Universidad

ucdm | Carloslli -Archivo
de Madrid

Plasma Sources Science and Technology

ACCEPTED MANUSCRIPT

Magnetized fluid electron model within a two-dimensional hybrid
simulation code for electrodeless plasma thrusters

To cite this article before publication: Jiewei Zhou et al 2022 Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-6595/ac64bc

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.



https://doi.org/10.1088/1361-6595/ac64bc
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6595/ac64bc

Page 1 of 26 AUTHOR SUBMITTED MANUSCRIPT - PSST-104949.R1

cONOYULT A WN =

Magnetized fluid electron model within a two-dimensional hybrid
simulation code for electrodeless plasma thrusters

J. Zhou, A. Dominguez-Vazquez, P. Fajardo and E. Ahede

Equipo de Propulsién Espacial y Plasmas (EP2), Universidad Carlos III de‘Madrid, Leganés,
Spain

~

Email: jzhou@pa.uc3m.es

Abstract

An axisymmetric fluid model for weakly-collisional, magnetized electrons is introduced and coupled
to a particle-in-cell model for heavy species to simulate electrodeless plasma thrusters. The numerical
treatment of the model is based on a semi-implicit time scheme; and specific algorithms for solving on
a magnetic field aligned mesh. Simulation results of the plasma transport are obtained for a virtual
electrodeless thruster. The particle and energysfluxes of electrons are discussed. A first phenomeno-
logical model is included for the anomalous eross-field electron transport, and a second one for the
anomalous parallel-field electron cooling in the plume.The balances of the plasma properties reveal
that wall losses are the crucial reason dor _the poor\thrust efficiency of these thrusters. The magnetic
thrust inside the source could be negative andslargely depending on the location of the magnetic
throat, which is found uncoupled from thelocation of the plasma beam sonic surface. Furthermore, a
sensitivity analysis of the resultgiagainst the simulated plume extension shows that finite plumes imply
an incomplete electron expansion, which leads to underestimating the performances.

1 Introduction A

The electrodeless plasma thruster! (EPT) is a novel electric propulsion (EP) concept, in which plasma
production and heatingdis/achieved by an absorption of electromagnetic (EM) power, and a magnetic
nozzle (MN) is used for plasma acceleration [I]. In an EPT, the propellant injected into a cylindrical
vessel is ionized by the@lectronspwhich interact with the EM waves emitted from an internal or external
‘antenna’. The resulting current-free plasma is guided by the stationary applied magnetic field created
by a set of coils or_magnets. /Inside the vessel, the magnetic field confines the plasma and allows the
penetration of the EM waves; quasiaxial magnetic topologies are common but not unique. Outside the
vessel, the magneticifield'is divergent and acts as a MN that (i) expands the plasma and transforms its
thermal energyrinto quasiaxial kinetic energy, and (ii) generates magnetic thrust. Two main realizations
of the EPT concepteare the electron cyclotron resonance thruster (ECRT) [2, 3], and the helicon plasma
thruster (HPT) [4, 5, 6 [7]. The main differences between both concepts are the EM wave type and the
mechanism for power absorption. In the ECRT, it is based on the electron cyclotron resonance, wave
frequencies aré within the microwave GHz range, and magnetic strengths are in the 1000-Gauss range.
In the HRPT, it depends on the propagation of helicon and Trivelpiece-Gould waves within the plasma
column, wave frequencies and magnetic strengths are typically within the 10-MHz range and the 100-1000
Gauss range, respectively.
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EPTs are technologies under extensive research with potential advantages over mature ones in some
aspects. The electrodes, typical of the mature ones, are eliminated avoiding associated. life-limiting
constraints and contamination issues, and also allowing an ampler choice of propellants. Furthermore,
EPTs do not need neutralizers, making simpler the whole thruster system including thé usually expensive
power control unit. Finally, EPTs offer high operation throttlability for a given power, and evendnagnetic
thrust steering [8, ©9]. However, most EPT prototypes still report thrust efficiencies lower than 10%
[7, 10, 11, 12]. In order to continue that research, understanding the plasma physics in these devices is
certainly a central task.

The plasma discharge in EPTs has two distinguished processes: plasmaswave interaction and plasma
transport, which, although coupled, require their own models. This work is focused on modeling the 2D
axisymmetric plasma transport. Fruchtman et al [13] were the first to develop, for an EPT source with an
axial magnetic field, a variable-separation, 2D fluid model (a method which Had been successfully applied
previously to Hall thruster discharges [I4]). Ahedo and Navarro [15] extended that development to the
plasma plume applying the divergent MN model of Ahedo and Mering,[16), and carried out extensive
parametric and performance studies revealing, for instance, the(large plasma losses in the thruster back
wall (due to the lack of magnetic confinement), and those caused by, multiple re-ionization (due to the
wall recombination). Some important simplifications of thése models are: the null radial component of
the magnetic field inside the source; the arbitrary imposition of loeal current ambipolarity inside the
source (not in the plume); the sonic flow transition anchored to. the thruster exit; the fully collisionless
plume with fully magnetized electrons; the use of a constamt elecbron temperature map to avoid solving
the electron energy equation.

In this work, a 2D hybrid model over a generie. magnetic field configuration is adopted. The model
releases all the constraints mentioned above and, additionally provides a kinetic representation of the
heavy species. The model consists of a particle-in-cell (PIC) model with Monte Carlo collisions for heavy
species and a magnetized, diffusive fluid modelufor the electrons. Axisymmetric hybrid formulations
are a good option to analyze the plasma discharge and performances of EPTs and Hall effect thrusters
(HETS), since they offer a good trade-off betweem,physical accuracy and simulation cost [I7, 18]. The
PIC model is appropriate for the rarefied conditions of the plasma, while the electron fluid model avoids
huge computational costs, typicalfof eleetron kinetic formulations. Besides, quasineutrality is easily
implemented in hybrid models and non-neutral effects are limited to Debye sheaths, which are treated
as electrostatic discontinuities around-the thruster walls. One limitation of axisymmetric hybrid models,
however, is that they continue to befunable to reproduce the electron cross-field transport due to azimuthal
instabilities [19, 20, 211 22].

The hybrid model is implemented numerically in the code HYPHEN [23], 24, 25]. The PIC model of
HYPHEN is inherited ffom,the works of Fife, Parra and coworkers for the HET hybrid codes HPHALL
[17] and HPHALL-2 [18]. The electron fluid model for HYPHEN is fully 2D and relies on the use of a
magnetic field aligned mesh (MFAM) to avoid numerical diffusion caused by strong magnetic anisotropy
[26, 27]. A first amplementation of the electron model in an MFAM was done by Pérez-Grande, based
mainly on WeightedI.east Square Method (WLSM) numerical algorithms. Zhou et al [27] realized that
the accuracy_of these algorithms in the highly-irregular MFAM was insufficient often; developed better
algorithms for both inner cells, based on Finite Difference Methods (FDMs), and boundary cells (based
on improved, WLSMSs); and did the implementation for a simplified polytropic electron model. For the
presentfwork, thesé algorithms have been extended for the electron energy equation.

There are ‘experimental evidences of plume cooling in EPTs (also in HETs and other thrusters)
[28, 29,130, [31]; which cannot be explained by the weak collisionality of the plasma and is not reproduced
by the commonly-used Fourier’s (conductive) tensor law for the heat flux [I8|, 26]. Indeed, kinetic studies
with paraxial MNs [32], 33] show that, in plumes, the heat flux is approximately proportional to the
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enthalpy flux (i.e. it has a convective character). In addition, mixed (convective/conductive) heat flux
closures have been proposed for mild collisionality regimes [34]. The extension of these kinetic studies to
2D and 3D magnetized scenarios is little known yet. In this work, with the purpose of/matching trends
observed in experiments and kinetic studies, a Fourier’s law is used with a thermal eonductivity tensor
bearing anomalous terms both in the directions perpendicular and parallel to the magneticfield.

The axisymmetric hybrid model will be tested and applied to a virtual EPT, which has»a design
typical of real prototypes. Full 2D maps of main plasma magnitudes will be discussed with emphasis on
electron-related magnitudes such as the electron current density, the electron temperature, the electron
magnetic force, and the plasma properties on walls. The failure of the local current-ambipolarity in the
MN will be highlighted too. To end, the analysis of performances will allow to understand, for EPTs,
the main phenomena degrading the overall efficiency.

The rest of the paper is organized as follows. Section [2]describes the generaﬁfies of HYPHEN, and the
electron fluid model. Section [3] discusses the nominal simulation results for the/EPT. Section [ discusses
further insights of the results. Section [5| summarizes the conclusions.

2 Hybrid model of plasma transport

L 2
& Lmodule (PIC) |- Heary
o, I Ng, Us .
‘ i species
‘ ¢7 je i
P;”(Z, rp) Continuity & Energy
. momentum
Given power i T |
deposition map ‘
TeQ7 Ini — 4’ ¢WQ7 dneQ
N E-module (fluid)
Hybrid model for plasma transport

Figure 1: Structure of the modules and inputs/outputs for the simulation code.

2.1 Generalities

Figure [1] illustrates the modular structure of the hybrid code HYPHEN. For application to EPTs, the
plasma dis¢harge isorganized in four models, each one constituting a core module. The modules are run
sequentially and share input and output maps of several plasma variables. There is, first, the wave(W)-
module; which solves the Maxwell equations for penetration of the high-frequency EM waves within
the plasma column [35] [36]. Then, there are the ion(I)- and electron(E)-modules solving the slow (or
quasisteady) plasma transport. The I-module implements the PIC model for heavy species, and the E-
module the fluid model for electrons. The sheath(S)-module solves the Debye sheaths around the thruster
walls.
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The modules are run with a sequential time-marching method in a simulation loop. The I-module
advances a time step At in an iteration, while the E-module includes an internal loop with.a number, of
subiterations N, and time step At, = At/N,. After a number of steps N,, of the transport medules, i.e.
a time N, At, the W-module is called for updating the power deposition map. Let usdenote: Zs, ng, ug
and js = Zsensug as, respectively, the charge number, the density, the velocity and the current density
of species s (electrons e, ions i or neutrals n); ¢ the electric potential, T, the electron temperature and
g the electron heat flux; and P’ the local absorbed power density. This work dees not simulate the EM
antenna and the wave-plasma interaction process; instead, the W-module is bypassed and the stationary
P!-map is directly an input to the E-module. The other inputs of the E-module arexthe instantaneous
properties of the heavy species.

The I-module uses a cartesian mesh defined on the cylindrical reférencesframe {1., 1,, 19}, with
coordinates (z, r, #). Figure [2| (a) shows the mesh, which is non-uniform and adapted to the expected
gradients of plasma properties. The E-module uses a MFAM due the ‘anisotropic character of the mag-
netized electron fluid. The applied magnetic field B defines the magnetic reference frame {1”7 1,, 19},
1y = B/B and 1, = —1| x 1y, with coordinates (o, A, #). The erthogonal ¢oordinates \(z,r) and o(z,r)
are obtained from the solenoidal and irrotational conditions, V.- B'=0 and V x B = 0:

o\ o\

% = _'I"Br, E = TBZ, (1)
do do y
3 2 5l By @)

Notice that A isolines are streamlines while o ones are equipotential lines. Figure [2| (b) shows the MFAM
generated as result of A and o isolines intersection. The selection of the isolines is a complex process,
since B is non-uniform in general, A\ andtepare not either; Ref. [37] discusses the meshing strategies.

I

10

Figures2:"(a) Cartesian mesh of the I-module and (b) magnetic field aligned mesh of the E-
module.

2.2 Electron fluid model

The drift-diffusive (inertialess), magnetized, weakly-collisional fluid model for electrons consists of the
equations

Ne = ZZSTLS, (3)

s#e
V je=-V-j (4)
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T)+6nev¢+]€XB+Fres+Fan07 (5)
5ne
0= VT ge X B+ Y;’es + }fanm (7)

and the unknowns are ne, ¢, je, Te and qe.

Equation states the plasma quasineutrality and Eq. is the conservation of electric current
density 3 = je + Ji, and the right sides of both equations are provided by the I-medule. Notice that,
thanks to plasma quasineutrality and the absence of volumetric sources of net ¢urrent, Eq. for
the current conservation is much more convenient numerically than the’electron/continuity equation,
One /Ot +V - neue = Se, where S, is the source term of electrons. In thedhybrid formulation followed
here, S, is computed by the I-module through the ionization events, for'both singly and doubly charged
ions, as explained in previous works [17] 18] 38, [39]. Collision data comes from the BIAGI database [40]
for single-ion generation, and the Drawin model [41] for doubleszion generation.

In the momentum equation , all inertia terms are neglected, Fyn, accounts for the anomalous
cross-field transport, and Fi..s is the resistive force

Fres = (meye/e) (je + jC)a (8>

where v, = ) site Ves is the total momentum collision frequency: of glectrons, Ves 18 the momentum collision
frequency of electrons e with heavy species s, and j. = ene > 7,ée(l/es /Ve)us is the contribution of heavy
species to the resistive force.

Equation @ is the electron energy conservation imnthe inertialess limit. On the left side, there are
the flux of enthalpy and the heat flux; onsthe right side, there are the work of the electric field, the power
deposition density P!, provided by the Wemodulegpand the power losses from collisions

11
inel — Te E Ves,inel€es (9>
s#e

where veg iner and e are, respectively, the collision frequency and energy threshold of inelastic collisions
(e.g. ionization and excitation). dmtheheatflux equation ([7)), which has the same drift-diffusive character
than the momentum equation. , there is a resistive contribution

Yies = _(meye/e)qea (10)

and Y, accounts for anomalous.effects.

Anomalous electron cross-field transport is likely due to saturated azimuthal instabilities. Since no
established model existifor them, for electron momentum, the time and azimuth averaged effect on the
axisymmetric dig¢harge is included via the simple phenomenological model [18 26]

Fano = aanij06107 (11)
with agne & fitting parameter measuring the average turbulence level. Regarding electron energy, it is
Yono = —QanoBggely — (meyq/e)qnele (12)

and models two different effects. The first one is caused by the saturated azimuthal instabilities leading
to anomalous (cross-field) transport, and the second one, with v, an empirical collisionality, accounts for
anomalous, (parallel-field) cooling in the near-collisionless plume [28] [32].
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Solving the momentum equation for the components of j. in the magnetic frame yields the generalized
Ohm’s law

. T.0lnn., 1071, 0¢ ]
Jlle = Ole ;871” 281” - 871” e (13)
j — 0 Ealn Te 1 8Te - 8¢ o jJ_c - th@c (14)
e e e o1, T eo1, 01, L+ v
j@e = thJ_e - %j@ca (15)
where w w
X=— Xt=—" (16)
Ve Ve + QanoWee 3
are the two Hall parameters of interest, with w.. = eB/m.; and
2 2
e°n e°n,
Tlle = =, Ole = £ (17)
Mele Melie

are the scalar conductivities, with v, = ve(1 + xx¢)-
By analogy to the Ohm’s law, solving the heat flux equation forng. yields the generalized Fourier’s
law

T,
Qe = ~Kfe 5770 o ¥ (18)
T,
qle==K1 ! 19
g (19)
doe = Xt4Lley (20)
with by & T
Kjo= 32— Kl =-—°C, (21)
2mev) 2Mel e
scalar thermal conductivities, and g =, v. + v, the effective collision frequency for parallel thermal
transport.

The cross-field transport is significant for agpowee > Ve: as Qgano increases, V. decreases, and o,
and K |, increase, which leads geneﬁlly to increase both j,. and g .. In the Fourier’s law for parallel
transport , the large parallel{conductivity (for v, = 0) implies a negligible parallel temperature
gradient, much smaller ¢han experimental evidences, and the phenomenological parameter v, allows a
fitting of that gradient. {Inthe Ohm’s law for parallel transport , the large parallel conductivity
implies

op, T.0lnn. 10T, T.0lnn, S Jlle + Jjje

TlHN e 81“ gailnrv (& 81” U”e (22)

Thus, often the Boltzmann relation ¢ x (T /e)lnn, is approximately satisfied along magnetic lines and
makes convenient, the use of thermalized potential ® = ¢ — (T, /e) Inn, instead of ¢ as unknown in the
numerical eguiations [27].

At each boundary of the quasineutral domain, boundary conditions are imposed on j, = j - and
Gne = ge1, With 1 the outward unit normal. On the axis, symmetry imposes that both fluxes are null.
Appendix [A] provides expressions for them at the sheath edges of the thruster walls. For a current-free
plasma, beam, the integral of j, along the whole plume boundary must be null, but local conditions at
the plumeéboundary are complex to define. Here, we impose j, = 0 and

Gne = CqTeneunea (23)



with ¢, a constant (we take ¢, = 2 in the nominal simulation).
Finally, for the numerical integration, it is convenient to define the total energy flux veetor

P»i/e = Pe// — ePneUe, (24)

adding the flux of potential energy to the electron enthalpy and heat fluxes P =(5/2)T.n e+ q. (in
the present electron model, (1/2)meuZncu. is assumed negligible). Then, the énergy equation (6], can
be expressed in a similar functional form as the current continuity equation

8 3 .

(Interestingly, this equation reduces to the conservation condition V P ~ 0, for the steady state and
regions with negligible power deposition and collisions, which will be the situation in most of the plume.)

The numerical treatment of the equations for ¢, je, T, PL., isexplained in Appendix This treatment
is based on a semi-implicit scheme for the time discretization and finite yolume/gradient reconstruction

methods for the spatial discretization.

3 Analysis of plasma profiles and pérformances

------- bl
(a) Lateral wall (WZ]/' :
. '
/.
Antenna, / i / i
K .
- S Free surface (W3) 1 pp
R Back wall (W1) Vo
0 1
Axis 1
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¢
0
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Figure 3: (a) Sketch of the EPT simulation domain. Input maps of (b) applied magnetic field
(red line is the most external streamline line from the source) and (¢) EM wave power deposition.
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Figure [3| (a)-(c) sketches for the nominal simulation: the virtual EPT, which is similar to a prototype
under research [7], the magnetic topology created by coils, and the power deposition map..P". ‘Table
summarizes the main simulation parameters. The thruster vessel is made of Boron Nitride, hasia length
L = 6cm and a radius R = 1.25cm. The injector, which is circular with a radius of Rj,; = 0.625cm, is
placed on the base of the vessel. The propellant is xenon, injected at the nominal case with,aanass flow
of 1 = 1mg/s. The I-module considers neutrals, singly charged ions and doubly charged ions (although,
in the nominal case, these ones are turned off).

The magnetic field is quasi-axial inside the source and divergent in the plumer The maximum strength
is about 1200G, and the magnetic ‘throat’ is located at z; = —3cm. Theltotal power deposited in the
plasma is P, = pr P"dQ) = 300W, with the integration over the whole simulation domain €, and
a Gaussian deposition map in (z,7) for P!. The nominal parameters for anemalous transport and
anomalous cooling are agno = 0.02 and v, = 10971, respectively.

The simulation domain is bounded by the thruster back wall Wi, and lateral wall W2, and the
downstream free-loss surface W3. The plume, with a conicalshape, has'a length L, = 12cm, and a
maximum radius R, = 5cm. Regarding the numerical settings;the meshes used by the I- and E-modules
[Fig. have, respectively, 1800 and 1961 cells. The time step used for ions is At = 2.5-10%s, and
the number of subiterations for electrons is N, = 10. The'results shown correspond to the steady state,
obtained after running a simulation time of 2.5ms.

Page 8 of 2¢

L 4
Simulation parameter Symbol Units Value
Thruster length L cm 6
Thruster radius R cm 1.25
Injector radius Ry cm 0.625
Mass flow m mg/s 1
Simulated heavy spécies - - Neutrals/Singly charged ions
Maximum magnetic strength - G 1200
Magnetic throat location 2z cm -3
Total power deposited P, W% 300
Power deposition profh?e - - Gaussian
Anomalous transport coefficient Qano - 0.02
Anomalous coeling collisionality Vg st 10°
Plume length L, cm 12
Maximum plume radius R, cm 5
I-mesh size - cells 1800
FE-mesh size - cells 1961
I-module time step At S 2.5-1078
E-module time subiterations Ne - 10
Total simulation time - ms 2.5
Density Ne m3 1016-10%0
Temperature T, eV 7-14
@ollision frequency Ve s~1 106-107
Gyrofrequency Wee s71 10°-10'°

Table 1: Nominal simulation parameters and typical electron conditions.
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3.1 2D plasma profiles

Figure [4] illustrates the 2D maps of relevant plasma magnitudes. The outputs from re
panels (a), (b) and (e). The other panels are obtained from the E-module. For any vecto de, say
I, it is going to be useful to distinguish (with a tilde) the longitudinal vector gompone Tglg

from the azimuthal one. \
5 logy 7y, [1/m?] 5 s

logy, |P*e| W/cm

5
4
3 =3
.
2 w2 )

N

o

N

1 15552
-««—«M

0 ——ter
6 -3 O
z [cm] z [cm]

2D maps of plasma magnitudes for the nominal simulation. Some plots show the
magnetic field lines (white lines), and species streamlines (black arrows).

The neutral density [panel (a)] peaks at n, ~ 102*m~3 near the injector. Then, it falls 2 orders of

ue to ionization. Large neutral densities near the walls are due to ion recombination there.
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These neutrals are ionized again, explaining their depletion near the axis; this effect is less noticeable
near the vessel exit since the ionization rate is lower there. The ionization of injected neutrals makes;the
plasma density [panel (b)] to reach a maximum of n, ~ 5-1019m ™3 near the back wall. [The radial decay
of n. inside the vessel is due to recombination; outside the vessel, n. decays due to{the plasma beam
expansion and acceleration.

The electron temperature [panel (c)] is in the range T, = 7-14¢V. The maximumis near the vessel
center, where the power deposition map peaks (Fig. [3|(c)). In the directions parallel and perpendicular to
the magnetic field, the cooling is regulated by, respectively, the thermal conductivities K and K, . Both
of them contain anomalous terms, and the sensitivity to these parametersiwill be diseussed later. The
electric potential [panel (d)] presents a maximum near the back wall, which is close to the plasma density
one. To the back wall, there is a small potential drop allowing the backflow of.ions required by plasma
quasineutrality. From source to far plume, the potential drop is A¢ ~ 50V about 3 times the maximum
temperature T¢ ymqq. Kinetic studies for MNs [32], supported by experiments/[42], show that the ratio
eA¢/Te maez depends on the propellant atomic mass, and here the results f6r xenon are consistent. The
potential and density drops along the magnetic field lines follows,approximately the Boltzmann relation,
according again to models [I5] [I6] and experiments [43]. Inside.the vessel; the electric potential is rather
flat radially, a behavior typical of cylindrical plasmas confined byraxial magnetic fields [I5], [44]. In the
plume top left side, near (z,7) = (3,2.5)cm, there is even alocal maximum of ¢ to enhance the transport
of electrons towards this magnetically isolated region.

The map of j; [panel (e)] shows that the ion motion ig'goverfied by the electric field. In the source,
it does not allow to appreciate the ion backflow region, given the resolution, but it depicts well the ion
flow to the lateral wall causing recombination. In the plumeythe near-unmagnetized ions detach inwardly
from the magnetic lines as expected [45]. The map of g [panel (f)] shows that electrons are attached to
the magnetic lines except for high radii due to effeets of boundary. The sum of the two currents yields
the longitudinal net current, which, in general;iissnot null locally. Thus, local current ambipolarity is not
fulfilled, even if the whole plasma beam is eurrent-free; this was well known for the plume [27, [46] but
less investigated for the source.

The electron azimuthal current [panel (g)] is, basically, the plasma azimuthal current, since the
contributions of the near-unmagnetized ioms,is negligible (below 1%). The electron azimuthal current is
diamagnetic, i.e. opposite to the azimuthal current of the coils [16l 47]. From the electron momentum
equations and (15)), jg. containgcontributions from electric field and pressure gradient drifts, and
the latter is the dominant one.

Finally, the map of P/ [panel (h)] is compared with the one of j,. In the source, they behave
differently since the relatedssource terms are different. However, in the near-collisionless, stationary
plume, the 2D maps aressimilamand the two magnitudes decrease downstream due to the divergence of
the beam. Further analysis for, the main plume shows that (i) both ¢. and j. are almost parallel to the
magnetic lines, and (ii)\q. ~ &gneu)e with & ~ 10-20eV. As result, —e¢ + (5/2)T. + &, is approximately
constant along magnetic lines of the main plume.

3.2 Particle and.energy wall fluxes

Figure |5| (a),shows the fluxes (in units of currents) of plasma species to the thruster walls versus an
arclength variable/( (defined in Fig. , which starts at the center of the back wall W1 and covers until
the lateral wall W2. The fluxes from the walls are not included.

The ion flux to the walls is recombined into neutrals. The magnetic topology attempts to shield
W2 but not W1: the ion current is 0.1-1A /cm? at W1, and decays an order of magnitude at W2. The
secondary.electron emission yield of the dielectric walls is d,,5 =~ 0.2-0.4, and thus, the flux of secondary

10
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electrons from the walls (representing the difference between the primary electron and ion currents in the
plot) is dys/(1 — dys) = 0.2-0.6 times the ion flux. The fluxes of the neutrals to the walls are mueh lower
due to their low velocity. Aside from the injector, where the flux of propellant from the wallhis of the
order 0.1A /ecm? (equivalent current), in the dielectric walls that flux is the sum of the ion and neutral
fluxes to the walls.

Figure 5| (b) shows the mean impact energy of plasma species to the walls, i.e.hratio between the
energy and the particle incoming fluxes. For hot primary electrons, the average impact eénergy is about
2T, according to the sheath model. For cold ions, the impact energy is mainly kinetic, amounting to
15-35eV, with a contribution from the acceleration through the Debye shéath. In terms of erosion, a
threshold of the impact energy is necessary for the sputtering, usually in the range'30-70eV for common
ceramic materials in EP [48]. Thus, W1 is more prone to erosion dueo its higher impact energy and
fluxes. The average energy of impacting neutrals (about 2eV) are mainlyﬁue to neutrals from ion
recombination, which are of low energy due to the wall accommodation.

The energy fluxes, obtained from multiplying the curves of Figs. || (a)=(b), are of interest for the
thermal analysis of the thruster. Since the impact energies are homogeneous, these fluxes are found with
similar shapes to the particle ones: 1-10W /cm? at W1 and anserderrof magnitude lower at W2.
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Figure 5: (a) Current densities toythe thruster walls W1 and W2 (separated with a vertical dot
line), and (b) mean impact/@nergies per electron (k), ion (A) and neutral (A). For neutrals, 1
ampere-equivalent (Aeq) of flux is (1.6 - 207'%)~! ~ 6.25 - 10'® particles per second.

N

3.3 Propulsive performances

Appendix[C] presents the definitionsiof mass and energy flows at different surfaces, and the thrust obtained
summing the contributions of the different species according to the PIC or fluid model used for them.
The ion mass flow balance in'steady state can be expressed as

mi,total = mi,beam + mi,walla (26)

where: 11 011 18, the total ion volumetric production, 71 peem = w3 is the ion beam mass flow
downstreamg and Mygain = i w1 + ™ we is the ion mass flow losses (via wall recombination) to the
thruster walls. This leads to define the propellant utilization efficiency and production efficiency as
77.fLi,beam mi,beam

y Mprod = — .
m My total

Ny = (27)

For the nominal simulation, 7, ~ 96% and 1,04 =~ 14% (see Table , so near full ionization is achieved
but atithe high cost of multiple ionizations. On average, a neutral is ionized more than 6 times due

11
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to recombination, which is significant in the back and lateral walls with relative shares of 1/3 and 2/3,
respectively. Since the area ratio between both walls is about 10, it is clear the penalty on.the back wall.

The plasma power balance, in steady state, can be expressed as
P, = Pbeam + Pwall + Pinela (28)

with Pream = Pw3s, Puwat = Pwi1+ Pwo, and Pj,e = pr P!" d). Power-relatedrefficiencies of interest are

inel
the energy efficiency, the divergence efficiency and the dispersion efficiency, which aredefined, respectively,

as

Pbe m (=) F2 <
Nene = P Ndiv = #7 Ndisp =, (2) (29)
a beam meeam
Here, Pb(;zm is the flow of azial energy of the plasma. Notice,thatwF, Pyeqmn and Pb(ezgm include the

contributions of heavy species and electrons. Since electrons are natycold in this finite plume, they keep
a residual momentum and energy. The contributions of electrons to these magnitudes are 5%, 40% and
26%, respectively.

The meaning of 7.y, is evident. For the nominal simulation i: i8S Mene =~ 17.8% since the large losses
of both P, and Py, which are caused by/multiple recombination and ionization. The divergence
efficiency gives a measure of the plume radial divergence, based on axial and non-axial energies of the
beam (notice that other authors use particle fluxes intead of energy fluxes). The value 7g;,, = 73.9% is
reasonable, corresponding to an average /beam divergence angle of arccos,/7q, ~ 30 deg. The dispersion
efficiency measures the velocity dispersion of the beam population and would be 100% for a monoenergetic
beam. The value 7g;s, = 73.7% implies that theatio between the mean exhaust velocity, F'/m, and the
ideal monoenergetic velocity, (2Pb(2m fa) /2, is Mdisp == 86%. The plume efficiencies are dependent on
the residual electron energy and they increase as this energy vanishes, as we will show later.

The thrust efficiency is defined'and factorized as
N
F2
~ 2mP,

nr = NenelldivTdisp- (30)

For the nominal simalation, it is 9.7%, well aligned with typical values measured in different EPTs
[7, 10 11, 12]. Theé factorization shows clearly that the issue is the poor 7epe, i.e. the bad magnetic
confinement of the plasma-inside the source, which is absent at the back wall, and seems reduced,
because of the anomalous‘cross-field transport, at the lateral wall.

The nominal simulation has been run turning off the production of doubly charged ions. Table
compares the performances for this case and the one where doubly charged ions, coming from ionization
of neutrals‘or singly charged ions, are considered. The production of doubly charged ions leads to little
changes in the plasma maps. There is a mild increase of Py, /P,, a resultant mild decrease of T, to
5-12eV and, then, of Py /P,. Finally, F and np increase by 9% and 18%, respectively, which have some
importance. Nonetheless, for the sake of simplicity and computational cost (about 3 days of simulation
run time for the nominal case, and 6 days after including doubly charged ions), the rest of simulations
presentedsnext do not include doubly charged ions.

12
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1

2

3 Case F [mN] nr Nene Tdiv Tldisp Nu TNprod Pwall/Pa Pinel/Pa
g Nominal 7.64 0.097 | 0.178 0.74 0.74 | 0.96 0.14 0.482 0-340

6 Doubly charged ions 8.32 0.115 | 0.204 0.76 0.74 | 0.96 0.16 0.438 0:358

7 Qgno=0.01 9.32 0.144 | 0.263 0.74 0.74 | 0.98 0.24 0.549 0.188

8 vg=0 7.53 0.094 | 0.193 0.70 0.70 | 0.95 0.15 0473 0.334

9 v,=1019"1 8.51 0.120 | 0.176 0.83 0.82 | 0.96 0.13 0.466 0:358

1? Double plume 8.69 0.126 | 0.178 0.85 0.83 | 0.96 0.14 0.482 0.340

12

13 Table 2: Performances for several simulation cases.
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19 3.4 Contributions to the total thrust

20

;; One of the main thrust mechanisms in EPTs comes from the diamagnetic azimuthal plasma currents
23 [16, 49]. The magnetic circuit exerts on the plasma the foreeyg x B, with axial component —jgB,, and
24 the plasma reacts with the same opposite force, whi¢h constitutes the magnetic thrust. For studying
25 this mechanism, 3 magnetic configurations are considered with different axial positions with respect to
26 the thruster (the currents of the coils are the game). They are characterized by the location of the MN
27 throat: in the case zz = —6cm, the throat is at\thesback of the vessel and the MN is divergent in the
;g whole domain (typical of ECRTs [2] [3]); in the case z; =0cm, the throat is at the exit of the vessel and
30 the MN is divergent in the plume only; themominal simulation is the in-between case with z; = —3cm.
31
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53 Figure 6: 2D maps of magnetic force density for 3 magnetic configurations with axial locations

54 of the MN throat (vertical thick line) at (a) z: = —6cm, (b) —3cm and (c¢) Ocm. (d) Friction

55 force density at thruster lateral wall for z; = —6cm ( ), —3cm (- - - -) and Ocm (-.-.-.-.).
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Zt Fp Ff F,, Fm,s Fm,p Fm,c Fm,d
[cm] | [mN] | [mN] [mN] [mN] [mN]  [mN] | [mN] [mN]
-6 | 715 | 9994 -—-597 3.18 1.60 1.58 0.00 3.18

-3 | 764 | 979 —-3.63 148 | —-0.22 1.70 | —0.54 »,2.02
0 6.69 | 9.30 -227 —-034 | -174 140 | —-1.74 140

Table 3: Contributions to the total thrust for 3 magnetic configurations withhdifferent axial
locations of the MN throat.

Figures [6] (a)-(c) illustrates the 2D maps of the magnetic thrust density for the3/configurations. Since
B, changes the sign at the MN throat, while jo > 0 in the whole domain, the magnetic force density
is negative in the convergent MN and positive in the divergent MN. Furthermore, since the plasma is
denser inside the vessel, the negative force density in the convergent MN could be larger than the positive
one and affect much the net magnetic thrust. The ion flow sonie,surface (shown as red lines) is almost
invariant for the 3 configurations, and located near the thrusterexit at.z~ —0.6cm. The main difference
among the 3 cases is next to the wall, due to the different momentum loss of heavy particles impacting
the wall. Thus, the ion sonic surface is more related to the thruster exit than to the MN throat.

The (total) thrust can be split into
4

F=F,+ Ff#F,, (31)

with F}, the pressure force at the back wall, Iy the friction force at the lateral wall due to impact and
accommodation of heavy particles (most of them ions reecombining into neutrals), and F,, = pr —JjoBrd2
the magnetic thrust. Table 3| shows these contributions for the above magnetic configurations.

From the case z; = —6cm to the case z; =0cm: F), decreases slightly, F},, decreases much, as expected,
due the contribution of the MN convergent sidejyand —F decreases much. The friction force per unit
of area F J’/ is plotted in Fig. [6| (d) for,the 3 configurations: F J/”/ is positive in the upstream side of the
lateral wall, because of the ion backflow, and is negative in the downstream side of the that wall. In this
last side, —F JQ’ is the largest for z; = —6cm due to the worst confinement of magnetic lines for this case.
Overall, F' does not change muchrbetween the 3 cases, although a maximum is found for the intermediate
(nominal) case. For this one, the magnetic thrust contribution is only a 19%, while it increases to 44%
for z; = —6cm and becomes negative for z; = Ocm. Further details on the magnetic thrust, given in Table
are obtained from the splitting inrdifferent regions

Fm: m,s+Fm,p:Fm,c+Fm,d7 (32)

with F, s and Fj, , corresponding to, respectively, the source and plume regions, and Fj, . and F,, 4 to
the divergent and convergent MN regions.

The results for the magnetie, thrust differ from those of Ahedo-Navarro’s simpler model [15], in which
the radial magnetic fielddinside the source was set null, thus eliminating totally the negative contribution
of the convergent MN. In the 3 configurations here, the radial component inside the source is below 5%
of the total magnetic field. This small component is not enough to change much the maps of the main
plasma‘magnitudes (densities, currents, electric potential...), and explains the near invariability of the
sonic surface; but enough to create an important source magnetic force, positive or negative depending
on the MN throat location. Furthermore, the friction force at the lateral wall is also very affected by
the details of the magnetic topology. The sensitivity of the thrust contributions against the magnetic
configuration are reported in experiments too [12), 50].

14



Page 15 of 26 AUTHOR SUBMITTED MANUSCRIPT - PSST-104949.R1

cONOYULT A WN =

4 Further insights on the plasma response

4.1 On the electron anomalous cross-field transport

In the simulations here, the anomalous cross-field transport parameter is modeled as eomnstant in the
whole domain, since specific data from experiments, necessary for more sophisticated treatments, are not
available yet. The sensitivity of the solution to this parameter, and the selection of thesnominal value
Qano = 0.02 are discussed briefly.

Figures [7| (a)-(b) illustrates the plasma-wall magnitudes for the cases off@gn, = 0.02 and 0.01. With
the reduction of the anomalous transport, there is a better magnetic confinement of the lateral wall, but
also a better heating of the electrons, i.e. higher T,, which increase the/plasma losses at the unshielded
back wall. Panel (a) shows the ion current to the wall, and panel (b) theé'average impact energies of
ions and electrons. For ag,, = 0.01, the ion recombination to thejlateral wall decreases by 2-3 times,
and the average impact energy of ions and electrons increase by similarsafactors. Table [2 illustrates
the performances. The power losses to the walls (Pyq/P,) ate.even a bitylarger. Still, the lower wall
recombination implies a higher production efficiency, and significantly.reduces the power losses in inelastic
collisions (Pjne;/P,) being nepe higher. Overall, the thrust efficiengy inereases from np = 9.7% to 14.4%.

Simulations for more values of ag,, have been carriedrout as well, as shown in Fig. (c) for the
thrust efficiency. The anomalous transport becomes megligible (compared with the classical one) for
Qano < O(Ve/wee ~ 1073), with typical values of v, about 10%-10"s~! and w,. about 10°-101%~!. The
thrust efficiency varies strongly, with 1y increasing from/3% for auno = 0.1 to 18% for agn, < O(1073).
The curve of np(aqno), as also shown in Fig. m (e), is related to the one of 7,,04(tano), and thus to the
confinement of the lateral wall. (Indeed, the case agn, < O(1073) agrees well with the estimations of
Ahedo-Navarro’s model [I5], in which the anomalous transport was not considered.) The strong variation
of np(aano) poses the problem of the selectiomfor avan, to fit with experimental data. The fitting of the
electron temperature seems a good choice, since it is also much affected by agno: the average source T,
is 5, 10.2, 16.2 and 68.4eV, for agse = 0.1, 0.02,:0.01 and 0.001, respectively. The values of ayy,, near
the nominal one, lead to values of T, typically measured for EPTs [7, [47].
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Figure 7: {a) Ion current density, (b) and mean impact energy of ions (A) and electrons (x) to
the thruster walls W1 and W2 (separated with a vertical dot line) for aano = 0.02 ( ) and
@ano = 0.01(=- - -). (¢) Thrust and production efficiencies versus cgno-

4.2 (On the electron anomalous parallel cooling

In the mominal simulation, the effective collision frequency for the parallel thermal transport, v/ in Eq.
, is used with v, = 1091, The anomalous term dominates the cooling, typical values of v, are 10°-
10~ pand would model the collisionless cooling (kinetic in nature) of electrons in expanding plumes.
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An estimation, based on Eq. , of the value of v/ required to cool the electrons along the magnetic
field lines in a plume of typical length L, yields v ~ T, /mLyu. ~ 10%-10'%s71, for L, of few.centimeters.

Figure |§] (a)-(b) illustrates these trends on 7,. Panel (a) shows the 2D map of T, for v, =0, which
is compared with Fig. (c). Without the anomalous cooling, T, is practically domstant along the
magnetic lines; distances of 1-10 meters would be needed to appreciate the cooeling, whichydeés not fit
with experimental evidences. Panel (b) shows the 1D profiles of T, for several 1, along a magnetic line
(panel (a), red line). As v, increases, the gradient of T, is larger, and the peak T¢ is alsolarger (similar
total energy in the whole domain for the different cases); the effects are observable.for v, > O(108s71).

Figure [§] (¢) shows T, versus n. in logarithmic scale along the plume parf of the magnetic line. Many
experimental [28] 29] and kinetic studies [33] indicate that a polytropic relation,

InT,/Two ~

33
Inne/ney’ (33)

y=1+

with ~y a fitted polytropic coefficient (T and nep refer to the thruster exit), approaches well measurements
in the plume. The common values found in these studies are ¥ = 1.15-1.25 and the solution here for
the nominal case with v, = 109! fits well within this intérvals, For Uy = 108s~1, v is close to 1 and
for v, = 10'%s~1 is about 1.4. Both the introduction of the anomalous parallel collisionality Vg in the
conductive Fourier’s law or the use of a polytropic equation of state (instead of the energy equation) must
be taken as phenomenological models, substituting consistentykinetic approaches to the phenomenon.
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Figure 8: Results of Tevarying,vy. (a) 2D map for v, = 0. 1D profiles versus (b) z, and (c)
versus n. along a maghetic field line (red in (a)) for vy = 0 (——), 108 (- - - -), 10° (-.-.-.-.) and
10'% ™" (. . . .). Polytrdpic curves () are shown in (c) for v = 1.15 and 1.25 (results from
experiments and Kinetic studies’are commonly between these two values).

4.3 On the effect of the plume extension

In the nominal simulation, the plume extension is not enough for a complete beam expansion. To assess
the effect of theplume extension, a simulation is run with a double size of the plume, L, = 24cm and
R, = 10cm, keeping the Trest of parameters identical. The simulations assert that (i) plasma maps are
practically idemtical in the common domain and (ii) the plume continues to expand in the additional
domain. Figure [J (a) shows these results with the 1D profiles of 7T, along the red magnetic line of Fig.
(a). In the extended plume region, T, continues to decay almost linearly with length from ~ 7eV to
~ 3eV(and ¢ deeays additionally about 10V). Table [2| summarizes the effect of the additional expansion
on the performances. The energy efficiency, nene, & source-related efficiency, remains the same. On the
contrarypdgi, and 74;sp, which are plume-related efficiencies, increase 9-11% as the electron contribution
to them decreases and the ion beam details dominate. The consequence is that thrust efficiency, ng,
increasessfrom 9.7% to 12.3%. (Similar tendencies are observed in the table, for a given plume size, and
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increasing v, for higher cooling rates.) Thus, simulations with a finite plume underestimate the total
thrust. In fact, considering only the heavy species to compute 74;, and 745y, the values for the small
and large plumes are nearly identical and equal to 91% and 89%, respectively. Taking tliese values as the
final ones, once electrons are expanded completely, the thrust efficiency for an infinite plume is estimated
as np = 14.4%.

One more aspect we have analyzed is the value of ¢, for the plume boundary condition omgn., Eq.
(23). The specific value of ¢, is not noticeable for very large plumes, since, irrespectiveyof that value,
electrons cool down and we have ¢, = 0 for an infinite plume. However, simulating very large plumes
is expensive computationally, and selecting a proper value of ¢, for a finite’plume is important. Figure
|§| (b) shows the 1D temperature profiles for ¢, = 0 and 4, which, contrary to the nominal case ¢, = 2 of

Fig. @(a), do not match for small and large plumes.
~

(b)

0 6 12 18 24 0 6.4 12 18 24
z [cm] z [cm]

Figure 9: (a) 1D profile of T, versus z along the red magnetic line of Fig. [§f (a) for ¢, = 2, and
(b) for ¢qg =0 and ¢q = 4.

4.4 On the effect of the power deposition map

Py [W/em?]

Figure 10:; Results for (a) an uniform source power deposition map of (b) Te and (c) ¢.

The mechanisms of heating viarthe plasma-wave interaction are not the same for different types of EPT.
In ECRTs, thesheating is localized in the electron cyclotron resonance surface, while in HPTs, the power
deposition is more spread with a device dependent pattern. In the nominal simulation, a Gaussian power
deposition map is assumed, Fig. [3[(c). To evaluate the sensitivity of the plasma response to the deposition
map, asimulation’is run with the same P, but a more uniform distribution for P!, as plotted in Fig.
(a). Since the total deposited power is the same, the peak of P! is about 6 times lower. Fig. (b)
shows the 2D map of T¢, which is compared with Fig. EI (c). Inside the source, the electron temperature is
similar, about 9-16eV, but the profile is more uniform axially, and, radially, peaks off the axis (although
P gramiform radially, the net power deposited locally scales with »P.”). In the plume, the profile of
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cooling is similar. Fig. [10[(c) shows ¢, and the comparison with Fig. |4 (d) is as proof that the differences
in most plasma profiles are mild. Regarding the performances, the differences in the overall andypartial
efficiencies between the two cases are small (about 5% in relative terms).

5 Conclusions

A 2D axisymmetric fluid model of weakly-collisional, magnetized electrons(is derivedand then coupled
with a PIC model for heavy species to analyze the plasma transport in electrodeless plasma thrusters.
The numerical treatment of electron equations on a MFAM is complex.” The. algorithms proposed in
Ref. [27] for the electric potential and current density equations is éxtended here to the temperature
and energy flux equations. In addition, a linear, semi-implicit time scheme of the energy equation is
implemented and shown to be convergence-robust.

The EPT discharge physics and performances, and the sensitivity to phenomenological parameters for
anomalous cross-field transport and cooling are analyzed. Fluxés,of particle and energy are rather aligned
with magnetic lines in the main plasma plume but not inside the source. The current-free discharge does
not satisfy local current ambipolarity, which implies that a full 2D model of the electron flows is necessary
for a consistent description of currents.

The anomalous cross-field transport (likely due to turbulence, %ut little known in EPTs) implies large
deterioration of the lateral wall magnetic confinément, leading to large power losses and ultimately in poor
thrust efficiency, which is also penalized by thelarge losses in the unshielded back wall. This anomalous
cross-field transport is tuned based on its correlation with the average source electron temperature. In
addition, the anomalous parallel coolinguis.included to reproduce the experimentally observed plume
cooling in EPTs (likely due to its collisionless, nen=Maxwellian character). Interestingly, although the
behavior of the electron energy model is not polytropic, it is shown that the profiles of electron density
and temperature could be fitted appreximately with a simple polytropic law.

The analysis of performances con¢ludes clearly that the poor thrust efficiency of EPTs is due to the
large wall and ionization losses inside the thruster vessel, which are caused by multiple re-ionization
of wall-recombined neutrals. Magnetic shielding of the back wall, more magnetization (to compensate
anomalous cross-field transport), and reduction of the vessel length will likely mitigate the losses, but
they could have other penalties.to be assessed.

The quasiaxial magnetic topology considered here includes a small radial magnetic field inside the
vessel, which leads to negativemagnetic thrust upstream of the MN throat. This is rather large (due to
the large azimuthal plasma currents), for the case the throat is placed at the exit of the EPT (as it is
common in HPTs). However, the small radial component has little effect on the ion transport and, thus,
the location of thefion sonic.surface is uncoupled with the location of the throat.

Since the slow décay(of the magnetic field, the size of the simulated plasma plume influences the
obtained plasma/thruster performances. The incomplete electron expansion (and demagnetization) tends
to underestimates the thrust and the thrust efficiency. The computation of momentum and energy flows
based on heavy species only seem a valid estimation for the infinite plume.

Cwrrently, work in progress is attempting to couple consistently the plasma-wave model to the present
plasma, transport model. Nonetheless, the power deposition map is found here to have a mild effect on
the global plasma transport. Further work will try to better tune anomalous transport and cooling
expressions to experimental results on the plasma discharge (unavailable to us yet), until ultimately,
physically-consistent anomalous models are derived and checked.
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A The sheath module

The S-module relates plasma magnitudes between the quasineutral edge Q and the wallbW. For that, the
model from Ref. [51] is implemented, which can be applied if the sheath is collisionless and unmagnetized.
Here, the EPT plasma conditions are within these limits; indeed, taking the n%ninal simulation, we have
that the Debye length, +/eoT./e2n. ~ 10 3cm, is much smaller comparéd with the mean free path,
e /Ve ~ 10~ em, and Larmor radius, mey/T./me/eB ~ 10~ 2cm.

In the simulated EPT, all walls are assumed made of ceramic material. This means significant
secondary electron emission, and the current of electrons across'the sheath'is expressed as

jne = .]np(l - 5wr)(1 y 5ws)7 (A]_)

where jp;, is the current of primary electrons to the wall, ‘@nd the secondary electron emission yields are

modeled as )

E: S 2T
—r = T.0) = , A2
e 42

and distinguish between the (true) secondary electrons emitted from the wall (d,5) with a temperature
Ts(~1-2eV), and the elastically reflected primary electrons (d,,.). The yields are dependent on the local
temperature T, defined at the sheath edge Q. The parameters in the secondary yields d,9, E, and Ey are
dependent on the material, and for Boron-Nitridepwe are taking 6,90 = 0.4, E,. = 20eV and E; = 50eV,
and Ty = 2eV [51], 52].

In addition, the current of primary electrons is assumed to correspond to a near Maxwellian one with
a replenishment level o,,(< 1) (we take@,, = 0.1) for the high-energy tail of wall-collected electrons

511)7‘ (TeQ) — 61"0

. Ce €¢W
]np(¢WQ> = _eo'rpneQTQ €xp (_ T 9 )7 (A?’)
N eQ

with C.g = /8Teq/mm. and ¢y githe sheath potential drop.
The null net currentecondition.at the dielectric wall means

jne = _jm'7 (A4)
and requires a potential drop satisfying
epw eneOC
TV 1y | Q%R (1= ) (1 — B |- (A.5)
TeQ 4]m'

The flux of electron energy to the wall can be expressed as
yo 2Teq — 2T50us .

=< A6

neW (1 _ 511)5)6 ]mv ( )
and the one to.the sheath edge Q from the quasinuetral domain is
5Teq . .

76@]7172 + dneQ = PV/L/eW + ¢WQ]niu (A7)

2e
which allows to obtain the boundary condition, needed in the E-module, for g.q.
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B Numerical treatment of electron equations

The time discretization chosen for the electron equations yields

Vit = —v i, (B.1)
(k) (k) (k+1)

. T dlnn 10T, 0¢ .
(k+1) _ (k) e e - B.2
jpe Upe( e ) e 81p e 81p 81,, ]pca ( )

(k+1) (k)
Cpl(k+1) _§ Te —Te B §3”e (k+1) _ (k)7 A, 1 i (k)
\Y P*e - 2”6 Ate 2 Ot Te ¢ \% Ji + Pa mel(Te )7 (BS)
T+ 5 T¢+D

Pl'(kﬂ) — K (TWNZZe oy (k) | p(k) 2 € B.4
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where p =||, L, and (j\/\wjlc) = (J)1e» (Jre — Xtdoc) /(1 + xxt)). The'eurrent and energy systems are solved
sequentially in time from step (k) to (k+ 1) with a time stepAt.: given T, at (k), Egs. (B.1))-(B.2) solve
for ¢ and j. at (k4 1); and given ¢ and j. at (k), Eqss — solve for T, and P}, at (k+1).

The system of energy is the one with the temporal évolution character and the system of current follow
this evolution, since both systems are coupled.,The energy equation has the form 0T, /0t = f(T,,VT.),
and a semi-implicit treatment is applied for f(Te,VTe): Te'is taken implicit (at step (k + 1)) except in
non-liner terms, for which 7, is taken explicit (at step(k)). This treatment is robust against At. and at
the same time keeps the numerical equations to be solved linear. Figure illustrates, for the nominal
simulation, the temporal evolution of T and ¢ atsthe point (z,7) = (0,0.625)cm versus the number of
subiterations N, (At. = At/N,, and At = 2.5 107%). (The explicit treatment of f(7.,V7.) would be
much simpler, but strong limit existifor At. [53]; just as illustration, for the nominal simulation, the limit
is At < 10725, and the minimum number of subiterations inside the E-module would be N, ~ 10%.)

@) N/ )

0 0.5 1
t [ms]

FEigure B.1: Temporal evolution of (a) Te, and (b) ¢ at the point (z,7) = (0,0.625)cm obtained
with the semi-implicit scheme for No = 1 (-.-.-.-.), 5 (- - - -) and 10 ( ).

The spatial discretization of the above equations is done in a MFAM with the numerical algorithms

developed in Ref. [27] for Egs. (B.1)-(B.2), and (¢, je). Since Eqgs. (B.3)-(B.4) for (T¢, P..) present

the same functional form, the same numerical algorithms are valid. A finite volume method (FVM) is
used for the conservation law (current or energy), and a gradient reconstruction method (GRM) for the
corresponding property flux.
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The conservation laws (B.1)) and (B.3)) can be written in a generic way as V -I' = S, with T' a flux
(je or PL.), and S a source term. Applying the FVM for a cell yields

> Aplpm =850, Tppm =T np, (B.5)

where: index [ denotes the cell and €); is its volume; index m denotes a face of the cell, Aypis its area and
N, is its outwards normal. The source term is evaluated at the cell centers, and the fluxes are evaluated
at the face centers. For non-boundary faces I, is either +I') or +I' |, and'for the boundary faces I'y,
comes from the boundary condition. These fluxes are related to the gradient of a ‘sealar ¢ (¢ or T¢) as
I'y = —k,0¢/01,+ F;, with &, a conductivity and FJ’D an additional term: Thederivatives are discretized
with a GRM as -

0
aTw . = zl:gp,mlwlv (B6)

where g, ;1 are geometric coefficients, for direction p, of the face mpwith respect to the cells [. For the
computation of the numerical derivatives, i.e. gy, a sten€il of the surrounding cells is needed, which
depends on the particular GRM [27]. A FDM is applied fér the faces of inner cells, which are structured
in the magnetic frame and allow these methods. For theffaces of boundary cells, which are unstructured,
a WLSM is applied instead. These methods are versatile, indepefdent of the cells layout, but are prone
to producing numerical diffusion since derivatives along/different directions are computed at the same
time. Furthermore, the fluxes can be also related, to v itself, via F;,. The value of 1 at the face m is
obtained as

¢m = ngl¢l7 (B7)
l

and an linear interpolation method.is used to compute the coefficients g,,;.
Applying Eq. (B.5) to all the cellsiyields the matrix system

A1{an*} + All{lﬁl} = By, (B.S)

N
where: A; is a matrix for the areasfof the cell faces; {I'y,+ } is a vector grouping the values of T, at the
non-boundary faces m*;, A}, is ‘axmatrix for the source term part dependent on ¢; {1} is a vector of the
values of ¢ at the cells; and\B; is a vector for the source term part independent of v, and the boundary

conditions. Then, Egs. — for the fluxes yield
{Lomr} = A2{th1} + B, (B.9)

with As containinghe gradient reconstruction and interpolation coefficients; and Bs containing the
terms independent of ./ Eliminating {I',,;,«} between the two last equations yields the matrix system

for solving 41},
A{th} = B, (B.10)

with the matrfix A = A;As + A} and the vector B = By — A1 By. This last system solve for inner
magnitudes, and to complete the plasma solution in the whole domain, the boundary magnitudes are
also needed.” For the solution at boundary faces, a GRM based on a modified WLSM is used [27] for
solvingfrem the boundary conditions.
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C Computation of species flows

In the PIC formulation of heavy species, the flows through the simulation domain surfaces are computed
using surface weighting algorithms [24]. For a discrete surface panel and within a time step A#, there
are macroparticles p with weight N, (i.e. number of elementary particles) of the species s,crossing the
surface with total velocity v, and axial velocity v.,. Then, the flows of mass, axial momentum,total and
axial energy of species s across a single panel are, respectively,

2 2
My Up (z) _ Mg Vzp
Z = ZN Vs, APy =2 ;NPT M= & ;NPQ. (C.1)
Adding for all panels of a surface W, the flows across that surface are N
e = Aiitg, Mgy = Z AM,,, Pow = ZAPS, By =" AP, (C.2)
w w

In the fluid formulation of electrons (s = e), the same flowsifor the surface W are defined as

ew = [y Msnsuar ndS,
M.sw = fW 1.- gmsnsusus +Ps) - l’lflS, C3
Psw = fW [(%msuz + %tr (ﬁs)/ns) ngugs +as - ps + QS] -ndS, (C.3)
Ps(,ZV)V = fW [(%msugs + %1,2 D 1z/ns) Nsws 4 uzsl, - ps + qSZ)] -ndS.

For the flows, the thermal terms are included being p, the pressure tensor, q; and qu) the heat fluxes of,
respectively, total and axial energy. In the.isotropies=temperature model here, we have that p, = n.T.1,

and qu) =q./3.
Finally, the thrust is defined as, the downstream free-loss surface W3 momentum flow

F = Z MZS,W?)' (04)

Two related magnitudes of interést are,the ‘pressure force’ at the back wall W1 and the ‘friction force’
at the lateral wall W2,

- Z Mzs,Wla Ff = - Z Mzs,W2- (05)
s s
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