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Abstract: it is desirable to develop and have access to plasma models usable in day-to-
day industrial processes which are able to reproduce with sufficient accuracy the electric
field build-up and potential decay downstream the thruster and around the satellite, to
effectively predict the ions trajectory towards the surfaces. An experimental validation of
those modelsis mandatory to gain confidence in their adequacy. In this context, the MODEX
study, funded by the European Space Agency (ESA) and involving a consortium led by
Airbus Defense and Space, aims at: i) identifying the key physical processes governing
electron cooling and electric field build-up downstream the thruster in the far fied, ii)
proposing models of electron cooling that are physically representative and simple enough to
be implemented in the SPIS software, iii) experimentally validating on-ground at ESTEC-
EPL those models using a typical EP thruster used on telecom platforms, and tuning the
model to the data, iv) performing system applications including erosion analyses, using both
the data obtained and the modelsimplemented, and compar e the two approaches. Thefirst 3
phases have been done so far and are described in this paper.

Nomenclature

ji ion current density [A.ff

ne = electron density [
Te = electron temperature [K]
Vp = plasma potential in the plume [V]

. Introduction and scope

Electric Propulsion (EP) is a key enabling techgglan particular for missions where mass savingstitutes a
decisive advantage, like geostationary telecomiomiss planetary exploration and low thrust missiofisanks to
ESA and European industry efforts, unique capaslihave been developed in Europe in this fieldpdrticular,
Airbus Defence and Space (Airbus DS) took advarstagehese capabilities, and was the first Europsampany
to successfully develop commercial satellites usstegtrical propulsion, based on Hall Effect Theust(HET).
Airbus Defence and Space has 15 years of Electdpusion flight experience and 20 years of expengein EP-
SC interaction analyses with own-developed simaatiools. Indeed, mounting electrical propulsionboard
requires to master all the related system aspsotage of them being quite new with respect to thindeced by
classical propulsion systems. In particular, thermctions between the highly energetic and chapyste and the
surrounding spacecraft raise several issues aeraygtvel that have to be predicted during the degbase:
dynamic effects, erosion, contamination, interadiovith RF beam, electromagnetic interferences spatecraft
charging. Moreover, for system primes, margins céida and design optimization are constant objestirequiring
accuracy and reliability improvements of these tézhs. Space industry is currently observing aaréasing
interest for Electric Propulsion and its impleméiota on both scientific and telecommunications ioiss. This
leads to increasing needs of EP-SC interactionlysemof new configurations to help architectusslé-off as well
as detailed design.

One of the main constraints for accommodationle€tec thrusters and therefore for architectureich is
the erosion induced by the plasma plumes on datallirffaces, some of which are very sensitive ditdar array
interconnectors or antenna layers. Also, erodets gamtaminate other satellite surfaces and equipn8ome of
the new architectures under study are exotic coetpty the platforms already used and appear toxtrensely
challenging from the point of view of erosion. Boysneeds to be assessed as accurately as pdssdalese it will
have direct impact on the choice of future architexs and consequently on competitiveness of Earopatellites.
Currently, plume induced erosion on satellites stineated through simulations with plume models Wwhare
necessarily simplified due to industrial and conagioh constraints. For a given surface material iandtype, the
level of erosion caused by one ion depends ondheshergy and incident angle. Those two, when iagctne
surface, are heavily influenced by the electriddfipath the ion has followed from the thruster be tsurface:
simulations shall thus reproduce the electric figldp as realistically as possible. Therefore a gietription of
the electron dynamics around the surfaces shalrtréded to be able to properly model the movenudribe ions
towards them. Moreover, a crucial issue in the BERster performance is achieving better plume maition.
Decreasing the plume divergence should reducerthstom of surfaces, particularly the solar pankisimpacting
ions. Furthermore, a less divergent plume shoukllrein a smaller interference with the radiofregme
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transmission that is used for communication. Onehef major sources for the plume divergence ispllasma
pressure; and the extent of the divergence depamdise evolution of the electron temperature [RD@7previous
ESA study, called AISEPS (Assessment of Interastibetween Spacecraft and Electric Propulsion Sygtem
[RDO1], has enabled to significantly improve the deling capability of a plasma plume expansion adoan
spacecraft. Indeed, it offers the unique possyhiliith the open source software SPIS (Spacecrafir®h Interaction
Software [RDO04]) to simulate in a consistent wag filasma expansion, the spacecraft charging andutrient
collection. Nevertheless, the computation of thexteic field map of a near-collisionless plasmaanging from a
point or a surface (e.g. a plasma thruster plumthigiapplication) to infinity and surfaces (e.gtddlites) is not a
trivial problem. Indeed, the codes most widely userhdustry, because of their highly favourabkde-off between
accuracy and computational requirements, are RIid-flodes where heavy species are modelled asparfieles
and electrons as a fluid. In an unmagnetized medinch for usual spacecraft environment conditiofestens
from the emitted plume constitute a population gwed by the electric field self-created by the pias Therefore,
except from small drifts required for conservatiohthe electric current and the spacecraft chargitage, the
electron cloud is at quasi-static equilibrium, begn the electric force and pressure. This hasoledntany codes to
implement the classical Boltzmann relation (witms@mnt temperature) as the equilibrium conditionfdgtunately,
the tenuous plasma plume is weakly collisionalbglahermodynamic equilibrium does not apply, ane tloud
cannot be assured to be Maxwellian. In fact, thestant temperature model leads to the plasma ielgmitential
dropping to minus infinity far downstream the pluared thus to an infinite supply of energy, which elearly non-
physical. There is limited experimental evidenceslgfctron cooling in the far plume, but the physio@chanism
behind that ‘collisionless cooling’ and proper sugllaws for it are unavailable, in spite of a leilge research
effort by different plasma physics communitiesstime codes, like SPIS, electron cooling has beevigionally
tackled by using a polytropic equation of statehvitie polytropic coefficient being adjusted phenooiegically.
This patch works fine since it leads to finite aadjustable potential falls between the thrustet exid the
undisturbed environment. However, this is just amdmenological fitting that teaches nothing abbet ¢ooling
mechanism and the parameters and conditions thatotdt and lacks any predictability. Thereforeisi desirable to
develop and have access to plasma models usabli@yito-day industrial processes which are ablesfiyaduce
with sufficient accuracy the electric field builgh-iand potential decay downstream the thruster aadnd the
satellite, to effectively predict the ions trajagtéowards the surfaces. An experimental validatbthose models is
mandatory to gain confidence in their adequacy.

In this context, the MODEX study, funded by the @egan Space Agency (ESA), thus aims at:

» identifying the key physical processes governirecebn cooling and electric field build-up downsire

the thruster in the far field and around the si¢eflurfaces with their own potentials,

» proposing models of electron cooling that, on the band, are physically representative and, orotiher
hand, are simple enough to be implemented in SRtBout incrementing much the computational
requirements,

e implementing electron models in SPIS in order taelself-consistently plume forming,

» experimentally validating on-ground at ESTEC-EPbsth models using a typical EP thruster used on
telecom platform, and tuning the model to the data,

» performing system applications including erosiomlgses, using both the data obtained and the models
implemented, and compare the two approaches.

The consortium led by Airbus DS to answer the ESAdy involved the following key participants with
respective tasks: Airbus DS and Universidad CaBate Madrid (UC3M) firstly gathered the state-of-rt on
plume, erosion and electron cooling data. Then U@Bdposed and improvement of the electron coolingeting
of an EP thruster and ONERA implemented it in tiR#SSsoftware. In parallel, a test campaign on al®®Tired
by Airbus DS was performed at ESTEC-EPL with eleatrdiagnostics from a team consisting in researsifrom
CNRS ICARE and the Royal Institute of Technology $tockholm (KTH). Finally, validation of models
implemented in SPIS, erosion analysis and compargth simulation approaches are performed by ONERA
Airbus DS. The present work presents the threetfigks of the study.

[I.  Modéeling and implementing the electr on cooling behavior
A. State-of-the-art of existing experimental results and models of plasma plume
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The study began with a review of existing experitakresults (both in laboratory and in-flight) amibdels of
plasma plumes, identifying the main aspects oftlasma response, and in particular, the electrotpéeature,
electron cooling, and electric potential which d@nge the objects of study of the present projeét.configurations
in telecommunications satellites and erosion dateetbeen also briefly reviewed.

As evidenced by the experiments, plasma plumeswardivided into a near region, where collisionsjdeal
electric and magnetic fields from the thruster, 8Bdcathode effects dominate, and a far region revitee plasma
density profile is smooth and single-peaked, ardetolution of the plasma is nearly collisionlesshject to the
equilibrium between internal electron pressuregtebstatic forces, and the inertia of hypersonitsiorhe transition
between the two regions occurs a few thruster damiinstream from the thruster exit plane.

Laboratory tests, while useful to determine themary ion properties, introduce a large uncertaioythe
global, collisionless electron response in thedame. This is due to the presence of the (condectthamber
walls, the higher background pressure, and somsttime artificial grounding of some elements in tieister. In-
space measurements are limited in number and aildetit provide important information that allovdentifying
the key differences between laboratory and spacditions.

Measurements of electron temperature in the plgdome of different thrusters reveal a smooth deszea the
axial direction (and also radially). Electron temrgdares in the range of 0.5-10 eV are commonly ntego The
decrease of electron temperature along the plumsusally slow, indicating a near-isothermal behavinosome
cases. Temperature usually drops faster in the meggon, especially in the case of Hall-Effect Tétaxs (HET)
where the residual magnetic field there is largeingle value of a cooling polytropic expongrdoes not seem to
reproduce successfully the whole plume, and isstbry, operating point-, and experiment-dependent.

Existing plume models vary in complexity and phgsidetail. On the lower end of the scale, fullyidlumodels
(like self-similar models) are adequate to obtafitsh approximation of the plasma profiles. HybR&C-fluid codes
for the heavy species (ions, neutrals) are welteduio obtain the complex response involving thiedint
populations of fast and slow particles. Electrors mutinely modelled as a fluid except in very \he&ull-PIC
simulations; the vast majority of the existing duelectron models (including those implemented RIS3 are
simplified isothermal or polytropic electron modelghich are not physically justified and need tosb@ported by
experimental data to adjust all their parameters.

Kinetic modelling of the electron expansion is tkeommended approach to recover the complex phygsite
global electron response, including the collisigslecooling behaviour. Previous work at EP2-UC3M has
successfully modelled the expansion of electrorthénfully-magnetized plasma plume of a magnetizztey based
on the conservation of the adiabatic invariant neignmoment of each electron in a paraxial magregid. The
kinetic evolution of the distribution functions efectrons and ions can be readily recovered therafknown
electric field, given the distribution function tte initial condition. Iterating in this method,i& then possible to
find the self-consistent electric field and the @md electron response. Doubly-trapped electroadcamd in this
case. Electron collisionless cooling is observedhis case which can be fitted to piece-wise polyic laws in
different regions.

A similar approach has been proposed to model ¥parsion in an unmagnetized plasma plume. The 2D
geometry and the increase of parametric space ¢oadditional degree of freedom make this problemnfare
complex than the magnetized plume. However, thetexc¢e of a similar adiabatic invariant, based hendction
integral in the radial motion of trapped electroissexpected to allow a similar solution methodeTdbtained
results shall be simplified enough to be implemeénieSPIS as simple (but physically sound) electooling laws.

B. Electron cooling and €electric field build-up processes and models

The detailed study of electron cooling mechanisy&JB3M is presented in another paper by Merial >,
The implementation of the models in SPIS by ONERAliscussed in another paper by Sarreilal*. A summary
is given in the present paper.

In their paper, UC3M describes the kinetic plasrhang model they have developed. lons and electanes
modelled separately and self-consistency obtainediding them iteratively to find the stationary gtea and
electric potential response in the plasma plume.

The fundamental assumptions of the model are timtptasma expansion is axisymmetric, paraxial the.
plasma plume diverges slowly), collisionless, goegtral, and that it has reached its steady state.

The electron model, which is the central piecehaf plume model, solves Vlasov's equation for cuallitess
electrons semi-analytically, by exploiting the cemnation of three adiabatic invariants in the elattmotion. The
ion model is simplified into their cold limit, patal fluid equations, and serves to close the pobl
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The iterative procedure for the solution is asdia. An electric potential map is assumed as aralirguess.
The electron and ion responses are computed fetlctric potential. Then, evaluating the ion alattron density
difference, and the deviation from a current-frdasma jet, a new electric potential guess is predudhe
procedure is repeated until convergence and therefeelf-consistent plasma and electric poterggonse at the
plume axis are achieved.

This plume model was then used to perform a parérstdy for several values of the Mach number tred
ion/electron mass ratio. It revealed a wide var@tglectron distribution function behaviours ir thlume.

As the simplified model to be implemented in SPh8wdd not be too computation-intensive, these patdam
study results were used to define a single polytropoling expression:

Te ~ ( N, )Vglobal‘1
T.(0) \n.(0)

Different uniqueyyona vValues were computed for a given set of Mach nurabd ion/electron mass ratio. The
gamma value is then automatically computed by $&8ach thruster as a function of the Mach nunabé¢he ions
coming from the thruster and the ion mass emitieddeh thruster..

A generalization of the previous approach has &lgen implemented in SPIS: it consists in a stepe wis
definition of gamma as a function of plasma density

1. Experimental set-up and results

The experimental set-up and results of the tesipeasgn which occurred at ESTEC-EPL in the Coronauuat
facility are detailed in another paper written bipi® et al°. However a summary is given here.

An overview of the thruster and measurement sdasighown in Figure 1. Airbus DS provided a 1.5 kl&ss
SPT100 thruster while KTH and CNRS ICARE providdalsma diagnostics to monitor the plasma parametets
the ion current density respectively in the plu@aly KTH on-axis results are presented in this pape

The SPT100 was installed in the ESTEC-EPL Cororawa facility, a large vacuum chamber (2 m in ditene
and 4 m in length) and operated at six differergrapng points given in Table 1, where the dischargltage and
the mass flow rate of Xenon were varied. Backgropragsure was maintained at its lowest possibleeviar each
operating point: 3.9e-5 mbar for a 2 mg/s mass flat® and 7.7e-5mbar for a 4 mg/s mass flow rate.

Figure 1 shows two identical cylindrical LangmuiroBes (CLP) from KTH, with tip oriented parallel ton
stream lines that were used to investigate the @lubhe probe tip was 0.2 mm in diameter, 5 mm igtle and
made of Tungsten, with an alumina body shieldirg rést of the probe. One probe was installed aarssiation
stage mounted on a rotating arm, providing in paldir on-axis measurements from 550 to 750 mmedahhuster
exit (0 mm referring to the exit of the thrustefhe second probe was mounted on a larger translatiage,
providing measurements along the plume axis frott85.550 mm. Measurements were thus obtained 80nto
1550 mm along the plume axis. All measurements wweréormed in the horizontal plane located at thiglht of
the thruster axis and recorded using a KeithleyoZBlLircemeter sweeping the probe voltage from -1& %35 V.

Figure 2 shows the electron density, electron teaipee and plasma potential resulting from the CuRent-
voltage characteristics for the six operating poigiven in Table 1. As expected, these three plgsanameters
decrease in with the axial distance from the tlauskit plane center. More detailed analysis igiin another
paper by Gionet al®.

Discharge voltage Anode mass flow rate Discharge Current Background pressure
[v] [mg/s] [A] [mbar-N]
300 2.0 1.75 3.9e-5
300 4.0 3.83 7.7e-5
150 2.0 1.70 4.0e-5
150 4.0 4.17 3.9e-5
225 2.0 1.72 3.9e-5
400 2.0 1.78 3.9e-5

Table 1: Thruster operating points and resulting background pressures.
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Range of angular positions
—__with the rotating arm

. Angular measurements
M at a 550 mm distance

\  Axial measurements
| from 550 to 1550 mm
Thruster |

(=0) *

X

Plume axis

200 Langmuir probe on Large !

Translation Stage

Langmuir probe on ™
Small  Translation
Stage (mounted on
the rotating arm)

850 700
Vacuum chamber

Figure 1: Positions of measurements of the KTH cylindrical Langmuir probes (CLP) insidethe CORONA
chamber. Distances are expressed in mm.
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Figure 2: Electron density, electron temperature and plasma potential along the thruster axisresulting from
current-voltage characteristics measured with CLP for the six operating pointsgiven in Table 1.

V. Futurework

Future work to be performed consists in validating developed models by comparing them with on-ggou
and in-flight measurements. In addition to the ptglsvalidity of the implemented models, the reles@ of SPIS to
perform system analyses on a representative sdtcecl be assessed. The complexity to setup aikition, the
stability and the duration of the computation amgeied critical when using such a tool in an indalsemvironment,
where numerous iterations are sometimes requirgdglthe early phases to refine the spacecrafgdesi

The first validation use case will be based on rdsults of the on-ground test campaign performeBSa.
ESA’s vacuum chamber will be fully modelled in SR$8e Figure 3), based on realistic dimensionk@tthamber
and taking into account the plasma source, theectddn on the wall and the electric circuit couglithe plasma
source and the plasma chamber. The backgroundupeeskthe vacuum chamber will also be modelled.

The results of the simulation will be compared witbasurement. In particular the electron denstyperature
and the plasma potential will be the most relevaites to validate the newly implemented tempeeatoodels.
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The second test case consists in the realisatiotheofsystem simulation. The objective is to vakd#te
relevance on the new model to perform simulatioraaepresentative spacecraft model. As explainéteeahe
current SPIS version does not allow an accuratellaiion of the plasma potential evolution. Consetjlye a
particular attention will be paid on the followingharacteristics of the plume: plasma potential bgraent
particularly at large angles and in regions which mot directly exposed to the plume; energy of tharge
exchange ions and induced erosion.

The third test case is the comparison of the SPI8vare results with the SMART-1 satellite previbus
performed simulation. The SMART-1 configuration lieeen analysed in details by Airbus DS in the caméthe
AISEPS study. The main objective of this test dagbe comparison of the different electrons modelsa known
configuration: indeed, it is proposed to compareuation results for the following cases for elens modelling:
classical Boltzmann equation, Boltzmann equatiothwiolytropic coefficient, new models for electronsn
example of SPIS simulation is given on Figure 4.

The last subtask aims at performing the analysib@fresults obtained during the course of theegptdjy order
to propose the way forward for this activity. Thésk will be done in collaboration between the dbntors of the
project (i.e. in the experiments and in the nunasimulations). The results of the comparison leetwsimulation
and measurements as well as the comparisons bethedlifferent approaches on SMART-1 will allow essing
the validity and applicability to an industrial dert of the new model. Evolution of the model or it§
parametrization could be done further to this tasknprove the modelling.

Finally, supported by the results of the tests lanthe activity, we will summarize the results tearly establish
the limit and validity domains of the developed giified models. This analysis will also support gstablishment

of a preliminary roadmap of recommended activite®vercome the identified limitations: models irpement,
new tests, etc.
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Figure 3: Simulation geometry and mesh: Jonas tank with plasma sour ce, pumping system and collection
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Figure 4: Example of SMART-1 simulation: plasma potential assuming a constant electron temperature.

V. Conclusion

The MODEX project goes on. After having thoroughhalyzed and simulated the behavior of the elestion
the plume, several models of electrons cooling Hmeen selected and implemented in SPIS. A simglidigproach
is proposed as a baseline: it consists in a taidélang to compute the value of the polytropic icednt for a wide
range of conditions. The characterization of tha@spla plume conducted in the ESA-EPL test facilag been
completed. The next step will consist in the arialgs the measurement results. After this stepdatibn will be
performed using SPIS to compare the simulation thedtest measurements. Finally, system simulatiilisbe
performed in order to assess the utilization ofSSel operationally support analysis at system lawel identify the
remaining gaps.
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