects on the electron collection to the satellite, we performed a 

computer experiment with a larger model region, i.e., 1024Ar x 512Or. The 

satellite potential is e0s/kBTe = 2500. Although not displayed, it is found that 
the model plane is large enough to cover the ion cavity in the steady state. Then 
the average of the steady-state current from the satellite is approximately 30% 
larger than that obtained with the present smaller model plane. This enhanced 
current value by the sufficiently large model, however, is still much smaller than 
the current estimated by the Langmuir theory. The constant density theory is 
still valid as a good estimate of the maximum current. Thus, in the limited 

potential range approximately up to e¢s/kBTe 103, the boundary gives little 
effects to the discussion of the current estimate described above. However, it is 

proved that, if the ion cavity becomes as large as the model plane, the current 
collection by the satellite is reduced by the undiserable interaction of the ion 

cavity with the boundary of the model plane. To avoid this boundary effect, we 

need a much larger model region for the computer experiment than that used 

here. This will be carried out when bigger computer becomes available.
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Figure 4.10: Schematic illustration showing the interaction between the 

ambient plasma flow and the E x B drift.

4.2.5 Discussion

Asymmetric Density Profile 

In the theoretical study of the density distribution around a cylindrical structure, 

Grabowski and Fischer [1975] have shown an asymmetric rarefactional wake due 
to the combined action of a magnetic and electric field. In the present computer 

experiments, we also found an asymmetric profile of the ambient plasma density 

with respect to the satellite as shown in Figure 4.3. In the model plane to which 

B0 is perpendicular, the asymmetric density structure is due to the local E x B 

effect on the plasma flow which is driven by the intense electric field caused 

by the high potential satellite passing through the static magnetic field. To 

interpret this effect, a schematic illustration is shown in Figure 4.10 in which 

the left side corresponds to the upstream region of the flow. The ambient plasma 

flowing toward the satellite experiences an E x B drift rotation of plasma in the 

clockwise direction. Without the plasma flow, the plasma around the satellite 

should rotate uniformly with respect to the satellite. In the presence of the 

plasma flow, however, the direction of the ambient plasma flow is opposite to 
the local E x B drift motion in the shaded region. Therefore, the ambient 

plasma flow is decelerated by the E x B effect and, thereby, the plasma is piled 
up leading to the high density region in the shaded region. In the upper side of 

the ion cavity region, the direction of the plasma flow is the same as that of the
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E x B drift velocity. Therefore the plasma flow is accelerated downstream by 
the E x B effect. This relative difference of the plasma flow velocity can cause 
a distortion of the profile of the extended ion cavity as well. 

  We can roughly estimate the E x B drift velocity at the edge of the cavity 
as a function of the satellite potential neglecting the plasma flow effect. First of 
all, we need to know the intensity of the electric field at the edge of the cavity 
region. The potential  g5 and the electric field at a distance r from the satellite 
are generally written in terms of the local Debye length AD and the satellite 

potential 0s as follows. 
= 0sexp—11              1D)(4.16) 

            -a=—Dexp(—iD).(4.17) 
  Assuming AD is equal to the radius of the ion cavity region r2C, the electric 

field at the edge E2c is, 

IE2c! =80=  exp(-1).(4.18) Or ric 
r=r;c 

Applying the constant density model, we can eliminate rie in (4.18) by using 
(4.13). Then the E x B drift velocity is roughly given by 

                          ~ VExB =Bo„'3eXp(-1) (Boro +2me4c9(4.19) 
  To see the dependence of the asymmetry of the plasma density on the rela-

tive difference between Vp and VEXB, we conducted three computer experiments 

with different plasma flow velocities. The satellite potential energy is fixed to 

egs/kBTe = 50 in the three cases. Applying the parameters used in the computer 
experiments to (4.19), we obtain VExB ̂ ' 3.0. Figure 4.11 shows the contour 
maps of the ion density for Vp/VExB approximately equal to; (a) 0.1, (b) 0.5, 
and (c) 2.0. When Vp is negligible compared to VEXB, the density profile is 
nearly symmetric as seen in Figure 4.11a. As Vp increases, the high density area 
is formed asymmetrically shown in Figure 4.11b. As stated above, this is due to 
the deceleration of the plasma flow by the E x B effect. As for the case (c), the 
high density region is located further downstream than in the case (b). Thus, 
it is concluded that the asymmetric region of the density profile depends on the 

ratio of Vp to VExB.

  Transient Current 

In the SETS experiments, the burst emission of electrons will be undertaken
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Figure 4.11: Contour maps for the number densities of the background 
ions.  Vp/VExB are (a) 0.1, (b) 0.5, and (c) 2.0, respectively.

from the fast pulse electron gun called FPEG. The FPEG emissions can boost 

the satellite potential to higher than the space potential. This situation can 

give rise to the transient process examined earlier such as the current flowing 
out from the satellite and the plasma density in its vicinity. 

  It is demonstrated by the present computer experiments that the transient 

current flowing out from the high potential satellite consists of the intense initial 

current and the subsequent exponentially decreasing current. The initial current 

is due to the rapid attraction of electrons in the course of the formation of 

the electron sheath around the satellite. This implies that the time scale for 

the initial rise of the current is the order of the period of the electron plasma 

oscillation. Since the space charge effect to the satellite is not effective in this 

phase, the initial current is much more intense than in the steady state. We 
estimate the maximum current as a function of the satellite potential as follows. 

  The time scale for the satellite to obtain the maximum transient current 

is approximately Tpe/4. We estimate the maximum velocity of electron vmax 
accelerated by the satellite potential cbs by using the energy conservation as 

follows.

    a 

21mev7".ax= e~3 (4.20)
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Then  vmax is given 
                            2e¢, 

vmax =(4.21) 
me 

In the actual case, all the electrons in the vicinity of the satellite cannot have 

the velocity vmax. The electron velocity oscillating at the frequency He is taken 

to be 

                  v(t) = vmax sin(Ilet).(4.22) 

The width of the electron layer Al absorbed by the satellite is then given

Ol = J 
  Tpe/4T

pe           vmax sin(I1et)dt = vmax 2
7r (4.23)

The current I at the satellite for the time scale T, /4 is given by

I = enoir((Ol + ro)2 — ro)T

Substitution of (4.23) in (4.24) yields

(4.24)

     (ar1ne~I = eno+4rovmaxJ= 2enowe+2ro    7r7rmeme
(4.25)

Figure 4.12 shows the comparison of the maximum current values between the 

theoretical estimate and the results by the computer experiments. The solid 

and dotted lines represent the theoretical estimate by (4.25) with Tpe for the 
plasma density no and 4n0, respectively. The maximum transient current values 
obtained by the computer experiments are also plotted by small circles. They 

are located in between the theoretical lines. Thus (4.25) can provide a fairly 
good estimate of the maximum current. As the satellite potential increases, the 
dotted line can estimate the maximum current more accurate than the solid line. 

This implies that we need to take account of the increase of the electron sheath 

density owing to the electron concentration around the satellite. In the case of 

ecb,/kBTe = 103, the maximum density of the electron sheath is approximately 
four times the ambient plasma density. The dotted line shows this case. 

  After the rapid attraction of electrons to the satellite, the current intensity 

is exponentially reduced because of the space charge effect around the satellite. 

The time needed to reach the steady state is approximately cWLHRt = 12. In this 

stage, the formation of the ion cavity owing to the high potential is completed, 

which leads to the steady current.
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4.2.6 Summary and Conclusion

Performing two-dimensional electromagnetic particle computer experiments, we 

have studied the plasma response to the high potential satellite in the electrody-

namic tether system with the presence of the plasma flow and the static magnetic 

field. We focused on the spatial profiles of plasma density and of plasma current 

in the vicinity of the satellite. We also examined the transient process of the 

plasma response to the satellite. In the cases with  Bo and no plasma flow, the 
current-voltage characteristics of the satellite in the steady state are studied and 

compared with the classical theories. The density variations and the transient 

current are also analyzed in detail. A summary of the results is given below. 

  1. Plasma density and current profiles 

Due to the high potential satellite, electron attraction and ion repulsion to and 

from the satellite are found. This causes the formation of an ion cavity and 

an electron sheath in the vicinity of the satellite in the steady state. Due to
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the plasma flow, the ion cavity is extended to the downstream region as well as 

along  Bo. The electron sheath created in the ion cavity is thicker in the direction 

transverse to Bo than parallel to it [Ma and Schunk, 1989]. As the satellite 
potential becomes high, in particular, at eq5,/kBTe N 103, the electron sheath 
density in the ion cavity becomes larger than the ambient plasma density. In the 

perpendicular direction to Bo, the E x B effects cause an asymmetric distortion 
of the density profile of the ambient plasma at the upstream region. The plasma 

density is high in the region where the plasma flow is decelerated by the E x B 

effects. 

  The current flowing out from the satellite exhibits a transient process; in-

tense initial transient current followed by exponentially decreasing current. The 

maximum transient current is successfully estimated as a function of the satel-

lite potential. The steady state satellite current dominantly flows along Bo. In 

the vicinity of the satellite, the current owing to the E x B drift of the electron 

sheath is dominant in the direction transverse to Bo. 

  2. Current-Voltage characteristics 

As far as the results of the present computer experiments are concerned, the cur-

rent values indicate no saturation in association with the increase of the satellite 

potential up to e¢,/kBTe 103. Basically, Bo regulates the electron flow to the 
satellite. Therefore the average current values can be approximately estimated 

by the theory derived from the conservation of a single particle constants of mo-

tion in Bo [Parker and Murphy, 1967]. The results of the computer experiments, 
however, show that the average current values are approximately twice as large 

as the estimate of the single particle theory. This implies the cross-field trans-

portation of electrons should be considered. Still, the current values are much 
below the estimate by the Langmuir theory which includes no Bo effects. In 

terms of the upper bound of the current flowing from the satellite in the steady 

state, the constant density theory by Linson [1969] provides a good estimate 
for the satellite potential above eq,/kBTe ^e 101. In solving Poisson's equa-
tion, analytic plasma distribution such as the Boltzmann distribution cannot 

be used because it diverges in the vicinity of the satellite at the high potential 

ecb,/kBTe >> 1. Therefore, to estimate the density value which is needed in the 
constant density theory, we needed to perform computer experiments for each 

potential of the satellite. 

  The theories we applied in the present paper neglect the finite gyroradius 

on the assumption that it is much smaller than the satellite size. Therefore the 

significant value ric/ro which determines the maximum current to the satellite 
takes no account of the electron gyroradius pc. In the present computer experi-

ments, however, pe is finite and approximately a half of the satellite radius. In 

the cases of low potential approximately up to ecb,/kBTe = 10, Pe is comparable
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to  r;c. Then we definitely need to include pe to the theories. As the satellite 

potential is increased, however, r;c becomes much larger than pe and it can be 
negligible as in the theories of Parker and Murphy [1967] and Linson [1969]. 
We focused on the current values for the potential above eq58/kBTe ̂~ 100 in 
comparing with the theories. As shown in Figure 4.8, Tic is much larger than pe 

for the high potential cases. Then we can neglect the gyroradius effects. 

  The dimensions of the conducting body relative to the Debye length adopted 

to the present study are much smaller than those of the real tethered satellite. 

However, the size of the ion cavity measured from the satellite surface rie — ro, 

is calculated from (4.13) and expressed in the form of

rtc — ro =/2€o0,(4.26) 
ene 

which is a function of the satellite potential, independent of r0. Assuming that 

the size of the electron sheath is equivalent to that of the ion cavity, the dimen-

sions of the ion cavity measured from the satellite surface described in this paper 

can be applicable to those of the electron sheath around the ionospheric satel-

lite. Actually (4.26) indicates that the sheath size of the high potential satellite 
is larger than the Debye length by a factor of a ratio of the accelerated mean 

velocity of electrons to the electron thermal velocity of the background plasma. 

According to this, the actual size of the electron sheath of the high potential 

satellite of the order of several kV is from several centimeters to a few tens of 

centimeters. Thus the plasma dynamics in the vicinity of the satellite are greatly 

modified, which can change the electrostatic and electromagnetic environment 

around the satellite. A good example is the current-voltage characteristics of 

the satellite. We found that the amount of the current collection by the satellite 

depends on the electron density in the ion cavity region where microphysics in 

the order of Debye length plays a significant role. 

  In the present study, the plasma response to the high potential satellite 

was studied with two-dimensional model. In the more realistic case of a three-

dimensional spherical the satellite, most of the basic physics described in the 

present paper will be qualitatively retained. However, their physical quantities 
such as the amount of the current collection by the satellite will be different 

from those obtained in the two-dimensional model because the third dimension 

is added for the plasma dynamics. To investigate and compare the physical 

quantities with the real situation, the computer experiments with three dimen-
sional model are needed and are currently being performed. 

  Calder and Laframboise [1990] examined electrostatic oscillations owing to 
an abrupt change of electrode potential. Since they treated the cases which 

had no static magnetic field, the oscillation with the electron plasma frequency
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was dominant in the vicinity of the electrode. In the present study in which 
the Bo effect is considered, we confirmed the electrostatic oscillation with the 
local electron plasma and the upper hybrid frequencies along and across  Bo, 
respectively. 
  Electromagnetic wave radiation from the satellite is also an interesting sub-

ject. The intense cross-field current driven by the local E x B effect can cause 
perturbations in the magnetic field as shown in Chapter 3. In the present com-
puter experiments, the ratio of the perturbation to the ambient magnetic field 
Bl/Bo is about -60 dB on the average in the vicinity of the satellite. Because the 
model region in the present computer experiments is too small to cover the long 

wave length of Alfven waves, we cannot treat the perturbation of the magnetic 

field such as Alfven wings [Drell et al., 1965]. The plasma wave generated in the 
vicinity of the high potential satellite will be studied in Chapter 5.

4.3 Three-Dimensional Electrostatic Particle 

Model

4.3.1 Model and Parameters

In this section, we examine the plasma response to the high potential tethered 
satellite by• using a three-dimensional electrostatic model. Qualitatively, the 
plasma behavior may be the same as observed in the two-dimensional case. As 
discussed in Chapter 3, however, the Coulomb force in the three-dimensional 
space differs from that in the two-dimensional space. This implies that the 
electrical properties of the TSS such as current-voltage characteristics can be 
modified to some extent in the three-dimensional case. The following is the 
description of the three-dimensional computer experiments by using the electro-
static code. 

  The model space for the computer experiment is the same as shown in the 
upper panel of Figure 4.1. Since we adopt a vehicle frame of reference as well 
as in the two-dimensional case, the direction of the plasma flow with velocity of 
Vp points along the x axis. The external magnetic field Bo lies in —y direction. 
The potential values at the outer boundaries are set to be zero. At the center 
of the model space, we have one conducting body representing a high potential 
satellite whose dimensions are 6AD x GAD. The satellite potential Os is fixed high 
compared with the space potential throughout the simulation run. 

  We adopt two models for the computer experiments. One is Model-1 where 
the ambient plasma flows in self-consistent manner in the model box along the 
x direction. The other is Model-2 in which the plasma flow is neglected. In the
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two-dimensional case, the current-voltage characteristics of the satellite were 

obtained in the model region which is independent of the plasma flow effects. In 

the three-dimensional case, therefore, to match the conditions under which the 

current-voltage characteristics are obtained, we use Model-2 which suffers from 

no plasma flow effects. In the real situation, the satellite potential cannot be 

elevated without a relative motion between the satellite and  Bo. However, we 

artificially fix a high potential to the satellite in Model-2. 

  The physical parameters used in the computer experiments are the same as 

we used in the two-dimensional cases stated in the previous section. For ambient 

electrons, He/S2e = 2, and vie/VI, = 8. For ambient ions, H /fte = 0.2, S2i/S2e = 
0.01, and vtt/Vp = 0.8. Because of the limitation to the speed and memories 
of the computer, we reduced the size of the model box in the present computer 

experiments. The dimensions are 64 x 64 x 64 in the x, y, and z directions, 

respectively. The grid spacing is Or = AD. The time step is At = 0.1/52e which 
is much larger than that of the two-dimensional electromagnetic model, but still 
small enough for us to trace the plasma dynamics correctly. The number of 
the superparticles is 1,048,576 for each species of plasma particles at the initial 
state. The outgoing particles which have crossed the boundary planes are no 
more traced. To compensate the particles in the model box, the thermal plasma 
is injected from the y — z planes at x = 0 in Model-1. In Model-2, the thermal 
electrons are injected along Bo to compensate the electron depletion due to the 
electron collection by the satellite. We carried out the simulation run up to 
Stet = 327.

4.3.2 Ambient Plasma Response 

In terms of number density of the electrons and ions around the satellite, we 
investigate the plasma response to the satellite in the three-dimensional space. 
A series of contour map shows the time evolution of the electron and ion density 
variation in the vicinity of the satellite. To see the three-dimensional profile 
of the density, We cut three planes out of the model box; x — z, y — z, and 
x — y planes which correspond to Figure 4.13, Figure 4.14, and Figure 4.15, 
respectively. Each plane cuts the cross-section of the satellite. In each figure, 

panel (a), (b), and (c) correspond to the density profile at Slet = 6.4, 19.2, 
and 160, equivalent to Tpe, 3Tpe7 and 25Tpe where Tpe denotes one period of the 

electron plasma oscillation, respectively. 

  First, we examine the plasma dynamics in the x — z plane as shown in 

Figure 4.13. Bo is perpendicular to the plane and the plasma flow points along 

the x direction from the left to right side. Approximately within Tpe as shown in 

the panel(a), the electrons in the vicinity of the satellite are strongly attracted
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4.3 3D ELECTROSTATIC PARTICLE MODEL 

 (a)  Electron Ion
   28 

A 
e 0 

   -28 

(b) 28 

ra 
`< 0 

   -28 

(C) 28 

A ̂  0 

   -28

to/.1  1.4

0.7

0.0
 —28 0 28 —28 0 28 

    X/XDX/AD 

Figure 4.15: Contour maps of the number density for the background 

electrons and ions in the x — y plane at different times.

113



114 CHAPTER 4. PLASMA RESPONSE TO TETHERED SATELLITE

to the satellite and a dense sheath is created around it. Ions are expelled in 

the radial direction from the satellite as shown in the two-dimensional case. Ion 

density is high at the ion cavity boundary due to the snow-ploughing effects 

between the ions accelerated outward by the satellite and the ambient rest ions. 

The ion cavity is a little shifted to the right hand side because of the plasma 

flow effect. At  3Tpej the size of the electron sheath shrank owing to the electron 

collection of the satellite. At the outer region of the sheath, a ring distribution of 

dense electrons is observed. This structure is also found in the ion distribution. 

The ion cavity becomes large and the density at its boundary is kept dense as 

observed at Tpe. Electron ring distribution at the cavity boundary is formed 

in order to maintain the local charge neutrality. Between the sheath structure 

around the satellite and the ring distribution at the edge of the ion cavity, the 

electron density is lower than the one of the ambient plasma. In the steady 

state around 25Tpef the ion cavity has expanded and due to the plasma flow 

effect, a wake structure with a rarefactional region is created in the downstream 

region. In the upstream region, owing to the snow ploughing effects, the ion 

density becomes higher than the ambient plasma density. The profile of the 

electron density is similar to that of the ion density except for the vicinity of the 

satellite. Although the density is reduced, the electron sheath remains around 

the satellite. 

  Figure 4.14 shows the density profile in the y — z plane which includes B0 

along the y direction. In the initial stage, electrons and ions are attractive to and 

repulsive from the satellite, respectively as shown in the panel (a). Electrons 
are dilute along B0 because they are quickly collected by the high potential 
satellite. On the contrary, electron density is high across B0 because electrons 
are so strongly magnetized that they are hard to move across the magnetic field. 
As time elapses, the ion cavity continues to expand due to the repulsion to the 
satellite. A dense ion wall due to the snow-ploughing effects is created at the 
boundary of the cavity. At the ion wall, the electron density also becomes high 
to maintain the local charge neutrality. Along B0, the ion density is low because 
ions as well as electrons are mobile in this direction so that they are accelerated 
away from the satellite region. In the vicinity of the satellite, electrons are still 
concentrated in the direction perpendicular to Bo. In the steady state shown 
in the panel (c), the ion cavity has expanded and the ion wall structure at the 
cavity boundary has disappeared from the model region. It is noted that the ion 

cavity structure is asymmetry with respect to the magnetic field line penetrating 

the satellite along the y direction. The density profile distorted downward in the 

figure. The same profile can be seen in the electron structure. In the vicinity of 

the satellite, the electron sheath remains across Bo. 

  Figure 4.15 shows the density contour map in the x — y plane. The ambient
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Figure 4.16: Vector plots of current density at each grid point at the initial stage.

plasma flows along the x direction and B0 lies in the y direction. In the initial 
stage, the density profiles are almost the same as obtained in Figure 4.14. The 
electron density at the upstream side of the satellite is approximately twice as 
high as the average one because electrons are more supplied to the satellite due 
to the plasma flow. Along Bo, electrons are dilute due to the electron attraction 
to the satellite. The profile of the ion density is almost the same as obtained in 
Figure 4.14. At this stage, an ion cavity is created almost symmetrically with 
respect to the satellite position. As time elapses, as shown in both the electron 
and ion profiles, low density region expands along Bo which is caused by the 
electron collection to the satellite and the ion evacuation. Due to the plasma 
flow effects, the ion density is reduced in the downstream region at the steady 
state. To maintain the charge neutrality, electrons form a similar profile to ions' 
except for the vicinity of the satellite. As observed in Figure 4.14, the electron 
sheath remains thick in the direction across Bo.
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  In order to see the plasma dynamics responding to the high potential satel-

lite, we show the current flow profiles at the initial stage in Figure 4.16. The 

panel (a), (b), and (c) show the plots in the x — y, y — z, and x — z planes. 
Each plane includes the cross section of the satellite. Each arrow from each grid 

point corresponds to the current density vector. As seen in the panel (a) and 
(b), the current flow is dominant along the y direction. Owing to good mobility 
of electrons along B0, this current flow is mainly due to the electron acceleration 
toward the satellite by the intense electric field. Although not displayed, how-
ever, the current flow along B0 becomes weak as time elapses. As the ion cavity 
expands and the electron sheath is formed, the influence of the intense electric 
field from the satellite becomes weak on the ambient electrons which are located 
beyond the sheath. Eventually, the current collection of the satellite reaches to 
the steady state. In the panel (c), the rotational current around the satellite is 
dominant. As examined in the two-dimensional case, it is due to the electron 
E x B drift motion. Contrary to the field-aligned current shown in the panel (a) 
and (b), the cross-field current is strongly maintained even at the steady state 
because this current essentially represents the sheath dynamics themselves. The 

qualitative analysis of the current flow at the satellite will be performed in the 
next section.

4.3.3 Transient Current to High Potential Satellite 

As described in Section 4.2, the current collection of the satellite was quanti-
tatively examined by a two-dimensional space. In this section, with a three-
dimensional model, we will also analyze the process of the current collection. 

Qualitatively, the process of the current collection to the satellite should be the 
same no matter how the dimension of the model space differs. However, the 
absolute value of the current depends on the dimensions of the model region. In 

principal, the data obtained in the three-dimensional model are more realistic 
than those in the two-dimensional model. In this aspect, the current variation 
in the transient stage is estimated again in the three-dimensional model. 

  As well as the results in the two-dimensional computer experiments, we can 
observe the transient phase in the current collection of the high potential satel-
lite. To avoid the complexity of the plasma flow effects, we adopted Model-2 for 
the computer experiments,  which hires no relative motion between the ambient 
plasma and the satellite. 

  Figure 4.17 shows the time variation of the transient current collected by 
the satellite for the cases of 08/kBTT = 50,125, and 500. As observed in the 
previous section, the electron current is dominant, which implies that the current 
variation is almost equivalent to the variation of the electron collection of the
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Figure 4.17: Time evolution of the electron current flowing from the 

satellite due to the electron collection for the different satellite potential.

satellite. The current values in the figure are normalized to the ambient current 

to given by 

                        eno/2kBTe 
            Io = 474:70 70 =2

rme(4.27) 

As shown in Figure 4.17, the time scale for the initial rise of the current is 

approximately T,/4. The peak values of the transient current are approximately 
5, 100, and 400 times Io for e¢,/kBTT of 50, 125, and 500, respectively. 
  Here we estimate the peak value of the current. Since the maximum current 

is obtained due to rapid attraction of electrons to the satellite, the same for-

mulation of the current evaluation as used in the two-dimensional case can be 

basically applied to the present three-dimensional case. 

  Assuming that electron layer with a width of Ol around the satellite are all 

absorbed to the satellite within Tpe/4, the average current I at the satellite can 
be given by 

I _ 4~3no((Ol +ro)3—ro~• p-.(4.28) 
     lpe
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The unknown parameter in the above equation is  Ol, which is evaluated in the 
following way. 

  The maximum velocity of electrons vmax accelerated by the satellite potential 
q, is approximately given by using the energy conservation as follows. 

1 =(4.29) 

2 

                         2evmaxe

vmax = Jme2e'(4.30) 
                                 Assuming the velocity oscillates at the plasma frequency, i.e., v(t) = vmax sin(IIet), 

the electron velocity v averaged over Tpe/4 is given by

_4rTpe/42 vT
° vmax sin(Het)dt = vmax•

Then the width of the electron layer Ol is approximately estimated as

   Tvmax Ot=v4=II

Substitution of (4.32) in (4.28) yields 

          3 2 

  I1             =83°(He+3r0He+ 3r0I

(4.31)

(4.32)

(4.33)

  Figure 4.18 shows the plots of initial peak current versus the satellite poten-

tial energy. The current values are normalized to 10 which is defined in (4.27). 
The small circles and the solid line represent the results obtained in the com-

puter experiments and the theoretical estimate according to (4.33), respectively. 
For comparison, the dashed line indicated below the solid line represents the 

estimate derived by substitution of 0.5Ol in (4.33). Up to ecb,/kBTe ti 102, it 
is seen that the solid line approximates the current values represented by the 

small circles. However, the difference between the experimental and theoretical 

results increases as the satellite potential becomes large. The main reason for 

the difference is the collection rate of electrons within the layer of Ol of (4.32). 
In a realistic case, all the electrons within the layer of Ol cannot be collected to 

the satellite due to the repulsion to their own charges during the concentration 

toward the satellite. Consequently the collection rate of electrons at the satellite 

becomes low and the large gap arises between the results of the computer exper-

iments and the estimate of (4.33). With this point of view, we reduce the width 
of the electron layer of (4.32) by half as one example, and estimate the current
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     Figure 4.18: The maximum transient current as a function of the satellite 

    potential. The solid line represents the theoretical estimate. The dashed 
    line indicates the estimate for 0.5A/ for comparison. The current values 

    obtained by the computer experiments are plotted with the small circles. 

collection by (4.33). The corresponding dashed line can account for the current 
values at potential region higher than ecbe/kBTe obtained in computer experi-
ments. The gap in the current estimation can also comes from the assumption of 

constant electron density no. In the real situation, the sheath density increases 

as the satellite potential becomes large owing to the electron attraction to the 

satellite region. To obtain more accurate estimate of the peak current at higher 

potential range, we need to take into consideration of the density increase in 
the sheath as a function of the satellite potential. As stated earlier section, the 

electron density can be expressed as the Boltzmann distribution for the case 

where the potential energy of the satellite is comparable to the thermal energy. 

However, at the high potential case such as eq,/kBTe > 102, the estimate of the 
sheath density is difficult. The Boltzmann distribution can no more be descrip-

tive for the sheath density because the density values diverse in the vicinity of 

the satellite at such high potential. Since the searching for the sheath density as 

a function of the satellite potential is beyond the scope of the present study, we 

simply hired the constant sheath density in the evaluation of the peak current 

as stated above.
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  A minor reason for the difference between the experimental and theoretical 

results is due to the difference in the model of the satellite shape. In the theory 

stated above, the satellite is taken as a sphere while it is a cubic in the computer 

experiments. Then the derivation stated above needs some modification because 

the electric field distribution near the satellite differs in the cubic satellite case. 

  As well as the results of the two-dimensional case, the current intensity is 

exponentially reduced in time after the initial peak as shown in Figure 4.17. 

Around  WLHR ̂ d 6 which corresponds to one period of the lower-hybrid resonance 

oscillation, the current variation in time is hardly seen, which implies the system 

has reached to the steady state. In the next section, we examine the current-

voltage characteristics of the satellite in the steady state.

4.3.4 Current-Voltage Characteristics

In Section 4.2.4, we described the detail of the current-voltage characteristics 

of tethered satellite in two-dimensional model. Here, using a three-dimensional 

electrostatic model, we study the relation between the satellite potential and 

the current collection of the satellite in the steady state. As stated in the two-

dimensional case, the current collection of the satellite is basically determined 

by space charge effects in the vicinity of the satellite. However, as shown in the 

density variation, the space charge effect in the three-dimensional case quan-

titatively differs from that of the two-dimensional case. This may cause some 

modification in the current collection of the satellite in the three-dimensional 

case. 

  We performed five cases of computer experiments with different satellite po-

tentials up to e¢, /kBTe = 103. We adopted Model-2 where we include no effects 
of the plasma flow to avoid the complexity in evaluating the current collection. 

Since the steady-state current collection is of our interest, we follow the plasma 

dynamics long enough until the current reaches the steady state and shows lit-

tle variation in time in each simulation run. To quantitatively understand the 

current-voltage characteristics obtained in the computer experiments, we com-

pare the results with the existing theories on the maximum electron current 
attainable to a spherical probe. 

  The first theory to be compared is the well-known classical Langmuir theory 

for a spherical probe consisting of outer cathode and inner anode. The theory 

takes the space charge effects into account [Langmuir and Blodgett, 1924]. Re-
garding the outer edge of the ion cavity as the outer cathode, we can apply the 
theory to the high potential satellite case as done in the two-dimensional case. 

By equating the ratio of the cathode to the anode radii with that of the ion
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cavity and the satellite radii, the current-voltage relation is given by 

                 I_ 16eoir2eoa/2 
                     9me a2 

a = ln ()r — 0.3 [ln )] + 0.075  [ln (a)] 3 — 0.0143182 [ln (.

(4.34)
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  The theory by Linson [1969] is also adopted to be compared with the results 
obtained in the computer experiments. As stated in Section 4.2.4, we assume 

that the electron density in the ion cavity region is constant. The brief derivation 

of the characteristics is stated below. 

  As the electron mobility is very high along  Bo (i.e., along the y axis), we can 
assume the potential gradient along the y direction is zero. Moreover the po-

tential profile is symmetric in the azimuthal direction. Then Poisson's equation 

involves only the radial variable which is simply given by 

                                             (4.41)            rarareoe4.41

where q5 and ne are the potential and the constant electron density in the ion 

cavity, respectively. (4.41) is easily integrated with respect to r under such 
boundary condition that the potential and the electric field at the edge of the 
cavity are equal to zero. The relation between the satellite potential 4, and the 
ratio rie/r° is then obtained to give 

          e2771B° ((r)2                  roin (i.)2 o— 1) + 1) (4.42) 
where qe = IIe/Sg in the ion cavity. The maximum current I attainable to the 
satellite along Bo is expressed as 

                I = r tirjo • 2(4.43)

The current ratio is then given by 

              I° 2 (!)ro2.(4.44) 
Substitution of the ratio (rtc/ro)2 into (4.42) gives the current-voltage relation. 

— 

          e2
mB° [(v) CCoI- 1)+ 11(4.45) 

where qc = Mgt! in the ion cavity reion. 
  As done in the two-dimensional cases, we estimate qc with results of the 

computer experiments on the electron number density in the ion cavity. Fig-

ure 4.19 shows a series of contour maps of electron and ion number density for 

eq5,/kBTe = 50, 125, and 200 in the x — z plain which includes Bo along the x 
direction, respectively. It is seen that ion cavity around the satellite expands as 

the satellite potential increases. Electrons are attracted to the satellite and a
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Figure 4.19: Contour maps of the number densities for the background 
electrons and ions in Model-2. The ratio of the satellite potential energy 

 ecbl  kBTe are (a) 50, (b) 125, and (c) 200.

donut-like structure of electron sheath is clearly observed while the sheath is thin 

along Bo. To obtain the values of qc, we make use of density values of electrons 

averaged over the length from the satellite surface to the edge of the ion cavity 

in the direction transverse to Bo. In the close vicinity of the satellite, electrons 

are highly condensed around the satellite and the number density is beyond the 

average one. The high density region is, however, not so thick enough to reach 

the edge of the ion cavity. Consequently, up to eq,/kBTT — 100, the average 
density in the ion cavity is approximately the same as the unperturbed electron 

density, which gives qc 4. 

  We compare the current values obtained by the computer experiments with 

those estimated by the theories stated above. Figure 4.20 shows the current-

_voltage characteristics. Small squares represent the current values obtained in 

the computer experiments. The dotted curves (1) and (2) indicate the current 
voltage relation of the Langmuir theory obtained from (4.38) and the single par-
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Figure 4.20: Current-voltage characteristics of the satellite. The dotted 
curves (1) and (2) correspond to the Langmuir theory and the single par-
ticle theory, respectively. The small squares indicate the average current 
in the steady state obtained by the computer experiments using Model-2. 
The cross marks correspond to the constant density theory assisted by 
the number density obtained by computer experiments.

tide theory from (4.40), respectively. In addition, the current estimate from the 
constant density theory assisted by the result of the present computer experi-
ments on the electron number density in the ion cavity is plotted as cross marks 
in the figure. 

  As the satellite potential becomes large, the current values obtained by the 
computer experiments is monotonously increased. Contrary to the characteris-
tics obtained in the two-dimensional model, the steady-state currents obtained 
in the experiments are below the current estimate by the single particle theory 
for all the cases up to ecb8/kBTe = 250. The Langmuir theory which provides the 
upper bound of the current flowing from the satellite in no Bo case shows much 

larger current values than those observed in the computer experiments. From 

the quantitative point of view, the single particle theory shows a good estimate of 

the current values obtained in the experiments. Around up to e¢,/kBTe ti 102,
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the current estimate by the constant density model, which is slightly larger than 

the current by the single particle theory, also well predicts the maximum current 

values attainable to the satellite. It should be noted that the current charac-

teristics obtained in the computer experiments tend to be saturating for the 

region of  eq,/kBTe > 102 as shown in Figure 4.20. In the present computer 
experiments, the current collection in the cases where e¢,/kBTe > 102 can be 
influenced by the bound-ary conditions of the model region. To compensate the 
absorbed electrons by the satellite, we inject thermal electron flux along B0 at 
the boundaries as we did in the two-dimensional case. When the ion cavity 
expands to a size as large as the model region, however, erroneous reduction in 
the current collection of the satellite can occur because thermal electrons cannot 
be supplied enough into the ion cavity. In a case of such a large ion cavity, the 
electron distribution in the vicinity of the boundary are affected by the satellite 

potential and eventually the electron collection to the satellite is limited to the 
thermal flux at the boundary. One way to avoid the situation stated above is 
use a larger model region. However, because of the limited memory on the com-
puter hard ware, it is difficult to enlarge the model region as much as we need. 
To solve this technical problem, we need to control the injection of the electron 
flux at the boundary by monitoring the variation of the plasma number density. 
For a case of large ion cavity, we need to inject electron flux more than that of 
thermal electrons. Then the current reduction due to the boundary effects will 
be avoided and the current values will be increased more than that obtained 
in the present computer experiments for e,lkBTe > 102. We will leave this 
modification of the electron injection as a future work.

4.3.5 Conclusion

In the present section, we have examined the plasma response to the high po-
tential tethered satellite in the three-dimensional space. For the analyses, we 

performed computer experiments using a newly developed three-dimensional 
electrostatic particle code. As done in the two-dimensional model, one body 
representing a satellite is introduced in the model region filled with a magne-
tized plasma. The satellite potential is abruptly elevated up to a fixed high 

potential at the initial stage. First, we examined the transient response of the 
plasma to the high potential satellite in terms of density and current variation. 
With a qualitative point of view, the plasma responses observed in the three-
dimensional space are the same as those in the two-dimensional space. Electrons 
and ions near the satellite are attracted and excluded by the intense electric force 
from the satellite. In the present model, the directional dependence of the elec-
tron sheath is clearly seen. Along B0, the charged particles are highly mobile
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that ions are mostly evacuated in this direction. Electrons, which has large ther-

mal velocity compared to ions', form a low density region along B0 to maintain 

the local charge neutrality. In the direction perpendicular to B0, however, the 

density profile obtained by the three-dimensional computer experiments shows 

a donut-like electron sheath created around the satellite. This is due to the 

strong magnetizing of  electrons. The profile of the current flow shows that the 

field-aligned current is primarily dominant as observed in the two-dimensional 

computer experiments. Associated with the sheath, cross-field current due to 

the sheath drift motion with E x B drift is intense around the high potential 

satellite. As for the current collection of the satellite, an intense transient cur-

rent is collected as a response to the abrupt change of the satellite potential. As 

done in Section 4.2.5, the initial peak of the current is theoretically estimated 

by a simple model. In the steady state, the current-voltage characteristics of 

the satellite are examined by performing computer experiments with different 

satellite potentials and comparing them to some of the classical theories. In 

the three-dimensional case, because of the unexpected boundary effects due to 

the expansion of the ion cavity region, we obtained the current-voltage char-

acteristics up to e ,/kBTe ^- 102. the current flowing out from the satellite 
can be roughly approximated by the single particle theory derived by Parker 

and Murphy, [1967]. For the higher potential, the current can be increased and 
the constant density model be a good estimate of the maximum current at the 

satellite as examined in the two-dimensional cases, which is left as a future work.



Chapter 5

Field Response to 

 Electrodynamic Tethered 

Satellite System

5.1 Introduction

As a result of the interaction with the space plasma, a space vehicle disturbs 

the electrostatic and electromagnetic fields in its vicinity. The source of its 

perturbation can be such as potential difference between the vehicle and space 

plasma and the field-aligned/cross-field current induced near the vehicle. When 
the space vehicle moves faster than the characteristic velocity in the plasma 

media, Cherenkov type wave is radiated from the vehicle. In this respect, space 

vehicle can be called as a plasma wave radiator. The TSS is none of its exception. 

Taking an advantage of its unique configuration of the system such as a long 

conductive tether wire, it can be either used passively, for receiving radio waves 

from other sources, or actively, as a transmitting antenna. Up to the previous 

chapters, we have mostly focused on the electrostatic response of the ambient 

plasma to the TSS in terms of plasma density, current, and potential variations. 
In this chapter, we regard the TSS as a wave radiator and examine its feature 

by performing computer experiments. 

  Since 1960's, theoretical works on the plasma wave radiation from a moving 

vehicle in a magnetized plasma have been intensively studied. The first work 

concerning this was done by Drell el al. [1966]. Owing to the charge separa-
tion in a space vehicle caused by the V x B effects, the vehicle can draw a 

current from the ambient plasma, which causes perturbation along the static 

magnetic field Bo. The perturbation is believed to be Alfven mode wave. Since 

the vehicle moves across Bo, the perturbation is left behind the vehicle, which

127
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forms like wing-like profile named  'Alfven Wings'. By assuming various kinds 

of current source in a magnetized plasma, many scientists [e.g. Barnett and 
Olbert, 1986; Estes, 1988; Hastings et al.,1987; Rasmussen et al., 1985, 1990]. 
have intensively investigated the linear dispersion relation for Alfven wings with 

fluid approximation. In the laboratory experiment, field perturbation caused by 

a moving current source has been studied by Stenzel and Urrutia, [1989, 1990]. 
They showed the current profile and whistler mode propagation along B0 named 
'whistler wings' . 

  In electrodynamic tether system, there are several candidates for possible 

energy sources of wave excitation. First of all, as described in Chapter 3, the 

beam-plasma interaction due to electron emission at the orbiter can be responsi-

ble for the wave excitation such as LHR mode and whistler mode waves. As also 

stated in Chapter 3, the tether ends, which have direct contact to the ambient 

plasma, can cause field perturbation in their vicinity. Electrostatic perturbation 
with the electron plasma, upper hybrid, and lower hybrid frequencies are driven 

by the potential difference between the tether ends and its surrounding plasma. 

In terms of electromagnetic, Alfven wave can be excited and radiated from the 

tether ends as first proposed by Drell et al. [1966]. The third candidate for 
wave source is the current flow in the tether wire. Owing to the electromotive 

force generated by the cross-field motion of the TSS, a current closure is created 

through the TSS and the ambient plasma. As the current-voltage character-

istics show, the satellite, whose potential energy eqs/kBTe can become several 
thousand, can collect electron current of about 10 times as much as the average 

current of the ambient plasma. Assuming that the emissivity of electron beam 

is high enough and the return current is little collected by the orbiter, the total 

impedance in the current closure can be negligible except for that between the 

satellite and the ambient plasma. Then the tether current equivalent to the 

electron current at the satellite can stimulate the electromagnetic environment 

near the tether wire and cause plasma wave radiation. In the TSS-1, the tether 

current is capable of being modulated from 0.1Hz to 30kH, which makes the 

tether an effective transmitter of wave in this frequency range. 

  The problems concerning the beam-plasma interaction have been intensively 

studied by many scientists by theories, observation data, and numerical anal-

ysis. With the tethered satellite model, field perturbation associated with the 
electron beam emitted from the orbiter has already been investigated in Chapter 

3. In this chapter, therefore, we will focus on the remaining problems such as 

the field modulation by the tether current and the tether ends. In Section 5.2, 

field perturbation induced by the tether current is examined by the one- and 

two-dimensional computer experiments. Since our interest is transient response 

of the electromagnetic environment, we adopt time varying tether current as a



5.2 WAVE RADIATION BY TETHER CURRENT 129

wave sourcer. In Section 5.3, we will describe the analysis concerning the field 

perturbation associated with the plasma interaction between the high potential 
satellite and its surrounding plasma. Possible interactions such as plasma insta-

bility arising near the satellite region are intensively investigated via computer 

experiments.

5.2 Wave Radiation by 

rent

Transient Tether Cur-

5.2.1 Two-Dimensional Model 

Basic concept of the interaction between the current flow in the tether wire and 
a magnetized plasma is illustrated in Figure 5.1 in the plasma rest frame of 
reference. Each stationary magnetic field line encounters a moving cross-field 
tether current at frequency of  wc,.3 = 27rV6/dt where Vb and d= denote the TSS 
velocity and the diameter of the tether cross section, respectively [Wang and 
Hastings, 1992]. The tether current can be modulated with arbitrary frequency 
Wm. In such a situation, waves at either co„, or cam are naturally radiated. If 

they match the wave modes existing in the ambient plasma, they will be able 

to propagate away from the TSS. At the low Earth orbit, typical intensity of

 Current

Tether

Figure 5.1: Basic concept of interaction of tether current with the ambient plasma.

the magnetic field  'Bo  I is about 3.3 x 10-5T. The ion and electron densities are
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almost the same and  n, = ne = 2 x 105cm-3, respectively. In this situation, 

S2e = 9 X 106s-1, WLHR = 3 x 104s-1 and S2; = 2 x 102s-1. Taking into account 

that di is 2.4 mm and Vb is 7.3 km/s in the real TSS model, wc,., is 1.9 x 107s-1 
which is slightly higher than S2e. Since the plasma parameters stated above 

depends on the altitude of the flight, whistler mode can be enhanced by the 

moving tether current when WC,., becomes less than S2e. In the TSS-1 mission, 

the tether current is artificially modulated with the frequency Wm from 0.1Hz 

to 30kHz. In terms of angular frequency, those are approximately 0.68-1 and 
1.8 x 105s-1 corresponding to the frequency range of Alfven and whistler mode 

waves, respectively. 

  In the computer experiments, we adopt the vehicle frame of reference, which 

implies that we,., is zero. Then the frequency of our interest is wm in the present 

case. As obviously predicted, at the steady state, field will be kept perturbed 

at a frequency of the current modulation in the tether. Our concern here is 

rather the initial field response to the abrupt change of the TSS potential. The 

drastic change of the tether current in the initial phase can mainly determine 
the characteristics of the field perturbation near the TSS. To study the field
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Time evolution of the satellite current in the transient stage . 

we pay our attention to the case of the electron emission from
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the orbiter. As discussed in Chapter 4, a current  loop is created through the TSS 

and the ambient plasma and the current in the loop is controlled by the electron 

dynamics such as the acceleration along Bo and the electrons collection and 

emission at the tether ends. Assuming that the main impedance in the current 

loop is due to the electron collection of the satellite, the current in the loop 

is almost equivalent to the satellite current. Therefore, as the tether current, 

we adopt the data of the satellite current which is obtained previously in the 

computer experiments in Chapter 4. In the present computer experiments, we 

utilize the data of the satellite current in the case of eci),/kBTe = 103. The 
time variation of the tether current is plotted in Figure 5.2. Since we imposed 

a high potential on the tethered satellite at t = 0, the current collected by the 

satellite shows drastic increase in time at the transient stage. The current value 

is maximized approximately within one period of the electron plasma oscillation. 

The maximum current value can be several hundred times as large as the thermal 

current to the satellite at e¢,/kBTe > 103. This initial peak current will be able 
to excite plasma wave, which will be shown in the next section. 

  Figure 5.3 shows a schematic illustration of the model region for the computer 

experiments in two-dimensional space. The dimensions of the model plane are 

1024AD x 512AD. To avoid the boundary effects on the field propagation, we put 

the current source at the center of the model plane, i.e., x/AD = 512, y/AD = 
256, where we flow the current along the z direction according to the time 

variation of the current shown in Figure 5.2. To avoid unexpected reflection of 

outgoing waves at the boundaries of the model region, the field quantities are 

attenuated in damping regions whose size is 64AD from each boundary. The 

static magnetic field Bo lies along the x direction. The physical parameters in 

the computer experiments are basically the same as those used in the previous 

chapters. The grid spacing and the time step are taken as Ar = AD and At = 

0.014/Ile7 respectively. We performed the computer experiments up to the time 
where a wave packet generated by the current source reaches to the boundary 

of the model plane. In the following, we describe the results of the computer 

experiments. 

  First we examine the spatial distribution of the field intensity in the model 

plane. Figure 5.4 displays a series of contour map of the field distribution of 
B, component. Since Bo lies along the x direction, B,, component is one of 

the electromagnetic component. The field intensity is plotted as energy and is 

normalized to B. As clearly seen, a packet of intense electromagnetic field is 

induced from the current source at (x/AD, y/AD) = (512, 256). The most part 
of the wave packet propagates away in the x direction, i.e., along Bo, as time 

elapses. Taking account of the current variation shown in Figure 5.2, the wave 

packet is induced by the initial maximum current which has its peak at the time
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Outgoing Field

Figure 5.3: Schematic illustration of the model region for the computer experiment.

around  Tpe/4. Later, we will discuss the relation between the current variation 
and the characteristics of the induced wave packet. 

  Next, to obtain the propagation velocity of the wave packet, we examine the 

time evolution of the wave form of B,z along the x direction. In Figure 5.5, we 

show the wave forms of each time step by superimposing along the vertical axis. 

The field intensity is measured at y = 256AD. The current source is located at 

the left edge of the figure, i.e., at x/AD = 512. As examined in Figure 5.4, it is 
shown that a wave packet propagates away from the current source. By tracing 

the peak position of the packet, we can estimate the propagation speed of the 

wave packet. According to Figure 5.5, the ratio of the propagation velocity to 

the speed of light V,,,/c„ is approximately 0.1. 
  To obtain the characteristics of the wave packet, we next analyzed the po-
larization of the wave field. Figure 5.6 depicts a hodogram of the magnetic field 
components in the y — z plane at a fixed time Stet = 10.75. In the figure, field 
amplitudes at each grid point along the x axis at y/AD = 256 are plotted. The 
amplitude of the magnetic field is normalized to IN. Since the electromagnetic 
wave packet propagates along the x direction, the hodogram should show the 

polarization of the wave packet. As examined in the contour map of the field
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Figure 5.5: Spatial profiles of the  Bz field and its time evolutions.

intensity, Bz is enhanced from x/AD ti 550 to 700 at f2et = 10.75. In Fig-
ure 5.6, the field intensity is also amplified in this region owing to the presence 

of the wave packet. The wave form indicates left-hand circularly polarization 

with respect to the x direction at the fixed time. This implies, at the fixed 

position, right-hand circularly polarization with respect to time. Judging from 
the above analysis, it can be concluded that the wave packet propagating along 

Bo is whistler mode wave. 

  To examine the detail of the whistler wave packet, we review whistler mode 

by using the dispersion relation with cold plasma approximation. The dispersion 

relation is given as 

     (51-12(5.1) 
He  = 1 +

w(1-2, cos 0 —co)v 

where cv, V,,,,, and 0 denote the speed of light, the velocity of the wave packet, 

and the angle between Bo and k vector of the wave, respectively. Since we know
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the propagation velocity of the wave, we can estimate its frequency with the 

help of (5.1). According to the experimental results shown in Figure 5.5, Vu,/c„ 
is approximately estimated as 0.1. Since Vu, is measured along the line parallel 

to B0, we can substitute zero for B in (5.1). Taking account of IIe/SZe = 2 used in 
the computer experiment, (5.1) yields w/SZe = 0.21. Assuming infinite refractive 
index, the resonance angle of the whistler mode is estimated. In the present case, 

BrY. 78°. From Figure 5.4, it is seen that the wave packet propagates within this 

resonance angle.

5.2.2 One-Dimensional Model 

In the previous computer experiment, we utilized the data of the satellite current 
as the tether current which is obtained in the case that the satellite potential 
is abruptly elevated up to eq5,/kBTe = 103. In terms of wave enhancement, 
the tether current in the transient stage around ti Tpe plays an important role 

because it drastically varies from the thermal fluctuation level to a maximum 

peak level which is relevant to several hundred times as large as the ambient 
current. Then the results show that a whistler wave packet at frequency N 0.2SZe
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is induced and propagates along  Bo. 

  First, let us discuss qualitatively the relation between the time variation of 
the tether current and the induced wave mode. Since we take a vehicle frame of 
reference, we just focus on the effect of tether current variation on the character-
istics of induced wave in the present case. The effect due to cross-field motion of 
the tether wire will be discussed from a plasma rest frame of reference later. In 

general, time variation of current can cause electroinagenetic field perturbation. 
The way of current oscillation determines the characteristics of enhanced field 
such as frequency and amplitude. In the previous computer experiments, the 
tether current model can be chosen rather arbitrarily. Intensity and frequency 
Wm of the current flow in tether are variable and controllable by changing the 
impedance of the TSS and the way of the electron beam emission from the 
orbiter. In this aspect, the current model used in the previous computer exper-
iment seems to be too specific. As far as the initial field response is concerned, 
however, it is clarified that the frequency of the perturbed field depends on the 
time variation of initial maximum current. According to the results and discus-
sion in the previous chapter, the initial variation of the satellite current depends 
on both the satellite potential and the local density of electron sheath at the 
satellite region. As easily predicted, a large potential change of the satellite in 
the transient stage leads to a large satellite current and eventually causes the 
amplification of induced wave field. Simultaneously, the increase of the satellite 
potential gives rise to concentration of electrons in the vicinity of the satellite. 
When the sheath density around the satellite becomes high, the time for the 
satellite current to reach its peak becomes short because T€ becomes small. In 
this situation, it can be expected that the frequency of the induced wave packet 
is shifted to high frequency. However, taking account of that the time period 
of the initial maximum current is approximately within a quarter of Tpe in any 
cases, the frequency of the transient field perturbation falls into the whistler 
range in the present parameters of the computer experiments. In this sense, 
the characteristics of field perturbation due to the transient tether current are 
determined by the satellite potential variation. 

  In the steady state, cvm may become effective in field perturbation. Consid-
ering a situation that we select Wm in the whistler range, we will examine the 
detail of the relation between current variation and field perturbation. For this 

purpose we perform one-dimensional computer experiments. We also study the 
propagation of induced wave packet with respect to the direction of Bo. The 
model for the computer experiments is illustrated in Figure 5.7. The system 
length is 2048AD along Bo. The outgoing waves from the model region are 
attenuated in damping regions 0 N 256AD and 1792AD ti 2048AD. We fix a 
location of a sheet current source Jz at 256AD. Instead of applying the satellite
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Figure 5.7: Schematic illustration of the 

one-dimensional computer experiment.

model region for the

current observed in the computer experiment, we provide a current which varies 

in sinusoidal way in time to  J. To see the propagation of induced wave packet 

clearly, we oscillate the current for one period only. The physical parameters 

are the same as those used in the two-dimensional experiments. 

  First, we focus on a case of parallel propagation, i.e., k II Bo. The frequency 
of the current oscillation Wm is 0.5SZe which is within the whistler range. Fig-
ure 5.8 displays the time evolution of one of the electromagnetic field component 
By along the system. The wave form at each time step is normalized to the mag-
nitude of B0 and superimposed along the vertical direction up to SZet = 122.88. 
The Jz current source is located at the left edge of the figure. As clearly seen, a 
wave packet is induced at the current source and is propagating away. Since the 
horizontal and vertical axes respectively represent space and time in the figure, 
their ratio provides the propagation speed of the wave packet. For comparison, 
the propagation of the light mode is drawn with a solid line in the figure. It 
is seen that the packet propagation shown by a series of ripple has much slow 
velocity compared with c1,. The ratio of the velocity of the induced wave V„, to 
c„ is approximately 0.2. We also analyzed the polarization of the wave packet.
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Figure 5.8: Spatial profiles of the By field and its time evolutions.

Figure 5.9 depicts a hodogram of the magnetic field components in the y — z 

plane which are perpendicular to k vector at a fixed position x/AD = 1024. The 
amplitude of the magnetic field is normalized to IBol. Up to the time before 
the wave front reaches to the observation point, the field intensity is in order 

of fluctuation level. When the wave front encounters the observation point, 

the amplitude is drastically enlarged and the hodogram shows the right-handed 

circularly polarization. As well as the results of the two-dimensional computer 

experiments, this implies that the wave packet propagating along B0 is a whistler 

mode wave. As time elapses, the wave packet has passed the observation point 

and the amplitude decreases in time. We obtain w — k diagram in Figure 5.10 

by Fourier transforming By data with respect to time and space. Dispersion 

line of whistler mode for cold plasma is superimposed in the figure. The simu-

lation results show a good agreement with the line of whistler mode. Since one 

wave packet, not a continuous sinusoidal function, is Fourier transformed over 

the whole duration time of the simulation run, the spectra obtained in the w 

domain spread down to w N 0 along the whistler dispersion curve. 

  As described above, it is confirmed that the generation and propagation of 

whistler wave packet is artificially reproduced by current oscillation for one pe-
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riod which represents the initial current variation observed in the tether current. 

To see the details of the whistler wave propagation with respect to the angle 9 

between k vector and B0, we examine the oblique propagation of the whistler 

mode with the same model of the computer experiments as used in the previ-

ous experiments. Figure 5.11 shows the time evolution of the By field form for 

each case in the same manner as in Figure 5.8. Figure 5.11-(a), (b), (c), and 
(d) correspond to the case of 9 = 0°, 30°, 60°, and 90°, respectively. According 
to Figure 5.11, the propagation speed of the wave packet V, decreases as 9 

becomes large and approaches to a right angle. As shown in the panel (d), even-
tually the wave propagation cannot be observed in the direction perpendicular 

to Bo. As 0 approaches to a right angle, in general, the resonance frequency of 

the whistler mode decreases and the mode cannot exist at 0 = 90°. This im-

plies the reduction of the velocity of the whistler mode for oblique propagation. 
The results shown in the Figure 5.11 are consistent to the characteristics of the 

whistler mode stated above and can assist the fact the wave packet observed 

in the two-dimensional model mainly propagates along B0 within the resonance 

angle.
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Figure 5.10: The w — k diagram of the By component.

  To examine the characteristics of wave packet induced by a current source 

which oscillates at higher frequency than Slej we performed another set of one-

dimensional computer experiments. We focused on the parallel case, i.e., k I) Bo. 
For the frequencies of the current oscillation, we choose 1.5S1, and 3.0S2e. The 

other parameters used in the computer experiments are the same as those used 

in the previous one-dimensional computer experiments. Figure 5.12 shows the 

time evolution of the By field form for the cases of 1.5S2e and 3.0Q, in the same 

manner as in Figure 5.11. We plotted the wave form up to Slet '' 30. The solid 

line represents the propagation of the light wave. The characteristics of the wave 

propagation are basically the same as those observed in the case of the tether 
current at frequency of 0.5S1e; a wave packet is induced at the current source 

and propagates along B0 in the x direction. However, the whistler propagation 

is no more evident because the frequency of the current oscillation is beyond Sle. 
The difference between the panel (a) and (b) is found in the amplitude of the
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wave packet. Although not clearly shown, the wave form in the panel (a) shows 
two modes propagation; one is the slower propagating mode which travels up 

to x/A  N 250 at Stet = 30 and the other is the faster propagating mode which 
approaches to the light mode. In the panel (b), however, the propagation of 
the faster propagating mode becomes evident. In the present situation of the 

parallel propagation, the frequency range from Ste to the lower cutoff frequency 

WL = f e/2+ Aille2 + (Ste/4) corresponds to so called stop-band where no plasma 
mode can support the radiated waves. Since wL ti 2.5Ste in the present case, 

one of the frequencies used in the present computer experiments, 1.59e, is in the 

stop band. In such a situation, the radiated field is forced to be converted to the 

whistler mode and the high frequency light mode which is left-hand polarized. 

In this aspect, the slower and faster modes observed in the panel (a) and (b) 
of Figure 5.12 correspond to the whistler and light modes, respectively. When 

cvm = 3.0Ste, the light mode can support the radiated field, which is clearly 

observed in the panel (b). 
  It is now confirmed that the wave mode which is radiated from the tether 

current is determined by its time variation. Namely, the ratio of how much 

energy out of the total emitted by the tether current can be transferred to the 

whistler mode depends on the current variation in time. As discussed above, 

current oscillation at a higher frequency than Ste can induce the light mode wave 

rather than the whistler wave.

5.2.3 Discussion and Conclusion

In the previous sections we have shown the plasma wave excitation and prop-

agation due to time variation of the tether current by performing one- and 

two-dimensional computer experiments. In the computer experiments, we took 

a vehicle frame of reference. Namely, the time variation of the enhanced field is 

only associated with the current modulation at frequency Wm. The results ob-

tained in the computer experiments show that a wave packet of whistler mode is 

excited and propagates away from the current source along Bo. To the oblique 

direction with respect to B0, the radiated waves tend to be damped and no 

propagation is seen to the direction perpendicular to Bo. 
  In the present model, we considered no effect of the plasma flow on the 

propagation of the whistler wave packet. According to the parameters used in 
Chapter 3, the ratio of the propagation velocity of the whistler mode to the TSS 

moving velocity is approximately 40. This implies that the angle of the whistler 

propagation measured from B0 is 1.43 degrees which is negligibly small enough. 
Namely, the wave packet can propagate almost along B0 even in the presence of 

the relative motion between the TSS and the ambient plasma.
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  Although not considered in the present computer experiments, initial tether 

current should be treated as a traveling current pulse along the tether. Since we 

flow the tether current perpendicular to the model region, no spatial variation of 

the tether current is taken into consideration. Namely, an infinite wave length is 

assumed along the tether wire. According to the results obtained in the previous 

computer experiments, the initial current pulse due to the abrupt change of 

satellite potential has a time period approximately corresponding to the electron 

plasma oscillation. This period is equivalent to around 4 MHz in terms of 
frequency according to the parameters in the ionospheric plasma. If we assume 

that the traveling speed of the current pulse in the tether is  c„ for simplicity, 

the wave length of the current pulse can be estimated as approximately 75m. In 

actual tether system, this is much less than the tether length, which has to be 

taken into consideration for the tether current. 

  To estimate the radiation due to this current pulse, we need to include the 

spatial variation of the current intensity along the tether as well as the time 

variation. Assuming that the current pulse is composed of a half period of 

sinusoidal function with frequency of He and it travels at c„ in the tether wire, 

the current pulse is expressed as a function of space z and time t as follows. 

 .1(z, t) = jznax exp (j(II(U(Het t — koz)) — koz) — u(IIet — koz — 2)) (5.2) 
where jZ1i62, ko and u are the maximum amplitude of the tether current density, 
the wavenumber equivalent to IIe/C„ and the Heaviside function with which we 
can cut a half period out of the sinusoidal function. 

  The main reason that we included no spatial variation of the current flow 

along the tether is that the width of the current pulse becomes much longer 

than the tether length according to the parameters used in the present computer 

experiments. To estimate the intensity of radiation field in realistic situation of 

the TSS, basically we need to solve the wave equation including an external 

current source such as (5.2). The radiated wave electric field E at a frequency 
of w (with the term exp (jwt)) satisfies the following wave equation.

O x O x E— ko[,c]E =—jwµoJ, (5.3)

where J„ ko and po are the external current source, the wavenumber and the 

magnetic permeability in free space, respectively, and the tensor [k] is the so-
called plasma dielectric tensor. 

  Stimulated by the pioneering work by Drell et al. [1965], many scientists have 
worked on the problems of the wave radiation from a moving current source by 

solving (5.3) [Rasmussen et al., 1985,; Barnett and Olbert, 1986,; Estes, 1988,; 
Hastings et al., 1988,; Stein and Neubauer, 1992]. As a current source J„
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various kinds of model have been proposed so far such as a cylindrical shape 
and a dumbbell shape. The major difficulty arises in performing the inverse 
Fourier transformation of the wave equation linearized in  w — k space. For a 
complex model of current configuration, it will be difficult to analytically solve 
the equation correctly. 

  To obtain the field intensities at an arbitrary position, a numerical technique, 
so called full wave method, is a powerful tool [Yagitani et al., 1993]. The wave 
radiated from a current source is divided into a large number of elementary plane 

waves, for each of which the propagation in the media such as homogeneous 

plasma or horizontally stratified model consisting of the ionosphere, the free 
space and the ground is calculated by the full wave technique. Then the plane 

waves are summed up to give a horizontal distribution of the radiated wave 

intensities at any altitudes. This method is particularly useful to estimate the 

field intensities on the ground. Since we model the tether current as in (5.2), we 
can investigate the propagation characteristics of the wave radiation with the 

full wave method, which is left as a future work. 

  When we move to the plasma rest frame of reference, we need to take account 

of co„, which corresponds to the cross-field motion of the tether as well as Wm. 

As stated earlier, the waves naturally radiated from a tether are at either wc,., 

or Wm. Meanwhile the ambient plasma naturally supports the waves at w < Q 

and wLHR < w < cle [Bernett and Olbert, 1986]. Therefore, the characteristics 
of the wave radiation from the tether can be determined by the matching of the 

two groups of the frequency stated above [Wang and Hastings, 1991]. In the 
transient period when the tether current varies drastically at frequency of corn, 

a wave packet of whistler mode is induced and propagates along Bo. However, 

after the transient period, no intense waves is excited from the moving current 

source because the tether current approaches to the steady state. In the steady 

state, field perturbation at frequency of co„, owing to the cross-field motion of 

the vehicle will become dominant. 

  Regarding the tethered satellite which has a diameter around . lm, weT9 

is estimated as 8 x 103s-1, which is close to WLHR and in the whistler range. 

When the space vehicle becomes larger, cocr, decreases and eventually it falls 

into the Alfven mode range. This is called 'Alfven wings' which has been in-

tensively studied by many scientists theoretically and analytically. As explained 

in Chapter 2, it is difficult to perform computer experiment in a plasma rest 

frame of reference because the capacity matrix for equipotential solution of a 

space vehicle has to be calculated at each time step in the model plane. How-

ever, co„, can be estimated with the field profiles obtained at the steady state 

in the vehicle frame. In the plasma rest frame, the steady field profile attached 

to the vehicle seems to be moving with the vehicle speed Vb. Then, Doppler
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shifted frequency  wc,., = wb — k • Vb can be observed where wc,., and wb denote 

the frequency observed in the frame of the vehicle and the ambient plasma, re-

spectively. Since wb is almost zero at the steady state, w,, N 1k • Vb'. In the 
presence of vehicle, dominant k is 2r/db where dt denotes the diameter of the 
vehicle. Then wc,., ti 2iVb/db is obtained.

5.3 Plasma Instability Near High Potential 

ered Satellite

Teth-

5.3.1 Introduction

In this section we investigate the field perturbation associated with the abrupt 

change of the satellite potential. Primarily the ambient plasma distribution 

and dynamics are modulated due to the electrodynamic interaction with space 

vehicle. In the case of the TSS, as described in the chapter 4, the ambient 

plasma is non-uniformly distributed near the satellite as observed in the for-
mation of electron sheath and ion cavity. In terms of dynamics, the electron 

field-aligned current and the E x B drift motion around the satellite are in-

duced by the intense electric field from the satellite. It should be noted that the 

plasma distribution and dynamics stated above are not steady but vary in time 
as a result of the transient responses to the potential change of the satellite. 

Associated with the variation of plasma response, it is speculated that the elec-

trostatic/electromagnetic fields in the vicinity of the tether ends can be greatly 
perturbed. In this section, we will focus on the field variation near the high 

potential satellite via computer experiments. 
  For the last decade, field environment in the vicinity of a space vehicle, par-

ticularly Space Shuttle, has been intensively studied via onboard observation, 

active experiment, and theory. In the ionospheric plasma, floating potential of 

a space vehicle becomes negative with respect to the space potential because of 

larger thermal velocity of electron than that of ion. Due to the negative poten-

tial, ion population becomes large near the vehicle. Therefore, wave generation 

associated with ion interaction is expected to be dominant. It has been reported 

that various kinds of wave were observed by the detectors of the shuttle. In par-

ticular, broadband VLF electrostatic waves are often detected. Hanson and 

Cragin [1981] and Papadopoulos [1984] suggested that they are lower hybrid 
waves generated by the modified two-stream instability between the ambient 

oxygen ions and ions reflected from the vehicle surface. According to Cairns 

and Gurrett [1991 a, b], those broadband waves are due to the interaction be-
tween the ambient plasma and pickup water ions which are outgassed from the
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shuttle  tiles and ionized near the surface. 

  In the case of high potential satellite, contrary to the situation near the 

shuttle, electrons may play important roles for wave excitation near the satellite 

because the electron population becomes large as shown in the formation of 

electron sheath. To examine the field variation in such a situation, electron 

kinetic effect should be taken into account. Moreover, considering that our 

concern is the transient response to the potential change of space structure, the 

analysis using the computer experiment, is the most appropriate. 

  As described in Chapter 3, it was found that the field perturbation at the 

characteristic frequencies such as IIP,, WUHR, and WLHR are dominant at the 

tether ends. This fact is reasonable because the plasma itself near the tether 

ends is stimulated to oscillate by the strong electric field from the conducting 

parts of the TSS. In this aspect, these oscillations can be considered as an initial 
response to the abrupt change of the potential difference between the TSS and 

the space plasma. 

  From the electromagnetic point of view, the perturbation with WLHR is dom-

inantly observed at the tether ends, in particular at the satellite region. This is 

also because of the abrupt enhancement of cross-field current flow around the 

satellite. Figure 5.13 shows the spatial distribution of the electromagnetic per-

turbation induced on Bo for the frequency range of WLHR. Since a high potential 

satellite is initially placed in the ambient magnetized plasma, the electrons in 

the vicinity of the satellite experience intense electrostatic force to be attracted 

to the satellite along Bo. Simultaneously, across Bo, they rotate around the 

satellite due to the intense E x B drift effect. Ions which have much heavy 

mass, however, can be assumed as unmagnetized and are accelerated along the 

direction of the electric field from the satellite. This situation implies the sudden 

switch-on of cross-field current around the satellite, which leads to perturbation 

of the magnetic field. 

  The field perturbation stated above are mostly initial response to the abrupt 

potential change of the TSS. This topic has been studied and published in several 

papers. Calder and Laframboise [1990] investigated the time-dependent sheath 
response to abrupt electrode voltage change. They showed that the potential 

oscillation at frequency of l:Ipe was dominant in the electron sheath, which they 

called 'Plasma Ringing'. It should be noted that they also found that the plasma 

oscillation can be amplified by the ion-electron two-stream instability in a case 

with large relative motion of electrons and ions. They examined the dependence 

of the instability on the temperature ratio Ti/Te and the threshold drift speed 
of electrons. Ma and Schunk [1989] has also observed spontaneous plasma-
frequency oscillations in a two-fluid simulation of stepped-potential spherical 

electrode in an unmagnetized plasma, and attributed the oscillations to the ion-
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electron two-stream instability. 

  The main aim of this section is that we seek the possibility of plasma insta-

bility in the case of the TSS due to the relative motion of the electrons which are 

attractive to the satellite and the ions evacuated from the satellite region. We 

will also discuss whether the instability will affect the current collection to the 

satellite. In the previous studies, no static magnetic field is taken into account 

for the instability. In the present situation, however,  Bo exists and we can have 

the directional dependence of the plasma instability. Along Bo, as well known, 

the ion acoustic and the Buneman type instabilities can occur. In the direction 

perpendicular to Bo, the beam cyclotron instability such as the upper hybrid 
two-stream and modified two-stream instabilities can take place. The process 

of the growth of those instabilities is also of our interest. We will examine the 

possibility of those plasma instabilities using numerical analysis of the dispersion 
relation and performing computer experiments.

5.3.2 Buneman Instability Near the Tethered Satellite 

In this section, we will examine the possibility of the Buneman instability along 
Bo enhanced by the electron acceleration by the electric field from the high 

potential satellite. Primarily, no ion-electron interaction can occur in the ion 
cavity region around the satellite because only electron sheath exists there. Due 
to the oscillation of the sheath itself, electrostatic perturbation can be observed, 
which is called plasma ringing by Calder and Laframboise [1990]. Beyond the 
ion cavity region, however, electrons and ions are forced to move in the opposite 

direction to each other by the intense electric field of the satellite. In result, 

the ion-electron two-stream instability can grow. One of the significant factors 

which determine the threshold of the instability is the relative velocity of the 

electrons and ions in the presheath region which is low density region beyond the 

ion cavity. As well known, in the presence of the relative motion of electrons and 

ions, the ion acoustic instability and the Buneman type instability can occur. 

In the ionospheric plasma in which the ion temperature is almost equivalent 

to the electron temperature, the ion acoustic mode wave is easily damped by 

the Landau resonance. In this section for the field perturbation near the TSS, 

therefore, the ion acoustic mode is not taken into account. The possibility of 

the enhancement of the ion acoustic mode will be examined later. 

  Prior to the performance of the computer experiments, we briefly review the 

dispersion relation of the Buneman instability with cold plasma approximation 

as follows. 
            1122         II~ ~

05        1 --------------p`_(.4)          -( w—k•Vd)2w2
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where Vd denotes the drift velocity of the electrons. The maximum growth rate 

and its corresponding frequency in cold plasma approximation is well known 

[Mikhailovskii, 1974]: 

 V J me )1/31(mel13                ripe 2\2
mi'(VT11pe2\2mi/(5.5) 

With a thermal plasma, the Buneman instability can also take place provided 

that the relative velocity is larger than the thermal velocity. To confirm this 

quantitatively, we solve the dispersion relation numerically by the dispersion 
solver which has been developed in the Space Plasma Study Group at Radio 

Atmospheric Science Center of Kyoto University. The physical parameters used 

in the dispersion solver are the same as those in the computer experiments. To 

see the dependence of the relative velocity on the growth rate of the instability, 

we examined the cases of vd/vte = 4, 3, 2 and 1. Figure 5.14 shows the results. 
The upper and lower panels depict the real and imaginary parts of the frequency 

versus k value, respectively. As vd/vte decreases, the frequency cor at which the 
growth rate or w, is positive also decreases. In the case of vd/vte = 4, we find 
that the maximum growth rate is obtained around cer/s1e ti 0.3 at k N 0.25. 
These are close to the results obtained in the cold plasma approximations given 

in (5.4). As the relative velocity approaches to the electron thermal velocity, the 
growth rate, i.e., wt decreases and becomes almost zero when vd/vte is unity. In 
conclusion, it is confirmed that the buneman instability can occur in a condition 

that the relative velocity is larger than the electron thermal velocity in a thermal 

plasma. 
  In the following, to clarify the discussion stated above, we will study the 

Buneman instability by performing a computer experiment with the TSS model. 

The parameters and model configuration used in the computer experiments 

are stated below. As a simulation code, we will utilize the two-dimensional 

KEMPO. The mass ratio of ion to electron m=/me is 100. At an altitude of 
300 km, vte/Vp and vt=/Vp are approximately 30 and 0.5, respectively. In the 
computer experiments, we reduce the ratios and take each ratio of the velocity 

as 8.0 and 0.8, respectively. The parameters of frequency are the followings: 

IIe/~e = 2, n=/Ile = 0•2,WLHR/fle = 0.1, and Sl=/f2e = 0.01. Even if the time 
and spatial scale of the system is reduced, the essential character of the problems 
is never changed in the computer experiment. Since our interest is the initial 
field response to the abrupt change of the satellite potential, the time period of 
our concern is around up to one period of the lower hybrid oscillation. Since 
the TSS moves approximately l0AD from the original position with respect to 
the ambient plasma in such a period of time, the field environment as well as 
the plasma dynamics won't be affected very much by the plasma flow effect. In
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Figure 5.14: The co — k diagram obtained by the dispersion solver for the 
Buneman instability with thermal plasma. The variable parameter is the 
ratio of the electron drift velocity to the thermal velocity vd/vte.

this aspect, then, we use a model region which introduces no relative motion 

of the TSS and the ambient plasma in the computer experiments. The model 

region of Case 3 used in the Chapter 4 is an appropriate one and we will use 

it for the present computer experiments. The dimensions of the model plane 

are 2560r x 1280r in the y — z plane. The grid spacing and the time step are 

Or = AD and At = 0.005/fie, respectively. The numerical damping region with 
a length of 160r is added at each boundary. The number of the superparticles 

is 131,072 for each species (electrons and ions) of plasma particles at the initial 
state. We supply the thermal electrons from the both edges of the the y direc-

tion to compensate the electrons captured by the high potential satellite. In the 

y — z plane, B0 lies along the y direction. The satellite is located at the center 
of the model plane. We abruptly change the potential energy of the satellite 

e¢g/kBTe from zero to 100 at f/ et = 0. 
  In the followings, we will describe the results obtained in the computer ex-
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periments. First of all, we show the density modulation in the transient stage 
as a response to the abrupt change of the satellite potential. Figure 5.15 and 

Figure 5.16 show contour maps of the number density of electrons and ions at 

different times. The square located at the center in each panel indicates the 

satellite position. As discussed in the previous chapter, electrons and ions 

are primarily attractive and repulsive to and from the satellite, respectively. 

Since the charged particles are so mobile along B0, namely the y direction, that 

the presheath region which is low density region beyond the ion cavity spreads 

along  Bo. On the contrary, along the z direction near the satellite, high den-

sity plasma wall is created by the snow ploughing effect owing to the strong 

magnetized electrons. The details of the formation of electron sheath and ion 

cavity were described in the previous chapter. The most important thing to 

be mentioned here is the density modulation with some spatial interval in the 

presheath region along Bo. The structure becomes obvious in the third panel 
from the top. This feature is observed in the both species of plasma. In com-

parison with Figure 5.15 and Figure 5.16, the panel for WLHRt = 2.82 shows 
the modulation pattern for the electrons becomes indistinct while the pattern 

in the ion contour map is still clearly seen. The density contour maps at the 

steady state around WLHRt = 8.19 is plotted for electrons and ions in Figure 5.17 

for comparison. The ion cavity has spread and the density modulation in the 

presheath has disappeared in both panels. 

  From a view point of velocity space, we will examine the plasma modulation 

observed in the density plots. In Figure 5.18 and Figure 5.19 the snapshots 

of phase diagram of the v, — y space at different times are depicted for the 

electrons and ions. The sampling region of the plasma particle for the phase 

diagrams is —128 < y/AD < 128 and —12 < z/AD < 12 assuming the satellite 
position is located at the origin indicated by the dashed lines in each panel. 
The velocity and the position are normalized to vie and AD, respectively. In 

the transient stage up to the completion of the sheath formation, the electrons 

near the satellite are strongly accelerated by the intense electric field from the 

satellite. In particular, the sheath region where no ions exist near the satellite, 

the electrons are enormously accelerated up to vy/vie ti 15 maximum. In the 
presheath region, though the acceleration is much lower than that in the sheath 
region, the drift velocity of the electrons toward the satellite is larger than 

vie. For instance, at W/WLHR = 0.51, the average drift velocity of electrons is 
approximately three times as fast as vie at the presheath region iy/ADI > 32. 
Although the ions which are much heavier than electrons are slow to respond 

to the intense field, they are also accelerated away from the satellite region to 

form an ion cavity as shown in Figure 5.19. Particularly, as shown in the panel 

(c), some ions located at the edge of the cavity is accelerated up to vie. In such
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a transient process, the relative velocity between the electrons and ions in the 

presheath becomes more than vie. Hence, in such a situation, the ion-electron 
two-stream instability will be able to grow. As shown in Figure 5.18, plasma 

interaction takes place and phase-space vortices start to form and grow in time 

at the both sides of the satellite position. As time elapses, the ion velocity is also 

modulated in position by the instability. Since the ion cavity expands as time 

elapses, the interaction region also moves away from the satellite. Speculated 

from the above analysis concerning the velocity modulation of electrons and 

ions, the density modulation observed in Figure 5.15 and Figure 5.16 can be 

interpreted as the spatial bunching of the particle due to the plasma instability 

in the presheath region. 

  The plasma instability in the presheath region should perturb the electro-

static field. To clarify this, we will analyze the field data. First, to seek the 

dominant frequency of the field perturbation, we examine the field spectra by 

performing the Fourier transformation of the time series of the electrostatic po-
tential at the plasma interaction region. Figure 5.20 shows frequency spectra of 

the perturbations in electrostatic potential. The electrostatic fields are measured 

along the z axis fixed at y/)'D = 30 which crosses the presheath region. The 
potential values and frequency are normalized to the electron thermal energy
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Figure 5.20: Wave spectra of the electrostatic potential.

and WLHR, respectively. The dashed lines represent the satellite region. Taking 

account of the fact that the potential near the satellite is decreased in time due 

to the potential shielding by the electron sheath, low frequency perturbation of 

the potential can be stressed in the Fourier components. However, in comparison 

with the potential intensity at z/\D = 0 and z/AD = 40, it is obviously seen that 
the perturbation at low frequency up to 0.3S2e7 i.e., — 3cWLHR is dominant around 

z/AD = 0 in the presheath region. From this point of view, we can conclude the 
low frequency field can be attributed to the results of the plasma instability. In 

the analysis of the dispersion relation of the Buneman instability, it is examined 

that the instability occurs when the relative velocity between electrons and ions 

exceeds the thermal velocity. In the present computer experiments, as shown in 

the phase diagrams, the relative velocity becomes approximately three times as 

much as the thermal velocity. According to the dispersion curve for vd/vte = 3 
in Figure 5.14, a wave can grow at the frequency range around W/WLHR ^' 3. 
This frequency range shows good agreement with the results of the computer 

experiments shown in Figure 5.20. 

  We next examine the spatial region of the intense field perturbation. Since 

we found the dominant frequency range stated above, we extract the Fourier 

components of the potential field in this frequency range and plot them in the
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y — z plane as a contour map shown in Figure 5.21. The square at the center 
of the plane indicates the satellite. In comparison with the contour map of 
the number density shown in Figure 5.15, it is found that the region where 
the electrostatic field is the most intense corresponds to the boundary of the 
ion cavity region in the y direction. This is because that the relative velocity 
between the electrons and ions is the largest at the ion cavity boundary as 
shown in the previous phase diagrams. Taking account of the analysis described 
above, it is straightforward to conclude that the electrostatic field is perturbed 
owning to the Buneman instability beyond the ion cavity region in the direction 
parallel to Bo. As well known, the threshold of the instability depends on the 
relative velocity of electrons and ions. In the TSS, it is primarily determined by 
the satellite potential which accelerates the electrons toward the satellite. To 
estimate the relation of the satellite potential and the electron acceleration, we 
made a rough analysis on this as follows. 

  The potential at a distance r from the satellite is generally written in terms 
of the local Debye length AD and the satellite potential ¢s as follows. 

= OseXP(—
D)(5.6) 

  Our concern is the average velocity of the electrons in the presheath region. 
To obtain it, for simplicity, we estimate the velocity at the edge of the ion cavity 
region. Assuming AD is equal to the radius of the ion cavity r=e, the potential 
at the edge of the cavity ¢,c is 

¢_c = q5s exp (-1)(5.7)
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The maximum velocity accelerated by (Pk is estimated by the using the energy 
conservation as follows. 

              2mevmax = e0ic(5.8) 
Then vmax is given 

                 V=~2e0          maxte(5.9) 
                                                                    me 

Since our concern is the transient phenomena as response to the potential change 

of the satellite, the time scale for the electron acceleration by the high potential 

satellite can be roughly determined as follows. As discussed in Chapter 4, the 

time scale for the satellite to obtain the maximum transient current is approx-

imately T7 /4. Taking account of the velocity oscillation at the frequency Hp , 
the averaged velocity obtained in the transient period, namely T/4, is given

Figure 

amined

   Tr./42v max = 
                          2J2e~,exp (-1)  vav = JOvmax sin(IIet)dt =7r7fvme                                         (5.10) 

                                     5.22 shows the relation between O, and vav obtained in (5.10). As ex-
with the dispersion solver stated earlier, the Buneman instability can
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grow when the drift velocity of the presheath electrons exceeds  vie. According to 
Figure 5.22, the satellite potential which satisfies this criteria is approximately 

above e0,/kBTe = 5. 
  In the discussion above, we just considered the threshold of the relative veloc-

ity of electrons and ions in the condition that the distribution and acceleration 
of the electrons in the presheath region are spatially uniform. In a realistic case, 
however, the acceleration of the electrons in the presheath is not constant in 
space but becomes weak at far distance from the satellite because the electric 
force by which electrons are attracted becomes weak. In this sense, (5.10) just 
provides us the rough criteria for the instability. Actually, for a certain mode 
to be unstable, the electron drift velocity which exceeds the threshold needs to 

be maintained spatially for a region of at least several wavelengths of excited 

wave. Taking account of this, the satellite potential which is required for the 

instability to occur in the presheath region can be more or less larger than that 

obtained from (5.10). For example, we can assume that the threshold velocity 
for the instability to occur should be obtained at 2Aic or 3Aie, not at the ion 

cavity boundary ate. In such cases, the average drift velocities at 2Ai, or 3A,, are 

indicated by the dashed lines respectively in Figure 5.22. As shown in the figure, 

e,/kBTe which provides the threshold vat,/vie = 1 becomes high as the distance 
from the satellite surface becomes large. For the case of 3A2, e0,/kBTe — 20 
provides the threshold velocity for the electron drift. Since the detailed mod-
ification of the estimate (5.10) including the density variation of the electron 
sheath is beyond our scope in the present study, we will leave it for a future 

work.

5.3.3 Beam Cyclotron Instability Near the Tethered Satel-

lit e

With a view point of plasma interaction, it was shown in the previous section 

that the Buneman type instability can grow due to the relative motion of elec-

trons and ions in the presheath region. In the Buneman instability the electron 

acceleration along Bo toward the satellite plays an important role. Meanwhile, 

in the direction perpendicular to Bo, the electrons near the satellite surface make 

a drift motion with E x B velocity where E is the electric field from the satel-

lite. Particularly, in the transient stage of the sheath formation, ions start to be 

accelerated by the satellite electric field in the radial direction while electrons 

make a cross-field drift motion with E x B velocity. In such a situation, the 

electron beam cyclotron instability is able to grow due to the relative motion 

of electrons and ions across Bo. In the direction perpendicular to Bo the cav-

ity expansion of ion is restricted by the effect of the finite Larmor radius. In
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Figure 5.23: Schematic illustration of the coordinates used in the disper-

sion equation for the electron beam cyclotron instability.

this sense, the region of field perturbation due to the electron beam cyclotron 

instability can be near the satellite surface. Here we microscopically focus on 

the plasma interaction, mainly electron beam cyclotron instability, due to the 

relative motion of the electrons drifting with E x B velocity and the stationary 

ions. 

  As have been done in the previous section, we will study the field perturbation 

by performing computer experiments. Prior to the experiments, we will first 

examine the linear dispersion relation under cold plasma approximation for the 

electron beam cyclotron instability. Since our concern is the perturbation due 

to the relative motion of plasma in the perpendicular to B0, we need to take 

account of v x B term in the equation of motion. The coordinates used in 

the dispersion equation for the instability is illustrated in Figure 5.23. Since 

our interest is the plasma interaction between drifting electrons and stationary 

ions, we will take an ion rest frame of reference in which electrons drift with 

E x B velocity. The static magnetic field B0 is along the y direction. The 

intense electric field owing to the high potential of the satellite points toward 

the —z direction. Then the electrons move along the x direction with the E x B



5.3 PLASMA INSTABILITY NEAR TETHERED SATELLITE 163

velocity  Vexb. The interaction takes place in the x — y plane. In the cold plasma 

approximation, the plasma oscillations are described by the dispersion equation 

               112cos2 9 H2 sin29  

   

1 --------------------II"="(5.11)           —(
w—k•Vex6)2—SZe(w—k•Vexb)2 w20 

where w, k and 9 denote the wave frequency, wavenumber, and the angle between 

the directions of k vector and the electron drift, respectively. The second term 

represents the dynamics perpendicular to Bo. The third term is due to the 

electron motion along Bo. 

  This type of the dispersion equation has been studied by many scientists. It 

has been reported that two types of electrostatic instabilities can grow nearly 

perpendicular to Bo. One is the upper-hybrid-two-stream instability studied by 
Buneman [1962]. The other is the modified-two-stream instability [Krall and 
Liewer 1971; Lemons and Gary 1977]. This instability causes the field growth 
which has the characteristic frequency and growth rate comparable to wLHR• 

They examined the dispersion relation in an electron rest frame of reference. The 

frequency range for the former and later instabilities approximately corresponds 

to wuHR and wLHR, respectively. The dispersion relation of the two regimes were 

discussed in detail by Chen and Birdsall [1973]. The dispersion equation with 
thermal plasma effect was presented and examined by McBride, et al. [1972]. To 
apply the cold dispersion equation (5.11) to the analysis of a thermal plasma, 
lw — k • Va! >> kvta should be satisfied where cx denote plasma species. This 
condition implies that the mean thermal displacement of the particles during an 

oscillation period measured in a coordinate system moving with the drift velocity 

of the particle must not exceed the wavelength of the oscillation. They focused 

on the modified-two-stream instability and examined the parametric dependence 

of the unstable roots on Te/Ti, Vo/vtt, me/mt and Ilpe/I2e. They also discussed 
the electromagnetic effects on the stabilization. According to the dispersion 

equation, the plasma interaction generally tends to occur when the second and 

third terms becomes comparable. Namely, Ige sin2 9 — II is satisfied in (5.11). 
Then the effective electron mass in = me/ sin2 9 can be comparable to mt, which 
gives us the unstable roots of the dispersion equation. 

  Next we will examine the dispersion relation by substituting the parame-

ters used in the present computer experiments in (5.11). In the ionospheric 
parameters we focus on, the magnetic field strength is characterized by

Slt « Ilpt « Ilpe ti S2e (5.12)

In fact, S2t/S2e = 0.01, Hpt/S2e = 0.2, and Ilpe/S2e = 2.0 are used in the computer 
experiments. To compare the dispersion relation with the results obtained in
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the computer experiments, we use the same values of frequencies as those stated 

above. Then, in the dispersion relation (5.11), the parameters which remain 
variable are  Vexb and 9. Concerning Vexb, it absolutely depends on the intensity 

of the local electric field which is increased as the satellite potential becomes 

large. For the instability to grow in the thermal plasma, Vexb > vie should also be 

satisfied. Taking the results in computer experiments of ecb,/kBTe N 102 as one 
example, it is found that Vexb near the satellite is larger than vie. This assures 

that the cold dispersion can be valid at least in the linear stage. According to 

the result of the computer experiments, we fix Vexb as 10 while vte is 2 in solving 

the dispersion equation (5.11) analytically. 
  Figure 5.24 shows the dispersion lines in w — k plane obtained by solving the 

equation (5.11). The panel (a), (b) and (c) correspond to the cases of 9 = 0, 
10, and 20 degrees, respectively. The solid and dotted lines indicate the real 

and imaginary roots of co. The frequency co and wavenumber k are respectively 

normalized to WLHR and WLHR/Vexb• Basically, two modes arise with positive 
growth rate. One is found in all the three panels around kVexb/WLHR = 20 
30. The, real part of the frequency co,. covers approximately from 0.1WLHR to 

3WLHR• This branch corresponds to the wave mode due to the upper hybrid two-

stream instability. Because of the effect due to the Doppler shift, the backward 

propagating UHR mode in the electron beam frame of reference can be observed 
at the lower frequency than WUHR in the ion frame of reference. Although not 

in the panel (a) which shows the case for 9 = 90 degrees, the other mode 
branch is shown in the panel (b) and (c) at a frequency range almost up to 
WLHR at lower k value around kVexb/WLHR — 5. This corresponds to the wave 
mode induced by the modified two-stream instability. In terms of k value, it is 

shown that the wavenumber which provides positive growth rate becomes large 

as the direction of the k vector approaches to Bo. In a real situation of thermal 

plasma. however, the Landau damping will play a roll to restrict the growth of 
the instability. Since the dispersion relation plotted in the figure is derived with 

cold plasma approximation, no Landau damping is concerned. The dispersion 

equation including the thermal effects was examined and presented in detail by 

McBride, et al.[1972]. 
  As examined above, it is confirmed that the electron beam cyclotron instabil-
ity generates two branches of wave mode and gives rise to the field perturbation 

in the low frequency range around WLHR in the ion stationary frame of reference. 

In order to confirm those instabilities, we will perform a computer experiment 

with the same parameters used in the analysis of the dispersion relation. The 

detail of the computer experiment is described below. 

  Our concern is the microscopic interaction between the electrons and ions 

at the sheath edge, it is not necessary to include a conducting body such as
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Figure 5.25: Schematic illustration of the two-dimensional model plane 

used in the computer experiments for the beam cyclotron instability. The 

periodic boundary condition is adopted.

the tethered satellite in the model region. We hire a two-dimensional model 

plane with periodic boundary conditions. The model configuration is illustrated 
in Figure 5.25. The dimensions of the model region are 2560r x 2560r. The 

model plane is filled with electrons and ions which have the same temperature. 

The static magnetic field B0 lies along the y direction. The intense electric field 

Esat induced by the high potential satellite is put in the -z direction. Owing to 

this field configuration, the charged particles make a drift motion with Esat x B 

velocity along the x direction. In the initial stage, particularly, only electrons, 

which are much lighter than ions, move along the x direction while the ions start 

to be accelerated by Esat along the —z direction. This is the situation of our 

concern and we can expect the beam cyclotron instability due to the electron-ion 

relative motion along the x direction. 

  First, we present the time series of the density variation in the model plane. 

Figure 5.26 shows the contour maps of the number density of electrons and ions. 

The panel (a), (b), and (c) corresponds to the maps at WLHRt = 1.02, 2.05, and 
3.07, respectively. In each panel, the number density is normalized to the average
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one. As easily found, along the x direction, i.e., in the direction of Esat  x Bo, 

ripple-like density modulation is enhanced as time elapses. As shown in the 

panel (a), electron profile starts to be modulated and later around WLHRt = 2, 
the density modulation is also seen for ions. The spatial interval of the density 

modulation is approximately 25AD which is equivalent to kVexb/WLHR ^' 25.1. 
As time elapses shown in the panel (c), the regular modulation pattern seen in 
the electron profile becomes weak while the pattern is still clearly seen in the 
ion profile. 

  We next examine the variation of the particle dynamics in phase diagrams. 
Figure 5.27 and Figure 5.28 depict the time series of electron plots in the vx —x 
phase space. The panel (a), (b), and (c) correspond to the diagram at WLHRt = 
1.28, 2.30, and 3.33, respectively. In each figure, the vertical and horizontal 

axes are normalized to the electron thermal velocity vte and the Debye length AD, 

respectively. As well as the density modulation shown in Figure 5.26, the electron 

velocity starts to be modulated regularly along the x direction as shown in the 

panel (b). Around WLHRt = 2.3, the velocity of ions also starts to be modulated. 
The spatial interval of the velocity modulation is the same as that observed in 
the density modulation. After WLHRt ̂ 3, the electrons are smeared out in 
the phase space while the ions keep the modulation with a regular structure and 
some ions are accelerated up to the ten times as high as the ion thermal velocity. 

  According to the above analysis in the phase diagrams, it is speculated that a 
plasma instability is induced across Bo by the relative motion between electrons 
with E x B drift and stationary ions. In the followings, we will examine the 
field data to confirm the possibility of instability. We first analyze the direction 
of the k vector of the excited wave mode. In Figure 5.29 we present contour 
plots of the Ex field intensity in the kx — ky plane at different times. The field 
intensity in the k space is obtained by performing the Fourier transformation of 
the field data with respect to the two-dimensional space. As obviously shown in 
Figure 5.29, the k values of the dominant waves vary as time elapses. Around 
WLHRt ̂- 3 as shown in the panel (a), the dominant wave is intense in the 
region approximately from kxVexb/WLHR 15 to 30. The field intense region 
also spreads in the ky direction, approximately from zero to kxVexb/WLHR — 20 
at most. At WLHRt = 5.15 as shown in the panel (b), however, the intense wave 
component shown in the panel (a) has been damped and the field component 
with kxVexb/WLHR 15 only survives. The ky component has shifted to the 
lower value. It should be noted that another unstable mode has appeared around 

(kxVexbIWLHR, kyVexb/WLHR) ^' (4, 3). This mode keeps growing as time elapses, 
which is shown in the panel (c). 

  By evaluating ky/kx value, we can estimate the direction of the k vector for 
the induced wave mode. At WLHRt = 3.1 the excited wave mode propagates
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approximately within an angle of 33 degrees measured from the x axis or the 

E x B flow direction. Particularly, for the most intense fields found around 

 (kxVexb/WLHR,  kyVexb/WLHR) (15, 2) and (25,4), their k vectors point toward 
the direction with approximately 8 ti 9 degrees from the flow direction. This 

implies that the excited wave mode propagates almost, not exactly, along the 

electron E x B flow direction, namely perpendicular to Bo. The parallel com-

ponent of the electrostatic field is more or less enhanced simultaneously in the 

y direction. The plasma heating due to this induced electrostatic field will be 
examined later. 

  The dominant wavenumber kXVexb/WLHR ^—' 25 observed in the panel (a) 
of Figure 5.29 shows a good agreement with the wavenumber of the plasma 

modulation as shown in Figure 5.26 and Figure 5.27. The ripples of the plasma 

density are mainly observed along the x direction. Although weakly observed, 

the density is also irregular along the y direction. This is due to the interaction 

with the y component of the oblique propagating electrostatic wave with respect 

to the x direction. 

  Regarding the wave excited at (kxVexb/WLHR, kyVexb/WLHR) (4, 3), which 
is shown in the panel (b) and (c), the propagating direction is approximately 30 
to 40 degrees away from the electron E x B drift direction. 

  We also compared the wavenumber of the excited waves in the computer 

experiments with the results of the linear dispersion equation shown in Fig-

ure 5.24. Two instabilities, the upper-hybrid two-stream instability and the 

modified two-stream instability, are respectively found at the higher and lower 

wavenumbers in the presence of the cross-field relative motion between electrons 

and ions. As shown in the panel (a) of Figure 5.24, the upper-hybrid two-stream 
instability can grow in the direction perpendicular to Bo, i.e., the x direction in 

the present computer experiments. It also has growth rate even for the oblique 

direction with respect to the x direction as shown in the panel (b) and (c) of 
Figure 5.24. In fact, it is shown in Figure 5.24 that the k region for the unstable 

mode observed in the panel (a) of Figure 5.29 approximately agrees with the 
region which provides the positive growth rate for the upper-hybrid two-stream 
instability. As the angle between the k vector and the x direction increases, 
the modified two-stream instability becomes dominant according to Figure 5.24. 
The unstable mode at the lower k values shown in Figure 5.29 corresponds to 
the waves excited by the modified two-stream instability. In the computer ex-
periments, this wave starts to appear at later time as shown in the panel (b) 
and (c) of Figure 5.29. This implies that the growth rate is smaller than that of 
the upper-hybrid two-stream instability. According to Figure 5.24, the growth 
rates for the modified two-stream instability is actually lower than those for the 
upper-hybrid two-stream instability, which accounts for the results obtained in
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the computer experiments. 

  As a consequence of the interaction with the excited electrostatic waves, the 

plasma heating will be expected. The time histories of each species of plasma and 
the temperature ratio of electron to ion are plotted in Figure 5.30. The temper-

ature is spatially averaged over the system region of the computer experiment. 

In the panel (a) and (b), the solid and dashed lines represent the temperature of 
perpendicular and parallel component with respect to  Bo, respectively. Accord-
ing to the field analyses described above, the excited electrostatic wave mainly 

propagates perpendicular to Bo. This can account for the plasma heating per-

pendicular to Bo as shown in the panel (a) and (b). As for the electrons, Te at 
WLHRt 4 becomes approximately 30 times as high as the initial temperature 

To. Contrary to the variation in the electron temperature, the variation of the 

ion temperature indicates no drastic heating. At WLHRt N 4, T;/To becomes 
more or less 3. It should be noted that parallel heating of electrons, which is 

indicated by a dashed line in the panel (a), also becomes obvious as time elapses. 
It occurs due to the electrostatic component parallel to Bo induced by the beam 

cyclotron instability. 

  As for the threshold value of the relative velocity vd between electrons and 

ions, the upper-hybrid two-stream instability requires vd > vte, while the mod-

ified two-stream instability only requires vd > vt; [Chen and Birdsall, 1973]. 
According to the results of the plasma heating, the electrons are heated more 

than ten times as much as the initial temperature. This gives rise to the in-

crease of vte and it eventually becomes comparable to vd. In such a situation, 

the upper-hybrid two-stream instability is no more strongly enhanced. The back-

ground ions, on the contrary, are much less heated by the instabilities, which 
little affects the growth of the modified two-stream instability. Consequently the 

enhancement of the electrostatic field due to the modified two-stream instability 

becomes dominant mostly in the oblique direction, which is responsible for the 

parallel electron heating. 

  In the panel (c), the time history of the temperature ratio of electron to ion 
is plotted. According to the ionospheric plasma, we adopted isothermal plasma, 

i.e., Te/Ti = 1 as the initial values in the present computer experiments. As 
time elapses, Te/Ti increases in time and shows saturation around WLHRt — 3. 
The maximum value of Te/Ti is approximately 8. When Te/Ti becomes more 
than the unity, the ion acoustic instability can grow in general. The temperature 

dependence of the ion acoustic instability will be examined in the next section. 

  According to the analyses stated above, we can conclude that the upper-

hybrid two-stream instability and the modified two-stream instability are re-

sponsible for the field perturbation and plasma heating near the high potential 

satellite in the direction mostly perpendicular to Bo.
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Figure 5.30: Time history of the plasma heating due to the interaction 
with the beam cyclotron instability. The panels (a), (b), and (c) show 
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temperature ratio, respectively.

5.3.4 Discussion and Conclusion

In the previous sections we independently analyzed the field perturbation in the 

direction parallel and perpendicular to Bo due to the Buneman instability and 

the beam cyclotron instability, respectively. In the real three-dimensional space, 

however, those two types of instability can coexist simultaneously. In a general 

situation in which the electric field from the satellite Esat and the geomagnetic 

field Bo intersect to each other with a certain angle, electrons are accelerated by 

the parallel component of Esat along Bo and simultaneously they make an E x B 

drift in the direction perpendicular to Bo. Particularly, in the transient process 

of the electron sheath formation near the satellite, this dynamics of electrons
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Bo.

is apparently observed as described in Chapter 4. Here, based on the electron 
motion in a general situation stated above, the process of the field perturbation 
in the coexistence of the two types of plasma instability will be demonstrated 
via computer experiment. 

  The model configuration is illustrated in Figure 5.31. The difference from the 
model used in the previous section is the direction of Esat from the high potential 
satellite. To realize a general situation, Esat is set along the —z direction declin-
ing 10 degrees toward B0 direction as shown in Figure 5.31. Owing to this field 
configuration, electrons, which are much lighter than ions, make a drift motion 
with E x B velocity along the x direction and are simultaneously accelerated 
along -y direction by the y component of Esat. The dimensions of the model 

plane and the physical parameters used in the present computer experiments 
are the same as those in the previous section. 

  First, we present the time series of the density variation in the model plane. 
Figure 5.32 shows the contour maps of the number density of electrons and ions
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with the same fashion as in Figure 5.26. The panel (a) and (b) corresponds to 
the maps at WLHRt = 2.05 and 3.07, respectively. At WLHRt = 2.05, as shown in 

the panel (a), the density modulation along the x direction is apparently seen 
in the both species, which is similar to the one observed in the case of the beam 
cyclotron instability shown in Figure 5.26. According to the discussion in the 
previous section, this density modulation is because of the upper-hybrid two-
stream instability. It should be also noted that the density modulation in the 
y direction is also seen particularly in the electron plot. Taking account of the 
continuous acceleration of electrons in the y direction, the density variation is 
owing to the Buneman instability. The spatial interval of the density modulation 
is approximately Ad.., — 80AD. At the later time around WLHRt = 3.07, the 
density ripple becomes more obvious as particularly seen in the electron panel. 
The spatial interval is elongated as time elapses. The panel (b) shows Adns r., 
120AD. Along the x direction, the density modulation also remains although it 
becomes faint. In the panel for ions, the density ripple along the x direction
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grows and the structure becomes evident as time elapses. 

  We next examine the variation of the particle dynamics with phase diagrams. 

Figure 5.33 and Figure 5.34 depict the time series of electron plot in the  vy — y 

space and v, — x space, respectively. The panel (a), (b) and (c) correspond to 
the diagram at WLHRt = 2.05, 2.82, and 3.84, respectively. In the vy — y space, 

electrons are accelerated to the —y direction by the parallel component of Esat• 

At early time around WLHRt = 2.05, as shown in Figure 5.33, the modulation in 

velocity domain is also observed and the spatial interval Ave, is approximately 

80AD which is the same as adns in the density variation. According to the 

discussion in the previous section, the Buneman instability is responsible for 

the modulation along Bo. Some of the electrons are trapped in the potential 

well created by the instability and accelerated back to the positive y direction 

against the force by Esat. At the later time shown in the panel (b) and (c), the 
net velocity increases in the —y direction and reaches more than vy/vie — 25. Avel 
of the velocity modulation becomes long around 120AD and the mode 2 seems 

dominant. This results is also consistent with Adns in the density modulation. 

As shown in the panel, the electron thermalization becomes apparent although 

the net velocity is still suffered from the modulation by the potential of mode 2 

induced by the instability. In the present model of computer experiments, Esat 

is kept constant during the simulation run. In a real situation, however, the 

electron sheath can shield the satellite potential so that the intense Emit becomes 

weak in the presheath region. In this sense, the electron acceleration up to 

vy/vie ti 25 observed in the computer experiments may be exaggerated although 
the modulation of the plasma environment due to the Buneman instability can 
be qualitatively examined. 

  Along the x direction shown in the vx—x space, the upper-hybrid two-stream 
instability can be mainly responsible for the plasma modulation. Although not 
so obviously shown, the velocity modulation is-observed in the panel (a). Some 
of the electrons which drift with the E x B velocity are decelerated to the 
opposite direction in the x direction. As time elapses, the velocity modulation 
becomes more evident. This situation is shown in the panel (b). At the later 
time around WLHRt = 3.84, the regular modulation in the phase space disappears 

and eventually the electrons are almost thermalized in the direction of the E x B 

direction. 

  Judging from the analysis of the plasma dynamics, we can conclude that two 

types of instability, the Buneman instability along Bo and the beam cyclotron 

instability across Bo, simultaneously take place owing to the relative motion 

of electrons and ions induced by the high potential satellite. Since the two 

instabilities enhances waves in different directions, it is rather easy to distinguish 

each other. To do so, we conduct the spatial analysis of the electrostatic field
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in terms of k vectors of the excited wave mode. In Figure 5.35 we present the 

time series of contour plots of the intensity of the  Ex and Ey field in kx — ky 

plane. The panel (a), (b), and (c) correspond to the plots at wLHR = 1.12, 1.63, 
and 2.66, respectively. The field intensity in k space is obtained by performing 
the Fourier transformation of field data with respect to the two-dimensional 
space. Regarding the Ex field, as examined above, the upper-hybrid two-stream 
instability is the major source for the perturbation. At early time shown in the 
panel (a), the field perturbation is rather monochromatic with the mode number 
8 although the intensity is weak. As speculated from the analysis of the plasma 
dynamics, the modulation of the field with a regular structure tends to become 
random as time elapses. It turns out that the field spectra in the k domain also 
spreads to the lower value, which implies that the perturbation with longer wave 
length is induced as the result of the cascading. This process is shown in the 
panel (b) and (c). The spectra spreads approximately from kyVexb/wLHR ^-, 2.5 
to 25. Contrary to the Ex case, the Ey perturbation in the k space shows rather 

monochromatic which lasts even at the later time. This agrees with the phase 

plots shown in Figure 5.33 indicating that the mode 2 is intense even at the 
later time. The dominant mode in the k space also varies in time. In the panel 

(a), the dominant mode is found at approximately kyVexb/wLHR = 15. As time 
elapses the peak position moves to the lower k value kyVexb/wLHR — 8 and 5 in 
the panel (b) and (c), respectively. This is all due to the continuous increase of 
the relative motion between electrons and ions along Bo. As examined in the 

linear analysis of the Buneman instability, the higher relative velocity provides 

the larger growth rate for unstable mode at the smaller k number. This tendency 

agrees with the analysis of the k spectra described above. 

  So far, we have examined the electrostatic field perturbation due to the 

Buneman instability and the beam cyclotron instability. Another candidate for 

the electrostatic perturbation is the ion acoustic instability. At the altitude 

around 300 km where the TSS experiment is carried out, the plasma is almost 

isothermal so that the ion acoustic wave is hard to grow due the strong Landau 

damping. Instead, as described, the Buneman instability is driven by the relative 

velocity of electrons and ions larger than the electron thermal velocity. In the 

nonlinear process of the Buneman instability, the electrons are smeared out in 

the phase space and consequently become heated. In the present computer 

experiments, some of the electrons are trapped and heated by the electrostatic 

potential as shown in the panel (c) of Figure 5.18. At the presheath where the 
Buneman instability occurs, the temperature ration of electrons to ions becomes 
approximately Te/T2 -, 3 in the nonlinear stage while it was unity in the initial 
stage. As described earlier, not only the Buneman instability, but also the 

beam cyclotron instabilities are responsible for the plasma heating around the
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Figure 5.36: The w — k diagram obtained by the dispersion solver for the 

ion acoustic instability for different temperature ratios.

satellite. As shown in Figure 5.30, Te/Ti becomes approximately 8 due to the 
beam cyclotron instability. At the steady state, Te/Ti > 1 can be natural at the 
ion cavity boundary near the satellite due to the continuous plasma heating. In 

such a situation, the ion acoustic wave can exist without suffering from strong 

damping. To quantitatively evaluate the growth of the ion acoustic wave, we 

solved the dispersion relation and the obtained curves for the ion acoustic mode 

are plotted in Figure 5.36 in the same fashion as in Figure 5.14. To see the 

dependence of the wave growth on Te/Ti, we have different cases of Te/Ti. By 
taking account of the situation Df the relative motion of electrons and ions along 

B0, we assume electron drift equal to the in the ion rest frame of reference. As 

easily predicted, the ion acoustic wave starts to have positive growth rate as the 

temperature ratio becomes large. In the isothermal case, no growth rate can 

be found. Even for the case of Te/Ti = 3, the growth rate of the ion acoustic 
wave is negative. For the case of Te/Ti = 5, the imaginary part of frequency 
appears in the k region up to 0.2, which is 0.003C2, and fairly low compared with
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the one for the Buneman instability. In the present computer experiments in 

which the electrons are heated up to Te/Ti = 3  ti 8, it is concluded that the ion 
acoustic wave can be excited but hardly observed because of its small growth 

rate even if the electrons are heated by the electrostatic perturbation due to the 

Buneman instability. Moreover, as time elapses, the electron acceleration toward 

the satellite becomes weak because of the electrostatic shielding by the electron 

sheath formation. This implies that the relative velocity between electrons and 

ions decreases and the possibility for the ion acoustic instability to occur becomes 

low. 

  In terms of electromagnetic, wave enhancement due to a specific instability 

cannot be expected in the present situation where the isothermal background 

electrons and ions have a relative velocity. When a beam component of electrons 

exists in the background electrons, various kinds of unstable modes are excited 

mostly oblique direction to Bo [Zhang et al., 1993], which does not corresponds 
to the situation around the high potential satellite. The plasma heating due 

to the beam cyclotron instability may lead to anisotropic electrons which can 

enhance the whistler mode wave. As shown in Figure 5.30, however, T1/T1i of 
electrons is at most around 2 at the wave saturation, which weakly enhances 

the whistler mode. Rather, as shown in Figure 5.13, transient field response to 

the abrupt change of the TSS potential becomes dominant in the vicinity of the 

TSS. In fact, the potential is changed actively during the various experiments 

carried out in the TSS mission. In this aspect, the transient response of the field 

will play an important role for the electromagnetic field perturbation [Wang and 
Hastings, 1991]. 

  In conclusion, we have examined the electrostatic instability driven by the 

relative motion between electrons and ions near the satellite region. In the pro-

cess of the sheath formation, electrons are easily accelerated by the intense field 

of the satellite along Bo in the presence of the ions which are slowly expanding 

away from the satellite. When the beam velocity of the electrons exceeds the 

the electron thermal velocity, the electrostatic field is perturbed by the Bune-

man instability. Due to the field enhancement, charged particles are heated in 

the interaction region. Across Bo, the electrons near the satellite make a drift 

motion with E x B velocity owing to the intense electric field from the satellite. 

Assuming the ions are unmagnetized in the initial phase, the electron drift be-

comes an electron beam across Bo, which drives the beam cyclotron instability 

in electrostatic domain. From the ion rest frame of reference, the frequency of 

the excited field is near the lower-hybrid frequency. In a realistic case, the two 

instabilities stated above can grow at low frequency around WLHR. The compet-

ing process of them depends of the direction with respect to Bo. Along Bo, as 

described in the early section, the Buneman type instability becomes dominant.
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As the direction of our concern becomes oblique to B0, then, the beam  compo-

nent with E x B velocity becomes important for the plasma interaction and the 

beam cyclotron instability can dominantly occur and heat the plasma.



Chapter 6

Summary and  Concl usions

In this thesis we have studied the electrodynamic interaction between a teth-

ered satellite system (TSS) and space plasma through computer experiments 
and theoretical analysis. Since our main concern is the kinetic effects which 

play an important role in determining the plasma and field environments in the 
vicinity of the TSS, we have utilized a full particle model for the computer ex-

periments. Contrary to the uniform plasma models of one or two-dimensional 

geometry which are typically used in computer experiments, we first introduced 
two conducting bodies which represented the two tether ends into our model. 
To characterize the electrodynamic interaction from a three-dimensional point 

of view, we have developed a three-dimensional electrostatic particle code and 

have utilized it in the computer experiments for the TSS. 

  In Chapter 1, we presented a brief introduction of the present study and 

provided a historical overview regarding the electrodynamic tether system. We 
also described the experiment of Shuttle Electrodynamic Tether System (SETS) 
which was carried out during the TSS-1 mission in 1992. 

  In Chapter 2, we described the numerical techniques of the simulation codes 

used in the present study. We briefly reviewed the 2-1/2 dimensional electro-
magnetic particle code called KEMPO. In order to accurately model an isolated 

system in the computer experiments carried out herein, we have modified the 

boundary treatment of the model region to avoid the unexpected reflection of 

outward propagating perturbations in the field. For simplicity, we have regarded 

the TSS as two conducting bodies which are electrically connected to each other 

via the tether in the computer experiments. To control the TSS potential in 

a self-consistent manner, we have applied a capacitance matrix method. This 

numerical technique has been well described in detail in this chapter. The ba-

sic physics associated with the interactions of the TSS with the ambient space 

plasma can be well-studied by performing two-dimensional computer experi-
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ments. However, to understand the three-dimensional structure of phenomena 

observed in two-dimensional computer experiments, we definitely need to per-

form the same analysis in three-dimensional space. For this purpose we have 

developed a three-dimensional electrostatic particle code and its numerical treat-

ment is also stated in Chapter 2. 

  In Chapter 3, we have investigated the electrodynamic interaction of the 

TSS with the ambient space plasma. In our model, we have considered two 

conducting bodies in a magnetized plasma which represent an orbiter and a 

tethered satellite. In order to avoid excess charging of the system, an electron 

beam is emitted from the orbiter. We have used two types of simulation codes. 

One is 2-1/2 dimensional electromagnetic particle code, and the other is three-
dimensional electrostatic code. The electromagnetic code is used to ascertain the 

basic physics associated with the plasma and field responses to the TSS as well as 

the electric properties of the TSS. Since the electrodynamic interaction is driven 

by the electrical potential difference between the TSS and the ambient plasma, 

an electrostatic approximation is adequate in such a situation. In order to 

examine phenomena observed in the two-dimensional computer experiments in 

a three-dimensional aspect, we have also performed three-dimensional computer 

experiments. 

  Contrary to the case of a single space vehicle, the TSS, which has a long 

dimension in one direction, is unique in terms of potential distribution. Owing 

to the V x B effect of the cross-field motion of this system, a potential energy 

difference which is much larger than the thermal energy of the ambient space 

plasma can be generated between the tether ends. The electrical properties such 
as current collection and the potential variation at the tether ends are examined 

in detail by the computer experiments. The plasma response to the TSS is also 

investigated in terms of density variation and current path. In principle, elec-

trons are attractive to while ions are repulsive from the high potential satellite 

and vice versa for the negative potential orbiter. In particular, in the vicinity 

of the satellite, an electron sheath is created from which ions are evacuated due 

to the high potential. Since the ambient plasma flows toward the TSS in the 

vehicle frame of reference, an ion cavity tends to be formed downstream, thereby 

generating a rarefactional wake region. In a three-dimensional aspect, the elec-
tron sheath is much thicker in the transverse direction as opposed to the parallel 

direction with response to B0 owing to the difference in mobility of the electrons 

along Bo. A donut-like structure of the electron sheath is clearly observed in 

the results of the three-dimensional computer experiments. The dynamics of the 

electron beam emitted from the orbiter are one of the significant issues which 

are investigated in the present study. We have considered various pitch angles 

for the beam electrons. Basically, the electrons emitted from the orbiter are
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accelerated away along  Bo by the electric field force induced by the negatively 
charged orbiter as well as the dense beam itself. In two-dimensional case, a 
plasma cloud is created in the plane perpendicular to Bo in the vicinity of the 
orbiter. This effect is due to the concentration of the beam electrons rotating 
with an E x B drift velocity. In the plasma cloud, intense field perturbation 
in the LHR mode range is enhanced. This field enhancement is interpreted by 
linear theory to be due to the lower-hybrid drift instability. The detailed dis-
cussion of this relationship is described in Chapter 3. In the three-dimensional 
computer experiments, however, the plasma cloud formation is rarely observed. 
This is because a majority of the beam electrons can escape along Bo. Now, 
a beam-plasma interaction can take place along Bo which may excite whistler 
mode waves. This phenomena has been addressed by a number of studies to 
date. The field response at the tether ends due to the change in the TSS po-
tential was examined for various cases. The results obtained in these computer 
experiments show that the field is strongly perturbed at the tether ends at the 
characteristic frequencies of the plasma such as lie, wuHR, and WLHR• However, 
we point out that the low frequency perturbation is reduced by the electron 
beam emission which is used to avoid an abrupt drop of potential due to the 
charge accumulation in the TSS. 

  In Chapter 4, we have considered the plasma response to the high potential 
satellite in the TSS. In the model used in our computer experiments we introduce 
one conducting body representing a satellite whose potential is abruptly elevated 
to a fixed high potential. As was done in the previous chapter, we used both the 
two-dimensional electromagnetic and the three-dimensional electrostatic codes 
for the computer experiments. First, we examined the transient response of the 
plasma to the high potential satellite in terms of density variation and current 
collection of the satellite. As for the density variation, electrons are attracted 
by the satellite uniformly during the initial stage which corresponds approxi-
mately to the electron plasma oscillation period. Ions are excluded by the high 

potential of the satellite. After the initial stage, a directional dependence for the 
plasma distribution is clearly seen. Along Bo the charged particles are highly 
mobile so that ions are mostly evacuated in this direction. Electrons, which have 
large thermal velocities compared to ions, form a low density region along Bo to 
maintain the local charge neutrality. As discussed in the previous chapter, the 
density profile obtained by the three-dimensional computer experiments shows 
that an electron sheath with a donut-like structure is created around the satel-
lite. A rarefactional wake region is also formed in the downstream region for 
both electrons and ions. The wake structure becomes asymmetric with respect 
to the direction of the plasma flow vector. This is due to the intense E x B drift 
effects on the ambient plasma. A detailed discussion of these effects is provided
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in this chapter. As for the current collection of the satellite, an intense transient 

current is observed initially followed by an exponentially decreasing current. 

The initial peak of the current can be theoretically estimated successfully using 

a simple model. Under steady state conditions, the current-voltage character-

istics of the satellite are examined by performing computer experiments with 

different satellite potential up to  e¢,/kBTe ̂ a 103 and comparing our results to 
classical theories. For the two-dimensional cases, it can be concluded that the 

theory based on the constant density model by Linson, [1969] provides a good 
estimate for the upper bound of the current flowing from the satellite. In the 

three-dimensional case, because of the unexpected boundary effects due to the 

expansion of the ion cavity region, we obtained the current-voltage characteris-

tics up to eO,/kBTe 102. In this limited range, the current from the satellite 
can be roughly approximated by the single particle theory derived by Parker 

and Murphy, [1967]. For higher potentials, the current can be increased and the 
constant density model may provide a good estimate of the maximum current 

at the satellite as examined in the two-dimensional cases. However, this is left 

for a future work. 

  In Chapter 5, we have investigated the field perturbation by the TSS, The 

sources for the field perturbation of our concern are the transient tether current 

and the plasma instability driven the relative motion of electrons and ions near 

the high potential satellite. Regarding the tether current model in the computer 

experiments, we introduced a cross-field current source which varies in the same 

manner in time as the transient current flowing out from the satellite to the 

ambient plasma. The results show that a wave packet of whistler mode emission 

is induced by the current flow and propagates along Bo. To examine the char-

acteristics of the whistler wave packet, we have also performed one-dimensional 

computer experiments using different frequencies of current modulation and dif-

ferent angles with respect to the direction of Bo. Meanwhile, in the process 

of the sheath formation around the satellite, the acceleration of electrons and 

ions at the satellite region is observed toward and away, respectively, due to 

the intense electric field therein. This relative motion of the electrons and ions 

can cause two-stream type of plasma instability. To clarify the possibility of an 

instability, we have performed two-dimensional computer experiments. At the 

presheath region beyond the sheath where the plasma density is low, a Buneman 
instability occurs along Bo and an electrostatic perturbation at low frequencies 

around WLHR is also observed. Across Bo the beam cyclotron instability repre-

sents the dominant enhancement at low frequencies around WLHR• This is due to 

the relative motion of unmagnetized ions and electrons drifting with an E x B 

velocity induced by the intense electric field from the satellite. 

  In conclusion, we have studied the electrodynamic interaction between a teth-
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ered satellite system and space plasma by performing computer experiments. 

The theoretical analyses associated with the current-voltage characteristics and 

current collection of the TSS have also been done. Particularly, as described in 

Chapter 4, it turns out that computer experiment of particle model is a powerful 

and important method to determine the current-voltage characteristics of high 

potential satellite which cannot be interpreted by the classical Langmuir theory. 
Through the present study, we can quantitatively examine and understand the 

plasma and field response to a space structure whose potential energy is much 
larger than the thermal energy of the underlying ambient plasma. We hope that 

this body of work will contribute to a further understanding of the  electrody-

namic interaction between future space structures and the ambient space plasma 

in which they must reside.
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Appendix

Free Boundary Treatment for Electrostatic Model

  In Chapter 2, we have described the sine transform method for solving Pois-
son's equation with the Dirichlet condition  ¢ = 0 at boundaries. However, in 
such a situation that a model region cannot be taken large enough to shield 
the energy source electrostatically, the boundary with Dirichlet condition 0 = 0 
causes unphysical profile and reflection of electrostatic field. To avoid such a 
situation, we need to realize an isolated system in which the potential values at 
the boundaries are not fixed at a certain value. 

  As one of the method to realize the isolated system in terms of electrostatic 
field, Poisson's equation can be solved with the Green function [Eastwood and 
Brownrigg, 1979]. The basic concept is stated as follows. In the isolated system, 
the boundary condition for the potential ¢ is given as 

—^ 0 (lxI —> oo)(6 .1) 

The potential value trD is obtained as 

(D(x) = 
J G(x — x')p(x')d3x' (6.2) 

where 
               1  

G(x — x) = 4
~elx — x'l(6.3) 

with the boundary conditions of (A.1). 
  To simplify the formulation, one-dimensional model is considered here. In 

discrete space, 
N=-1 

(D(x;) = Or > G(x2 — nLr)p(nLr)(6 .4) 
n=0 

where Ns and Ar denote the total grid number and the grid space, respectively. 

(i=0—Ns) 
  The convolution of (6.2) gives 

ci(k) = G(k)P(k)(6 .5) 

This can be readily solved using FFT, which is described by [Hockney, 1970] 
giving the correct potential at the grid points within the simulation region.
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