
Plasma Sources Science and Technology

ACCEPTED MANUSCRIPT

Coupled plasma transport and electromagnetic wave simulation of an
ECR thruster
To cite this article before publication: Alvaro Sanchez-Villar et al 2021 Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-
6595/abde20

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 © 2020 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/abde20
https://doi.org/10.1088/1361-6595/abde20
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6595/abde20


Coupled plasma transport and electromagnetic wave simulation of an ECR thruster

Álvaro Sánchez-Villar,∗ Jiewei Zhou, Eduardo Ahedo, and Mario Merino
Equipo de Propulsión Espacial y Plasmas (EP2), Universidad Carlos III de Madrid, Leganés, Spain

An electron-cyclotron resonance thruster (ECRT) prototype is simulated numerically, using two
coupled models: a hybrid particle-in-cell/fluid model for the integration of the plasma transport and
a frequency-domain full-wave finite-element model for the computation of the fast electromagnetic
fields. The quasi-stationary plasma response, fast electromagnetic fields, power deposition, particle
and energy fluxes to the walls, and thruster performance figures at the nominal operating point
are discussed, showing good agreement with the available experimental data. The ECRT plasma
discharge contains multiple electromagnetic field propagation/evanescence regimes that depend on
the plasma density and applied magnetic field that determine the flow and absorption of power in
the device. The power absorption is found to be mainly driven by radial fast electric fields at the
ECR region, and specifically close to the inner rod. Large cross-field electron temperature gradients
are observed, with maxima close to the inner rod. This, in turn, results in large localized particle
and energy fluxes to this component.

I. INTRODUCTION

The electron cyclotron resonance thruster (ECRT)
[1–6] belongs to the category of electrodeless plasma
thrusters. Another example of this family of devices
is the Helicon plasma thruster (HPT) [7, 8]. These
thrusters use electromagnetic (EM) heating to gener-
ate and energize the plasma, and thus allow eliminat-
ing exposed electrodes from their design, which are of-
ten lifetime-limiting components. The ECRT relies on
the localized absorption of EM power at an electron-
cyclotron resonance (ECR) region, whereas the HPT is
based on non-resonant heating. Both concepts utilize a
cylindrical ionization source and an external magnetic
nozzle (MN) to expand the plasma contactlessly and cre-
ate magnetic thrust. The ECRT, which is the object of
the present work, should not be mistaken with the grid-
ded ion thrusters based on ECR heating [9].

The first investigation of this propulsion concept be-
gan in 1962 [1], using a waveguide to deliver the power
into a cylindrical discharge chamber with an externally-
applied magnetic field that ensured resonance conditions
and configured the external magnetic nozzle. In [2], a
2% efficiency thruster with 22% energy and 80-90% cou-
pling efficiencies were reported for a 320W argon proto-
type without performing any optimization of the device.
In [3, 4], devices up to 15% thrust efficiency were built
and tested. Similar performance was obtained recently
as well [10–18].

A successful model of the ECRT must take into ac-
count the plasma transport problem and the plasma-wave
problem, which are intimately coupled together. Existing
ECRT transport models are (quasi) one-dimensional and
either take a fluid quasineutral approach [6] or a particle-
in-cell (PIC) approach [19]. More recent models focus on
the HPT [20–22], but these models are in general appli-
cable for the ECRT as these two thrusters share most
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characteristics in terms of transport phenomena.
On the other hand, plasma-wave interaction models in

ECR plasmas have different requirements than those used
for the HPT [23, 24] due to the presence of a resonance
and highly inhomogeneous EM properties. Models for
ECR heating have been developed for other applications
as for fusion tokamaks [25, 26], ECR ion source plasmas
[27] or plasma etching [28]. The physical phenomena gov-
erning plasma-wave interaction, wave propagation and
absorption in ECR plasmas have been investigated in the
past [29–33], mainly with 1D models. Methods used for
wave simulation as beam/ray tracing algorithms [34, 35],
while useful to obtain a first insight on propagation and
absorption characteristics, are not adequate for an accu-
rate assessment of the ECRT since the device character-
istic length is comparable to the wavelength. A full-wave
approach, that obtains solutions of Maxwell’s equations
directly in the simulation, either in time domain [36, 37]
or frequency domain [38, 39], becomes necessary.

Despite these advances, the simultaneous and self-
consistent computation of the plasma transport and the
fast electromagnetic fields in the ECRT has not been
achieved so far. As the power deposition can affect the
plasma response and vice-versa, this coupling becomes
necessary to understand the physics and the operation of
the device and properly estimate its performance. In-
deed, existing comparisons between experimental and
theoretical results [6] of an argon tested device report
large differences between the measured and expected, jet
efficiency (e.g. 41% compared to a 2%) and coupling
efficiency (e.g. 98% compared to a 30%). Further con-
temporary comparisons for the ECRT [14] accomplished
a fairer agreement between measurements and theoreti-
cal estimations using an HPT model [22]. However, that
model not only underestimates the steady-state electron
temperature, but also does not describe the plasma cross-
field diffusion and antenna/plasma power coupling. As
a result, that model cannot reproduce radial profiles in
plasma density, nor the power transfer efficiencies.

Recently, the European H2020 MINOTOR project [40]
was funded to investigate and continue the development
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of the ECRT concept, with the purpose of demonstrating
its feasibility for space propulsion. In the context of this
project, a two-dimensional, axisymmetric model of the
ECRT discharge has been developed to enable paramet-
ric investigations of the operation of this device, both to
improve the current understanding of the complex phe-
nomena within the thruster as well as to support the
development of the prototype. The model is composed
of two main components which are coupled together to
obtain the plasma and electromagnetic field response in
the thruster: (i) a hybrid PIC/fluid model to solve for
the internal and near-plume plasma transport, and (ii) a
full-wave, finite element (FE) model of the electromag-
netic field-plasma problem in the frequency domain to
solve the electromagnetic fields and the power absorp-
tion in the device. An initial version of the former has
been reported independently in [41–44], while the latter
was introduced in [45, 46].

In this work, we use this approach to simulate nu-
merically the ECRT prototype developed by ONERA as
part of the MINOTOR project in its nominal operat-
ing point [16–18], solving the coupled plasma transport
problem and the electromagnetic problem. The maps
of the different plasma properties and electromagnetic
fields are discussed, together with the particle and en-
ergy wall fluxes. Finally, the performance parameters of
the thruster are compared against the available experi-
mental data, to provide a partial validation of the model.

The rest of the paper is structured as follows. The
physical and numerical models used in each module and
the simulation setup are described in section II. Section
III presents and discusses the simulation results. Finally,
conclusions and future work are listed in section IV. Ap-
pendices A and B discuss the mesh refinement strategy
used by the W-module and its numerical verification, re-
spectively.

II. SIMULATION MODEL

The design of an ECRT (see Fig. 1) consists of a rear
wall and a cylindrical lateral wall that form the thruster
chamber. The chamber contains an inner rod element
along its centerline. All these elements are metallic and
covered by a thin boron nitride coating. Neutral xenon
gas is fed into the chamber through injector holes on the
rear wall. A coaxial cable feeds electromagnetic power
to the thruster through a dielectric window located at
the center of the rear wall. The core conductor of the
coaxial cable is electrically connected to the metal of the
inner rod element, and the shield of the coaxial cable is
electrically connected to the metal of the rear and lat-
eral walls. A divergent applied magnetic field creates a
magnetic nozzle that is used to accelerate the plasma as
shown in Fig. 1 and sets up the conditions for the elec-
tron cyclotron resonance inside the thruster chamber.

The model and code presented here have been tailored
for the simulation of this coaxial ECRT, but are appli-

cable to more general thruster types. The overall struc-
ture of the simulation model is shown in Fig. 2, and
is based on the separation of two distinct time scales:
that of the slow (up to a few MHz) plasma transport
response, and that of the fast (GHz) applied electromag-
netic field. The model is composed of three main mod-
ules: (i) The so-called Ion (I-) module, solving the slow
response of the heavy species (i.e. ions and neutrals).
(ii) The Electron (E-) module, solving the slow response
of the electrons and the quasineutral, quasi-stationary
electric potential map. The E-module also takes care
of solving the thin non-neutral Debye sheaths that form
on the (dielectric) thruster walls, the secondary electron
emission (SEE), and the particle and energy fluxes to the
walls. (iii) The Wave (W-) module, solving the fast time
scale interaction between the electromagnetic emission
and the electrons. The I- and E-modules describe the
quasi-stationary transport of the plasma. The features
of these two modules have been described in Refs. [41–
44, 46–48]. Their main aspects are described briefly in
the next subsections. The W-module [45, 46] is a new
development and is thus described in detail afterwards;
its numerical verification is presented in Appendix B.

Symbols E and B are reserved for the high frequency
electromagnetic fields. The static magnetic field applied
by the coils is called B0, and the quasi-steady electric
field is denoted as −∇φ, with φ the electrostatic poten-
tial. Symbols ns, Ts, us, js, refer to the quasi-steady
density, temperature, macroscopic velocity and current
density, respectively, of a generic plasma species s. The
right-handed cylindrical vector basis, {1z,1r,1θ}, and
the unit vectors 1‖ = B0/B0, 1⊥ = 1θ×1‖, and 1n (out-
ward unitary normal vector at the domain boundary) are
used in the following. Without loss of generality, we take
B0 pointing downstream.

As explained in more detail later, the four modules are
run sequentially, in close loop, with different timesteps,
communicating with each other to share the relevant vari-
ables. In particular, the E-module takes as inputs nα and
uα of all heavy species α from the I-module, and deliv-
ers φ and Te to that module. In addition, the E-module
takes the time-averaged absorbed power density Qa as in-
put from the W-module and delivers ne and the electron
total collision frequency νe to that module. Each module
utilizes a different grid or mesh, optimized for its own re-
quirements, and interpolation between the meshes is ap-
plied. The simulation domain for the I- and E-modules
(in red in Fig. 1) consists of the thruster chamber and
the magnetic nozzle region. The simulation domain for
the W-module (in black in Fig. 1) adds a segment of the
coaxial power feed cable.

A. The I-module

For the heavy species, a PIC formulation with Monte-
carlo collisions (MCC) is used [41]. Macroparticles evolve
in an structured mesh subject to (i) a particle mover that
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FIG. 1: Sketch of the ECRT simulation domain. For geometrical dimensions refer to Tab. I. The
arc-length variable ζ covers the perimeter of the thruster wall meridian section.

PLASMA TRANSPORT

ION MODULE
+ Heavy species transport (ions & neutrals)
+ Collisions
+ Kinetic Bohm Condition

ELECTRON MODULE
+ Electron transport
+ Electrostatic potential
+ Anomalous transport
+ Sheath solver

PLASMA WAVE INTERACTION

Simulation Inputs
+ Geometry
+ Applied Magnetic Field
+ Propellant Database
+ Boundary conditions

WAVE MODULE
+ Dielectric Tensor model
+ EM field propagation
+ Absorbed/reflected power

FIG. 2: Overall code structure, composed of an ion/neutral module, an electron module, and a wave
module.

propagates the trajectory of the macroparticles with a
leap-flog scheme subject to the quasi-steady fields −∇φ
and B0; (ii) various types of collisions, including ioniza-
tion (e.g. single, double, and single to double) by electron
bombardment and charge-exchange collisions among neu-
trals and ions [49], (iii) the interaction with the different
channel walls and their Debye sheaths, which includes
neutral accommodation at the walls and re-emission, ion
recombination and re-emission as neutrals, and the ful-
filment of the Bohm criterion at the sheath edge [50]. At
the position of the injector, a prescribed mass flow rate ṁ
of neutrals is injected into the domain. Heavy particles
reaching the downstream open boundary are removed.
Neutrals, singly-charged, and doubly-charged ions are
treated as different heavy species and the corresponding
macroparticles are kept in different computational lists,
which are used for weighting their macroscopic proper-

ties onto the PIC mesh. Figure 3(a) plots the structured
cylindrical-type mesh used in the I-module. The mesh
is finer close to the walls to improve the characterization
of gradients in the vicinity of walls. An statistical popu-
lation control mechanism is implemented to each species
looking for an optimal number and size of macroparticles
in each cell [51]. A typical number of macroparticles per
cell for this type of simulations is around 300. In order to
improve the population control in the plume, the mesh
cell-size is increased downstream.

B. The E-module

In their low-frequency response, electrons are treated
as a magnetized diffusive fluid [47]. The set of fluid equa-
tions is the following:
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∇ · je = −∇ · ji, (1)

0 = −∇pe + ene∇φ+ je ×B0 + Fcoll + Fturb, (2)

∂

∂t

(
3

2
pe

)
+∇ ·

(
5

2
peue + qe

)
= ue · ∇pe − ue · (Fcoll + Fturb) +Qa +Qcoll, (3)

0 = − 5

2e
∇(peTe)− (qe +

5

2
peue)×B0 +

5pe
2
∇φ− meνe

e
qe + Yturb. (4)

Equation (1) states the conservation of electric current,
with ji =

∑
s6=e Zsensus the total positive current pro-

vided by the I-module. Equation (2) is the momen-
tum equation, where electron inertia has been neglected;
pe = neTe is the (isotropic) electron pressure; and Fcoll =
−mene

∑
s6=e νes(ue − us) is the resistive force due to

collisions, with νes = νes(Te) the effective collision fre-
quency of electrons at temperature Te with species s,
which includes ionization and excitation collisions and
elastic electron collisions with neutrals and ions.

Finally, the term Fturb = 1θαtjθeB0 in equation (2) is
a phenomenological turbulence model, with αt an empir-
ical parameter adjusted to match experimental results.
Turbulence is believed to be the main source of anoma-
lous transport in Hall thrusters, and this model (which
results in a net enhancement of the electron transport
perpendicular to the magnetic field) has been used suc-
cessfully in the past to explain experimental measure-
ments [52, 53]. Evidence of turbulence on electrodeless
plasma thrusters like the ECRT is still very limited, but
existing results [54] indicate that it is a pervasive ele-
ment of these devices (and HPTs) as well. As the ECRT
also features an E × B plasma like Hall thrusters, the
same model is used here to introduce the effect of tur-
bulent transport in the simulation. After a sensitivity
analysis on αt, which showed it affects substantially the
peak electron temperature, but little the propulsive per-
formance figures (such as thrust and specific impulse), a
value αt = 0.02 was found to match well the experimen-
tally available Te measurements at the axis downstream
[55].

Equation (3) is the internal energy equation, where:
qe is the electron heat flux; Qcoll = −ne

∑
s6=e νesεes,

(with εes the energy yield of the collision) is the power
sink due to collisions with heavy species, mainly ioniza-
tion and excitation of neutrals. Equation (4) is a diffu-
sive model for the electron heat flux, structurally similar
to the momentum equation, with νe =

∑
s6=e νes, and

Yturb = −1θαtqθeB0 a turbulence-based contribution,
here enhancing the perpendicular heat flux. Addition-
ally, the quasineutrality condition

ne =
∑
s6=e

Zsns (5)

is imposed in the bulk of the simulation domain, i.e.,
except in the sheaths. In this expression, the right hand

side is the positive charge density, provided by the I-
module, with Zs the charge number of each species.

Boundary conditions for the electron fluid equations
depend on the type of surfaces. On the axis, symmetry
conditions are imposed, implying that the radial electric
current and electron heat flux are zero. On the current-
free downstream boundaries, the net normal electric cur-
rent, jn = j · 1n, is set to zero and the normal electron
heat flux satisfies qne = qe · 1n = 2Teneune. At the
thruster walls the normal electric current density jn and
the normal heat flux qne are computed by the sheath
solver described next.

The Sheath solver relates the electron magnitudes at
the sheath edge and the thruster wall. In the thruster
simulated here, walls are covered by boron nitride, which
has a high SEE yield, defined as the ratio of secondary-
to-primary electron fluxes. The macroscopic SEE yield,
δw(Te) is modelled according to Ref. [56], which is based
on the following parameters:

δw = δws + δwr, δws =
2Te
Es

, δwr =
δr0E

2
r

(Te + Er)2
, (6)

where δws(Te) and δwr(Te) are yields for, respectively,
(true) secondary electrons (emitted with a small tem-
perature Tse), and elastically reflected primary electrons.
For high electron temperatures δws is limited to a max-
imum of 0.983, when charge saturation is expected to
happen [57]. The energies Es and Er are δr0 are mate-
rial dependent. Additionally, the sheath model takes into
account the partial depletion of the high-energy tail of
primary electrons lost into the walls, with the replenish-
ment parameter σ (equal to 100% for full replenishment).
The net normal electric current to the dielectric wall, jn,
with contributions of ions and primary and secondary
electrons, is zero. As a result the sheath local poten-
tial fall between sheath edge Q and (dielectric) wall W,
fulfills the relation

e
φQ − φW

Te
= ln

[
enec̄e
4jni

∣∣∣∣
Q

(1− δws)(1− δwr)σ

]
. (7)

The normal heat flux to the wall, qne, is the difference
of the normal flux of total electron energy, adding the
contributions of primary and secondary electrons, minus
the normal flux of convective energy of the electron fluid
[56]. Settings here are for boron nitride: Es = 50 eV,
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Er = 40 eV, δr0 = 0.4, Tse = 2 eV and σ = 0.3 [52, 56,
58].

In order to avoid numerical diffusion caused by the
large magnetic anisotropy, the electron fluid equations
are solved in the magnetically-aligned mesh plotted in
Fig. 3(b). Specific numerical algorithms have been de-
veloped for this [47]. For the conservation laws (1) and
(3), these are based on finite volume schemes. For equa-
tions (2) and (4), which are actually state equations re-
lating je and qe with φ and Te gradients respectively, the
algorithms are based on finite difference schemes. Irregu-
lar cells, next to boundaries require special attention for
their accurate solution.

C. The W-module

The W-wave module is an axisymmetric, frequency-
domain full-wave model. This model takes as inputs the
maps of electron density ne and collisionality νe from the
E-module. As outputs, it returns the high-frequency elec-
tromagnetic fields E(z, r, θ, t) = <[Ê(z, r, θ) exp (−iωt)],
B(z, r, θ, t) = <[B̂(z, r, θ) exp (−iωt)], where variables
with hat are the complex field amplitudes. From these
fields, the map of power absorption density, Qa, is then
computed.

The frequency-domain of Faraday and Ampère-
Maxwell’s laws determine the complex amplitudes of the
fields:

∇× Ê = iωB̂, (8)

∇× B̂ = −iωµ0D̂ + µ0ĵa, (9)

where µ0 is the magnetic permeability of free space, and
̂a and D̂ represent the complex amplitudes of the ex-
citation current and the electric displacement field, re-
spectively. Note that B̂ and D̂ automatically satisfy
∇ · B̂ = 0 and ∇ · D̂ = −i∇ · ̂a/ω.

The field D̂ includes the contribution of vacuum per-
mittivity and the susceptibility of the plasma. A cold
plasma model is used to relate D̂ linearly to Ê,

D̂ = ε0 ¯̄κ · Ê, (10)

where ε0 is the permittivity of free space and ¯̄κ is the
dielectric tensor, given in the {1z,1r,1θ} vector basis by

¯̄κ =

cβ −sβ 0
sβ cβ 0
0 0 1

 ·
P 0 0

0 S −iD
0 iD S

 ·
 cβ sβ 0
−sβ cβ 0

0 0 1

 , (11)

where cβ and sβ represent the cosine and sine of the
angle β formed by the applied magnetic field B0 with

the z axis, and [59]

S = 1−
∑
s

ω2
ps (ω + iνs)

ω
[
(ω + iνs)

2 − ω2
cs

] , (12)

D =
∑
s

ωcsω
2
ps

ω
[
(ω + iνs)

2 − ω2
cs

] , (13)

P = 1−
∑
s

ω2
ps

ω (ω + iνs)
, (14)

where:

ω2
ps =

e2Z2
sns

ε0ms
, ωcs =

ZseB0

ms
, (15)

are, respectively, the plasma frequency and (signed) cy-
clotron frequency of species s, and νs its damping fre-
quency. At the frequency range of the device (a few
GHz), the electron response dominates, and the other
species (singly- and doubly-charged ions) can be safely
neglected. The influence of νe on electromagnetic field
propagation and absorption in the context of ECRTs was
analyzed in [60]. There, it was shown that the actual
value of the damping constant does not modify substan-
tially the integrated power absorption at the resonance,
and its only major effect was to thicken the absorption
region. In the present model, νe is the effective electron
collision frequency (i.e. the sum of the collision frequen-
cies with the heavy species) from the E-module.

Combining equations (8) and (9) to eliminate B̂, one
finds the inhomogeneous Maxwell’s wave equation also
referred to as the double-curl wave equation for the elec-
tric field:

∇×
(
∇× Ê

)
− k2

0
¯̄κ · Ê = iωµ0̂a, (16)

where k0 = ω
√
ε0µ0 is the wave number in vacuum.

The weak form of equation (16) is [61]:∫
Ω

[(
∇× Ŵ ∗

)
·
(
∇× Ê

)
− k2

0Ŵ
∗ · ¯̄κ · Ê

]
dV

+

∫
∂Ω

Ŵ ∗ ·
[
1n ×

(
∇× Ê

)]
dS = iµ0ω

∫
Ω

Ŵ ∗ · ĵadV,

(17)

where Ω, ∂Ω are the simulation domain and its enclosing
boundary, Ŵ is a trial (i.e. weight) function, and ∗ de-
notes the complex conjugate transpose. In this work, we
decompose the fields in azimuthal modes of mode num-
ber m, such that Ê(z, r, θ) = Ẽ(z, r) exp (imθ). As the
ECRT exhibits axisymmetry, the only azimuthal mode of
interest for this study is the purely axisymmetric mode
m = 0. The field Ẽ is expanded using a mixed basis of
shape functions:

Ẽ =
∑
i

aiNi(z, r) +
∑
j

bjPj(z, r)1θ, (18)
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FIG. 3: (a) PIC mesh, (b) MFAM and (c) representation of the W-module mesh. In (b), the
colormap represents the applied magnetic field strength, magnetic streamlines are shown in black

and their perpendicular in white. The red curve represents the ECR location.

where Ni are Nédélec (edge) functions and Pj are La-
grange (nodal) functions, i, j are indices that run for all
edges and nodes, respectively, and ai, bj are the complex
expansion coefficients for the meridian and azimuthal
electric field. This decomposition is known to avoid spu-
rious solutions present in other finite element formula-
tions of Maxwell equations [60–62].

The second term of equation (17) must be evalu-
ated at the boundary of the domain. On the thruster
walls the effect of the thin layer of boron nitride on the
high-frequency fields is ignored, and the metal behind is
treated as a perfect electric conductor,

1n × Ẽ = 0, (19)

resulting in homogeneous Dirichlet conditions on both Nj
and Pj . Condition (19) is also applied to the core and
shield of the simulated segment of coaxial cable. Natural
boundary conditions are applied on the downstream and
lateral boundaries of the plasma plume:

1n × (∇× Ẽ) = 0. (20)

At the axis, axisymmetric boundary conditions [62, 63]
are prescribed:

Ẽr = Ẽθ = (∇× Ẽ)r = (∇× Ẽ)θ = 0. (21)

Lastly, to model the input of high-frequency electro-
magnetic power into the domain, a lumped port condition
[64] is set upstream of the coaxial cable (at z = −2λ0),
between the core and the shield conductors, which are
electrically connected to the inner rod element and the
lateral thruster wall, respectively. As a result, the trans-
verse electromagnetic mode (TEM) is excited in the coax-
ial cable that delivers power to the plasma inside the
thruster, and allows for any reflected power to return
unimpeded through the coaxial.

Substituting equation (18) into (17), and using
Galerkin’s approach so that the same functional space
is chosen for Ẽ than for W̃ , we construct a sparse square

linear problem for the coefficients ai and bj . The MFEM
finite element library [65] is used to construct the matrix
and obtain the solution.

The absorbed power density Qa can be computed as
the real part of the scalar product between the high-
frequency plasma current and the high-frequency electric
field, which after some manipulation yields:

Qa = −ωε0
2
=
(
Ẽ∗ · ¯̄κ∗ · Ẽ

)
=
ωε0
2

Ẽ∗ · ¯̄κA · Ẽ
i

=
ωε0
2

[
=(S)

(
|Ẽ⊥|2 + |Ẽθ|2

)
+ =(P)|Ẽ‖|2

]
+ ωε0=(D)=(Ẽ∗⊥Ẽθ), (22)

where ¯̄κA = (¯̄κ − ¯̄κ∗)/2 is the antihermitian part of ¯̄κ
associated to the presence of νe in equations (12)–(14)
and is the only contribution of the dielectric tensor to
include power absorption by the plasma.

The W-module uses an unstructured triangular mesh
that allows reproducing complex geometries and also to
locally refine the mesh as needed. A sketch of the W-
module mesh is shown in Fig. 3(c). The open-source
software Gmsh [66] is used for the mesh generation. As
shown in sections below, the high-frequency field solution
features substantial differences among regions of the do-
main due to the existence of qualitatively distinct prop-
agation regimes, which depend on the electron density
ne and applied magnetic field B0. The transition from
one region to another is delimited by a cut-off and/or
resonance surface. In each propagation regime, zero, one
or two electromagnetic modes may exist, and the charac-
teristic wavelength may vary substantially for each mode
and with the propagation direction. In order to keep the
number of mesh elements per wavelength Nλ constant
across the simulation domain, the mesh size is adapted
for each region. A local minimum wavelength is esti-
mated at each point of the domain from the dispersion
relation of each principal propagating mode. The most
restrictive regions in terms of minimum wavelength are
seen to be the vicinity of the ECR and then the upper-
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Parameter Name Units Value
lr Inner rod length cm 2
rr Inner rod radius cm 0.115
L Lateral wall length cm 1.51
R Lateral wall radius cm 1.375
Lp Plume domain length cm 2
Rp Plume domain radius cm 2.75
zinj Injection surface center z cm 0.0
rinj Injection surface center r cm 0.5735
tinj Injection surface width cm 0.229
rc Coaxial shield radius cm 0.3
f Wave frequency GHz 2.45
ṁ Neutral mass flow rate mg/s 0.2
Pa Power deposited W 30
∆tI I-module timestep ns 10
∆tE E-module timestep ns 0.25
∆tW W-module update timestep µs 50
uinj Propellant injection velocity m/s 300
Tinj Propellant injection temperature eV 0.02
αt Anomalous transport coefficient - 0.02
Nel,I PIC mesh’s cell number - 3360
Nel,E MFAM’s cell number - 2550
Nel,W Wave mesh’s cell number - 120782

TABLE I: Geometrical, operational and
simulation parameters.

hybrid resonance (UHR) region [59]. The mesh size is
then computed according to this minimum wavelength,
so that Nλ > 20 across the simulation domain. This
scheme is seen to stabilize and converge the fields close
to these resonance surfaces, which at low mesh resolu-
tion can display numerical noise. A finer mesh size is
also used near domain boundary corners and the coax-
ial to thruster chamber transition. The refinement and
numerical verification of the W-module, discussed in Ap-
pendices A and B respectively, characterize the error
committed with the chosen formulation and mesh ap-
proach. A rougher mesh is used during the first iterations
of the code to speed up convergence. As can be noticed,
the number of elements of the W-module mesh is much
greater than the ones used for the transport modules, in
at least one order of magnitude.

D. Simulation setup

The ECR thruster used for this simulation is that of
the MINOTOR prototype being matured at ONERA, as
shown in Fig. 1. The applied magnetic field generated
by an annular permanent magnet is shown in Fig. 3(b),
whose local unit vector points downstream, defining mag-
netic streamlines. The operational point is the nominal
one for the device [11, 16]. The geometric, operational,
and numerical parameters are listed in Tab. I. The ECR
surface is located approximately 3 mm downstream the
backplate.

The instantaneous plasma properties computed in the
coarser PIC mesh and the MFAM are smoothed using

FIG. 4: Evolution with simulation time of the
thrust contributions (see equation (26) in Section
§III D) of Xe+ (filled diamond), Xe2+ (diamond),
Xe (square), e− (triangle) and the total (solid).

After an initialization time of 1 ms, Qa is
updated every 250 µs (dashed).

a Gaussian filter when interpolated to the electromag-
netic mesh, and conversely, spatial anti-aliasing is applied
when transporting Qa from the W-mesh to the MFAM.

The I-module has a timestep of ∆tI , which ensures
that the fastest ion particles do not cross more than half
a cell of the PIC mesh per timestep. The E-module is run
40 times per I-module step. Since the electron density
ne and effective collisionality νe vary only slowly as the
steady-state is approached, the W-module is only run
every 5000 I-module steps.

To initialize the simulation, the I-module is run alone
for a number of steps to fill the domain with particles,
using a simplified, Boltzmann-relation model to emulate
the electron response. Then, the E-module is activated
with a uniform Qa map for an additional number of ini-
tialization steps. Finally, the coupled I-, E-, and W-
modules are run together until steady state conditions are
reached. Convergence of the plasma variables to steady
state conditions is achieved already after 1.5 ms of sim-
ulation time. The simulation results of next section are
shown at the end of the simulation, at 3.5 ms. Figure 4
illustrates the initialization and steady-state convergence
of the simulation by plotting the computed thrust con-
tributions of the different species. The updates of the
power absorption profile are indicated by vertical dashed
lines.

In the following sections, all plasma variables shown
have been averaged over 500 ion module time steps after
reaching the converged state to reduce numerical noise.

III. RESULTS AND DISCUSSION

The steady-state solution arising from the three cou-
pled modules is reported and discussed next for the nom-
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inal operating point of the ECRT. Firstly, the resulting
plasma properties are presented, including the singly-
charged ion velocity and streamlines and the main con-
tributions to electron momentum balance. Secondly, we
explain the high-frequency fields and the power absorp-
tion density profile, and its connection with the solution
of the transport properties. Thirdly, the plasma fluxes to
the device walls are analyzed. Fourthly, the thruster inte-
gral figures of merit are computed and compared against
the available experimental data for this thruster.

A. Quasi-steady plasma transport properties

In the steady-state, the neutral propellant density nn
peaks at 6.5 · 1019 m−3 near the injection port (see Fig.
5(a)). Then, it decreases away from this location fea-
turing a nearly homogeneous profile inside the thruster
chamber, adding the contribution of ion recombination at
the walls. Neutral density decreases as neutrals expand
downstream and ionization takes place, falling more than
two orders of magnitude downstream. This decrease is
most evident close to the injector, where the ionization
is dominant. Neutral density is lowest in the peripheral
plume, essentially out of reach for the ballistic neutrals.
The fraction of propellant mass flow rate leaving the dis-
charge chamber as ions is roughly 50%.

The singly- and doubly-charged ion densities, ni1 and
ni2, are shown in Fig. 5(b) and (d). As it can be noted,
ni1 is about one order of magnitude greater than ni2, and
both follow the same overall behavior. The maximum
singly- and doubly-charged ion densities are of the order
of 9.5× 1017 m−3 and 9.6× 1016 m−3, respectively. The
peak densities are reached in the vicinity of the injector,
where most of the ionization takes place. Ion densities
decrease toward the thruster walls, and ions impacting
there are recombined into neutrals. The ion densities
drop noticeably around the inner rod element and in the
magnetic tube that originates in this region, which coin-
cides with the region of higher electron temperature as
discussed further below. This feature of the plasma dis-
charge was observed to be robust to a sensitivity analysis
of the simulation. Consistently with ni2 � ni1, the elec-
tron density ne, shown in Fig. 5(c), is essentially equal to
ni1, peaking around 1.1 × 1018 m−3. The electron den-
sity decreases downstream along magnetic lines as the
plasma expands, reaching values of 2.7 × 1016 m−3 at
the symmetry axis at the end of the simulated magnetic
nozzle domain. This value is consistent with estimations
performed with other models as the quasi 1D model pre-
sented in Ref. [55].

The quasi-steady map of electron temperature Te is
shown in Fig. 5(e), with dashed lines indicating mag-
netic lines for reference. Due to the strong electron mag-
netization, effective energy transport rates of electrons
along and across magnetic field lines are markedly dif-
ferent. While there exists large temperature gradients
perpendicular to the applied magnetic field B0, a near-

isothermal behavior is observed in the parallel direction,
at least in the finite domain simulated here. Gradual par-
allel cooling of electrons is expected further downstream,
an aspect of the electron expansion that requires a kinetic
treatment to be modelled consistently [67].

The maximum electron temperature is 43 eV and
is found near the dielectric window that connects the
thruster chamber with the coaxial cable, and in the mag-
netic tube that emanates from this location. As discussed
later, the neighborhood of this window is also the loca-
tion of the maximum power absorption. The electron
temperature close to the symmetry axis is around 28 eV
which is consistent with the experimental values reported
by Lafleur et al. [68] and later by Correyero et al. [55]
for 0.2 mg/s and, 20 and 30 W of absorbed power, re-
spectively. Te goes below 4.3 eV at the lateral wall of the
thruster and close to 0.2 eV at the top of the external
wall.

Further insight on the electron dynamics can be gained
by inspecting the electron pressure pe = neTe, shown in
Fig. 5(f). This variable is directly related to the thrust
of the device, and with the quasi-steady electric field and
azimuthal plasma currents, as discussed further below.
While ne displays a minimum in the neighborhood of
the axis of symmetry and Te presents a strong radial
gradient, pe shows a relatively smooth behavior in the
whole discharge. Looking at z = const sections of the
thruster, the peak pressure takes place at a mid radius
inside the annular chamber. Further downstream, in the
MN, the maximum pressure is found closer to the axis of
symmetry.

The quasi-steady plasma potential φ in Fig. 5(d)
presents an axial fall of roughly 50 V within the sim-
ulation domain. It must be noted that the expansion
will continue further downstream of this domain to in-
finity with collisionless electron cooling and further po-
tential drop. The maximum value of φ is found inside
the discharge chamber, close to the inner rod element of
the thruster, right before the quasineutral pre-sheath de-
creases its magnitude toward the thin non-neutral wall
sheaths. The potential decreases axially, along the MN.
Note that the position of the maximum does not coincide
with either the maximum of ne, Te, nor pe. In the di-
rection perpendicular to the magnetic lines, and always
in the quasineutral domain, the potential is essentially
flat, except close to the inner rod element where it drops
several tens of volts. A minor, secondary maximum of φ
can be seen close to the lateral inner corner of the dis-
charge chamber, which is attributed to this corner region
of being essentially magnetically isolated from the rest of
the plasma by the applied field lines, which means that
electron transport into this region is severely limited; the
small potential rise in this part of the device enhances
electron transport from the rest of the plasma toward
this region. Similarly, the small increase of φ at the top-
left corner of the plume domain is attributed to the lack
of electrons in this second magnetically-isolated region,
although in this case it is considered a numerical side-
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9

FIG. 5: Quasisteady plasma transport results: (a), (b), (c) and (d) are neutrals, singly-charged ions,
electrons and doubly-charged ions densities, respectively, (e) and (f) electron temperature and

pressure, (g) electrostatic potential and (h) singly-charged ions meridian velocity.

effect of the finite simulation domain and the presence of
the lateral plume boundary.

Another aspect of interest of the φ-map is that the po-
tential fall along each magnetic line is not proportional
to the corresponding value of Te, as could perhaps be ex-
pected. If this were true, a higher potential fall would be

observed in the magnetic tube close to the inner rod ele-
ment of the thruster. On the contrary, the potential fall is
smooth and roughly the same across magnetic lines, indi-
cating that the expansion is a global phenomenon for the
whole plasma, despite electrons being well-magnetized.
This behavior is consistent with the profiles of ne and
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Te of figures 5(c) and (e). Indeed, to leading order, the
projection of equation (2) along 1‖ yields a Boltzmann-
like relation for each magnetic line within the simulated
domain,

ne
ne0
' exp

e(φ− φ0)

Te
, (23)

where the subindex 0 represents values at a reference lo-
cation for each line (e.g. upstream). As ∆φ = φ − φ0 is
roughly identical for all magnetic lines, the relative drop
of ne is smaller along the lines where Te is larger.

The singly-charged ion meridian velocity ui1 and their
streamlines are shown in Fig. 5(h). While electrons
are magnetized, the heavy ions are essentially unmagne-
tized and thus their dynamics is dominated mainly by the
quasi-steady potential φ, which accelerates them down-
stream. Observe that ion streamlines (which roughly cor-
respond to individual ion trajectories, since ions are rel-
atively cold) do indeed not coincide with magnetic lines,
and that the ion flow detaches inwardly from the mag-
netic field [69], resulting in less divergence than the ex-
pected one for fully-magnetized ions [70]. The resulting
mean velocities at the last section of the simulation do-
main range from 3 km/s (at the axis) to 6 km/s (at the
periphery). This difference is attributed to the location
where the ions are created and the path they follow inside
the ionization chamber before entering the MN region.
For comparison, laser induced fluorescence measurements
of the ECRT operating at nominal conditions [55] indi-
cate ion velocities of about 7 km/s and 11 km/s at 4 and
12 cm downstream the thruster exit, respectively. In ad-
dition, LIF measurements obtained at U. Michigan [71]
with a similar prototype report velocities around 9 km/s
4 cm downstream the thruster exit plane, at background
pressure of 13 µTorr.

As a derived quantity, the meridian Mach number
of singly-charged ions, based on the approximate local
sound velocity, Mi1 = |ui1|/

√
Te/mi1, features its maxi-

mal values (around Mi1 = 3) in the peripheral region of
the plume, while at its core Mi1 is only slightly larger
than 1. This radial variations are due to the differences
in ui1, compounded with the variations in electron tem-
perature Te. Arguably, the supersonic expansion in the
MN of the device is uneven. It seems plausible that the
presence of the rod element in the ECRT discharge cham-
ber induces a dip in the ion Mach number in its wake.
This behavior was seen to be robust against the sensi-
tivity analysis carried out, and will be subject of future
studies.

Lastly, it can be observed that inside the discharge
chamber part of the ion streamlines precipitate onto the
walls of the thruster guided by the electrostatic potential
fall near those surfaces, giving rise to wall losses, which
are discussed in section III C.

The quasi-steady state azimuthal electron and ion cur-
rents are an essential aspect of the operation of the
device, as their interaction with the applied magnetic
field B0 is responsible for the generation of magnetic

FIG. 6: Electron azimuthal current density. The
black contour line shows the location of the sign
change. Icons ⊕ and 	 represent the regions of

positive and negative currents, respectively.

thrust and the cross-field confinement of the plasma. Fig-
ure 6 displays the azimuthal current of electrons jθe =
−eneuθe, which is more than two orders of magnitude
greater than the azimuthal current of any ion species.

To leading order, in the perpendicular direction the
electron pressure gradient −∇pe is compensated by the
electrostatic force density ene∇φ and the magnetic force,
jθeB01⊥ (see equation (2)),

∂pe
∂1⊥

' ene
∂φ

∂1⊥
+ jθeB0. (24)

Given that the quasi-steady electric potential is essen-
tially flat across the magnetic field lines, the current jθe
is responsible for most of the cross-field confinement of
the electron pressure pe. Consequently, the sign of jθe
switches mid-radius, close to where the maximum pe is
found in the perpendicular direction, following the sign
of −∇pe.

The reaction to the axial magnetic force density,
jθeBr0, is felt on the coils of the thruster, and is
termed magnetic thrust. Since in the present simulation
Bz0, Br0 > 0 in the domain, only negative jθe results
in positive thrust generation. It can be seen that the
outermost part of the plasma is the main contributor to
magnetic thrust, while the electrons close to the inner
rod element of the device cause some negative magnetic
drag in order to confine the electron pressure away from
this element. This is a consequence of the maximum
electron pressure being located at an intermediate radius
rather than the axis of symmetry, and is likely an effect
of the presence of the inner rod element. Downstream of
this rod element, a small localized region with jθe < 0 is
found.
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FIG. 7: (a) Electromagnetic field propagation
parametric regions with contours representing

the boundary surfaces and (b) minimum
principal wavelength, computed from the local

dielectric tensor.

B. Fast electromagnetic fields and power
absorption

The solution to the high-frequency electromagnetic
fields depends on the excitation frequency ω, the applied
magnetic field B0, the electron density ne, and the col-
lisionality νe. In particular, the first three variables de-
termine the field propagation regimes, the cut-offs, and
the resonances. The last variable, νe, which ranges from
a maximum value of 4.5 · 108 Hz inside the source and
decreases downstream, affects mainly to the homogeneity
of the power absorption map. Notably, while B0 is an
input to the simulation, ne and νe depend dynamically
on the plasma transport solution.

The different electromagnetic parametric regions in
steady-state are shown in Fig. 7(a), following the nu-
merical nomenclature (I to VIII) of Stix [59]. The right-
hand circularly polarized wave (R) resonates when ω =
eB0/me which determines the critical value of B0 (875 G)

and the location of the ECR surface. This value separates
regions I through V from regions VI through VIII. The
plasma frequency cut-off occurs when ω = ωpe, which
determines the critical value of ne (= 7 × 1016 m−3).
Regimes I, II, III, and VI take place below this value of
ne, and are considered underdense regimes. Regimes IV,
V, VII and VIII are overdense regimes. Region I (low
B0, low ne) is topologically equivalent to propagation in
vacuum, with both R and L (i.e. left-hand circularly
polarized) propagating modes. It is separated from re-
gion II by the R wave cut-off. In region II, only L waves
propagate. As B0 and ne increase, eventually the upper-
hybrid resonance (UHR) is crossed into region III, where
two propagating solutions exist at directions other than
B0. Region IV (low B0, high ne) exhibits propagating
L waves only. In region V (separated from region IV by
the L wave cut-off) no propagating solutions exist, and
all electromagnetic fields are evanescent. Region VI (high
B0, low ne) features both R and L polarizations. Regions
VII and VIII (high B0, high ne) feature whistler R waves,
which propagate in directions close to B0; additionally,
region VII also has regular L-waves.

As it can be noticed in Fig. 7(a), in this ECRT simu-
lation all these regions (i.e. I through VIII) are present
within the simulation domain and in close proximity to
each other. The contour lines detail the location of the
different cutoffs and resonances, which act as the bound-
ary surfaces of the different propagation regimes. In par-
ticular, the presence of the ECR and UHR stands out.
Whereas the location of the ECR is fixed only by the
magnetic field, the UHR is determined by a combination
of both the magnetic field and the electron density.

As the electromagnetic power enters the discharge
chamber through the coaxial line, it enters regions VI-
VIII (upstream of the critical B0), and soon reaches the
ECR surface. Most of the discharge chamber is overdense
(ωpe > ω), and therefore downstream of this surface there
is a region V where only evanescent fields are allowed.
However, a thin low-density channel exists near the in-
ner wall corresponding to regions III and IV. Power can
propagate along this channel, and also tunnel through a
short evanescent region. Further downstream, as both
B0 and ne decrease, all other regions are crossed, until
eventually region I is reached.

The existence of all these regions implies wide changes
of the local wavelenghts in the domain. Figure 7(b) illus-
trates this by plotting the minimum wavelength in the
perpendicular and parallel directions for all propagating
modes. The smallest wavelengths occur near the ECR
and the UHR surfaces, and the W-module mesh has been
refined accordingly, as described in section II C and ap-
pendix A.

The amplitudes and complex phases of the three com-
ponents of the fast electric field E are shown in Fig. 8.
The resulting electric field inside the coaxial cable is a
strong radial field, characteristic of the TEM mode. As
the power flows into the plasma, the radial component
of the EM wave electric field Ẽr still dominates on both
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FIG. 8: Electromagnetic wave electric field (complex magnitude and phase). The contour lines
represent the cutoff ω = ωpe, the ECR surface (dashed) and the UHR surface (dashed-dotted).

FIG. 9: Electromagnetic power density absorbed
by the electron species.

sides of the ECR surface, and continues to be large in
the thin regions III and IV that exist around the rod el-
ement of the thruster. It can be observed that an axial
electric field Ẽz also develops before the ECR surface and
downstream from the rod element decaying after the res-
onance, and that the azimuthal field Ẽθ plays only a mi-
nor role. Small magnitude fields also exist downstream,
around the UHR surface.

The phase plots in Fig. 8 indicate that no major wave
structures exist in the domain, which would be evidenced
by alternating phase structures, given its small size com-
pared to the electric length in vacuum; the only exception
is in the narrow propagation channel close to the inner

rod element, where a short-wavelength mode is observed
in Ẽz. No major standing-wave structures are observed
within the simulation domain, indicating that reflection
at the free surfaces downstream is small.

The power absorption density Qa is shown in Fig. 9.
Absorption occurs mainly at around the ECR surface, as
expected. The power absorption has its maximum at the
ECR, near the inner rod element of the thruster. Some
power absorption also takes place around the inner rod,
in the propagating channel. Overall, most of the power
is deposited in the magnetic tubes close to the inner rod,
which is also where electron temperature features its peak
values. The absorption at the downstream UHR surface
is non-zero, but orders of magnitude smaller.

The absorption map can be explained by inspecting the
magnitude of the different terms in equation (22). As the

applied magnetic field is mostly axial in the device, Ẽ‖ '
Ẽz and Ẽ⊥ ' Ẽr. At the ECR surface, the imaginary
part of S features its maximum and it is two orders of
magnitude greater than the imaginary part of P. As
|Ẽr| � |Ẽθ|, the power absorption density Qa is therefore
dominated by the term

Qa ≈
ωε0
2
=(S)|Ẽr|2. (25)

This term reaches its peak value close to the exit of the
coaxial line, where the radial electric field is larger and
the ECR surface is found, and consequently this is where
the higher Qa occurs. Lastly, it is noted that while ab-
sorption at the resonance requires νe > 0, the actual
value of this parameter only influences the thickness of
the resonance layer, while the integrated power deposited
in it is essentially unaffected [60].
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C. Particle and energy wall fluxes

Figure 10(a) displays the particle flux to the thruster
walls for each species, as a function of arc-length variable
ζ, introduced in Fig. 1. This variable starts at the tip of
the inner rod, goes around clockwise along the thruster
wall meridian section, finishing at the end of the external
wall.

The internal thruster walls sustain a much larger par-
ticle flux than the external walls, differing in several or-
ders of magnitude. Singly- and doubly-charged ion par-
ticle fluxes evolve similarly with ζ, being the former al-
ways greater than the latter. Singly-charge ion particle
flux features values between 1019 and 1021 m−2s−1 flux,
peaking around the middle of the rear wall, where the
injector is located and ions density is maximum. Neutral
flux to the walls is shown in the figure for comparison.
Amongst all the regions inside the thruster chamber, the
corner region between the rear and lateral wall collects
the least amount of ions. All corners exhibit a disconti-
nuity motivated by the change in normal vector but this
corner region features enhanced magnetic shielding. As a
result insufficient electron temperature in the vicinity of
this region, ionization is poor there, and combined by the
strong magnetization results in a repelling electrostatic
field that limits the ion flux to the walls significantly.
The primary electron flux follows a similar behavior to
the singly-charged ions both at the lateral wall and back-
plate. Nevertheless, approaching the inner rod wall, the
flux increases by more than an order of magnitude reach-
ing values of about 1022 m−2s−1.

At each location along the (dielectric) walls, the net
flux of negative and positive charges to the wall must be
equal. The large difference between the fluxes of elec-
trons and ions toward the inner rod wall is indicative of
the large SEE that takes place there, where indeed the
yield δws, motivated by the considerable electron tem-
perature, is close to unity. The difference of the fluxes
decreases to near zero along the back, lateral, and exter-
nal walls, where electrons are cooler and SEE becomes
less important.

Figure 10(b) shows the total net energy flux to the
walls of each species. This magnitude is relevant to un-
derstand the thermal loads endured by the exposed walls.
The maximum energy load is exhibited at the inner rod.
Electrons dominate the energy flux to this element, due
to the high SEE, and are comparable to the ion energy
flux in other walls. Singly-charged ions have a larger en-
ergy flux with respect to doubly-charged ions everywhere
due to their significantly higher density. The maximum
ion energy flux is 0.8 W/cm2, and occurs at the injec-
tor location, near the region where most ionization takes
place. As could be expected, the corner region of the
thruster is clearly well shielded magnetically, not only
from a particle flux viewpoint as reported above, but
also from an energy viewpoint.

Finally, Fig. 10(c) portraits the average impact en-
ergy per particle of each species. This variable is rel-

FIG. 10: (a) Particle flux, (b) net energy flux
and (c) average impact energy of the different

species to the thruster walls: electrons
(triangles), Xe+ (filled diamonds), Xe2+

(diamonds), and Xe (squares).
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Parameter Name Units UC3M ONERA [11]
ṁ Mass flow rate mg/s 0.2 0.2
Pf Input power W 30 53.7*
F Thrust mN 0.840 0.850
Fp Pressure thrust mN 0.322 [ - ]
Fm Magnetic thrust mN 0.518 [ - ]
Pa Absorbed power W 26.9 27.9*
Pr Reflected power W 3.1 4.28*
Isp Specific impulse s 428 429
Ii Ion current A 0.082 0.065
ηF Thrust efficiency % 6.6 6.5*
ηprod Production efficiency % 40.9 [ - ]
ηu Utilization efficiency % 50 45.1
ηe Energy efficiency % 25.3 [ - ]
ηc Conversion efficiency % 32.2 [ - ]
ηd Divergence efficiency % 91.2 [ - ]
εexc Excitation losses % 4.8 [ - ]
εion Ionization losses % 7.0 [ - ]
εwall Material wall losses % 63.0 [ - ]

VSWR Voltage ratio - 1.8 2.15*
ηp Power coupling eff. % 91.8 86.7*

TABLE II: Thruster performances. Values at
the thruster (*) are computed from the data

reported at Ref. [11] (before the vacuum
chamber feedthrough) with the estimated 2 dB
losses between that point and the thruster, as

indicated in that reference.

evant in erosion studies, as the impact energy must be
greater than a material dependent threshold energy for
sputtering to take place. In this case, we see that doubly-
charged ions are responsible for the highest per-particle
energy deposition to the walls. This is due mainly to
their double-charge acceleration in the wall sheaths; in-
deed, the sheath accounts for most of the impact energy
for both singly- and doubly-charged ions everywhere. En-
ergies ranging from roughly 10-20 eV to 200-300 eV are
computed. The maximum impact energy takes place at
the end part of the rod element, where experiments re-
port the largest and fastest erosion under operation. Spe-
cific electron energy is small except on the inner rod ele-
ment. Neutrals impact energy is negligible.

D. Propulsive performance

The thrust F of a MN-based thruster is generated par-
tially inside the source, but mainly in the MN region,
which extends to infinity. In the present simulation, F
is computed by integration of the plasma momentum on
the free boundaries of the domain ∂Ωf ,

F =
∑
s

∫
∂Ωf

(msnsuzsus · 1n + nsTs1z · 1n) dS, (26)

where the sum on s extends to all species. The thrust F
can be divided in two contributions:

Fp =
∑
s

∫
∂Ωw

(msnsuzsus · 1n + nsTs1z · 1n) dS, (27)

and

Fm =

∫
Ω

−jθBrdV, (28)

which equal the sum of all the axial dynamic pressure
force of each species s on the thruster walls ∂Ωw and the
axial magnetic force produced by the azimuthal plasma
current on the thruster magnets, respectively [21]. It
should be noted that the expansion continues further
downstream, beyond the computational domain, and
therefore a small part of the generated thrust is missed
by the simulation. Indeed, the major part of ion accel-
eration in this thruster occurs in the first few cm after
the thruster chamber exit [55], and therefore is captured
here. The specific impulse is calculated from this magni-
tude as Isp = F/ṁ.

The microwave power entering the thruster, Pf , is par-
tially absorbed by the plasma, Pa, and partially reflected
back through the coaxial cable, Pr, thus

Pf = Pa + Pr. (29)

Notice that in the present simulations there are no free-
space radiation losses; this is representative of the oper-
ation of the device inside a laboratory vacuum chamber,
where the radiated power is confined.

The reflected power is obtained directly from the volt-
age standing wave ratio (VSWR), computed as the ratio
of the maximum and minimum values of the radial elec-
tric field in the coaxial cable, and is directly related to
the power coupling efficiency ηp as

ηp = 1− Pr
Pf

= 1−
(

VSWR− 1

VSWR + 1

)2

. (30)

Observe that the reflected power cannot be considered
a priori a loss mechanism, as this power can be recircu-
lated back to the thruster quite efficiently by impedance
matching in the microwave circuit design. Nevertheless,
a large reflection ratio would be symptomatic of an inad-
equate power coupling to the plasma.

Following [47], the power balance for all plasma species
can be expressed as

Pa = Pexc + Pion + Pwall + Pp, (31)

where Pexc and Pion are the power spent in excitation and
ionization of the propellant; Pwall is the kinetic, thermal,
and heat flux power lost to the walls; and Pp is the power
flux of all species through the free boundaries. Conse-
quently, we can define the loss ratios εexc = Pexc/Pa,
εion = Pion/Pa, and εwall = Pwall/Pa.
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The (overall) thruster efficiency is computed as

ηF =
F 2

2ṁPa
. (32)

This efficiency can be approximately decomposed as

ηF ≈ ηuηeηcηd =
ṁi∞

ṁ

Pp
Pa

Pi
Pp

Pzi
Pi

(33)

where ηu = ṁi∞/ṁ is the utilization efficiency, i.e. the
fraction of propellant mass flow rate that reaches the do-
main free boundaries as ions (ṁi∞); ηe = Pp/Pa refers to
the energy efficiency, i.e. the fraction of absorbed power
that becomes plume kinetic and thermal power (Pp);
ηc = Pi/Pp is the conversion efficiency, i.e. the portion
of the plume power in the form of kinetic ion power (Pi);
finally, ηd = Pzi/Pi is the divergence efficiency, i.e. the
fraction of ion kinetic power which in the axial direction
(Pzi), thus generating thrust. The difference in equation
(33) between ηF and the product ηuηeηcηd is due to the
difference between Fi and F , which in a completely de-
veloped expansion is expected to be small. However, in
the present simulation with finite domain, the electron
contribution to thrust accounts for up to a 25% (see Fig.
4) at the free downstream boundary. This suggests that
the expansion is incomplete by z = 4 cm, and that addi-
tional thrust is to be gained further downstream as the
magnetic nozzle continues to convert electron power into
directed ion kinetic power.

In addition to these partial efficiencies, another rel-
evant quantity is the production efficiency, defined as
the ratio of ion flow rate at the free boundaries with re-
spect to that at all the simulation boundaries including
thruster walls,

ηprod =
ṁi∞

ṁi
, (34)

which is closely related to the number of times each atom
undergoes reionization, and characterizes the plasma
losses to the walls.

Table II displays the performance figures of the sim-
ulation. For comparison purposes, the available experi-
mental data from ONERA thruster are also shown. The
total thrust produced by the thruster in the simulation
is 0.84 mN, and the specific impulse 428 s, which show
a great agreement with the experimental measurements.
The fraction of magnetic thrust to total thrust amounts
to approximately 62%, which again agrees well with the
available experimental data [72]: 60% for the device op-
erating at 0.2 mg/s and 40 W.

In Ref. [11], efficiencies are computed with respect to
the transmitted power (i.e. ηpPf ) and that this power
includes the power losses in the cables, the feed-through,
the DC block and the connectors/adapters, which are of
the order of 2 dB. Table II shows the efficiencies and pow-
ers, taking into account the reported attenuation losses
between the measurement location (prior to the tank)

and the thruster. The thrust efficiency is very similar in
the simulations and the experiments, around 6.6%.

The main inefficiency arises from plasma losses to the
walls. First, the fraction of generated ions that become
plume ions, given by ηprod, is quite low, about 41%, while
the rest of them are recombined at the walls. Second, the
energy efficiency is rather low, ηe ≈ 25%. While excita-
tion and ionization losses (measured by εexc and εion) are
arguably small, about two-thirds of the absorbed power
(εwall) is lost to the walls, transported by the ions and
electrons that impact on them. In fact, the integrated en-
ergy fluxes (see §III C) over the inner thruster walls areas
adds up to 16.9W, where 51% is lost through the inner
rod surface, 40% through the backplate, 9% through the
lateral wall and 0.1% through the external wall. Large
losses at the magnetically unshielded backwall are well-
known from HPT analyses [21, 73] and the way to reduce
them would be to shield that wall (without altering much
the wave propagation). Magnetic shielding seems to op-
erate rather well at the lateral wall; it does not behave
well at the rod due to the large electron temperatures
around it, leading to very large thermal loads in that thin
element, which amounts for only a 6% of the total inner
thruster walls area. To reduce this problem should be
a central task of any design optimization of the thruster
chamber.

The second main source of inefficiency is related to the
meager utilization efficiency, a 50% in the simulation, and
also in good agreement with the experimentally-obtained
value. These values are also common in HPTs [74] and
are likely due to the large wall recombination. The conse-
quence is that a large fraction of the propellant is leaving
the source as neutrals, generating essentially no thrust.

On a positive note, the divergence efficiency ηd of
91.2% shows that the kinetic power of ions leaving the
domain is mainly axial and that good magnetic detach-
ment takes place in the MN. On the other hand, and in
line with the discussion above, the rather low conversion
efficiency ηc evidences that the expansion is still incom-
plete in the simulation domain.

The experimentally-reported power coupling efficiency
ηp is close to unity already in early designs [4] and in
contemporary ones [18], where they report a 95%. These
values are measured between the microwave generator
and the microwave feedthrough on the tank, and there-
fore do not record the attenuation in the line from the
tank feedthrough to the thruster. With the estimated
power attenuation factor of 2dB given in [11], the actual
coupling efficiency at the thruster entrance for the pro-
totype simulated here is 87%. This value is close to the
computed 92% coupling efficiency.

IV. CONCLUSIONS

An axisymmetric model of the plasma discharge in an
ECRT has been presented, which couples together the
slow plasma transport and the fast electromagnetic fields.
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Self-consistent simulation results for a thruster of this
type have been reported, discussed, and compared with
existing experimental data from the MINOTOR ECRT
prototype operating at its nominal point.

Results reveal the mutual dependency between the
quasi-steady plasma properties and the high-frequency
electromagnetic fields, as plasma density determines
the propagation regimes and the location of cut-
offs/resonances, while the power absorption map drives
the electron temperature profile. Multiple electromag-
netic propagation regimes coexist in the device. In most
of the domain wave structures are not observed, which
is expected due to the small dimensions of the thruster.
The exception is the neighborhood of the inner rod ele-
ment of the device, where a short wavelength mode has
been found. The main contribution to electromagnetic
power absorption is related to the radial electric fields at
the ECR region, in particular those closest to the exit
of the coaxial line. The ratio of reflected power is small.
The field propagation beyond the ECR surface occurs
along a low-density channel close to the inner rod ele-
ment of the thruster. As the topology of these regions
responds to the plasma density profile, varying the in-
put mass flow rate or the input power is expected to
alter them and consequently modify the electromagnetic
power flow. The study of these variations will be subject
of future work.

Large values of the electron temperature are observed
in the magnetic tube that connects with the coaxial line
exit. Electron temperature is almost uniform in the par-
allel direction to the magnetic field, but a large perpen-
dicular gradient exists. The electron pressure profile, on
the other hand, is smooth, not showing any pronounced
peak. The plasma density profiles peak at an interme-
diate radius instead of at the axis of symmetry. This
is likely a consequence of the presence of the inner rod,
which makes the plasma density drop close to its surface.

The quasi-steady electric field developed by the plasma
is quite similar along all magnetic lines in spite of the
differences in electron temperature among them. This,
combined with the observed ion velocity profile, results in
a local ion Mach number that varies substantially among
magnetic lines.

The particle and energy fluxes to the walls have been
analyzed per species, showing that the inner rod of the
thruster undergoes the largest particle and energy influx.
This element has also shown to undergo the major part
of the heat lost through the thruster walls. Thus, an
alternative design choice for the geometry and the ma-
terial of the inner rod element could lead to significant

improvement of the overall thruster performances. Re-
garding the impact energy, the maximum is exhibited by
doubly charged ions and overall it occurs at the inner rod
element. Thus, this element not only will suffer from con-
siderable thermal stress loads but also from the erosion
provided by the energetic impact of ions.

The central part of the rear wall is essentially per-
pendicular to the magnetic field lines that expand into
the MN region, and thus is connected to the bulk of the
plasma discharge. Particle and energy fluxes to this part
of the rear wall are large. On the contrary, the corner
region between the rear and the lateral walls forms a
nearly-isolated region which is well protected by the mag-
netic field, and this is reflected in the lower particle and
energy flux to it.

The performance figures computed from the simula-
tion results show a great agreement with existing exper-
imental data, serving as a partial validation point for
this numerical model. The main loss mechanisms are
plasma losses to the walls, especially to the inner rod el-
ement, and a low propellant utilization. Given this agree-
ment, and the difficulty of experimentally measuring de-
tailed profiles as the ones obtained by the simulation, the
present model could be used to propose novel designs that
could optimize the overall thruster performance. Further
work must continue to improve and validate the model,
in particular running simulations in larger domains and
using the available laboratory measurements of plasma
properties.

Lastly, the numerical treatment of the fast electromag-
netic fields near the ECR and UHR surfaces presents sev-
eral difficulties, which have been addressed with a pre-
dictive local refinement strategy applied to the mesh of
the W-module. Future work will look into other schemes
to reduce the need of refinement in these regions.
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Appendix A: W-module mesh refinement strategy

The different electromagnetic modes that exist in each
region of figure 7 have widely varying characteristic wave-

lengths. Accurate simulation of the high-frequency elec-
tromagnetic fields demands a sufficient number of el-
ements per wavelength, which calls for a specific W-
module meshing strategy, driven by different require-
ments than the I-module and E-module meshes.

To illustrate the difficulty, Fig. 11 shows the complex
phase of the fast electromagnetic fields Ẽz in a uniform
mesh and a refined mesh. It also displays the character-
istic number of mesh elements per local wavelength, this
one computed from the dielectric tensor for each case.
High wavenumber oscillations are observed in the neigh-
borhood of the UHR surface in the uniform-mesh sim-
ulation results, which are only partially physical. Such
oscillations do not correlate with waves as there is a mis-
match between the expected wavelengths given by the
local properties and the numerical solution. Further-
more, as the oscillations scale is of the order of the mesh-
cell characteristic length, this suggests that such oscil-
lations are in fact spurious noise. Indeed, progressive
refinement of the mesh shows that the fields converge to
those on the right of the figure, where most of this os-
cillations have disappeared and therefore are considered
error noise. Only some of the oscillations remain in the
low-density channel that occurs near the inner rod ele-
ment in this simulation, as shown in the main text (Fig.
8). Noteworthily, while the noise affects the field phase,
it was observed that it does not impact significantly the
power absorption profile.

Therefore, in the present work the mesh is refined
around the ECR and the UHR regions in the last itera-
tions of the W-module only, a procedure that has proved
successful in mitigating this spurious noise and speeding
up convergence to the steady-state results.

As a final observation, it is noted that multiple plasma
and magnetic field profiles were tested, reaching the con-
clusion that the location of this noise is in direct cor-
relation with the location of the UHR surface. Similar
spurious solutions near this resonance are reported near
lower-hybrid resonances in other works [75], which show
some mathematical analogy with the UHR. A regulariza-
tion of the double-curl formulation of the finite elements
scheme is suggested there as an alternative route to solve
this issue [76, 77].

Appendix B: W-module numerical verification

The W-module used for this simulations has been im-
plemented based on a verified FE discretization library
[65]. As for the electromagnetic problem to be solved,
several unit and integration tests were performed to ver-
ify the electromagnetic solutions. In a first stage, the
method of manufactured solutions [78] was used with
simplified simulation setups [45]. The expected order
of convergence was observed. Secondly, for a simula-
tion domain and plasma properties similar to the ones
shown in the main text, an error convergence analysis
with different meshes was performed. The strategy used
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FIG. 11: Complex phase of the Ez fast electromagnetic field and number of mesh elements per local
wavelength for a uniform mesh (left) and for a refined mesh (right).

FIG. 12: Absolute errors, mean (bluebars) and
standard deviation (errorbars) in axial electric

field amplitude and phase, for different numbers
of consecutive mesh refinements.

was to start with a coarse mesh and progressively refine
the mesh by splitting each element into four, computing
the solutions of the electromagnetic fields for each mesh.
A total of five meshes are used, consisting of 465 and
119040 elements the coarsest and finest meshes, respec-
tively. Taking the finest mesh as the reference solution,
the errors on the axial electric field norm and phase angle
are shown in Fig. 12. Note that the amplitude error has
been normalized by the maximum value in the domain.
The obtained results serve to verify the convergence of
the scheme and to quantify the error committed by the
W-module as a function of the mesh size.
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