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Abstract

   In a space plasma simulator , a segmented ion collector in series with negatively char ged condensers were expo sed to
argon plasma flow in order to understand phenomena of spacecraft negative charging and its mitigation by plasma flow.
The time variations of neutralization current and ion sheath shape were measured.  The mitigation process was expected
to depend on plasma velocity and plasma number density, i.e., ion velocity and ion flux, and their dependence
intensively changed with the attack angle of plasma flow to the negatively charged surface.  In cases that a negatively-
charged insulating surface disappears from a plasma source with a high plasma velocity, i.e., at wake condition,
electrical breakdown fears occurring by a large difference in mitigation time between the absolute charging of the
spacecraft conductive main body and the local charging of the insulating surface, as predicted from equivalent electrical
circuits between a spacecraft and the space plasma around it.

Introduction

   Spacecraft are in a severe environment in space.  Their surfaces are exposed to ener getic and reactive particles, such
as electrons, ions, protons and oxygen atoms and ultraviolet light, during space missions.  Then, electrostatic
interactions between the surface materials and the space plasma, such as negative or positive sheath creation, and
charging and arcing phenomena, frequently occur.
   In satellites, the current generated by a solar array is leaked by impact of ions, and the solar array is still degraded by
sputtering and arcing due to the collected ions.1-3  The electrical breakdown of negative charging on insulating surfaces
causes intensive damages in the satellite systems.  Furthermore, in plasma contactor operations, negative charging is
expected to be mitigated by ions attracted from the plasma, resulting in surface degradation as well as in the case of
high voltage solar arrays.  The mechanism of the material degradation, the structure of electrical sheaths, and charging
and arcing processes must be understood.
   In Osaka University , a ground facility was developed for simulation of space plasma and mater ial interaction. 4,5

Using the simulator, the structure of an ion sheath created around a high voltage solar array and the degradation of
surface materials near the array due to high energy ion bombardment were investigated.6-8  The mitigation of negative
charging by plasma flow, i.e., the feature of plasma contactor operations, has also been studied.7,8

   In the present study , equivalent electrical circuits between a spacecraft and the space plasma around it are made in
order to simply and clearly understand phenomena of spacecraft charging and its mitigation by plasma flow.  A
segmented ion collector in series with negatively charged condensers are exposed to argon plasma flow in order to
examine the mitigation.  An ion sheath is expected to be created in front of the ion collector surface although the sheath
comes to be small as exposing; that is, a transient sheath is constructed.  The neutralization current is measured for
variations in the attack angle of plasma flow to the negatively charged surface.  An emissive probe is used to examine
time variations of the ion sheath shape around the ion collector.  The hazard of electrical breakdown under mitigation of
negative charging by plasma flow is discussed.

Modeling of Spacecraft Negative Charging and Its Mitigation by Plasma Flow,
and Hazard of Electrical Breakdown

   Figure 1 shows the equivalent electrical circuit between a spacecraft and the space plasma around it.  The insulator on
the surface of the spacecraft is a kind of thermal control films such as Kapton films.  The condenser between the
spacecraft conductive main body and the space plasma has a capacitance of C0, that between the insulating surface and
the space plasma C1 and that between the insulating surface and the spacecraft conductive body C2.  In general, the
capacitance C2 is much larger than others, and the condenser C2 can store lots of charge.  The condenser C0 is charged to
a voltage of V1; that is, the absolute charging potential of the spacecraft conductive body corresponds to V1 (minus
value) on the space plasma potential, and then that of the insulating surface to V2 (minus value).  Therefore, the local
charging potential of the insulating surface corresponds to V2-V1 on the spacecraft conductive body potential, and the
insulating surface has lots of negative charge.
   As shown in Fig.2(a), when a plasma is released from a spacecraft, i.e., in plasma contactor operations, the electrons
discharged spread into the space plasma; the ions are attracted to the negatively-charged insulating surface.  In general,
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the resistance R1, as shown in Fig.2(b), is smaller than R2 because R1 and R2 are related to electron and ion motions,
respectively; that is, electron mobility is larger than ion one.  Accordingly, both switches of S1 and S2 are closed in the
equivalent electrical circuit, and the charges in three condensers are discharged through the resistances R1 and R2.
However, the local charging potential of the insulating surface come to be large, and the spacecraft has the hazard of
electrical breakdown between the insulating surface and the spacecraft conductive body.  This is because the relaxation
time of the condenser C1 is longer than that of C0 owing to R1 <R2, resulting in coming to be a large |V2-V1| with lots of
charge in the condenser C2.
   Hence, we need to predict motion of ions from a plasma source to an insulating surface for safe use of plasma
contactors.  It is important to examine changes of mitigation process of negative charging with variations in ion number
density, ion velocity and attack angle of ion flow on charging surface etc.

Experimental Apparatus and Conditions

   The space plasma simulator developed in Osaka University, as shown in Fig.3, consists of a vacuum tank, a vacuum
pump system and a plasma accelerator.4,5,7,8  The electron cyclotron resonance (ECR) plasma accelerator is set on the
flange of the large stainless vacuum tank 0.7 m in diameter x 1.5 m long.  The main vacuum pump is an oil-free turbo-
molecular pump with a high pumping speed of 5 m3/s.  The tank pressure is kept some 10-3 Pa during all experiments.
   The ECR plasma accelerator is a type of magnetic-field-expansion plasma accelerators.  Plasma is generated by ECR
heating of the interaction between microwaves and divergent magnetic fields induced by a solenoidal coil around a
discharge chamber and is electrostatically accelerated by micro electric fields induced by charge separation in the
magnetic fields.  Microwaves of maximum 3 kW and 2.45 GHz are introduced into the discharge chamber.  An orifice
is set to the downstream exit of the discharge chamber to produce a low density plasma flow.  Argon is used as the
working gas.
   A spacecraft model, as shown in Fig.4, is located at 650 mm downstream from the plasma accelerator.  The model has
a segmented ion collector, and each segment is connected to a condenser with a capacitance of 400 pF corresponding to
that of Kapton films 25_m thick.  The segments are numbered.   All condensers are charged up to
-200 V, and then the spacecraft model is exposed to plasma flow.  The angle between the plasma flow and the normal
line of the ion collector surface can be changed.  The neutralization current is defined as the current from the condenser
to the ground; i.e., it agrees with the ion current attracted from plasma to the ion collector.  The time variations of the
boundary between the bulk plasma and an ion presheath around the ion collector are also measured with an emissive
probe biased to -15 V just below the plasma potential.
   Plasma parameters of electron temperature, plasma density and ion ener gy distribution (average ion velocity) are
controlled by varying microwave input power, magnetic field shape and strength, and working gas mass flow rate.
They are measured with a Langmuir probe, a Faraday cup and an electrostatic energy analyzer in front of the spacecraft
model.  Two plasmas named A and B, as shown in Table 1, are generated by changing operational conditions.  The
number density of plasma A is equal to that of plasma B although the plasma axial velocity of A is higher than that of B.
Accordingly, we can mainly examine effects of ion velocity and implicitly ion flux on mitigation process of negative
charging.

Experimental Results and Discussion

   Figures 5 and 6 show the time variations in neutralization current for the segmented ion collector with plasmas A  and
B, respectively.  In all experiments, the electric charge by integration of the neutralization current agreed with that
which had been stored in the condenser before exposure.
   The neutralization currents for the segments 1, 2 and 3 near the center of the ion collector at an attack angle of 0 deg,
i.e, at ram condition, as shown in Figs.5(a) and 6(a), have high peaks at the start of exposure to plasma flow.  Since the
peaks for plasma A are higher than those for plasma B, the mitigation times for these segments with A are shorter than
those with B.  The times are order of 10-2 sec.  On the other hand, the neutralization currents for the outside segments 4
and 5 gradually increase; have peaks and then decrease.  The peaks and the mitigation times for plasma A are higher
and shorter, respectively, as well as for the inside segments.  As a result, the mitigation of negative charging for plasma
A with the higher ion velocity and the larger ion flux is found to be faster than that for plasma B.
   The waveforms of neutralization current at 90 deg, as shown Fig.5(b), are complicated.  The neutralization currents
for the segments 1 and 3 are highest at the start of exposure; that for the segment 5 has the second peak; that for the
segment 2 has a slow change of up and down, and that for the segment 4 is very small compared with those for other
segments.  These characteristics roughly agree with those of a steady-state ion sheath created on a metal plate parallel to
plasma flow; that is, the ion sheath shape extends outward downstream by inertia of ions.6-8  Accordingly, plasma flow
influences the motion of ions and the ion sheath structure.  The mitigation time for each segment is reasonable
considering waveform of neutralization current.  The times are order of 10-1 sec.  The peaks and the mitigation times for
all segments with plasma A were slightly higher and shorter, respectively, than those with plasma B.
   As shown in Figs.5(c) and 6(b), the neutralization currents for the inside segments 1,2 and 3 at 180 deg, i.e., at wake
condition, are very high compared with those for the outside segments 4 and 5 at the start of exposure.  Since the peaks
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are much smaller than those at 0 and 90 deg, long times of order of second are needed for mitigation of negative
charging.  Furthermore, since the peaks for plasma A are smaller than those for plasma B, the mitigation times with A
are longer than those with B.  These characteristics disagree with those at 0 and 90 deg.  This is expected because of
larger inertia of ions for plasma A with the higher ion velocity.  Consequently, in cases that a negatively charged surface
disappears from a plasma source with a high plasma velocity, i.e., at wake condition, electrical breakdown fears
occurring by a large difference in mitigation time between the absolute charging of the spacecraft conductive main body
and the local charging of the insulating surface as mentioned above.
   Figures 7 and 8 show the time variations of the boundary between the bulk plasma and an ion presheath, named the
ion sheath boundary or shape, around the segmented ion collector with plasmas A and B, respectively.  The flat-like ion
sheath boundaries at 0 deg, as shown in Figs.7(a) and 8(a), move toward the ion collector surface with time; that is, the
ion sheath comes to be small.  The boundary has a wave-like shape near the ion collector surface.  This is expected
because the ion flux near the center of the ion collector is high owing to lens effect of electric field in the ion sheath.
Therefore, mitigation of negative charging is expected to intensively occur near the center of the ion collector compared
with the outside.  The ion sheath boundary for plasma A rapidly approaches the ion collector surface compared with that
for plasma B.  This is because of the higher ion flux for plasma A.
   The ion sheath at 90 deg, as shown in Fig.7(b), is large at 2 msec although it may be larger downstream just at the
start of exposure as predicted from the steady-state sheath feature.6-8  The sheath boundary near the downstream region
rapidly moves toward the ion collector surface although the boundary at the upstream region slowly approaches the
collector surface.  Hence, the ion sheath shape is found to drastically change with time.  The direction of ion motion can
be inferred from the inner normal directions of the ion sheath contours as follows.  At first after the start of exposure a
large amount of ions is collected at the downstream region on the ion collector; then the mitigation of negative charging
at that region is finished, and finally ions are attracted at the upstream region.  Also, the moving speed of the ion sheath
boundary for plasma A was slightly higher than that for plasma B.
   The flat-like ion sheath boundaries at 180 deg, as shown in Figs.7(c) and 8(b), slowly approach the ion collector
surface after the start of exposure although near the collector the moving speed of the ion sheath boundary at the center
comes to be high resulting in the rapid mitigation of negative charging near the center.  This is expected because ions
attracted from the outside freestream to the wake are concentrated near the center of the ion collector; i.e., the ion flux is
very small near the edge of the collector owing to inertia of ions.  It is very remarkable that the moving speed of the ion
sheath boundary for plasma A with the higher plasma velocity is much lower than that for plasma B and also that the
moving speed is very low compared with those at 0 and 90 deg.  Therefore, at wake condition, particularly with a high
plasma velocity, electrical breakdown fears occurring by a large difference in mitigation time between the absolute
charging of the spacecraft conductive main body and the local charging of the insulating surface as mentioned above.
   Consequently, the characteristics of time variations of ion sheath shape agree with t hose of neutralization current.
Mitigation process of negative charging by plasma flow is expected to depend on plasma velocity and plasma number
density, i.e., ion velocity and ion flux, and their dependence intensively changes with the attack angle of plasma flow to
negatively charged surface by effect of inertia of ions.

Conclusions

   In order to simply and clearly understand phenomena of spacecraft char ging and its mitigation by plasma flow , the
equivalent electrical circuits between a spacecraft and the space plasma around it were made.  The spacecraft was found
to have the hazard of electrical breakdown between the spacecraft conductive main body and the insulating surface
during the mitigation.  In the space plasma simulator, the segmented ion collector in series with negatively charged
condensers were exposed to argon plasma flows with changing plasma velocity under a constant plasma number
density.  The time variations of neutralization current and ion sheath shape were measured.  The mitigation process was
expected to depend on plasma velocity and plasma number density, i.e., ion velocity and ion flux, and their dependence
intensively changed with the attack angle of plasma flow to the negatively charged surface by effect of inertia of ions.
In cases that a negatively-charged insulating surface disappears from a plasma source; in the shade on view from a
plasma source; i.e., at wake condition, particularly with a high plasma velocity, electrical breakdown fears occurring by
a large difference in mitigation time between the absolute charging of the spacecraft conductive main body and the local
charging of the insulating surface.
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Fig.1  Equivalent electrical circuit between spacecraft and space plasma under negative charging.
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Fig.2  Feature of plasma contactor operation.
(a) Mitigation process of negative charging.
(b) Equivalent electrical circuit between spacecraft and space plasma.
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Fig.3  Experimental setup of mitigation of negative
charging using space plasma simulator with electron
cyclotron resonance plasma accelerator.
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Fig.4  Spacecraft model with segmented ion collector.

Table 1  Plasma characteristics of plasmas A and
B generated by space plasma simulator.

A B

Plasma Density ( m-3 ) 6.1?~101 2 6.1?~101 2

Electron Temperature ( eV ) 1.6 0.9

Ion Axial Current Density (mA/m2) 16.4 10.7

Plasma Axial Velocity ( km/s ) 10.6 9.1
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Fig.5  Time variations in neutralization current for segmented ion collector at attack angles of 0, 90 and 180 deg with
plasma A.  (a) 0 deg; (b) 90 deg; (c)  180 deg.
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Fig.6  Time variations in neutralization current for segmented ion collector at attack angles of 0 and 180 deg with
plasma B.  (a) 0 deg; (b) 180 deg.
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Fig.7  Time variations of ion sheath shape around segmented ion collector at attack angles of 0, 90 and 180 deg with
plasmas A.  (a) 0 deg; (b) 90 deg; (c) 180 deg.
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Fig.8  Time variations of ion sheath shape around segmented ion collector at attack angles of 0 and 180 deg with
plasmas B.  (a) 0 deg; (b) 180 deg.

Flow Flow
Flow

Flow

Flow


	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




