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ABSTRACT

The French space agency (CNES) is currently supporting a research program on electric
propulsion in the field of Stationary Plasma Thrusters (SPT). The main objectives of the
program are to develop the competencies on electric propulsion and to perform a flight
demonstration with the SPT technology.
The program includes mainly;
- research activities on closed electrons drift thrusters carried out by CNRS (Centre
National de la Recherche Scientifique) and ONERA (Office National d'Etudes et de
Recherches Aerospatiales)..A new test facility being developed at CNRS for this purpose,
- the development of a new generation of SPT (SPT-MkII) by the French manufacturer SEP
(Societe Europeenne de Propulsion), with the collaboration of the Russian MIREA
(Moscow Institute of Radioelectronics and Automatics), Professor MOROZOV, and the
industrial collaboration of FAKEL,
- a flight demonstration/evaluation of an electric propulsion system on the French technological
satellite STENTOR planned to be launched in 1999. The propulsion system will use
the SPT-MkII and SPT100 technologies.
This paper presents the development status and plan of these activities.

INTRODUCTION

S-

Significant activities have been carried out in France in the field of Electric Propulsion during
the 1960's and 1970's. Studies were essentially devoted to the F.E.E.P. (Field Emission
Electric Propulsion) and to the Caesium contact Thrusters.
In 1991, CNES resumed its activities on electric propulsion and added this axis to its Research
and Development Plan. The efforts are focused on the Stationary Plasma Thrusters technology,
which is considered as the best one to comply with the major requirements of future
geostationary telecommunications satellites.
To be more explicit, CNES decided :
- to initiate research activities on closed electrons drift thruster (SPT),
- to support the development of a new generation of SPT initiated by SEP (Societe
Europeenne de Propulsion) in co-operation with Professor MOROZOV, MIREA and
FAKEL,
to initiate a flight experiment with this type of thruster.
These activities are detailed hereafter.

SCIENTIFIC ACTIVITIES

Since 1978. electric propulsion was not studied anymore in French research laboratories The
activities initiated in 1993 were therefore aiming at rebuilding a French competence on electnc
propulsion, particularly in the field of SPT, so as to support any future development of this
technoloev by a comprehensive approach.
The following activities are currently running in parallel
- an expenmental global approach consisting in the design, manufacture and test of
a
laboratory model Hall thruster,
- the sputtering of different materials with Xenon ions is measured and calculated
in order to
understand the thruster erosion,
- diagnostic techniques are developed to characterise the plasma inside and outside
the
thruster,
- two different theoretical and numerical methods are developed to calculate the plasma
behaviour inside the thruster, a particle in cell and an hybrid method.
In addition, the vacuum facilities of the different laboratories being too limited, CNES
decided
to participate in the development of a new test facility, mainly devoted to research
on plasma
propulsion.

EXPERIMENTAL ACTIVITIES
Three laboratories are involved in these activities, the LPMI (Laboratoire de Physique
des
Milieux Ionises, Ecole Polytechnique), ONERA (Office National d'Etudes Aerospatiales) and
the LPGP (Laboratoire de Physique des Gaz et des Plasmas ofParis-Sud,
Orsay)
LPMI activities:

LPMI has designed and manufactured thrusters with a design close to the one used for the
SPT
in the 19 7 0's.
Two thrusters with different sizes have been manufactured. One thruster
has an internal
diameter of the ionisation channel of 50mm and external diameter of 85mm,
while the other
thruster has an internal diameter of 10mm and external diameter of 20mm.
The ionisation
channel is made of PrTex glass and a tungsten filament is used to emit
electrons.
Because of the limited pumping speed of the test facility, the major
part of the activity was
dedicated to the smallest thruster. A schematic of this thruster and the associated
magnetic
field lines are shown in Fig. 1.
The discharge current and the ion current of this ion source have been measured
for different
values of the discharge voltage, Xenon flowrate, magnetic field,
filament current and
background pressure.
The ionisation efficiency measured at LPMI is high, between 0.85 and
1, but with a
background pressure of 2.10-4 torr. An improvement of the pumping speed is in progress
in
order to avoid the ion production with the background Xenon.
Metallic contamination from the external target used to measure
the ion current has been
observed on the Pyrex glass.

S-915 The filament curren o the emitter has an nfluence on the discharge characteristics. This
emitter has recentiv ,een reo!aced by a hollow cathode The expenmental resuits obtained with
this cathode are presented in [1]
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In order to measuof
the accelethrust of this ion source experiments have been conducted at the
Kurchatov Institute (background pressure between 2.10"5 torr and 4.10-5 torr). One operating
characteristic
- thrust of the thruster was the4 following.
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activities:

The erosion of the acceleration channel is a major life limiting factor of a SPT Erosion
deposits inside the channel may also modify the operating characteristics of the thruster.
CERT (Centre d'Etudes et de Recherches de Toulouse) has designed an experiment that allows
the measurement of sputtering rate of a material as a function of the Xenon ion energy and
incidence. Measurements with Aluminium have already been performed. The results are
presented in Fig. 2 and compared to calculated values.
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Sputtering rate of Aluminium as a function of Xenon ions incidence for an ion energy
of 250eV (CERT).

A model predicting the angle of atoms ejected from the material is also under development.
The graphs shown in Fig. 3 are examples of results obtained with this model for Aluminium.

AII

*
Z

--

n

CI

.

o

I

rlll

ID

a

0

is 36

Fi

54

72

90

NI

14

IQ

IV

L

18

36

54

72

0

I

1

4a

I

10

Il

I

: Number and direction of panicles ejected from Aluminium as a function
of Xenon ions
incidence for an ion energy of300eV (CERT).
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ONER4 (Department of Physics) and LPGP activities:
These laboratories are contributing with the development of diagnostic techniques.
Optical spectroscopic measurements have been made on a microwave Xenon discharge. The
of metastable atoms measured was equal to 6,2 (±1.4) 1010 cm- 3 for a discharge
pressure of 20mtorr and a power of 12 to 15 Watt. Metastable atoms population is important
as a probable intermediate step in the ionisation process of the SPT discharge.
This diagnostic facility has then been used at SEP test facility in order to characterise a
laboratory model of the SPT-MkII. The detail of the measurements performed are reported in
[2]. The main conclusions were that the ratio Xe-/Xe+ measured is between 9 and 14% and
that it is necessary to develop a collisionnal radiative model to interpret in detail the

Sdensity

experimental results.
In parallel to this measurement technique. ONERA has designed and manufactured a multigrid

electrostatic probe to measure the energy distribution of Xe- and Xe++. A schematic of this
probe is presented in Fig.4
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Fig.

Schematic of the multigrid electrostatic probe (ONERA).

PLASMA MODELISATION
S

Two laboratories are working on the modelisation of the plasma inside a Stationary Plasma
Thruster, the CPT (Centre de Physique Theorique, Ecole Polytechnique) and the CPAT
(Centre de Physique Atomique de Toulouse).
CPA T activities:

S

j

CPAT has developed a 2D, quasi-neutral. hybrid model of a SPT which yields self-consistently
the plasma distribution, electric field distribution, ion flux distribution and current at steadystate conditions for a given voltage, geometry, magnetic field and gas flow. The model uses
fluid equations for electrons and a particles treatment for ions.
In agreement with previous Russian results, it was found out that the observed electrical
conductivity of the SPT cannot simply be explained in terms of collisions between electrons
and neutrals or ions. Collisions of electrons with the walls, secondary electrons emission from
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the waiils or Bonm diffusion. are oossible mecnanisms which may contibute to the
conduc:ivitv The enect of wail processes on the electical conductivity has been studied with
independent Monte Carlo simuiazions Again in agreement with previous experimental results.
CPAT found out that the flux of ions leaving the thruster and the flux of ions bombarding the
intemaj dielectnc surfaces are extremely dependent on the magnetic field configuration
Because the model is computationally efficient (about 10 mn of computational time) and
the
magnetic field configuration can be easily modified, this model is suitable for a wide range of
parametric studies.

I

Fig 5 shows an example of results obtained with the model of CPAT.
The feasibility of such calculations has been demonstrated but the results show that
improvements have to be achieved in the modelisation. For instance, the location of the
onirsation zone doesn't agree with published data on SPT.
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Exampies of calculation results : neutral density, ionisation rate and electrons
trajectories inside the thruster (CPAT).

CPT activities:
CPT is developing an explicit axisymetrical PIC (Particle In Cell) model to describe the plasma
inside a SPT. A fluid description of the Xenon flow is used and ionisation phenomenon treated
with a Monte Carlo method, before the ions and electrons trajectories are computed.
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The preliminary results of the modelisation sho.v a great sensibility to the electrons/wall
interactions Several hypothesis have been made
- a specular reflection of the particles on the \\al leading to an infinite transit time for the
eiectrons in the channel.
- an elastic reflection leading to a very short transit time,
- a non elastic reflection that leads to any transit time between 1s and 50s according to the
hypothesis on the secondary wall emission.
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The preliminary conclusion is that a specific experimental program devoted to the
characterisation of the plasma/wall interactions is necessary to improve the models. To reduce
the computation time, it will be necessary to implement an implicit method instead of an
explicit one.

NEW TEST FACILITY DEVELOPMENT

I
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The development of a new test facility dedicated to the research activities is in progress [3] in
the CNRS. This facility will consist of a stainless steel cylinder of 2.2 m in diameter and about
4 m in length, containing a beam target and pumping system. The characteristics of the
crvopumps will be as follows: one coldhead (20K. 15W, 300001/s) for air, three coldheads (4050K. 70W, 700001/s) for Xenon.
The system should allow to operate a typical SPT100 at nominal operating conditions with a
background pressure of 2. 10-' mbar.
The instrumentation foreseen includes a thrust balance, a mass spectrometer, electrostatic and
ionic probes as well as all the equipment necessary to characterise the electric and fluid inlets
to the thruster (Xenon mass flowrate. voltage, current, frequency analyser, ...).
A schematic view of this test facility planned to be achieved for mid 1997, is presented in
Fig.6.
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Fig 6 Schematic view of the new test facility for research activities on Hall thrusters (CNRS)
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THE SPT-MkIl
CNES is currently participating in the development of a new generation of
SPT (SPT-MkII) by
the French manufacturer SEP (Societe Europeenne de Propulsion), with
the collaboration of
the Russian MIREA (Moscow Institute of Radioelectronics and Automatics),
Professor
MOROZOV, and the industrial collaboration of FAKEL.
The SPT-MkJI concept and associated improvements are well described
in Ref[4,5]. A
functional diagram of the thruster is reproduced in Fie. 7
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Eig_: Functional diagram of a SPT-MkII breadboard.
In order to optimise the thruster design, several configurations
of the A5 laboratory model
were tested between December 94 and April 95. During this campaign,
the sensibility of the
thruster to the design parameters, as well as different discharge
modes
were identified. The
efforts are now focused towards the so called "Swallow Tail"
mode which gives the best
performances and reduces the plume expansion.
The A54 configuration started in May 95 a semi-endurance test (objective
1000hrs) in order to
assess the erosion rate of the thruster. The performances of the thruster
at the beginning of the
test were the followings :
Discharge voltage
Total electric power

(V)
(W)

Thrust

300
1350

350
1350

(mN)_

83,9

79,5

Discharge current
(A)
Xenon total mass flow rate (mg/s)
Specific impulse
(mg/s)
Current density at 30

(mA/cm2)

4,5
5,26
1620

3,86
4,74
1710

_50
_50

After 740 hrs of cumulated ON time and 70 thermal cycles the test
had to be stopped due to
the difficulty in stabilising the "Swallow Tail" discharge mode. As
reported in [5], and shown
on Fig. 8, the eroded volume measured on the A54 is 60% of the
eroded volume of the
SPT 100 for the same firing duration.
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Fig 8: Comparison of eroded volume SPT100 and A5 (SEP)

Although the overall program logic is not modified, the Preliminary Design Review of the
thruster is postponed to 1996 in order to ensure the stability of the discharge mode during the
whole lifetime of the thruster.

TECHNOLOGICAL TELECOMMUNICATIONS SATELLITE

The French Technological Telecommunications Satellite "STENTOR" (Satellite de
Telecommunications Experimental de Nouvelles Technologies en Orbite) is under development
for a launch scheduled by end 1999.
CNES is one of the major customer of the satellite, which is being developed by a Prime
Contractor team consisting of MATRA MARCONI SPACE, AEROSPATIALE and
ALCATEL Espace.
The aim of the program is to support the French space industry with a full scale validation of
new technologies applicable to telecommunications satellites. The satellite will be of the class
1900Kg, 2.4 kW. with a nominal design life of 9 years. Electric propulsion will be one of the
tested technologies, with the Stationary Plasma Thruster SPT-MkII as well as SPTI00 used
for the North/South station keeping and excentricity control.

In addition, an experimentation plan has to be implemented, in order to monitor the
performances of the Plasma Propulsion System and its interactions with the satellite (plume
effects, electrostatic and electromagnetic interferences).

I

- 922 CONCLUSION

This paper has presented the different activities initiated and sponsored by the French
space
agency, CNES. in the field of Electric Propulsion
To summarise, the objective of this program is to support scientific laboratories
and industry in
buildin/rebuilding a competence in Electric Propulsion and particularly with
the promising
SPT technology
We would like to thank the different laboratories ,SEP and STENTOR
project for their help in
the writing of this paper.
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