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This paper presents an overview of the CNES electric propulsion activities. The main
existing and future projects are described. The field of application of electric propulsion is
the station keeping of geostationary telecommunication satellites (STENTOR), the fine
attitude control for specific microsatellites (Microscope) and the transfer of interplanetary
vehicles such as Mars Sample Return.

The preparation of the future and the associated Research and Technology program are
described.

The future developments are mainly dedicated to the use of electric propulsion for the
orbit raising of telecommunications satellites which leads to the development of thrusters
with higher thrust than those existing today. Works are also performed to develop and
improve the tools necessary to evaluate the plume effects of electric thrusters.

The scientific activity supporting the development of Hall thrusters is going on in the
frame of the GDR (Groupement de Recherche) CNRS/CNES/SNECMA/ONERA on

Plasma Propulsion.

Introduction

The main CNES projects that require or might
require an electrical propulsion sub-system to
control the attitude and the orbit of the vehicle are
the telecommunication geostationary satellite
STENTOR, the microsatellite MICROSCOPE for
scientific missions and Mars Sample Return for
interplanetary missions.

For the preparation of the future projects a
Research and Technology program is updated
every year. Its main axis are the following :
scientific activities to improve our knowledge of
Hall effect thrusters, the development of plasma
thrusters with higher thrust than those existing
today and the plume effect evaluation.

These different R & T activities are described in
detail after a presentation of the different projects.

Projects
Telecommunications : STENTOR

The system tests of the French Technological
Telecommunication Satellite STENTOR are in

progress in Alcatel Cannes for a launch scheduled
in December 2001 on Ariane5.

Satellite environmental tests have been performed
with success including pyrotechnical release of the
thrust orientation mechanism. Electrical and
functional controls are compliant with the
requirements. A global leakage test of the plasma
and bipropellant propulsion sub-systems is
scheduled just before the satellite transportation to
Kourou (end of October).

Figure 1 : STENTOR

The STENTOR program is designed to improve
the competitiveness of French industry in the
highly competitive area of telecommunication
satellites.
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The program is led by a joint committee
representing France Telecom, CNES and the
General Delegation for Armaments (DGA
Deélégation Générale pour I'’Armement). The State
project team (France Telecom, CNES and the
DGA) is in charge of all technical and financial
aspects, with CNES as project manager, and
awards the qualification.

An integrated industrial project team bringing
together Astrium and Alcatel Space Industry acts
as joint prime contractor, under the authority of an
industrial steering committee.

The satellite has a mass of 2210 kg and 2,5 kW of
electric power available.

The main new technologies that will be flight
qualified are the capillary fluid loops, the lithium-
carbon battery, phased array antennas, high
efficiency travelling-wave tube and plasma
propulsion.

SPT100 manufactured by Fakel and PPS®1350
(figures 2-3) by SNECMA, will be used for
North/South station keeping and eccentricity
control, during 9 years.

The PPS® 1350 has been qualified for STENTOR
lifetime with margins.

For large telecommunications satellites a new
version of the thruster, called PPS®1350-G has
been designed and manufactured with the objective
to reduce the manufacturing cost of the thruster. Its
qualification will begin in September 2001 and
will include a lifetime demonstration of 8500

hours.

Figure 2 : Lifetime test of the PPS®1350
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Figure 3 : PPS®1350 Flight model for STENTOR

In addition to the ISTI qualification, a SPT 100
connected to a PPU from ETCA and to a
mechanical pressure regulator from Muspace is
also performing a life test at SNECMA after an
environmental qualification (in august 2001 the
SPT100 had cumulated 4800 hours and 3550
cycles).

The electric thrusters are set-up on an orientation
mechanism (TOM) manufactured by Alcatel
(figure 4). This TOM allows a 2 axis movement of
+7°.

(0 b - ;
Figure 4 : SPT100 and PPS®1350 on the TOM

The Xenon tank is a wound carbon/titanium liner
tank from EADS LV. EADS has modified the liner
manufacturing process to reduce the tank cost for
the future satellites [2].

The integration of the electric propulsion
subsystem is under the responsibility of Alcatel.

is
the

In addition,
implemented

an

(31,

experimentation  plan
in order to monitor
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performances of the Plasma Propulsion System and

its interactions with the satellite (plume effects).

The different in-orbit experiments that will be

performed on plasma propulsion are the following:

- plasma effects on radiocommunications ; the
satellite will be oriented in order to maximize
the interactions between the plasma plume and
the antenna,

- plasma propulsion sub-system experiments ;
test of the thrusters with different operating
conditions,

- measurement of the thrust and the dynamic
plume effects with the attitude and orbit
control system,

- additional measurements on the solar array
(diagnostic  package from Alcatel and
LABEN/PROEL); a Langmuir probe, an
energy analyzer, quartz microbalances and
specific solar cells will allow the measurement
of the plasma characteristics, of the erosion
and of the contamination generated by the
plasma.

The diagnostic package has been ground tested

with a SPT100 in the CNRS facility, PIVOINE, in

order to compare directly ground and in-orbit
measurements (ESA/CNES funding).

All the activity on plasma propulsion performed in
the frame of the STENTOR program provides
benefits to commercial satellites.

SES, INTELSAT, GE Americom and INMARSAT
have chosen ALCATEL and ASTRIUM for their
next generation of satellites which will embark
plasma propulsion (ASTRA1K, INTELSAT10,...).
The PPS®1350-G will also be used on the ESA
mission SMARTT to reach the moon. This satellite
will be ready for launch as an Ariane 5 auxiliary
payload in October 2002 [4].

Microsatellites

In 1996 CNES decided to develop another product
line for microsatellites mainly dedicated to
scientific missions and technological
demonstrations. The objectives of this product line
are to offer frequent flight opportunities with a low
cost.

Propulsion is not required for all the
microsatellites. Nowadays 2 missions requiring
hydrazine propulsion have been decided,

DEMETER and PARASOL and one mission
requiring electric propulsion, MICROSCOPE.

Microscope (MICROSatellite a trainée Compensée
pour I’Observation du Principe d’Equivalence) is
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the fourth CNES project based on the
Microsatellites line of products. The project is
presently in phase A. Microscope will be a three-
axis 120 kg stabilized spacecraft compatible with a
low cost launch like ASAP ARIANE V and will be
launched in late 2004 into a near-polar, quasi
circular orbit at about 700 km altitude. Microscope
is a space fundamental physics mission proposed
by ONERA and CERGA institutes whose aims at
testing the Equivalence Principle expressed by
Einstein in 1911 to a high level of precision,
namely 107 This level represents a gain of 2 to 3
orders of magnitude compared to what exists
presently on the earth and an instrument composed
of two differential accelerometers will be used for
the measurement. For such accurate experiment, it
is necessary to actively control the attitude as well
as the atmospheric and thermal drag in such a way
that the satellite follows the test masses of the
accelerometers in their pure gravitational motion.
In order to obtain such a control, Microscope needs
a propulsion system able to provide thrusts in the 1
to 100 micronewtons range with a near
instantaneous switch on/switch off capability and a
high-resolution throttleability. Field Emission
Electric  Propulsion (FEEP) technology is
particularly suited to obtain such features. ESA,
which is involved in the development of this
technology for many years, collaborates to the
project by providing the Field Emission Electric
Propulsion (FEEP) thrusters and the associated
hardware.

Four clusters of thrusters will be implemented on
Microscope for a total of 8 or 12 FEEP thrusters,
depending on the final choice for the configuration.
These clusters are located at four corners of the
satellite as shown in figure 5. That will be the first
time that the FEEP technology will be used in
flight as a propulsion system and the thrusters have
to be able to operate during one year in a
continuous mode.

Consequently, there is no feedback from previous
flights concerning the plume effects on the
spacecraft and the eventual damaging effects that
could appear before the end of the mission due to
the intensive use of the thrusters. Therefore, CNES
has started a study on the sputtering, contamination
and electrical effects at the spacecraft level in view
to estimate the impacts of such effects on
Microscope over the mission life.
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Solar array EPSA CNES is gurrently developing a 2.7 t launch mass
orbiter with Alcatel Space Industry as prime
contractor.

For these missions, the Mars insertion will be
performed by aerocapture (one atmospheric pass at
low Mars altitude) on the Mars atmosphere, which
saves a lot of fuel and allows to use a traditional
chemical propulsion system for Mars orbital
operations and for the return to earth.

Antenna

Stellar
sensor

Some options using an Electric Propulsion System
(EPS) are however very attractive when the
required velocity increment is so high that the
launch mass specification can not be fulfilled with
a chemical propulsion system. These options are
carefully studied by CNES in cooperation with
Alcatel Space. For example, a scientific mission,
including Phobos (one of the two natural satellite

.‘\\\\\“\\\\\ZZPSA :
of Mars) samples return has been recently studied

Figure 5: schematic view of Microscope. The four and showed the interest to use electrical
Electric Propulsion Subsystem Assemblies (EPSA) propulsion.
are located at the corners (each small cube

represents a thruster) The main objectives of this mission are:

Interplanetary missions e To release netlanders into a Mars reentry
The main project involving propulsion is the trajectory.

Orbiter of the Mars Sample Return mission e To make the demonstration of Mars orbit
(NASA/CNES cooperation). Two missions are insertion by aerocapture.

currently foreseen : one validation and scientific e To make the demonstration of the Rendez-
mission in 2007 and the first sample return mission Vous in Mars Orbit between the orbiter and the
in 2011. NASA Orbital Sample.

e To collect Phobos Sample and return to Earth.

The electrical propulsion is used to go from the
Mars inclined orbit to the Phobos orbit and for the
escape from Mars. A complementary chemical
propulsion system is used for the other phases.

The study didn’t identify any show stopper to
accomplish such a mission with existing or short
term technology and a total orbiter mass less than
3000 kg, allowing a maximal electrical power of
1500 W available for EPS, on Mars orbit.

The electrical propulsion system has a 155 kg dry
mass using 600 kg of Xenon, and is mainly
composed of:

PPS®1350

e 4 (3 nominal + 1 redundant) European plasma
thrusters PPS®1350 ( 85 mN thrust and 1700s
Isp at 1500 W, variable operational point in an
input power range [300, 1500] W),

Figure 6 : the orbiter
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e 2 Thruster Orientation Mechanism, supporting
2 thrusters each,

e 6 high pressure 70 liters Xenon tanks,

e 2 Power Processing Unit,

e 1 Xenon regulation and control system.

The thrusters are used in series due to their life
limitation, in order to cover the required mission
total impulse.

The possibility of variable operational point of the
PPS® 1350 thruster in a large range of input power,
allows to use different thrust strategies (time
saving or fuel saving) around mass which gives a
high flexibility to the system.

Research and Technology Program

The main activities in electric propulsion are the
scientific works on Hall effect thrusters, the studies
on a high power thruster PPS®X000 and the
modelisation and validation of plume effects.

Scientific activities

Scientific activities performed in 2001, in the
frame of the Research Group (GDR 2232 'Plasma
Propulsion for Space Systems')
CNRS/CNES/SNECMA/ONERA, have been
mainly focussed, on the one hand on
complementary experimental works realized using
the French thruster laboratory model SPT 100 ML,
in PIVOINE (Orléans facility run by
Aerothermique laboratory ( CNRS)). On the other
hand, the development and the validation of 2D
numerical modelisations, of the plasma in the
channel, have been pursued. [5]

2001 experimental campaigns have been realized
on the SPT 100 ML for classical operational
parameters discharge voltage 300 V, anode mass
flow rate 5 mg/s. All the measurements have been
synchronized with the extinction of the plasma
discharge achieved by a current interruption device
developed by GREMI (University of Orléans and
CNRSY). Interruptions of 1 to 10 microseconds have
been generated and measurements realized during
the extinction of the plasma discharge. Post
discharge phase, and the ignition of the new
plasma discharge, from a slightly dumped
oscillation to the establishment of a stationary
state, have been studied.

An overview of the main experimental results is

given hereafter.

LPGP ( University of Paris-Sud and CNRS) has

performed time and space resolved spectroscopic

measurements, recording space and time resolved
spectra, in the SPT 100 ML, in the channel and in
the beam. Along the channel a set of 15 optics
fibers has been used, with 0.5 mm for space

resolution. The detection was achieved using a

photomultiplicator. The transitions chosen were for

the neutral Boron BI 249.8 nm, for the excited
neutral xenon ( Xe I 462.4 nm, 823.2 nm, 828 nm),
and for the excited xenon ion ( Xell 460.3 nm,

229.2 nm ). Plasma kinetics and settling mode for

the observed transitions have been identified:

o For Xel 462.4 nm, Xel 823.2 nm and Xell
529.2 nm, transitions through the metastable
state, for the atom and the ion, are
characterized.

e For Xel 828 nm and Xell 460.3 nm, transitions
from the fundamental of the atom and the ion,
are characterized.

These results are in good accordance with the

observations in the beam showing, a slower light

decrease, for metastable state transitions.

These results will also be used for the numerical

activity of LPGP on the improvement of their

collisional-radiative model, and the calculation and
experimental validation (LSP (University Joseph

Fourier and CNRS )) of cross sections for collision

and ionization process. A first kinetic study has

been realized to calculate and compare to literature
ionization and collision cross sections for simple,
double and triple ionization of the fundamental

level of the neutral Xenon. [6]

Previous experimental observations have been

confirmed as the displacement in the channel of the

emission - ionization burst. Its displacement
velocity has been estimated round 700 m/s in the

maximum radial magnetic field zone. [7]
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Figure 7 : Evolution of the time of maximum
emission along the channel
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GREMI and LPGP has simultaneously performed
imagery of the beam along 10 cm, and of the exit
of the channel using CCD cameras , along two
view angles from the thruster axis, 45° and 90°.
The 3D plasma emission distribution recovery,
time and space resolved, using two different
numerical methods has been numerically validated
and experimental validation is now under process
performing comparisons with optical fibers

cartographic measurements.

Figure 8 : CCD camera image of the light emission
at the exit of the SPT 100 ML thruster, and
visualization of the cathode spot.

GREMI has realized dynamical imagery of the
beam ( 1 us images during 200 ps ) leading to a
synchronous  observation of the thruster
fluctuations and the beam divergence oscillations
at the exit of the channel.

GREMI has also performed, measurements of the
transients in the electron Hall current using a single
loop around the thruster channel. A highly
energetic zone for the electrons has been evidenced
10 "*/em3 with energy levels round 15 to 20 eV.
Further results are under investigations.

Concerning the modelisation activities , CPAT
(University Paul Sabatier and CNRS) has proposed
a first 2D numerical model of the discharge
insight the channel based on the previous 1D
model and considering the following assumptions:
the quasi-neutrality of the plasma, particle method
for the ions and the neutrals, electric field is
obtained from the current density, the electron
mobility perpendicular to the magnetic field is
classical and includes the effects of electron-
neutral collisions as well as wall collisions, the
electron distribution function is Maxwellian. This
first model is not yet self - consistent, due to the
appearance of numerical instabilities during the
resolution of the field equation, coupling between
energy and electric potential is not implemented,
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and Morozov hypothesis is used assuming that the
electric potential is constant along the magnetic
field lines.

The first results confirm that the influence of the
parietal conductivity is less important in the 2D
model due to an important neutral density along
the wall. The same qualitative results are obtained
for 1D and 2D models considering the same value
of parietal conductivity coefficient. The main
difference is that in the 2D model the oscillation
frequency is increased, leading to an ionization
area localized less deeply in the channel.
Comparisons with the experimental SPT 100 ML
data, systematically shows 2D numerical values
10% to 20 % lower than the experimental results.
But the most concerning results is that for the 2D
model the beam divergence ( 90 % of ion current)
is obtained for angle of +/- 10° to 15°, that is far
from the realistic +/- 45° known divergence angle.
These observations lead to next 2D model
generation, that firstly will be self-consistent and
secondly will take into account an area out of the
channel authorizing more realistic potential field
description enable to recover from 2D model
results, a gain in efficiency and performances as
well as a more accurate divergence angle. This
new 2D model has been prepared and is now under
validation.

A description of the potential sheath appearing
along the wall has also been developed in
ONERA/DESP for different secondary electron
emission rate €. The effect of the saturation space
charge for € = 1, has been analyzed. In the future
coupling or insertion of this model with previous
hybrid model and the 2D particular model
developed by CPHT ( Ecole Polytechnique and
CNRS) will be studied.

One can notice that the experimental program was
less developed than previous years due to the
moving of PIVOINE test bench facility in the new
building of the Aérothermique laboratory, at mid
year. PIVOINE will be again operational in
September 2001. The new research program of the
GDR will then be able to begin mainly oriented on
the definition , characterization and testing of a
more powerful laboratory thruster in coordination
with SNECMA PPS®X000 thruster development.
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PPS®X000

The increase in the mass of geostationary
telecommunication satellites requires more and
more total impulse for the North/South station
keeping and the increase in power gives the
possibility to perform a part of the transfer
maneuvers with electric propulsion. For these 2
needs, the thrust increase becomes necessary in the
future. It is the reason why SNECMA and CNES
have decided to study the feasibility of a thruster
able to operate in a large domain of power with a
maximum value of the specific impulse for the
North/South station keeping and with a maximum
value of the thrust for the orbit transfer.

The PPS® X000 design is fully based on
SNECMA ’s patent and will be a fully independent
European Design and Product.

All the technologies have been tested at PPS®
1350°’s scale and will be re-tested on a
demonstrator early in 2002 before the PDR.

This technological demonstrator is designed to be
able of a discharge power of 6 kW.

(3
i
- B

Figure 9 : PPS®X000 project

In parallel to the demonstrator tests, studies are
performed by an integrated team Alcatel Space
Industries/Astrium to design the new generation of
large telecommunication platforms, @BUS. The
detailed propulsion requirements deduced from
these studies will be used to design the flight
configuration of the PPS®X000.

Plume effects

A general program has been decided in order to
evaluate the different interactions between the
plume ejected by an Hall effect thruster and a
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spacecraft [8]. The different steps of this program

are the following :

- the plume modelisation. The CNRS (CPAT)
has developed a model of the plume and will
connect this model to the thruster model
developed in the frame of the GDR on Plasma
Propulsion. The experimental validation is
performed through measurements carried out
in PIVOINE with different probes including
the diagnostic package that will be used on
STENTOR.

- The plume/surface interactions evaluation. An
experimental test plan has been prepared with
Alcatel and ASTRIUM to measure the
sputtering rates of different materials and the
effect on thermo-optical properties of the
contamination with these sputtered materials.
These tests are in progress at ONERA
Toulouse.

- The in-orbit measurements. First, the
diagnostic package located on the solar array
of STENTOR will give information on the
plume characteristics and on the erosion and
contamination. This will allow the validation
of the plume model and of some interactions.
Then, with the flight data of the Attitude and
Orbit Control System, the perturbing torques
and forces created by the impingement of the
plume on the solar array will be calculated and
compared to the model results for validation.

Other activities

Our 2001/2002 R&T plan includes also :

- on Xenon storage a leak before burst
demonstration with the EADS LV wound
carbon/titanium liner tank,

- on Xenon regulation : studies to improve the
complete regulation system with the possibility
to have a variable operating point of the
thruster,

- studies of different ExB thruster concepts
involving  SNECMA/MIREA and THALES
(activity in cooperation with the DLR).

- studies on Pulsed Plasma Thrusters conducted
in cooperation with Russian teams from
Kurchatov and RIAME, in the frame of a
European program (namely INTAS). Main
achievements are the development, tests and
modelisation of optimized devices in the
ranges of 10-150 J and 100-1000 J. Results and
thruster performances are published in [9].
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Conclusion

The main drivers of the electric propulsion
activities in France are the preparation of the future
large telecommunication platforms that will
require high power thrusters for orbit transfer and
orbit control. The French propulsion program is
mainly focussed on the thruster but a European
harmonized program is in progress in order to
provide the complete propulsion system (Xenon
storage and regulation, Power Processing Unit,
Thruster Orientation Mechanism).

In parallel to these developments, we investigate
other thrusters concept with the objective to
improve the thruster performances (divergence
reduction, efficiency increase, erosion decrease,
e
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