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Abstract: The paper presents an overview of the aitities carried out on electric
propulsion (EP) in France, with the strong supportof the French Space Agency CNES,
including research activities as well as technologgevelopment and in-flight applications.
This concerns mainly activities on Hall Effect Thrwster (HET) technology. In addition, some
interesting initiatives in the field of ppropulsionin France are also briefly presented.
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. Introduction

NES (Centre National d’Etudes Spatiales — Frencac&pAgency) is an historical well-known player et

field of electric propulsion. Indeed, this techrgjohas been investigated in France for more tharyetds
(FEEP, mercury ion bombardment thrusters and HédicEthruster). Now, the electric propulsion issatrossroad
of its history. Indeed, it is now widely used onnuuercial satellites for North-South Station KeepiiiNSSK)
maneuvers. But the significant mass savings, assativith recent in-flight achievement, allow pe&spves which
were not possible before. Thus, the Hall Effecuster (HET) technology, developed in France foruaboenty
years, is not only foreseen for operations of statieeping but also for orbit raising of geostatigrnavigation
satellites, which opens a considerable market.
Moreover, Nano-satellites are new comers for spagmglications which can benefit from electric prcgoih
systems. Besides, guiding and controlling very &reatellite trajectories as well as their orbitalftdrequires
compact and robust electric propulsive systemsis Bhwhy new innovative and efficient propulsioystems are
needed, and new paths have to be explored.

This turning point requires important R&T activiie

* in the short term, propulsion subsystems shalluied to these new applications and shall incrélasi
competitiveness,

* in the middle term, the new product line will haeemeet the needs of futures missions (LEO missions
space tug).

* inthe long term, breakthrough has to be perforfoednore ambitious missions (far-off explorations,).

In the following sections, current on-going aciedt are discussed including research activitieswall as
technology development and in-flight applications.

Il. Flight programs and new mission designs

CNES program covers Earth observation, defencesaadrity, scientific and telecommunications missiorhe
main driver of the electric propulsion activities France is the preparation of future telecommuiungplatforms
that require high power thruster for orbit transisrwell as orbit control. Nonetheless, the nevagigm, offered by
electric propulsion system in term of orbital mavens, opens its use for low Earth orbit observation
navigation/telecom and ambitious scientific mission

A. French Investment Plan for Future ( PIA :“Plan d’In vestissement d’Avenir”)

By 2020, it was estimated that more than hiHlbsold satellites will be all-electric or hydriechnology (both
chemical and electric systems). French industreksxin the domain of commercial telecommunicatiatelites.
To maintain its strong position in this market dadgrepare the transition to the new platforms NEDSndustry
must adapt quickly to evolving requirements, intioatar due to the recent emergence of lighter eimebper all-
electric satellite buses. The space component efntitional initiative PIA plan led by CNES offerspport to
Airbus Defence & Space (ADS) and Thales Alenia 8p@lcAS) to design, develop and validate their saacd
electric satellite platforms (respectively Eurostad Spacebus buses) in orbit, and to Safran AlirEregine (SAE)
in developing and qualifying its high-power electifiruster (PPS®5000) It is the case of the satellite EUTELSAT
172B based on a Full Electric platform Eurostar @B@f ADS. This development, in particular the sylstem
plasma propulsion, was supported by the PIA investmtEUTELSAT 172B satellite was launched on Ariénia
June 2017. The satellite will reach soon succdyghut GEO orbit using electric propulsion.
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B. NEOSAT program

The NEOSAT platform is the European answer to #m@ahd for new generation platforms for satellitesveen 3
to 6 tons, i.e. 80% of the communications satsllitarket The aim of this program, supported by CNES as gfar
the Investment for the future program and by ESAarrARTES 14, is to obtain a 30% increase in coitipeness,
for the whole satellite. In addition to the techowital innovations and increased competitivenegt@equipment
and the sub-systems, part of the enhanced conweetiiss will also come from the shorter developrtierg for the
satellites. The key element of these new teleconirations satellites will be the electric propulsisgstem.
Electric propulsion is not new, since it is already commooBed to maintain satellites at their position in
geostationary orbit, or to correct drifts of théital position. However, up to now, chemical prdgei has remained
the nominal solution for reaching orbital locatiéwllowing launch. Using electric propulsion for msferring
satellites to their final orbit allows saving prdpat mass and the associated structures. Thisujsiopm method
means that either lighter satellites with equall@ay capacity can be launched, gaining on laundtsc@r more
powerful satellites can be launched for an equintatest. One of the major issues expected foruhed NEOSAT
platform, in terms of technological progress andréased competitiveness, will be to reduce thet ggising
duration to three months or less.

Figure 1. Artist view of NEOSAT platform. Credit ESA.

C. SYRACUSE IV program

CNES is preparing a new generation of militaoynmunications satellite. Two satellites (X-bamdi anilitary
Ka-band) will be built with a strong anti-jammingpability by ADS and TAS. CNES will be in chargetbé pre-
development of dual use projects while the develemnwill be done by an integrated DGA/CNES teame @re
key element of these new military satellites wiél the high power electric propulsion system PP&ldged by
SAE.

Figure 2. Artist view of SYRACUSE IV platform. Credit TAS/E. Briot.
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D. Others applications and new mission designs
Servicing and Exploration

Some mission analysis exhibits multi-mission aggilans like space tug to perform several fast LEGBIGo
GEO transfer or in-orbit servicing (refueling, ¢tdn this context, some projects are under evaloaat CNES
(launcher and orbital system directories) to desigspace tug that can be implemented as a passénger
launcherd This implies the need of propulsion system owrdnbigh thrust to power ratie- (100 mN/kW) and
which can operate at very high power (20 — 100 kW).

In the long term, ambitious robotic missions likepleration of outer planets of the solar systemwadl as
transfer of cargo vehicle to support crewed missioill require very high power electric propulsiegstems
(>> 20 kW).

Figure 3. Space Tug design. Credit CNES.

LEO missions

Different studies have been performed in uslagtric propulsion for Low Earth Orbit (LEO) oorstellation
applications at CNE'S For instance, the use of electric propulsion oyristle or Myriade Evolution platforms for
missions in LEO has been analyzed. Myriade platfataveloped by CNES, is a product line for micrtebitges
dedicated mainly to scientific missions, but offigrialso flight opportunities for technological demstrations.
Numerical analysis were performed to demonstraentgh DV capability offered by electric propulsjamhich can
be used for orbit acquisition (typically, in theseawhen the satellite is launched as a co-passeagerfor end-of-
life manoeuver, to ensure an atmospheric re-entrghnshorter than the required 25 years.

EP thruster

Figure 4. Myriad Platform in electrical configuration
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lll.  Thruster development and qualification
E. PPS®1350-E thruster

The PPS®1350 thruster is a Hall effect thnusteSAFRAN, initially designed at 1.5 kW total pew The
version of this thruster named PPS®1350-G was figdlior North-South Station Keeping (NSSK) of
geostationary satellites. The nominal operatingipoi the thruster was set to a discharge voltd@50 V and a
discharge current of 4.28 A. With an average thofi® mN and an average specific impulse abové® 565he
PPS-1350-G demonstrated a total impulse of 3.38 & under various environmental conditions. A tgr@und
quaggication time of more than 10 500 hours waached, allowing its use on the Alphasat sateltitenthed in
2013.

The operating point of the PPS®1350G at 1.5 kW a@snized to reach the NSSK requirements of thehAlus
satellites. Nevertheless it is well known that Hhfusters offer throttling ability and can operatea wide range of
power and thruét This feature is of interest when considering pffassible missions for a thruster.

That is why an extended range version of the PPS®L{&E version) is currently under qualificatioradgd on
R&T activities performed with Safran & CNES co-fung and on the robustness of the PPS®1350 desigasi
decided to increase the input power up to 2,5 .k@ne of the main advantages in the thruster deweént is to
rely on the similarities of both thruster version®rder to reduce the development schedule andnieg costs. A
preliminary 6700 hours life test campaign on aniegying model was performed in 2014 in order tbgate the
development risks. The PPS®1350-E offers higheals#iipes with thrust up to 140 mN and specific inige up to
1800 s.

Figure 5. PPS®1350-E thruster on stage and duringrgund qualification test. Credit Safran Aircraft En gine.

At the same time, Safran works to increase thenpiadeof this kind of thruster following two ways:
e To increase the lifetime capability (> 5 MN.s) dfetthruster by shaping the magnetic field
configuration.
« To operate at high voltage (> 500 V) and so at drigspecific impulse by improving ceramics
channel lifetime duration.

Work is ongoing now with the support of techniegdearch program from ESA and an CNES R&T program.
F. PPS®5000 thruster

The introduction of electric propulsion forbdrraising of geostationary satellites, on toptled conventional
NSSK mission implies several technical challengesré¢ase available power, total impulse capabitityersity of
operating points). In addition to the technical afsifities required from the thruster, it has alsosatisfy cost

effectiveness requirement. This feature is manglatothis highly challenging market. The developmefithe 5-
kW-class PPS®5000 Hall thruster answers thesetrghifeeds in terms of electric propulign
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The key objectives of the PPS®5000 developmenttemefore:

- Meet the technical requirements of the customers.
- Achieve a cost-competitive solution.
- Meet the stringent time-to-market constraints ingablsy the new generations of SatComs.

The PPS®5000 offers higher capabilities with thmfsL00 - 300 mN and specific impulse within 1732000 s.
The PPS®5000 development and qualification areaneg

Figure 6. PPS®5000 thruster on stage and during gumd test. Credit Safran Aircraft Engine.

In parallel, Safran developed several product liteesatch the different markets that can be readhethe Hall
Effect Thruster technolog¥

» Dual mode electric, propulsion subsystem for GE@liegtions.
* Alow power thruster for LEO applications.
» Acthruster higher than 20 kW for exploration apations.

G. ppropulsion in France

Nano-satellites or very small platforms teade strategic for spatial applications. Guiding aontrolling very
small satellite trajectories as well as their @brift ask for compact, efficient, and robust putsion systems.
However, traditional propulsion systems hardly rhatice required constraints for this new generatibrsmall
satellites. Most of these technologies have beeimaed for operation at a range of power levelat therve the
needs of usual space missions (NSSK and EOR). ¥ange, a relatively large number of Hall Effectusters
range from almost 200 W in power level to seveealstof kilowatts. New innovative and efficient putsion
systems are then needed, and new tracks haveexphmed. Several initiatives (non-exhaustive l&® undertaken
in France to propose solutions to reach the reouérg demanded for this kind of new platforms:

«  COMAT industry — Vaccum Arc Thruster (VAT)

«  Start Up Thrust Me — RF-lon thrustér

«  Start Up Exotrail - pgHET with magnetic cerantits

« ONERA institute — Electron Cyclotron Resonance Bhetf"
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IV.  Technology and research

Electric thruster development cycles are very lohigerefore, it becomes crucial to anticipate tedbgioal
breakthroughs to make them available for new dgménts. That is why technological activities spoadoby
CNES are focused toward an improvement of thruséeformances (efficiency, ratio mass/volume, lifedi and
extended operating range), reliability and comjwetitess. Especially, different activities on Haftdet Thruster are
under investigation in the frame of technologicagram with Safran and industrials. Many studiesengerformed
which includes (non-exhaustive list) methods fdée liest acceleration, new ceramics and magnetiwitialloys,
new anode composition, high-reliability electricannections, innovative xenon regulation systeme Titter is
discussed in the next section.

H. High pressure xenon regulation

AL-AT has developed, with the support of CNES, ao flow regulator in rupture with standard systems
very light valve, less than 10 grams, delivers moxemass-flow directly from the tank outlet pregswovering the
whole range of pressures from BOL to EOL : typigdtbm 200 to 5 bar (which are the current requieets, but
this range can be adapted to higher pressuresks Wasg rate covers thrusters needs from 0 mg/9Dtng/s and is
fully flight adjustable. Electric Propulsion arahiture is greatly simplified with this disruptivechitecture,
bringing in one component two functions: presswgutation and mass flow rate regulation. This n@preach
could bring competitiveness for future product éin@his component is derived from a helium pressegeilator
onboard Rosetta Philae and will be onboard ExoNa&) rover. The tests which have already been paed are
encouraging. The valve can deliver flow rates agldpo thruster in the range 100 W-5kW. Some aduilitests are
under progress (xenon high pressure tests andeuwplve/thruster tests) with the aim to reach & SRy the end
of the year 2017. More details are reported inpidaeer IEPC-2017-202

Type of Valve Normally Closed / Regulatior
electronically controlled
micro valve (can also be used
as an ON/OFF valv

Size Length < 25mm
Diameter < 3,5mm

Weight < 10g

Tightness < 10" mbar.L/s

Media Inert gas (He / N2 / Xe / Kr
Ar)

Mass flow rate range | 0-20mg/s

Power Consumptior <3W

Inlet Pressure 5- 200bar

External environment | Atmosphere down to vacuunj
Thermal environment | -40°C/110°C

Figure 7. Air Liquide Multi Function Valve. Credit : AL-AT Table 1: Key feature of Air Liquide micro
Multi Function valve.

I. Thruster hollow cathode

The trend in communication satellites is tofpen NSSK and EOR maneuvers using electric propaolgiectric
propulsion (EP). Cold gas systems or chemical gsigu (CP) in general are instead used to perfash &ttitude
dynamics of a safe mode, additional wheel momentoamagement and dedicated East/West station keeping
(EWSK) control or de-orbitation maneuvers.

Such maneuvers may be also performed by the wellvknqualified PPS®1350 hollow cathode from Safran
(without any modification of the design) by opéngtat different following mode: cold gas, resistogand discharge
modes.

An experimental campaign has been performed in 2§1Bafran at Aerospazio test bench, where thestland the
discharge parameters of the cathode were measuredd¢h mode.
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The main information is the following :

« For the cold gas mode, the thrust is included betw&11 to 0.7 mN with an Isp (Specific Impulsejhat
order of 22 s for the mass flow rate range 0 tog&m

« For the resistojet mode at 40 W, the thrust andatsgncluded respectivelly between 0.2 to 1.1 mi 40
to 80 s for the mass flow rate range 0 to 3 mg/s.

« For the discharge mode, the test has been cartitdtot.28A and 6.80 A for a mass flow rate of 0 to
1.1 mg/s. At 4.28 A, thrust and Isp are includespestivelly between 0.18 to 0.50 mN and 45 to @hite
at 6.80 A thrust and Isp are included respectiviedifwveen 0.30 to 0.70 mN and 65 to 110 s.

Figure 8. Comparison of the thrust as a function ofhe mass flow rate for the discharge mode (Id =28 A
and Id = 6.8 A), resistojet (Ih = 8 A) and cold gaCredit Safran Aircraft Engine.

The results show that the thrusts obtained in ti& gas and resistojet mode are comparable wittitdrature and
the simulation carried out. This experimental caigip@ives a mapping (especially in resistojet aoldl gas mode)
of capability of the 10 500 hours ground qualifimid flight proven hollow cathode from SAE. It sugigesome
interesting performance in case of thruster failoritight or de-orbitation maneuvers.

V. Scientific Research activities

A. Research group on electric propulsion

Hall Effect thruster has been studied in the frahErench research Group on plasma propulsion sif8é in
order to maintain a deep expertise of complex maysphenomena occurring in HET. This research group
coordinated by CNES involves many partners (CNESesal laboratories from CNRS and universitiesy&aand
ONERA) specialized in all fields required in Halif€ct Thruster physics (plasma physics, opticagdastics, laser,
magnetism, matter physics, numerical simulationThese research activities are currently focusethoee main
topics:

- improvement of thrust lifetime (ceramics developmerasma-wall interaction studies),

- improvement of performances and thruster physicaletstanding (magnetic field — plasma coupling,
micro-turbulence),

- improvement and optimization on Hall Effect Thrusdesign.

In parallel of this research group, CNES supporimsversal activities, dedicated to diagnosticsebigament
(plasmas probes, Thomson scattering), numericéd (omagnetized plasma propulsion modeling) and cemcepts
of EP thruster technologies.
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Some new results are reported hereatfter.

B. EP Modeling

EP and for instance HET are now often usestation keeping and soon for orbit raising or laagn scientific
missions. They are required to operate for manygands of hours. However, interaction of plasmatpsurfaces
inside the thruster, such as the dielectric walig] transient phenomena result in erosion whichdemrade the
thruster performance or cause complete failurer&fbee qualification of newly designed thrustergaisimportant
process, but one which typically requires many renor years of continual testing in high-vacuumcspa
simulation chambers. This testing is expensivetamd consuming, and highlights the need for aceunaddels and
simulations to help predict erosion rates and ilifes without needing such long-term experimentalkwadn
addition, these different models are needed to Helign and develop new thrusters to meet futurlopeance
requirements, while minimizing costly experimeraptimization campaigns.

Hollow cathode modeling

A two dimensional quasi-neutral fluid modelahollow cathode for Hall Effect Thrusters takimgp account
consistently both the plasma discharge in the ioteegion of the cathode and the temperature leraff the
electron emitter has been developed at LAPLACE/GRERboratory’. It has been coupled with a thermal model
into a self-consistent generic model applicableng hollow cathode design. One of interesting tsssthow the
global behavior of the LaRathode differs radically from that of the BaO aaté in the same operating conditions:
the plasma repartition is more spread inside thtbode and the equivalent electron current produocethe
ionization of xenon amounts to a large fractiontloé total discharge current. Works are ongoing atidate
experimentally this model and to design an expemtaiegprototype of high current cathode (> 50 A).isl@etails
are reported in the paper IEPC-2017-486

| Cathode modeling
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Figure 9. 2D Simulation results for a LaB6 hollow athode: plasma density and neutrals density,

Magnetic circuit modeling

An efficient method and a robust tool for desaig optimal electromagnetic circuits have beenettgped at
LAPLACE/GREMS3 laboratory. It consists in a hybridusce code (ATOP) which is built as a topological
(ATOPTO) and a parametric (ATOPPO) optimization moet The method allows to change global dimensions
order to reach the given magnetic cartography. tbpelogy (number of holes, boundaries) of desigmaio can
change during the optimization procEsSuch tool is nowadays used to design and impifeeelassical magnetic
circuit of Hall Effect thrusters.
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Magnetic circuit modeling
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Figure 10. Optimization of magnetic circuit using ATOP algorithm.
Anomalous Electron transport modeling

Despite being a mature technology that has abmost 60 years of development, there is a nurobaspects of
Hall-effect thrusters operation that are still noiderstood. Anomalous electron transport acrossthhgster
magnetic field is one the most famous unresolvedeis and still identified as poorly understood.dRdy, a CNES
post doc fellow researcher at LPP laboratory predaan interesting theory of anomalous transportoAding to
his work®? | the anomalous electron transport occurs becafis@ enhanced electron-ion frictional drag force
associated with an electron cyclotron instabilitythe azimuthal direction due to the large azimiugiectron drift
velocity. This instability grows rapidly before nowear effects associated with ion-wave trappingirseo limit the
amplitude. This convection (due to the large ioift drelocities in the axial direction) carries thestability
downstream, and leads to a strong increase in ligtren cross-field mobility that agrees qualitativ and
guantitatively with what is seen experimentallyistmobility is a strong function of almost all pfaa parameters,
and consequently does not scale with simplé O/Br 1/B laws. These results are also in very gagréement with
particle in-cell (PIC) simulations.
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Figure 11. Electron cross-field mobility as a fundbn of axial position within a classical Hall Effet thruster.
The solid black line is an empirical mobility whichis needed in fluid simulations in order to get agrement
with experimental results, the red line is the mobity based on classical diffusion across a magnetiield,
while the open blue triangles show the scaled moltil due to the saturated instability-enhanced elecon-ion
friction force. Curve is issued from papet®.

Plasma-Wall interaction modeling

It is known that electron emission (EE) has a neghgible impact on HET plasma behavior (and ttamsHET
performances). It has been shown through measuteamenmodelling that EE varies with numerous patamse
(e.g. incident electron energy, incident electragle, wall material, etc.). However EE models usegarticle-in-
cell (PIC) and fluid modelling are generally veliynple and empirical parameters are chosen to desdti For
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example, it is common in PIC models to considely ame type of electron, with one emission energy iaotropic
angular distribution. However, EE phenomenon isem@mmplex and it is necessary to consider diffetgoes of
emitted electrons (secondary and backscattered) specific angular and energy distributions to dbscit
physically.

—

0.05

Probability density

0 1072

Secondary electrons energy |6V — : Incident electron beam

Figure 12. (left) Secondary electrons energy distsution according to Chung and Everheart model.
(Right) Elastically backscattered electrons anguladistribution according to SLAB model.

This model - developed at ONERA with CNES suppodonsiders two types of electrons: secondary and
elastically backscattered electrons (inelastidadigkscattered electrons are neglected). They aailed in term of
emission yield, angular and energy distribution.

This model presents several advantages. First,af & based on a physical description. Thiswaica physical
understanding of EE phenomenon as well as extripolto values which cannot be reached experimigntazing
incident and emission angle, high temperature, mougematerials, etc.). Besides, as it depends weralephysical
parameters (incident angle and energy, materi&, tyyaterial density, etc.), it will allow observitle influence of
these parameters on HET performances. Finallyg &ni analytical model, which ensures calculatioar @/ wide
range of parametrical values in a reduced comptitng (from some minutes to some hours).

In further studies, this EE model will be implemexhtin a PIC simulation in order to evaluate morecizely the
influence of EE on HET plasma behavior. On a widege of time, it will be attempted to extract gahéaw of the
influence of plasma/wall interaction in order topl@ment them in a HET plasma fluid modelling. Dietgiof the
modeling are described in the paper IEPC-2017366

C. EP diagnostic

Qualification of EP system must be tested in higbuum environments for long period that increasastitally the
cost of such systems. Adapted diagnostics (exasitim situ) are needed to follow carefully the thter behavior
during the development phase.

Besides, the design of accurate diagnostics to umedke main properties of the electric propulgiistharge is a
great of importance to improve our understandinghefmain features of the propulsive system bui tdsprovide
relevant database to improve the modeling of tepudsive equipment.

I ncoherent Thomson Scattering

The accurate determination of electron praogert density, temperature (or the electron eneligiribution
function, or EEDF) — is a long-standing challengerhagnetized plasmas. Invasive tools such as Lairgmmobes
must be used with care, due to their perturbatifects on the plasma under study, and the shortagsndf existing
probe theory when applied to magnetized plasmas. fibst advanced non-invasive diagnostic availadtette
measurement of electron properties is incoherentBon scattering (ITS), used since the 1960s iotiysasmas.
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The application of this tool to the study of electproperties in the Hall thruster is motivatedtiy lack of reliable
measurements for the electron density, temperatnck distribution functions inside the channel amaredfield
magnetized plasma regions. In the channel and freddrregions, electron temperatures are expedaidoeta few
tens of eV, dropping to a few eV in the far-fieldime. Accurate knowledge of the electron propetisexitical for
the construction of reliable codes and theoriesfandn improved understanding of phenomena suanasmalous
transport.

The application of ITS to such plasmas poses aroitapt challenge: the low electron densities entared in
comparison to fusion plasmas (3 or 4 orders of ritade lower) result in proportionally-lower scattdrsignal
intensities. This requires the development of momre sensitive diagnostics. In recent years, effbeve been
made to apply this diagnostic to a number of lowsity sources, and this project extends thesetsffor

An initial feasibility study with partial supportdm CNES was carried out to determine the possibdf ITS
measurements in a Hall thruster plasma. This féigilstudy involved the design and construction aafnew
diagnostic prototype known as THETIS (S. Tsikata,Vihcent) at ICARE, with important contributionsom
collaborating groups at the LPGP laboratory in @§a Minea) and CEA Saclay (SACM). The initial #aility
study was carried out using a hollow cathode.

This initial feasibility study validated a new appch to the ITS diagnostic design, based on theofisevolume
Bragg grating for stray light attenuation for thestftime in an ITS bench. It also validated otdesign choices and
analysis procedures. Based on the initial feagjbdiudy, upgrades to the diagnostic were madeaanahge of
cathode measurements were successfully obtaineel. clilrent diagnostic is notable for its compactnasd
sensitivity (providing measurements of electron sitees down to 18§ /m®), with future upgrades and thruster
studies planned. Results are detailed in the p&RE-2017- 44%
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Figure 13. Example of an incoherent Thomson scatting spectrum obtained for a hollow cathode plasma
Curve is issued from papef®

Faraday Probes

Measurements of the ion current density amgdiktribution in the ion beam far-field region BP devices give
access to several quantities such as the propeltdiztation, the beam efficiency and the divergeramgle. An
accurate estimate of those quantities is critical the development, optimization and qualificatioh electric
thrusters for spacecraft. A comparison betweeretetectrostatic probes has recently been perfotmeefine the
more suited probe architecture. Experiments wigthaaar probe (PP), a planar probe with a guard (RRGR) and
a Faraday cup (FC) have been carried out in thelaf the 1.5 kW-class PPS1350-ML Hall thrusteediwith
xenon in the PIVOINE-2G test bench.

Examination of results, in combination with presodata analysis, enables to provide a list of quida
recommendations and good practice rules for iomeotirdensity measurements in electric thruster pkinin

particular studies reveal a Faraday cup is cest@inlappropriate diagnostic tool for ion currergusition.

This work can be considered as a first step towd#ndsstandardization of EP device plume measuremient
simulated space environment, an essential phassadsvimproving the reliability of comparisons betwalifferent

thrusters and different vacuum chambers and towhnagshing high-quality data for thruster qualdion and

validation of numerical simulations. Detailed désion can be found in the paper IEPC-2017%36
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Figure 14. (left) Picture of the 3 electrostatic pbes used to measure the ion current in the plumef Hall
thrusters : planar probe with a guard ring (PPGR), Faraday cup (FC) and planar probe (PP) ; (right)
Angular distribution of the ion current density measured with the 3 probes for two bias voltages in # plume
of the PPS 1350-ML thruster (350 V, 4.8 mg/s, 4.08).

Secondary electron emission measurement

The energy balance measurement of electrossémni at a wall submitted to electron impact at logident
energy is a topic of interest for miscellaneousht@togical applications and especially for Hall éff thruster
technology. Indeed, electron emission is suspeittdthve a non-negligible impact on Hall Thrusterfgenance
since it has been shown experimentally that changiall materials could affect strongly the thrustgeration. As
a consequence, ONERA has created an experimeratdcpt to obtain reproducible and quantitative &tac
emission measurements. The measurements have bdenmed for incident electrons energy between Saed
105 eV and for three specimen materials: silveaphite and SiO2. These measurements show thatalysdirbs
more energy at high incident electrons energy Aatigraphite absorbs more energy than silver, 8i@2. Results
are presented for mono-energetic incident eledbesm and for a Lambertian energy distribution. Atiedl laws
fitted from experimental results and applicable fievdelling issue are proposed for a Lambertiarridigion of
incident electrons. Detailed description of theexipental campaign are reported in the paper IEPTZ-B66°
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Figure 15. Measurements of Energetic efficiency danction of the incident energy for mono-energetic
incident electron energy.

D. Materials and thruster lifetime
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Synergic ion/electron erosion on ceramic channel

One limitation of Hall Effect thrusters is thitestime decrease due to the erosion of the digghahamber wall.
The erosion of the ceramics has been studied gerrs experimentally and numerically. But theséedét studies
have never taken the possibility of a synergicaffee ion/electrons, on the erosion of the thnudtethe frame of
an experimental campaign performed at ONERA inDEESSE vacuum chamber, the synergic erosion dffest
been tested on two different materials used inftévme of electric propulsion. The two samples deld@re BN-
Si02 M26 and HD-BN. The synergic erosion effect besarly been demonstrated during this study oneredt
containing oxides such as BN-Si02. No synergic a¢ffeas been shown on the HD-BN. As the conditiors a
representative of the exit plane of a HET thrudtes, study clearly show that the presence of theten current on
the walls has to be taken into account to havecaorate assessment of erosion in HET. This stusty sthows that
the synergic effect may be a good candidate toa@xphe anomalous erosion present on the exit pbareeHET.

Nonetheless, more works are needed to quantifyettaision rate. Analysis are presented in the pHffe€ -2017-
3141

Figure 16. Picture of the sample BN-SiO2 M26 afteB5 hours of irradiation.

E. New concepts
Magnetic shielding Thruster activities

Discharge channel erosion is one of the miaiitihg for the lifetime of Hall thrusters. One tfe solutions to
reduce this erosion is to use an alternative magfietd topology called "magnetic shielding”. Thigpology, first
studied at the Jet Propulsion Laboratory and at NASenn on high power thrusters (> 5 kW) has been
implemented at ICARE laboratory in a small 200 Whpanent magnet Hall thruster called the ISCT200-MS.

Comparative studies have been conducted betwesnththuster and a similarly sized traditional oné&e Ttwo
thrusters have been shown to have similar dischargelopes. Successful shielding of discharge cilawas
achieved as no erosion was seen on the wallsrafiez than a hundred hours of firing time. Behawibthe ions in
the discharge channel and near the walls was deaizs through laser induced fluorescence spexipmys The
same method was used to investigate the light@iasen above the magnetic pdies

It was shown that to the contrary of traditionalidiers, one with magnetic shielding topology it semsitive to the
properties of the discharge channel material. B@T200-MS was fired with a graphite discharge cleaand no
differences were observed in either the dischangeent or the plume behavior compared to BN-SiOBe T
unshielded control thruster, on the other hand, significant increase in discharge current and jgualivergence as
well as a modification of the current dynanffcs

A recent performance measurement campaign has sti@mwvmvhile the standard unshielded 200~W thrustertd
achieve as high as 40% anode efficiency, the sdelersion only reached 25%. A mechanism has bempoged
to explain this relatively lower performance of thegnetic shielding not observed in more powefrfulisters.
More explanations are discussed in the paper |IEPJ-272°.
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Figure 17. The 200 W magnetically shielded ISCT20MS thruster on stage and during firing test.

New concept of Double Stage Hall effect Thruster (patent pending)

The ultimate goal of the concept of double-stagdl Hausters (DSHT) is to decouple ionization armh i
acceleration by adding a plasma source, upstreatmeofnagnetic barrier that can be operated indepehdfrom
the applied dc voltage of the acceleration stagthofigh this concept is very promising and shodlovawider
regimes of operations with several choices of piapt the numerous attempts at designing doulzigestHall
thrusters have met limited success so far. A nesigdehas been proposed by LAPLACE laboratories \hth
support of CNES, called ID-HALL (patent pending)have the ionization stage is an inductively cougesma
source which coil is located inside the inner aydin of the thruster. First results show that thezation stage is a
donut-shaped high density plasma (more than 2xii® for a moderate power of 125 W at pressure on the ofder
1 mTorr) area around the central cylinder. The sheamd location of this plasma are particularly veelited for ion
extraction through a Hall magnetic barrier. A revief DSHT thruster is presented in the paper IERTC72215°.
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Figure 18. The ID-Hall Double-Stage Hall Truster. &) version with internal cusps; (b), version with

magnetic shielding. An image of the light emitted ¥ the plasma (in argon) is superimposed to the
diagram of the DSHT in (a)
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VI. Communication and Dissemination

The COMmunities of ExperTs "COMET by CNES" are ‘blatedge clubs " which aim is to focus on space-thase
technologies and expertiseCreated at the initiative of the CNES in 199&ythllow:

» to promote the opening of Space technologies teratéctors

» to take account of advances in space technologiether sectors,
» contribute to expertise and innovation ,

» produce and share knowledge,

» identify skills and expertise,

» be a privileged place of dialogue,

» to foster cooperation,

More specifically a COMET on Propulsion & Aerotherdynamics (P&A) has been recently created (July62@d
share and exchange on the thematic linked to @gmtopulsion, chemical propulsion and aerothernmadyics.

In the field of electric propulsion, several topmsuld be addressed through seminars and workahgmosged by
the COMET Propulsion and Aerothermodynamics :

e upropulsion for nanosat/cubesat,

» very high power electric propulsion,

» disruptive technologies in electric propulsion,

* low cost electric thruster,

» Interactions plasma thruster — satellites — spaggament,

VII.  Conclusion

The Countdown of the “all electric” satellites mearkis on track. This new “paradigm”, offered by atie
propulsion system, paves the way of future ambstispace missions, demanding important R&T actiitiehe
CNES contribution is wide and covers a large vgrddtresearch, developments and applications dasnain
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