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Abstract

In tethered satellite technology, it is important to
estimate how many electrons a spacecraft can collect
from its ambient plasma by its bare electrodynamic
tether. The analysis is however very difficult be-
cause of the small but significant Geomagnetic field
and the spacecraft’s relative motion to both ions and
electrons. The object of the work reported here is
the development of a numerical method, for this pur-
pose. Particle-In-Cell (PIC) method, for the calcu-
lation of electron current to a positive bare tether
moving at orbital velocity in the ionosphere, i.e.
in a flowing magnetized plasma under Maxwellian
collisionless conditions. In a PIC code, a number
of particles are distributed in phase space and the
computational domain has a grid on which Pois-
son equation is solved for field quantities. The code
uses the quasi-neutrality condition to solve for the
local potential at points in the plasma which coin-
cide with the computational outside boundary. The
quasi-neutrality condition imposes ne = ni on the
boundary, electron density, ne, and ion density, ni,
have both incoming and outgoing parts. Outgoing
particle densities are calculated numerically, and in-
coming particle densities are calculated analytically.
In this calculation, electrons are assumed to have
a shifted Maxwellian distribution at the boundary.
The Poisson equation is solved in such a way that
the presheath region can be captured in the com-
putation. Results show that the collected current is
higher than the Orbital Motion Limit (OML) theory.
The OML current is the upper limit of current col-
lection under steady collisionless unmagnetized con-
ditions. As a possible cause of this current enhance-
ment, field oscillation has been recognized as well as
particle-field interaction. Due to the particle-field
interaction, the total energy of a particle may not
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be conserved.

Introduction

Sanmart́ın, Mart́ınez-Sánchez and Ahedo [1] pro-
posed a thin bare electrodynamic tether to col-
lect currents in the Orbital-Motion-Limit (OML)
regime. The OML current is derived under the
steady isotropic Maxwellian condition by calculating
all particles whose trajectories can be traced back to
infinity from the surface of a collector [10]. There-
fore we know that the distribution function of elec-
trons on the collector’s surface is Maxwellian except
that particles corresponding to negative total energy
are excluded. This gives rise to the upper limit of
current collection in a steady state. However the
prediction may not be straightforward as seen in the
space experiment using a spherical collector (TSS-
1R), wherer a different “upper bound” was seen to
be broken.

TSS-1R space experiment which took place in
1996 brought about unexpected results. The ex-
periment used a spherical collector, whose radius is
much larger than the Debye length of unperturbed
plasma. Previously it was expected that the cur-
rent collection would have an upper limit which
was derived from the canonical angular momentum
conservation–Parker-Murphy model [2]. The result
was that TSS-1R collected more current than the
Parker-Murphy predictions. An electron temper-
ature increase in the near presheath was also ob-
served. In order to explain the current enhance-
ment, Cooke and Katz used a fluid model to re-
late the potential increase to the temperature in-
crease, assuming that there are trapped electrons
in the presheath, being trapped for long enough to
use the fluid approximation [3]. Laframboise intro-
duced the concept of magnetic presheath to mod-
ify (enlarge) the Parker-Murphy collection “tube”
[6]. These theories still await experimental and/or
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computational results for its verification. For a thin
tether, the Parker-Murphy limit may be superseded
by the OML limit as the upper bound of collected
current. However, some of the same phenomena dis-
cussed in [3] and [6] may be still involved

In order to predict current collection to a bare
electrodynamic tether, we have developed a numer-
ical code using Particle-In-Cell (PIC) method. The
PIC method has been established to analyze colli-
sionless plasmas. Especially it works well to simu-
late the particle-field interaction [11]. We incorpo-
rate the quasi-neutrality condition at the boundary
developed by the authors, to capture the presheath
region. This scheme is shown to give good quan-
titative approximations in the prediction of current
collection to a cylindrical probe in and out of the
OML regime, in the case of a quiescent unmagne-
tized plasma [7]. In the ionosphere, at orbital speed
where the bare tether will be put in practice, so-
called “mesothermal condition” applies. Mesother-
mal condition is that the tether’s orbital velocity,
Utether, is much faster than the ion thermal speed,
vt,i, and much slower than the electron thermal
speed, vt,e.

vt,i ¿ Utether ¿ vt,e (1)

In this work, we presents recent results from our
PIC computations and discuss the effects of the
mesothermal condition on the current collection to
a bare tether. We are in a process of development
of a new larger grid system to reduce the boundary
effects.

Mesothermal Condition

In our computation we assume that ions are
Maxwellian at the far upstream region, and ap-
proaching the tether one-dimensionally at the
tether’s orbital speed. Electrons are assumed to
have shifted Maxwellian distribution functions at the
computational outside boundaries.

fe(w) = Ae exp

(
−me(wx − Utether)2 + w2

y + w2
z

2κTe

)

(2)

where Ae = n∞(me/2πκTe)3/2 exp(−qφ/κTe), n∞
electron density at infinity, me electron mass, Te

electron temperature, q electric charge of electron,
φ local potential, κ Boltzmann constant.

A mesothermal condition defined by equation (1)
and the very high positive potential on the tether
may induce instability. It may be explained in terms
of Bohm stability criterion. The Bohm sheath sta-
bility criterion claims that throughout the shielding
region surrounding a probe the sign of the charge
density must be opposite that of the probe, and

Magnetic field 0.3 Gauss
Ion mass (O+) 2.67 × 10−26 kg
Electron temperature 0.1 eV
Ion temperature 0.1 eV
Electron thermal velocity 212 km/sec
Ion thermal velocity 1 km/sec
Satellite speed 8 km/sec
Electron gyro radius 2.5 cm
Ion gyro radius 430 cm
Electron (Ion) density 1011/m3

Debye length at infinity 0.74 cm

Table 1: Plasma parameters

otherwise the Bohm unstable sheath suffers fluctu-
ations. In order to satisfy the Bohm criterion, elec-
tron density needs to be more than that given by
Maxwellian.

Computation

The major difficulty of a PIC method applied to
an infinitely large plasma appears in the specifica-
tion of the computational outside boundary condi-
tion, namely the velocity distribution function at a
boundary point. In order to treat the boundary, we
assume a shifted Maxwellian velocity distribution for
electrons at the boundary and a shifted Maxwellian
velocity function for ions at the far upstream. Based
on the assumption that ions are Maxwellian in the
far upstream region and are accelerated/decelerated
one-dimensionally, we obtain the ion distribution
function at the boundary as a function of the lo-
cal potential. From this function, we calculate the
density, which is required for the quasi-neutrality
condition, and the flux, which is required to calcu-
late the number of ions to be replenished into the
computational domain per timestep [8]. The den-
sity and flux of incoming electrons are also calcu-
lated, based on the assumption that electrons have
a shifted Maxwellian distribution at the boundary
[8].

To avoid an error associated with a very large ve-
locity of electrons near the high potential tether,
sub-iterations are used for fast electrons. Tether
charge is also kept at 7eV , which is above the ion
ram energy, reducing the number of very fast parti-
cles near the tether. Higher potential case is possible
without any practical problems. We are in the pro-
cess of updating a grid system from cylindrical grids
to square grids, to be able to expand the computa-
tional region without inducing numerical instabili-
ties. The expansion of structured cylindrical grids
inevitably increases a cell size at the outer edge.
A large cell size is known to be numerically unsta-
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Unmagnetized Magnetized
Quiescent 0.95 0.92
Flowing 1.8-2.0 2.0-2.3

Table 2: Current Collection : Normalized by the
OML current

ble [11] In this paper, results from simulations per-
formed on both grids will be presented.

We have been using the cylindrical grid system for
simulations of different plasma conditions, namely
quiescent unmagnetized case, quiescent magnetized
case, flowing unmagnetized case and flowing magne-
tized case. In each case, current collection was cal-
culated for the Debye-to-radius ratio equal to one.
Results are shown in Table 2. Numbers are normal-
ized by the OML current. In both quiescent cases,
current collection is very close to the OML, whereas
in flowing cases, the tether collects about 2 times
higher than the OML current.

In Figures 1 and 2, electron density, ion density,
electric charge density and potential field are shown
for both magnetized and unmagnetized cases. In
the ion density map, it is clearly seen that a wake
is formed behind the tether due to the mesother-
mal condition. In order to keep the quasi-neutrality
most electrons are excluded from this wake region,
where potential becomes negative. Only a few very
energetic electrons can penetrate this region. In the
immediate vicinity of the tether, electrons shield the
tether and create a sheath region. The difference be-
tween these two cases may be seen in the potential
profiles. in the magnetized case, electron motions
are restricted along the Geomagnetic field, which
runs vertically in the map, and thus magnetic wings
are extending to the both sides of the tether, al-
though they appear to be limited by the computa-
tional boundaries.

From the viewpoint of the quasi-neutrality, it is
reasonable for electrons to have higher density in
the vicinity of the tether, where ion density is also
elevated due to the ion’s quasi one-dimensional mo-
tion and the high potential on the tether. How-
ever from the calculation of steady state collisionless
Maxwellian distribution, especially in the unmagne-
tized case, electron density is at most equal to that
at infinity, or rather less than that because of the
electron collection on the tether. Laframboise and
Parker [10] explained that in 2-D steady isotropic
Maxwellian condition, electron density is obtained
by considering all the particles with its total energy,

E > 0.

ne =
∫ ∞

w2
x+w2

y>
√

2eφ
me

Ae exp

(
−me(w2

x + w2
y + w2

z)
2κTe

)
dw (3)

= n∞ (4)

Even though we are missing a flowing effect in this
calculation, the mesothermal condition that electron
thermal velocity is much larger than the tether or-
bital speed, makes the effect negligible. If the elec-
tron density is equal to or less than that at infinity,
the Bohm stability criterion is violated, and thus the
plasma becomes unstable. The instability attracts
electrons in order to satisfy the Bohm stability cri-
terion, and plasma becomes marginally stable. The
mechnism of attracting more electrons is not clear
at this moment. However as seen in Figure 3, we
may partly attribute it to the particle trapping due
to the field oscillation. The figure shows several par-
ticle trajectories observed in a computation. Some
electrons are trapped in the ram side of the tether,
wander around and eventually get collected by the
tether. Trapped electrons mostly oscillates up-and-
down in Figure 3. In part (c) of Figure 4, there are
more particles with such velocities than those with
other component of velocity, whereas in part (a) the
distribution is more uniform with respect to the ve-
locity component except for the open part which cor-
responds to particles collected by the tether. This
means that once an electron is trapped, it is pulled
by the tether potential and stays trapped near the
tether.

We also see the effects of outside boundaries. Po-
tentials tend to be lower by at most 0.1eV imme-
diately inside the boundary. This potential drop is
clearly seen in the computation which uses square
grids (Figure 5). A contour of equipotential goes
parallel with the outside computational boundary.
Once this potential drop appears near the bound-
ary, the boundary behaves like a negatively charged
wall and maintains a positive charge sheath next to
itself. This potential drop is also seen in the cylin-
drical grids at least on some spots. The “sheath”
along the outside boundary observed in the square
grids is stable and continuous because the grid size
is much larger than the cylindrical one and thus does
not get disturbed from other parts of boundary.

To see how this potential drop changes current
collection, let us look at Figure 4 again. We don’t
see many particles with a small total energy. As a
preliminary result, we may expect that the potential
drop at the boundary does not change the current
collection considerably.
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Conclusion and Future Work

A Particle-In-Cell method has been developed for
the calculation of current collection by a moving
bare tether. Current collection enhancement has
been recognized in the computation. As the Bohm
stability criterion claims, electron density becomes
higher than Maxwellian where ion density increases
one-dimensionally in the ram front of a tether. The
understanding of electron density increase is still in-
complete, however, we have detected particle trap-
pings occurring in the ram region, and correspond-
ing particle-field interactions. We also identified
the computational outside boundary effects. There
are potential drops in the immediate vicinity of the
boundary which behaves like a negatively charged
wall.

The preliminary examination of distribution func-
tion suggests that the potential drop at the bound-
ary may not induce a considerable change in the
current collection. It is also observed that electrons
are trapped mostly in the immediate vicinity of the
tether.

Works to be done in the near future includes the
elimination of the potential drop near the outside
boundary, to obtain correct local potential, which is
important to calculate the number of injected par-
ticles, and the modification of boundary conditions
in order to prohibit the reflection of wave radiations
at the boundary.
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Figure 1: Flowing unmagnetized plasma: Maps of electron density (upper left), ion
density (upper right), electric charge density (lower left) and potential field (lower right).
Densities are normalized by that at infinity and potential by the equivalence of plasma
energy (kTe=0.1eV). Tether potential is kept at 250 (25eV).

Figure 2: Flowing magnetized plasma: Maps of lectron density (upper left), ion density
(upper right), electric charge density (lower left) and potential field (lower right).
Densities are normalized by that at infinity and potential by the equivalence of plasma
energy (kTe=0.1eV). Tether potential is kept at 250 (25eV).
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(a) Particle Trapping      (b) Particle Trapping  (c) Boundary Effect

Figure 3: Electron trajectories

(a) 15 Debye lengths ahead           (b) 5 Debye lengths ahead          (c) 2.5 Debye lengths ahead 
of the Tether : phi=0.67eV           of the Tether : phi = 2.4eV         of the Tether : phi = 4.15eV

Figure 4: Time averaged distribution functions measured at different points ahead
of the Tether (in the ram side): White circles corresponds to sqrt(2e phi/me).

Figure 5:Flowing unmagnetized plasma on square grids: Maps of lectron density (upper left),
ion density (upper right), electric charge density (lower left) and potential field (lower right).
Densities are normalized by that at infinity and potential by the equivalence of plasma energy
(kTe=0.1eV). Tether potential is kept at 70 (7eV). The equipotential contour just inside the
outside boundary corresponds to 1 (0.1eV).

6

x

y

-0.2 0 0.2 0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

x

y

-0.2 0 0.2 0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

x

y

-0.2 0 0.2 0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3


	Navigation
	Cover
	Contents
	Foreword and Acknowledgements
	Opening Session
	Opening Remarks
	Sponsor Comments - NASA
	Sponsor’s Comments – DERA
	Spacecraft Charging - A French Experience
	Sponsor’s Comments - AFRL

	Course on Spacecraft Plasma Interactions
	Space Plasma Environment and Spacecraft Charging
	Spacecraft Interactions with their Space Environments
	Interactions of Plasma with Surfaces and Bodies in Space
	Internal Charging in Space
	Electrostatic Discharges and Spacecraft Anomalies
	Modelling of Spacecraft Plasma Environment Interactions
	Space Tethers - an Overview
	Future Challenges in Spacecraft Plasma Interactions

	Session I Engineering Practices, Methods and Procedures
	Spacecraft Plasma Interactions - Welcome and the ESA Perspective
	Spacecraft Charging - Welcome and the NASA Glenn Perspective
	Research Activities in Mitsubishi Electric on Spacecraft Charging
	ISS and Space Environment Interactions in Event of Plasma Contarctor Failure
	MESSENGER Space Craft Charging Analysis
	Improved Testing for Spacecraft Discharge Pulses
	Comparison of the NASCAP-GEO SEE Interactive Charging Handbook and NASCAP-2K.1 Spacecraft Charging Codes
	Hall Current Thruster Plume Modeling
	ETS-VIII Solar PDL Plasma Interaction Problem Approach
	The Effect of Temperature on Internal Charging and Its Potential Role in Hazard Mitigation
	Electric Effects of Plasma Propulsion on Satellites
	Numerical Simulation of the Electrical Charging of the Rosetta Orbiter
	Electrostatic Discharges on Solar Arrays
	Spacecraft Charging Models in ESAs Spacecraft Environment Information System
	Spacecraft Anomaly Analysis and Prediction System -SAAPS
	Vacuum Arcs-Literature Review and Common Characteristics with Secondary Arcs on Solar Arrays
	Charging Analysis of Engineering Test Satellite VIII (ETS-VIII) of Japan
	Spacecraft Charging Interactive Handbook 
	The Shield System for Spacecraft Charge Control
	Influence of Electric Charging on the Rosina Instrument in the Plasma Environment of Comet 46P-Wirtanen
	Application of the Geant Tools for Spacecraft Internal Charging Simulation.
	The Description of Dynamic Spacecraft Charging Using Modern Computer Tools

	Session 2- Environment Specifications
	AF-GEOSPACE- An Update
	NASA’s Space Environments  and Effects (SEE) Program
	Plasma Environments and  Effects Specifications-ESAs Pperspectives of the Future
	Space Weather Forcasting- Under the Hood of the Magnetospheric Specification Model
	High Latitude Plasma Electrodynamics and Spacecraft Charging in Low Earth Orbit
	Geometric Model of Large Scale Structures in the Magnetosphere

	Session 3- In-Flight Investigations Measurements and Observations
	Effects of Active Spacecraft Potential Control on Cluster Plasma Observations - First Results
	The Variation of Spacecraft Potential on High Eliptical Orbit- The Result of Interball Project
	Comparing CRRES Internal Discharge Monitor Results with Ground Tests and Published Guidelines
	Results of Electric Static Charge Mmeasurement Onboard ETS- V ETS-VI ADEOS 
	Spacecraft Charging -Observations and  Relationship to Satellite Anomalies
	Scintillator-Based Low Energy Particle Imaging Spectrometer for Nanosatellites
	Initial Correlation Results of Charge Sensor Data from six Intelsat VIII Class Satellites with other 
	First Report of the SILLAGE Flight Experiment Aboard SPOT-4
	In Flight Measurement of the Outside Surface Potential of the MIR Orbital Station
	RF Effects on OEDIPUS-C Floating Voltages
	An Upper Atmospheric Probe for Auroral Effects
	Research of Geosynchronous Spacecraft Charging Effects in Terms of the Onboard Hot PlasmaSPECTROMETER DATA
	Anomaly Attributed to Low Earth Orbit Plasma Environment
	A Survey of Spacecraft Charging Events on the DMSP Spacecraft in LEO
	The Discharge Detector Experiment
	Profiles of Inner- and Outer-Bbelt Internal Charging Currents Against Geomagnetic Parameter L 
	Bootstrap Charging on the DSCS Satellite
	Interball-2 Thermal Plasma Measurements 2 Spacecraft Potential in Magnetospheric Auroral Region at Altitudes

	Session 4: Laboratory Experiments, Measurements and Testing
	Laboratory Tests on Plasma Interaction of ETS -VIII Solar Arrays
	The Floating Potential Probe (FPP) for ISS - Operations and Initial Results
	Life Testing of the Hollow Cathode Plasma Contactor for the ProSEDS Mission
	Secondary Arcs on Solar Arrays Occurance Thresholds Characteristics and Induced Damage
	Experimental Results of Testing Electron Field Emission Cathodes For Spacecraft Applications
	Plasma Measurements in the ESA Electric Propulsion Laboratory
	Plasma Diagnosis in the Plume of the 20mN Ion Thruster for ETS-8
	Development of Charge Distribution Measurement System using Pockels Effect
	An Experimental Investigation of the Effects of Charging on the International Space Station
	Measurement Techniques for Charging in Bulk of Insulation Materials Irradiated by Radioactive Rays
	New Scaling Laws for Spacecraft Discharge Pulses
	Pre-Contact Microdischarge from Charged Particles
	Development of Deep Charging Monitoring System for Spacecraft Using the PIPWP Method
	Laboratory Ground Simulation of GEO and LEO Environment
	Hypervelocity Debris Initiated Spacecraft Discharging
	Laboratory Experiments on Mitigation Methoda Against Solar Array Arching
	Laboratory Simulation of Charging Relaxation by Plasma Flow
	Gas Discharge Phenomena in Spacecraft Discharge Pulses
	Arc Inception Mechanism on a Solar Array Immersed in a Low-Density Plasma
	Laboratory Simulation of Spacecraft Surface Charging and Discharging Caused by Structural Potential Transients and its INTERFERENCE TEST METHOD ON DC-DC CONVERTER
	The Magnetic Field Effect on Photoelectron Current from a Positively Charged Spacecraft
	Design and Testing of the Floating Potential Probe for ISS 

	Session 5: Theoretical and Numerical Developments
	Some Space Hazards of Surface Charging and Bulk Charging
	Nascap-2K Spacecraft Charging Models: Algorithms and Applications
	Electrostatic Charging Simulation of Spacecraft using a Stationary Thruster In Geostationary Plasmic Environment.
	A New Spacecraft Plasma Interactions Simulation Software
	Electromagnetic Particle Simulation with Unstructured-Grid Model
	Electron Current Collection by a Bare Tether in Mesothermal Conditions
	Magnetic Self-Field Effects on Bare-Tether Current Collection
	PIC Simulation of the Space Environment Effects of Plasma Contactor
	Modelling the Plasma Flow in a Hall Thruster
	Electric Propulsion Plasma Simulations and Influence on Spacecraft Charging
	Effective Ion Current Computation Alogrithm Modeling of LEO Spacecraft Charging
	Plasma Sheath Analysis and Current Calculations from the Potential Distribution around Iinterball Auroral Probe
	Landau Fluid Model of  Multi-Stream Instabilities and Application to  Plasma Contactor Plumes
	Combined Effects of Satellite and Ion Detector Geometries and Potentials on the Measurement of Thermal 
	Modelling of the Electric Propulsion Induced Plasma Environment on SMART-1
	Short Electrodynamic Tethers
	Low-Energy Electromagnetic Processes in GEANT4in the Context of  Spacecraft Charging

	Session 6: Interplanetary Missions and Experiments
	Large-Scale Mini-Magnetosphere Plasma Propulsion (M2P2) Experiments
	Characteristics of the Plasma Environment for the SMART-1 Mission
	Internal Electrostatic Discharge at Jupiter
	The Plasma Environment Around Mercury
	Experimental Tests of the Numerical Simulation of the Interaction of the ROSETTA Orbiter with the Comentary Plasma
	Charging Effects on Cosmic Dust
	Detecting Dust with Electric Sensors in Planetary Rings Comets and Interplanetary  Space




