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SMART-1 will be the first spacecraft using a Hall thruster as a primary propulsion system. Part of its mission
is to investigate the influence of operating such a thruster with the rest of the spacecraft. Due to collision processes in
the plasma, slow ions are produced which are able to leave the primary ion beam. Two instruments in SMART-1 will
investigate these slow ions, the Electric Propulsion Diagnostic Package (EPDP) and the Spacecraft Potential, Electron
and Dust Experiment (SPEDE). A 3D Particle-In-Cell plasmasimulation has been developed to predict what the
instruments will measure and to get estimate the global distribution of these slow ions around the spacecraft. Therefore,
virtual instruments were developed to resemble the space experiments as close as possible. Priliminary results show no
significant interaction with the rest of the spacecraft and that all obtained data is well within the instrument range.

1. Introduction

SMART-1 is the first of the Small Missions for
Advanced Research in Technology of the ESA Horizons
2000 scientific programme. The mission is dedicated to
testing of new technologies for preparing future
cornerstone missions, using Solar-Electric Propulsion in
Deep Space. SMART-1 will be placed in orbit around
the moon using a Hall thruster (PPS-1350) with a
maximum thrust of 70 mN built by SEP". It will be
launched in 2002 as an Ariane 5 cyclade-like auxilary
payload.

This will be the first time of primary electric
propulsion on a European spacecraft. Hence, the
evaluation of the Hall thruster impact on the spacecraft
and its instruments is one of the primary scientific
objectivesz. Additionally to primary beam ions, electric
propulsion thrusters create a low-energy charge-
exchange ion environment. The distribution of these
ions is strongly affected by the potential distribution
near the spacecraft being a potential contamination
source for instruments and solar arrays. Although
charge-exchange plasma interactions have been a
subject of extensive experimental and theoretical
studies™, there have been few comprehensive in-flight
investigations due to the lack of flight opportunities.
The first interplanetary spacecraft using solar electric
propulsion is Deep Space One® using the NSTAR ion
engine. SMART-1 will be the first interplanetary flight
using a Hall thruster.
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Two payload experiments (EPDP, SPEDE) are
dedicated to measure the ambient plasma variables
during the operation of the Hall thruster. The Austrian
Research Centers Seibersdorf (ARCS) are currently
developing modelling tools to predict and help to
interpret instrument data to study
spacecraft/environment interactions on SMART-1. This
paper will present an overview of the plasma
diagnostics and preliminary modelling results of the
induced electric propulsion plasma environment to
assess possible contamination issues. A successful
validation of the simulation with in-flight data will
support future interplanetary and commercial missions
featuring electric propulsion to reduce the risk of
contamination and interference with on board
instruments.

2. Spacecraft Plasma Sensors Overview

SMART-1 is a cube spacecraft with the
dimensions 1.15x1.15x1 m and two solar arrays
stretching out from two opposite sides giving a total
length of 8 m. A schematic location of the thruster and
the electric propulsion related instruments is shown in
Figure 1. The PPS-1350 Hall effect thruster will operate
at an specific impulse of 1640 seconds delivering a
maximum thrust of 70 mN using Xenon gas as
propellant.
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Figure 1 Schematic Instrument Location on

SMART-1
Parameters PPS-1350 Thruster
Thrust 70 mN
Voltage 350V
Current 38 A
Mass Flow Rate 4.2 mg/s
Specific Impulse 1640 s
Power 1350 W
Total Efficiency 51 %
Divergence Angle 42°

Table 1 PPS-1350 Performance Parameters

During operation, the thruster emits an ion
beam with a divergence of about 40°. Typical operating
parameters are summarised in Table 1. Electrons from
an external cathode act as a neutraliser creating a quasi-
neutral plasma. Although the propellant efficiency for
these type of thrusters exceed 95%, the neutral density
is comparable to the beam ion density due to the much
lower thermal velocities (400 m/s) compared to the ion
velocities gained due to the acceleration potential of 350
V (22,500 m/s). Resonant charge-exchange collisions
between the ionised and neutral effluents create slow
ions that can be distributed around the spacecraft
following the potential distribution in the vicinity of the
spacecraft.

Several plasma sensors onboard SMART-1
will characterise the ambient plasma and the effects on
the low-energy charge-exchange plasma emitted by the
Hall thruster. In this section, we will give an overview
of the instruments involved in the evaluation of the
spacecraft/environment interactions related to electric
propulsion:

2.1 Electric Propulsion Diagnostic Package (EPDP)

This package consists of four instruments
outside the primary ion beam (Langmuir probe,
Retarding Potential Analyser, Solar Cell Sample, and
Quartz Crystal Microbalance) aiming at characterising
the char%e—exchange ion environment around the
spacecraft. The instrument requirements are
summarised in Table 2.

2.1.1 Langmuir Probe

The spherical Langmuir probe is located 55 cm
next to the Hall thruster (Figure 2). This sensor provides
information about the plasma potential, the electron
density and the temperature respectively. The charge-
exchange ion trajectories are determined by the
potential distribution created by space charge effects
around the spacecraft. Outside the primary beam ions,
the potential is composed of the space charges from the
charge-exchange ions and the neutraliser electrons.
Hence, the Langmuir probe data provides useful
information on the electron behaviour and therefore on
the potential and charge-exchange distribution near the
thruster.

2.1.2 Retarding Potential Analyser (RPA)

This sensor is located next to the Langmuir
probe on the same probe assembly (Figure 2). The
retarding potential analyser measures the ion energy and
current density distribution passing through a grid
structure. The charge-exchange ion energy is of crucial
importance to predict sputtering phenomena on the
spacecraft surface. Only if the energy is above a certain
material dependent threshold (Aluminium: 68 eV,
Silicon 150 eV, Rosenberg et al, 1962), sputtering
occurs. The predicted energy is in the order of several
tens of Volt, below such thresholds. However, rapid
changes in the spacecraft floating potential will change
the energy distribution which is difficult to simulate

Physical Parameters Instrument Requirements

Plasma Density 10° - 10" m?

Ion Energy 0—400 eV

Electron Temperature 1-5eV
(focus on 1.7-3.5 eV)

Plasma Potential -150-100 V

0.001 — 1 mA/cm’
(focus on 0.002-0.05 mA/cm?)

Ton Current Density

Deposition 0-0.44 mg/cm2 (TBO)

Table 2 EPDP Instrument Requirements
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numerically. This will not only effect sputtering, but
also a change in the ion distribution leading to possible
contamination of other parts than the thruster area, e.g.
to the solar arrays or even instruments. A detailed
analysis of the charge-exchange energy distribution at
different floating potential conditions will give valuable
answers to this problem.

2.1.3 Solar Cell Sample

A solar cell sample will be mounted on the —-X
panel of SMART-1 to study possible degradation due to
the operation of the electric propulsion system (Figure
1). If power losses are observed, they also provide
information of the charge-exchange ion density and
energy related to sputtering of the solar cell’s cover
glass causing the degradation. The presence of charge-
exchange ions in this location is, however, unlikely. As
the simulation results in section 4 show, the charge-
exchange ions are expected to expand radially from the
primary ion beam. The only possible mechanism to
attract ions to the solar panel location is a change in the
ambient potential structure or large different floating
potential conditions depending on the orbit and eclipses.

Hence, the analysis of these data is crucially
linked to the Langmuir probe and the SPEDE sensors
which provide information about the ambient plasma
environment and the spacecraft potential, as shown
later.

2.1.4 Quartz Crystal Microbalance (QCM)

This sensor is located next to the solar cell
sample to monitor possible deposition of propellant ions
during thruster operation (Figure 1). Deposition is
especially important for optical instruments like
cameras. As already mentioned above, the presence of
charge-exchange ions at this location is unlikely.
Similar measurements in Deep Space One indicated the
presence of an charge-exchange ion flux to a Langmuir
probe on the opposite side of the thruster (Wang, 1999).
However, changes in the floating potential were not
monitored. The flux was orders of magnitude below the
solar wind flux and occurred only at certain high thrust
level conditions. If sensor data appears during thruster
operation, QCM data will also contribute to a better
understanding of the interaction between the charge-
exchange ions and the ambient plasma environment.

2.2 Spacecraft Potential, Electron and Dust Experiment
(SPEDE)

The SPEDE experiment consists of two electric
sensors of cylindrical shape mounted on the ends of two
60-cm booms (Figure 3). Each sensor can work either in
a Langmuir (LP) mode or in an electric field (EF) mode.

Sensor 1 Sensor 2

60 cm 60 cm
Figure 3 SPEDE Location

When operated in an EF mode, the sensor is
current-biased, and both the spacecraft potential and
wave electric fields can be monitored. As already
pointed out, large variations in the spacecraft potential
affect the charge-exchange ions distribution. These
measurements will aid the analysis of possible
contamination detected by the solar cell sample and the
QCM. Also, gas molecules absorped on the spacecraft
will later be slowly desorped, resulting in enhanced
plasma wave actiVity7.

Using the potential measurement of an EF
sensor and the electron temperature from the EPDP
Langmuir probe, we can even estimate the charge-
exchange ion density, assuming a Boltzmann energy
distribution of the neutralising electrons.

In an LP mode, the sensor is voltage-biased in
order to monitor the variation of the electron flux. An
increase of the electron flux would also indicate the
presence of charge-exchange ions in a quasi-neutral
plasma.

3. Spacecraft/Environment Modelling for SMART-1

Both EPDP and SPEDE perform single-point
measurements of the charge-exchange ion environment
produced by the Hall thruster. Therefore, a numerical
model is necessary to predict the whole plasma
environment around the spacecraft and to interpret and
relate the obtained measurements. A 3D Particle-In-Cell
(PIC) model treating ions and neutrals as computer
particles and electrons as a fluid was developed and
verified using available ground testing data. The
detaihed model description can be found in Tajmar et al,
2001°".

Typical simulation parameters are a grid size
of 100x100x100 and up to 1,500,000 particles.
Computations require one day on a standard PC
workstation.

4. Simulation of the SMART-1 Plasma Environment

In this section we will show some initial
modelling results of the SMART-1 plasma environment
due to the operation of the Hall thruster. Before
evaluating the influence of the Hall thruster plume on
the whole spacecraft, we will look at the ion and neutral



densities from the thruster only on a x-y plane as shown
in Figures 4 and 56 respectively. The simulation domain
was 1x1x1 m with no background pressure to resemble
a vacuum environment. In the neutral density plot, we
clearly see the asymmetry due to the propellant flowing
through the cathode located on the right side of the
thruster. This influences the production of charge-
exchange ions as shown in Figure 45 coming out from
the primary ion beam. Because most charge-exchange
collisions will occur at locations where the ion and
neutral density are at their maximum, most of the
collisions are expected to occur close to the thruster’s
exit ring and near the cathode. The slow ions, initially
having only thermal velocities, will then follow the
potential distribution around the thruster. In our physical
model we assumed a quasi-neutral plasma and derived
the potential from the ion density. Looking at the ion
density plot in Figure 4, we note a maximum near the
thruster’s exit ring and a density build up at the
thruster’s axis 10 cm above the spacecraft surface. This
is characteristic for a ring type emission. Similar to the
ion density build up, also a potential hump is expected
in our quasi-neutral plasma model. Hence, the charge-
exchange ions below the potential hump will be
deflected towards the spacecraft surface, all other slow
ions will be more radially deflected parallel to the
spacecraft surface. Figure 6 plots the backflow structure
on the surface using an even smaller domain size of
0.4x0.4x0.4 m. Most backflow ions are concentrated on
the inner ring thruster area. They originate from the ion
density maximum at the thruster’s exit deflected by the
potential hump and the positive space charge from the
primary beam ions. On the right side of the peak, we
also note an asymmetry due to the cathode’s neutral
density peak.

Figure 7 plots the ion density on a x-z plane
through the middle of the thruster and the SMART-1
spacecraft including the solar arrays. In the middle of
the thruster, the ion density reaches a value of 1x10"7 m’
’. The charge-exchange ions radially leave the beam
creating an ion density 5 orders of magnitude less than
at the thruster’s exit. Most important, we see that the
ion’s space charge is not sufficient to expand the ion
beam down in the direction of the solar arrays. This
shows that the operation of the Hall thruster does not
cause contamination to the spacecraft other than at the
top surface where the thruster is located.

This simulation has been computed assuming
an initial spacecraft floating potential of 0 Volt. As
already mentioned above, fast transients in the potential
can influence the distribution of the charge-exchange
ions. However, due to our initial assumption of a quasi-
neutral plasma used to derive the potential distribution,
charged surfaces can not be treated in this code. This
would require to solve the potential at every time step
using the charge density on the grid and the boundary
conditions on the surface which is computationally very
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Figure 8 Virtual EPDP-RPA Sensor

expensives. If flight data may reveal such fast potential
transients and accordingly an impact of charge-
exchange ions at sensors outside the top surface. In that
case, a new modelling approach would be necessary to
avoid quasi-neutrality. Since code verifications with
ground test data was successful using the quasi-
neutrality assumption, the present numerical model does
not address problems related to fast spacecraft floating
potential transients.

The ions will form a space charge potential
hump in front of the thruster which will deflect the
charge-exchange ions. Virtual plasma sensors were
implemented in the simulation to compare with ground
tests and in-flight measurements. As an example, Figure
8 shows the data of the virtual RPA sensor from the
EPDP next to the ion beam.

It is a function of the potential distribution and
maximum potential built up in front of the thruster. The
data shows a peak around 20 eV going down to a
maximum of 35 eV. The 20 Volt peak corresponds to

the potential hump in front of the thruster®. This data
suggests no sputtering on the spacecraft surface
(Aluminium has a sputter threshold of 68 eV).

5. Conclusion

SMART-1 will be the first interplanetary
spacecraft using a Hall thruster. Two plasma
experiments (EPDP, SPEDE) will assess the change of
the plasma environment around the spacecraft before,
during and after the operation of the thruster. A 3D PIC-
MCC code has Dbeen developed to study
spacecraft/environment interactions related to the
SMART-1 mission. The code is capable of simulating
the Hall thruster on the spacecraft geometry including
virtual sensors to simulate the plasma instruments.

Preliminary modelling data assuming a quasi-
neutral plasma suggests that the ion beam will not
influence parts of the spacecraft other than the top
surface where the thruster is located. The peak energy of
the charge-exchange ions flowing back to the surface
was found to be 20 eV. This is well below the sputter
yield threshold of Aluminium, the material of the
spacecraft surfaces.

A successful validation of the model with in-
flight data will provide mission designers with a very
powerful tool to study spacecraft/environment
interactions for Hall thrusters.

References

'Lyszyk, M., Klinger, E., et al, 1999.
Qualification Status of the PPS1350 Plasma Thruster,
AIAA Joint Propulsion Conference, AIAA-99-2278.

2Racca, G.D., Foing, B.H., Rathsman, P., 1999.
An Overview on the Status of the SMART-1 Mission,
International ~ Astronautical ~ Congress, IAA-99-
T1AA.11.2.09.

3Carruth, M., Ed., 1981. Experimental and
Analytical Evaluation of Ion Thruster/Spacecraft
Interactions. JPL Publication, 80-92.

4Tajmar, M., Gonzales, J., Hilgers, A., 2001.
Modelling of Spacecraft-Environment Interactions on
SMART-1, Journal of Spacecraft and Rockets, In Press.

5Wang, J., Brinza, D.E., Polk, J.E., Henry,
M.D., 1999. Deep Space One Investigations of Ion
Propulsion Plasma Environment: Overview and Initial
Results. Joint Propulsion Conference, AIAA 99-2971.

6Matticari, G., Noci, G., Estublier, D.,
Gonzalez del Amo, J., Marini, A., Tajmar, M., 2000.



The SMART-1 Electric Propulsion Diagnostic Package. Neutral Gas Releases in the Solar Wind, Ann. Geophys.,
3" International Conference on Spacecraft Propulsion, to be submitted.
Paper No. 210.
®Tajmar, M., Wang, J., 2000. Field-Emission-
"Laakso H., Grard R., Janhunen P., Trotignon Electric-Propulsion (FEEP) Neutralization. Journal of
J.-G., 2000. Plasma and Wave Phenomena Induced by Propulsion and Power 16 (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




