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ABSTRACT:

A coupled plasma transport and electromagnetic
wave model of a coaxial electron cyclotron reso-
nance thruster (ECRT) prototype is used to perform
a parametric investigation on mass flow rate, mi-
crowave power, applied magnetic field strength and
resonance location and geometry of the gas injec-
tor. Losses are found to dominate thruster perfor-
mance, and to scale mainly with the energy per par-
ticle ratio. Displacement of the resonance within the
thruster chamber shows no significant changes in
terms of overall thruster performances or electro-
magnetic properties. In absence of the ECR re-
gion, the thruster performances drop significantly,
including the power coupling efficiency of the de-
vice. However, the simulations show that the plasma
can still absorb electromagnetic power in the region
that lies within between the critical density and the
upper-hybrid resonance (UHR) parametric surfaces.
A lower plasma density near the inner conductor
of the device opens a short wavelength propaga-
tion channel in this region. Radial injection shows
enhanced uniformity in stationary neutrals density,
which results in enhanced ionization, outperform-
ing the axial injection alternatives. Comparison
with experimental measurements reveals the model
matches experimental estimations at the nominal
operating point but overestimates the prototype op-
timal operating mass flow rate.

1 Introduction

The Electron Cyclotron Resonance thruster (ECRT)
[1-3] belongs to the class of electrodeless plasma
thrusters (EPTs). In conventional electric propul-
sion (EP) devices, electrodes are used to generate
the discharge. These components are known to be
life-limiting components due to their erosion. EPTs
use electromagnetic (EM) heating to ionize and heat
the propellant, avoiding the use of cathodes in the
design. The operational principles of the ECRT
are based on the use of an applied magnetic field,
generated by either solenoids or permanent mag-
nets, allowing the propagation and absorption of

electromagnetic waves and also the generation of a
magnetic nozzle (MN) that expands and accelerates
the plasma, creating magnetic thrust.

A recent overview of the history of the develop-
ment of the ECRT can be found in the introduction
of Ref. [4]. In the recently-concluded H2020 MINO-
TOR project, a novel low power thruster concept that
uses a coaxial line to feed microwave power to the
discharge was studied. The goal was to improve the
understanding of the ECRT operation and to prove
the feasibility of this technology, both experimental
and theoretically. Several thorough experimental
campaigns were performed to optimize the proto-
type [3,5-12], and also resulted in significantly re-
fined experimental apparatus. An ECRT simulation
model [4] based on this thruster concept was de-
veloped and utilized to characterize the plasma dis-
charge of the prototype, providing quantitative esti-
mations of the thruster performances and showing
coherence with experimental measurements [5] at
nominal thruster operation. Additionally, the model
provides support in the optimization process of the
thruster design.

This paper shows the results of different parametric
investigations performed on the ECRT model of the
30 W prototype being developed at ONERA. Firstly,
an analysis of the simulation results at different op-
erating points is shown, comparing to experimental
measurements. Secondly, the effects of the ECR
zone location is investigated. Finally, a study of the
impact of injector location in the thruster chamber is
presented.

The rest of the document is structured as follows.
Section 2 explains the simulation model, including
the definitions of thruster performances used. Sec-
tion 3 details the effects of the operational param-
eters, these being the mass flow rate »» and the
forwarded power, on thruster performances, com-
paring with experimental measurements of the real
prototype. Section 4 shows the ECR location inves-
tigation. Section 5 details the impact of the injector
location. Section 6 gathers the principal conclusions
of the manuscript. Appendix A provides a simulation
outline and appendix B explains the simulation do-
main.
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2 Simulation model

The axisymmetric model of the ECRT is explained
in detail in [12]. Next, only a brief summary of its
main features is provided. The model solves the
coupled time evolution of the plasma transport and
the fast electromagnetic fields, obtaining stationary
solutions for both the plasma properties and the EM
fields. The plasma transport model [13, 14] uses
a hybrid approach, treating the heavy species with
a particle in cell (PIC) code with Monte-Carlo colli-
sions (MCC) referred as the I-module here, and the
electrons as a magnetized diffusive fluid [14]. This
choice is motivated by the considerable computa-
tional cost reduction associated to this approach.

Amongst its capabilities, the I-module computes the
macroparticles’ motion, interaction with the walls in-
cluding the particle and energy fluxes, and the ion-
ization, excitation, charge-exchange, and Coulomb
collisions. Particle-wall interaction models incorpo-
rate ion recombination and re-emission as neutrals,
neutral mass flow rate 7 injection and a Bohm forc-
ing algorithm at the sheath edge. The PIC mod-
ule uses a structured cylindrical mesh (PIC-mesh)
which simplifies the algorithm and reduces signifi-
cantly the computational costs.
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Figure 1: PIC-mesh view with two surfaces of
interest for the study highlighted: a transverse
cross-section at z = 0.5 cm, and a cylindrical
section with r = 0.745 cm. The magnetic field
aligned mesh of the E-module and the unstructured
mesh of the W-module are not shown.

The electron-fluid (E-) module computes the solu-
tion using a finite volumes method in a B-aligned
mesh. The model assumes quasi-neutrality, no
electron inertia, isotropic electron pressure and
temperature, a diffusive heat flux equation and a
phenomenological turbulence based model in the
azimuthal direction based on a parameter to be
adjusted empirically. The power deposition due to
the fast electromagnetic fields appears as a source

term in the electron energy equation. The electron
module uses the heavy species densities and veloc-
ities to compute the macroscopic properties of the
electrons. Then, it provides the PIC-module with the
electrostatic potential and the electron temperature.

The EM wave (W-) module is a finite element fre-
quency domain full wave model that solves for the
electromagnetic fields in the excited plasma using a
cold plasma model [15]. The model takes as inputs
the electron density and collisionality maps from the
E-module and computes the electromagnetic fast
fields (i.e. both electric and magnetic fields) and
computes the EM power absorption (Q,) maps.

The code uses a time-marching approach, where
for each PIC-module timestep At;, that is set ensur-
ing that the fastest ion particles do not cross more
than half a cell of the PIC-mesh per timestep, the
E-module is run 10 times. As both the electron den-
sity and the effective collisionality vary only slowly
as the steady-state is approached, the W-module is
only run every 5000 steps. All simulations reported
here converge after three W-module updates.

Parameter Name Value
L{cm] Inner rod length 2
Trod [ CM ] Inner rod radius 0.115
l[em] Lateral wall length 1.51
R[cm] Lateral wall radius 1.375

L,[cm] Plume domain length 2
R,[cm] Plume domain radius 2.75
Zinj [ CM] Injection surface center z 0.0
Ting [ CM ] Injection surface center»  0.5735
tin; [CM] Injection surface width 0.229
re[cm] Coaxial shell radius 0.3
f1GHz] Applied EM frequency 2.45
m [ mg/s ] Neutral mass flow rate 0.2
Py [W] Power forwarded 30
Atr[ns] lon module timestep 10
Atg[ns] Electron module timestep 0.25
uin; [M/s]  Average injection velocity 300
Tinj [eV] Injection temperature 0.02
al-] Anom. transport coefficient ~ 0.02
Nerl-] PIC mesh’s cell number 880
Narl-] MFAM'’s cell number 807
New [-] Wave mesh’s cell number 96526

Table 1: Geometrical, operational and simulation
parameters in the nominal case.

Figure 1 shows the PIC-mesh used in the simu-
lation domain with the geometry of the prototype
studied. This mesh is a reduced version of that
of [4], allowing faster simulation times. In Appendix
B it has been checked that the mesh does not affect
substantially the simulation results. Additionally, it
shows two surfaces which are used as target lo-
cations for the study in sections 3 and 5. Firstly,



a horizontal line located at the middle radius (i.e.
r = 0.745 cm) of the thruster chamber, which allows
to investigate trends in the axial direction. Secondly,
a radial line of at z = 0.5 cm which provides with
information of the radial evolution of the plasma
properties within the thruster chamber.

Table 1 shows the different geometrical, operational
and simulation parameters for the nominal point of
operation (i.e. case REF).

The model estimates the overall performances of
the thruster as detailed in Ref. [4]. The thrust F of a
MN-based thruster is generated partially 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 0y,
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(Eq. 1)

where the sum on s extends to all species. Since the
expansion continues downstream the maximum z of
the simulated domain in the remaining part of the
magnetic nozzle, the magnetic thrust is underesti-
mated by the simulation. However, most of the ion
acceleration in this ECRT was measured to be lo-
calized in the first few cm after the thruster chamber
exit [16]. The specific impulse is calculated from this
magnitude as I,, = F'/m. The microwave power en-
tering the thruster, P, is partially absorbed by the
plasma, P,, and partially reflected back through the
coaxial cable, P,, thus

Pf:Pa+Pra (qu)

and free-space radiation losses are neglected. The
reflected power is obtained directly from the voltage
standing wave ratio (VSWR) at the coaxial cable,
computed as the ratio of the maximum and minimum
values of the radial electric field, and is directly re-
lated to the power coupling efficiency 7, as

P, VSWR —1)?
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Low coupling means high power reflection, so that
there is a significant impedance mismatch between
the line and the thruster, which would require spe-
cific impedance matching in the circuit design. Re-
garding the balance of power it can be split into sev-
eral terms:

Pa:Pexc+Pion+Pu7all+Ppa (Eq 4)

where P... and P,,, are the power spent in ex-
citation and ionization collisions, P,.; is the sum
of kinetic, thermal, and heat flux power lost to the
walls, and P, is the power flux of all species through

the free boundaries. Consequently, we can define
the loss ratios €czc = Pexe/Pay €ion = Pion/Pa, and
€wall = Pwall/Pa-

The (overall) thruster efficiency is computed as

F2
~ omp,

nr (Eq. 5)
This efficiency can be approximately decomposed
as

mioo Pp P1 Pzi

m P, P, P,

NF = NullelcNd = (Eqg. 6)

where 17, = 1/ is the utilization efficiency,
i.e. the fraction of propellant mass flow rate that
reaches the domain free boundaries as ions (712,00 );
ne = P,/ P, refers to the energy efficiency, i.e. the
fraction of absorbed power that becomes plume me-
chanical and thermal power (P,); 1. = P;/P, is the
conversion ratio, defined as the portion of the plume
power in the form of kinetic ion power (P;); finally,
na = P,;/P; is the divergence efficiency, which is
the fraction of ion kinetic power which is axial (P,;),
and thus generates thrust.

Observe that the estimation of the thrust efficiency
nr with right hand side of Eq.6 neglects the con-
tribution to thrust of both neutrals and electrons.
While the latter is negligible after full conversion into
ion power, it is still not negligible at the end of the
simulation domain used here. The presence of sig-
nificant electron temperatures and densities and the
end of the domain lead to electron contributions to
total thrust of around 25 %. A MN model would be
required in order to obtain a fully developed plume.

Additionally, another relevant ratio of ion flow rate at
the free boundaries with respect the total at all the
simulation boundaries:

fnioo

Nprod = — (Eq. 7)
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3 Operating parameters

This section focuses on the effect of variations of
the mass flow rate and the forward power with re-
spect to the nominal operating point (represented by
simulation REF of appendix A). The new simulation
cases are MO and M2, which feature a 25% lower
and higher mass flow rate with respect to the nomi-
nal case, respectively, and cases PO and P2, which
have half and double the nominal microwave power
forwarded, respectively. All the other input param-
eters of the simulations are set to nominal. The
forward power Py is chosen as a parameter of anal-
ysis rather than the absorbed power P, to assess
the changes in the power reflection ratio. It has
been checked that the analysis based on varying
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Figure 2: Radial evolution of (a) the neutrals density, (b) electron density, (c) electron temperature, and (d)
electron pressure, for multiple operating conditions.
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Figure 3: Effect of the operating point on (a) the axial and (b) the radial evolution of electrostatic potential.
Radial values take as reference the value at the lateral wall (i.e. » = 1.375 cm). Axial values are normalized
laking the backplate as reference, being T = 7.9, 9.6, 5.1, 5.6, and 7.6 eV for cases REF, M0, M2, PO and
P2, respectively.

P, instead reveals similar trends as those reported crease in 7 is to monotonically rise the neutrals
here. density in the chamber, with such correlation not
being directly proportional. Physical processes as

) , ropellant ionization, ion recombination at the walls
Fig. 2(a) shows that the general effect of an in- prop



and expansion from the injected region are affected
by the mass flow rate itself. Depletion of neutrals
density towards the lateral wall is highly influenced
by this parameter.

The trend with forwarded power is less clean-cut,
showing that in the bulk of the discharge the den-
sity of neutrals varies inversely to the changes in
forwarded power, except for the region close to the
lateral thruster wall where small variations are ob-
served. Additionally, this correlation is not of direct
proportionality, as a decrease in power has a greater
impact in the resulting neutrals density. A possible
explanation relies in the fact that optimal levels of
ionization at this thruster configuration are achieved
at the nominal case, reducing the efficacy of an in-
crease in P on the ionization.

The dynamics of electrons interacts strongly with
many physical phenomena. Figure 2(c) shows the
radial evolution of the electron temperature for differ-
ent operational points, exhibiting greater changes in
the region close to the inner rod surface, which is the
region of maximum power absorption for all cases.
In fact, as it is shown in Fig. 4(b)-(f), the power
absorption density maps remain barely affected by
the varied parameters, only applying a scaling in
the magnitude in the cases with different P;. The
electron temperature in stationary conditions, in-
creases with P; and decreases with 12 as would be
expected from the energy per particle/mass. The
higher T, values near the inner conductor and the
strong temperature gradient are a robust result ob-
tained in all the simulations, which can be explained
by the dominance of this term in the electron inter-
nal energy equation.

Regarding the electron pressure, shown in Fig. 2(d),
it increases in the entire domain both with mass flow
rate and forward power. While increasing mass flow
rate enhances electron pressure closer to the in-
ner rod, increasing the forward power enhances the
electron pressure mainly in the center of the annu-
lar chamber, away from the either wall. Regarding
the drop in electron pressure close to the inner rod
surface compared to case M2, it is a result of the
electron density depletion in the vicinity of the inner
rod for increasing Py, as it is mentioned later. The
pressure value at the walls is essentially unaffected
by these variations, and as a consequence, increas-
ing either the mass flow rate or the power results in
steeper radial gradients.

Lastly, figure 2(b) shows variations experienced by
electron density. While these variations can be in-
ferred directly from those of the electron tempera-
ture and pressure, it is worth discussing electron
density due to its more complex behavior. As ex-
pected the plasma density increases with both the

mass flow rate and the forward power. This is re-
lated to ionization being the primary factor affecting
the electron density in stationary conditions, and
ionization is driven by mass flow rate and forward
power.

However, while increasing mass flow rate enhances
electron density everywhere, increasing the for-
ward power enhances the electron density mainly
at higher radii, away from the inner rod element of
the thruster. In fact, the electron density close to
the inner element is seen to decrease slightly with
the forward power, so that a steeper radial gradient
arises.

The changing plasma density map also leads to
significant changes in EM power propagation and
absorption inside the thruster. This is because of
the appearance of a new propagation region close
to the inner element when the electron density there
is sufficiently low, and can be understood as a chan-
nel or “tube” for EM power propagation, as shown in
Fig. 4.

Figure 3(a) shows the effect of both mass flow rate
and forward power on the radial evolution of the
electrostatic potential, taking as reference the po-
tential at the lateral wall. Note that for increasing
mass flow rate, the radial evolution of the poten-
tial, and thus the radial electric fields are almost
unaffected in the bulk of the plasma. The main dif-
ference is the increase in the potential drop at the
inner rod surface, explained by the increase in elec-
tron temperature there with decreasing mass flow
rate. The normalized behavior of the radial elec-
tric fields is again very similar for different forward
powers. The main differences are that the potential
is higher close to the lateral wall for lower forward
powers as there the electron temperature is greater,
and the higher radial electric field at the inner rod
surface for higher forward powers. The latter effect
is again linked to a higher electron temperature near
the inner wall, the higher the forward power.

Figure 3(b) shows the axial evolution of the plasma
potential along z (i.e., essentially in the parallel di-
rection) on the mid-radius of the thruster chamber,
for the different operating conditions considered in
this study. The electrostatic potential values are
normalized with a reference potential and electron
temperature, taken as the backplate node, indicated
by the marker « to facilitate line comparison. This
normalization shows that the studied variations keep
essentially the same axial profiles.

Both the mass flow rate and the forward power,
by affecting the equilibrium state of the plasma
transport properties, specifically the electron den-
sity and collisionality, alter significantly the propaga-
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Figure 4: The first row shows the plasma density and power absorption map for case REF. Figures (c)-(f) show
the power absorption density maps for cases M0, M2, PO, P2, ECR0O and ECR2. Lines represent the ECR
(dashed), the critical density loci (solid), and the UHR (dash-dotted).

tion regimes present in the thruster. This modifies strongly dominated by the anomalous contribution
the paths through which the electromagnetic power in the simulations shown and this depends on the
flows and reflects and even the resonant surfaces magnetic field, it is the electron density that varies
where these are absorbed. Since the collisionality is the most across simulations.
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Figure 5: Map of efficiencies and energy use for the cases shown in the parametric investigation of forward
power and mass flow rate. In the horizontal axis the P, /m represents the energy absorbed per mass, or parti-
cle. For the sake of comparison, in (a) two experimental operational points (A and B) reported in Ref. [10] are

shown.

In this thruster configuration, several parametric sur-
faces appear that represent specific conditions of
the plasma density and/or applied magnetic field in-
tensity for which there is either a cutoff of an specific
propagating electromagnetic wave mode or a reso-
nance. Figure 4(b)-(f) shows the power absorption
maps for all thruster operating points considered,
including their corresponding parametric surfaces.
Dashed lines represent the location of the ECR,
static in this section as it depends on the By and w.
Solid and dashed dotted lines represent the location
of the cutoff of the parallel mode, which occurs at
the critical density (i.e. density at which the excita-
tion frequency is that of the plasma), and the upper
hybrid resonance (UHR). Both surfaces are affected
by the electron density.

Power absorption (Q,) maps resemble each other
having the region of maximum power absorption
located at the location of the ECR and close to the
inner rod surface as explained in [4], thus supporting
the robustness of the model. The maximum @, in-
creases with increasing forward power, while keep-
ing the shape similar. The electromagnetic power
accesses from the dielectric window (i.e. interface
of the coaxial with the thruster chamber). Then it
propagates and most EM power is absorbed in the
ECR region. Downstream of the ECR region, an
evanescent region for all EM wave modes is domi-
nant in most of the plasma. As the plasma density
follows the mass flow rate in the entire domain, the
result of changing the thruster operating point is to
displace the parallel mode cutoff loci and the UHR,
downstream for increasing mass flow and upstream
for lower mass flow. This effect can also be noticed

in the case of changing forward power, although it is
less evident.

Additionally, as a result of the steeper electron den-
sity depletion close to the inner rod surface for
higher forward power, a propagation channel opens
for increasing forward power, and contrary occurs in
the case of increasing mass flow rate, as the elec-
tron density close to the inner rod increases as well.
This propagating region allows to deposit some EM
power downstream the ECR region.

This channel opening has an effect in the coupling
efficiency 7. reported in Tab. 3, as for increasing
mass flow rates it decreases from 96.1% to 80.0%,
and for increasing forward power increases from
87.6% t0 91.6%.

Table 3 shows all the different performance param-
eters for all the cases investigated. As expected
the thrust increases with both mass flow rate and
forward power. However the sensitivity to changes
in these parameters is greater in the decreasing di-
rection. In the case of the overall thruster efficiency,
while in terms of forward power the operational point
of the thruster is close to the optimum, the mass flow
rate allows for slight increases. Case P2 denotes
that for further increase of the forwarded power, al-
though the utilization efficiency is increased by the
increased electron temperature within the thruster
chamber, the added power results in rising the heat
losses through the walls. For increased mass flow,
the utilization remains unaffected but the losses are
significantly decreased. This denotes that the op-
timal thruster operating point is for slightly higher
mass flows and similar forward power. The model



suggest that the main form of efficiency losses are
losses to the walls. This is true for all simulations
in this work. Clearly, any improvements to this
thruster technology must address the reduction of
wall losses to enhance thruster efficiencies.

Figure 5(a) shows the variation of the different
thruster efficiencies with the ratio of mass flow
rate to absorbed power. Two operational points
measured in an experimental campaign reported in
Ref. [10] are also added for the sake of comparison.
It can be noted that only the energy efficiency and
the utilization efficiency follow a trend with the 1/ P,
ratio, the former increasing and the latter decreas-
ing with it, as measured experimentally [10]. The
overall thruster efficiency exhibits a maximum rela-
tively close to case REF.

Figure 5(b) details the computed different energy
uses given to the absorbed power. As mentioned
before, the energy lost to the wall decreases with the
amount of mass flow rate per unit absorbed power.
Furthermore, both ionization, excitation and energy
ratios increase with decreasing P,/r. However,
the curves saturate at values between case M2 PO,
where no significant changes can be noticed. This
implies that there is an optimum in Py in this type of
thruster and it is slightly to higher mass flow rates
and lower forward powers than the nominal opera-
tion point. Beyond that point, increasing the forward
power or reducing mass flow rate would result in
larger wall losses, and more inefficient operation.

Comparing the experimental values with the model
estimations, it is noticed that cases MO and A de-
note comparable performances in overall thruster,
utilization, energy and divergence efficiencies, for
similar operational points. However the simulation
model overestimates the utilization efficiency. The
conversion ratio to ion power is seen to be far from
1 in the present simulations. Unfortunately, at this
time the experimental cases provide no information
about their conversion ratios to afford a direct com-
parison or validation in this respect.

We note that case B exhibits a significant decrease
in performance with the ratio 1/ P, which is not es-
timated by the envelope of cases run in this inves-
tigation. This suggests either an overestimation of
the optimal ratio m /P, for the coaxial ECRT model
presented here with respect to the experiments.

4 ECR location

The operation of the ECRT relies in the electromag-
netic power deposition that takes place mainly in the
ECR region. In this section, an investigation on the
influence of the location of the ECR region is per-
formed. Using the nominal case (i.e. REF) as refer-

ence, we have scaled up and down the strength of
the applied magnetic field By to displace the ECR
resonance in the original device. Two alternative lo-
cations of the ECR region with respect to the nomi-
nal have been investigated:

e ECRO: decrease the applied magnetic field in-
tensity by a 20%, thus moving the ECR reso-
nance upstream and outside of the discharge
chamber. In this case we have forced the
thruster to operate without ECR region to
check whether its operation is feasible and to
understand the mechanisms of power deposi-
tion in this case.

e ECR2: increase the magnetic field intensity by a
25%. This case enables studying the effects of
moving the ECR region further downstream.

Figure 6 shows the location of the ECR regions for
the two alternative cases and the nominal case,
representing in the background color the nominal
applied magnetic field. The cyan curve in Fig. 6
shows the location of ECR region for case ECRO,
in REF the location of the nominal ECR region (i.e.
REF) and finally, in magenta the ECR location cor-
responding to case ECR2.
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Figure 6: Resonance locations analyzed in the
study. The applied magnetic field intensity of the
reference case is shown in the colormap. The con-
tour lines represent the three ECR locations inves-
tigated: red (nominal), cyan (behind backplate) and
magenta (downstream).

Note that since the excitation frequency has not
been varied in any case, the location of the ECR
region is still located at the 875 G contour line, al-
though the location of this contour line differs for
each case. As a consequence of varying the mag-
netic field strength, the magnetization of charged
particles and thus the transport coefficients vary
among simulations. However, this is seen to play
only a minor role in the present simulations. Indeed,
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Figure 7: Poynting vector representation for cases (a) ECRO, (b) REF and (c) ECR2, with colormap indicating
its magnitude, and the arrows its direction and sense. Lines represent the ECR (dashed), the critical density

loci (solid), and the UHR (dash-dotteq).

the main change in the plasma response is due to
the effect on wave propagation and absorption that
shifting the position of the ECR resonance has.

Figures 4(g) 4(a) and 4(h) show the power absorp-
tion maps for cases ECRO, REF and ECR2, respec-
tively. Comparing the three cases, those with an
ECR region (i.e. REF and ECR2) absorb most of
the power there, and a small part of the absorption
takes place close to the propagating channel and at
the UHR.

Case ECRO shows the importance of the ECR in
ECRT technology, as it eliminates the ECR from
the domain, and therefore EM power propagation
and absorption behaves differently. In principle one
could expect that this configuration does not ab-
sorb EM power. However, there is significant power
absorption concentrated both at the propagating re-
gion close to the antenna, and at the UHR.

Figure 7 plots the time average of the Poynting vec-
tor S = JRe{E x H*}, where E and H* are the
complex amplitude electric field vector and the com-
plex conjugate of the complex magnetic field, re-
spectively. S represents the time average flux of
electromagnetic energy through the domain. Note
that this represents the net flow of power in steady
state conditions, including any reflected power.
Figs. 7(a), 7(b) and 7(c) show the Poynting flux mag-
nitude in the colormap and the direction in arrows.
These figures detail the different paths of propa-
gation of the electromagnetic power through the
thruster for different ECR locations. In all cases the
power accesses through the coaxial cable, where
the Poynting intensity is the largest. From this point
on, the EM power flows mainly close to the inner rod
surface in all cases through the propagating chan-
nel. As detailed before, this channel appears due to
the density depletion close to the inner rod surface.

In all cases, there is a clear correlation between
the presence of resonances and cutoffs and the
Poynting flux vector. Resonances as the ECR or
the UHR, are boundary surfaces that act as regions
of power absorption. In fact, the power absorption
is coherent with the behaviour of the S vector as
it crosses a resonance. |S| decreases as S flows
through the resonance. This effect can be easily
noticed in the cases with an ECR (i.e. REF and
ECR2). All resonances absorb EM power from the
normal component of S. As a direct consequence,
as considerable fraction of the normal component
is absorbed, and S tends to become tangential to
the resonances. In any case, in all the discharges
the UHR behaves as a stopper for EM propaga-
tion downstream the plasma bulk. Furthermore, S
starts to bend even before the resonance, becom-
ing tangential progressively. This is a direct conse-
quence of the damping included in this model (in
this case collisional), as it increases the resonance
thickness [17]. Again, although this effect is more
evident in the ECR than in the UHR (see cases REF
and ECR2 in Figs. 7(b) and 7(c)), it occurs at both,
as can be seen in case ECRO, Fig. 7(a).

Cutoff parametric surfaces also modify the propa-
gation of EM power. These boundary surfaces limit
part of the propagating EM power across them, and
only a small fraction can tunnel through. Specifi-
cally, Figs. 7(a) and 7(b) show a black solid line,
which denotes the location of the critical density
ner = €omew? /e, being ¢ the vacuum permittiv-
ity, and m. and e the electron mass and charge.
This surface separates the so-called underdense
plasma (i.e. n. < n..) from the overdense plasma
(i.e. me > nep. In particular, for w.. < w and over-
dense plasmas (that is in the region inside the solid
black line) all electromagnetic modes are evanes-
cent. Therefore, |S| decays exponentially in this
region.



In all cases, the electromagnetic energy is able to
tunnel through the evanescent region. However, in
case ECRO this effect is more evident close to the
backplate, as the perfect electric conductor bound-
ary condition imposed on the backplate forces the
wave electric field to be normal. This combined with
a dominant azimuthal wave magnetic field leads to
a radial Poynting vector. Such effect is not noticed
in the cases with ECR resonance, as the Poynting
vector reaches the outer conductor through a diag-
onal propagating path (see Figs. 7(b) and (c).

Comparing the three different scenarios we note
that the coupling efficiency of case ECR2 is en-
hanced with respect to case REF, increasing from a
91.1% to a 98.2 %. However, case ECRO exhibits a
strong reflection and slow coupling efficiency, in this
case of 18.1%, resulting in only 5.42 W of absorbed
power. This indicates that the presence of the ECR
resonance is essential for an efficient power cou-
pling with the plasma in the thruster.

Overall, displacing the ECR resonance further
downstream or upstream shows no significant effect
in thruster performances, as long as it remains in
the plasma. However some small modifications can
be noticed. The increase in the utilization efficiency
for case ECR2 (from 49 to 52%), the decrease in 7,
from 22.5 to 19.2% and the increase in P, from 27.3
to 29.5 W, results in lower overall thruster efficiency
of the thruster, that decreases from 4.9 to 4.4%.
The main motivation in the decrease of 7, is the
increase in the amount of losses to the walls, €41,
that is increased with respect to the reference case.
This could be explained by an increased cross-field
transport modeled by both the turbulence-based
force and heat flux, which is proportional to the ap-
plied magnetic field intensity. Note that the latter
is increased from case REF to ECR2 by a 25%.
Moreover, the production efficiency is higher for the
UHR, then the ECR2 and the lowest is at the nom-
inal case. Thus cases ECRO and ECR2 have a
decreased fraction of ions generated that are lost at
the walls by recombination, and in principle would
increase the losses.

Regarding case ECRO, the power reflection is too
large, which decreases substantially the absorbed
power (coupling efficiency 18.1% with respect to the
nominal 91.1%). While it is clear that this case has
lower performance, the effect of removing the ECR
is less deleterious than would be expected, reach-
ing a thrust efficiency of 2.7%. The performance
of case ECRO is hindered by a poor utilization effi-
ciency which can be a result of such a high /P,
ratio. Overall, the main inconvenience of this design
is its low coupling efficiency.
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5 Injector orientation

In this section we show the effects of varying the in-
jector geometry, as detailed in Table 2, with two al-
ternatives: (i) Case INJZO0: the injector is displaced
to lower radius, and still at the backplate, (i) Case
INJR: displace the injector to the lateral wall, close
to the backplate, and inject the mass flow rate ra-
dially inwards. In this case we have increased the
width of the injector port.

Parameter Units REF INJZO INJR
Ting cm 0.5735 0.35 1.375
ting cm 0.229 0.229 0.429
Minj B ]-z 12 — 1T

Table 2: Injector geometrical parameters.

Table 2 shows the variety of injector geometries
used in this study, characterized by: (i) the coordi-
nates of the injection surface center z;,; and r;,;,
(if) the injection surface width ¢;,,;, and (iii) the in-
jector surface normal vector ;.

The location of the injector affects mainly the maps
neutrals density within the thruster chamber. This,
in turn, drives the dynamics of the plasma. Compar-
ing the resulting stationary neutral plasma density
maps of cases REF and INJZ0, shown in Figs.8(a)
and 8(b), it can be noticed that the only noteworthy
change is that the radius of the maximum n,, relo-
cates following the injector location. The injected
particle flux depends on the mass flow rate and
the surface. The magnitude of the maximum is in-
creased in case INJZ0 with respect to case REF
since the injector surface is reduced with this mod-
ification. This results in a greater injected particle
flux, and that for a fixed injected population velocity
and temperature, leads to increased neutrals den-
sity.

Contrary to case INJZO0, significant changes can be
noticed in the plasma properties of the discharge
for case INJR, shown in Fig. 8(c). For instance,
the behaviour of n,, is completely modified. In this
case, the maximum neutral density decreases (from
5 and 8 x10' to approximately 2 x10'? m—3), pro-
vided the greater surface area of the injector now
located at the lateral wall. Additionally, the resulting
map of neutral density is much more homogeneous
than the other two, and the average value is signifi-
cantly higher than what could be expected from the
increase in the injector area.

In order to discern the details inside the thruster
chamber to a greater degree, the effect of injector
geometry in the radial profile of the neutral density
at z = 0.5 cm is shown in Fig. 9(a). Note that
the average neutral density is much larger for case
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Figure 8: Figures (a), (b), and (c) show the neutral density maps, and (d), (e), and (f), the ionization source
maps for different injector geometries.
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Figure 9: Radial evolution of (a) the neutrals density, (b) electron density, (c) electron temperature, and (d)
electron pressure, for different injector locations.

INJR than that of the other two cases, and that for case INJZ0, the density of neutrals is increased to-
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wards the inner rod surface with respect to case
REF. Additionally, the radial profiles show the previ-
ously mentioned enhanced homogeneity of neutral
density profiles for case INJR. Furthermore, in all
cases the effects of ion-wall recombination at the
walls can be noted, being the effect the most signif-
icant for case INJR and the least for INJZ0.

Amongst all the simulations shown in this investiga-
tion, the injector orientation induces the most sig-
nificant changes in plasma density. Overall we note
that the level of plasma density achieved in case
INJR is much greater than for the other two cases,
being the lowest that of the nominal injection, see
Fig. 9(b). Similarly to the neutrals density, the ef-
fect of moving the injector to lower radius along the
backplate results in displacing the radius where the
peak plasma density is located in that same direc-
tion, reaching much greater plasma densities close
to the inner rod surface (from approximately 0.8 to 2
x10'" m~3). Thus, the density depletion that occurs
towards the inner rod is prevented, produced by a
significantly enhanced ionization in this region. This
effect can be noticed in Figs. 8(d) and 8(e), which
represent the ionization source term S;,, = n.von
for cases INJZ0 and REF. Comparing case INJR
to the other two, the effect is to increase the aver-
age electron density within the chamber and also
replenishing the region close to the inner rod. This
is a result of the ionization rate close to this region,
which is significantly increased as the amount of
neutrals is drastically raised whilst the electron tem-
perature is still above the ionization energy. This
effect can be noticed comparing 8(d) and 8(e), to
8(f).

Figure 9(c) shows the effect of injector geometry
in the electron temperature and plasma potential.
Regarding the radial profile of the electron temper-
ature, we note that the maximum temperature is
achieved close to the inner rod surface for all the
cases but that its magnitude is doubled for case
REF with respect to the other two. Additionally case
INJR exhibits a more homogeneous electron tem-
perature than the other two close to this maximum.
Moreover, all cases evolve similarly towards the lat-
eral wall, reaching approximately the same 7. there.

In the case radial electrostatic fields (see Fig. 9(d))
we note that there are significant changes between
the cases. Although close to the inner rod there is a
negative radial electric field for all cases, there is a
significant variation in their magnitude. This can be
explained due to the differences in the electron tem-
perature and density obtained close to this region
for all cases. Close to the inner rod, electron pres-
sure and electrostatic forces balance each other.
As the temperature drop is much greater for case
REF than for the other two, and the pressure drop is
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much greater for this case the electron density has
to decrease faster towards the inner rod. However,
in order to fulfil electron momentum balance, the
increased electron pressure force has to be com-
pensated with an increased electrostatic force. As
the electron density decreases, the electric potential
needs to drop significantly more for case REF than
for the other two. Notwithstanding this difference,
the radial electric fields are mild in the thruster core,
and evolve similarly towards the lateral wall.

Comparing the overall performances of case INJZ0
with respect to the nominal design for the injector,
no significant advantages in terms of performance
are found. In fact, an equivalent operational point of
the nominal design (i.e. M2) provides with similar
performances. This case exhibits lower absorbed
power with respect to case REF, as the power cou-
pling is significantly decreased. This explains the
drop in the maximum electron temperature and may
explain the decreased wall losses for this injector
configuration, together with the lower radial electric
field towards the inner rod exhibited in this case.
The temperature drop results in decreased overall
level of ionization.

However, the case of radial injection is completely
different. We note that a modification in the radial
injector leads to improved overall thruster efficiency
of a 20% relative to the nominal case, from 5.1% to
6.2%. This is a result of the improvements obtained
with the use of a radial injection in the energy, utiliza-
tion, divergence and conversion efficiencies. Table
3 shows that for case INJR, the resulting wall losses
are significantly decreased, from a 67.3% of case
REF, to a 56.9%. This is a result of enhanced usage
of energy, increasing the ionization and excitation
losses and also that provided to accelerate the dif-
ferent species, represented by the energy efficiency.
As a result we can conclude that radial injection out-
performs the axial injection alternatives.

6 Conclusions

In this work a simulation model of the coaxial ECRT
has been used to analyze the effects of different
thruster operating points and modifications in the
thruster design, such as the ECR region location
and the injector orientation. The main findings re-
garding the neutral and plasma dynamics in the
discharge chamber and the near plume region, as
well as the EM wave propagation and absorption,
have been discussed.

Most scaling with the operating parameters P, and
m is well understood and agrees with existing ex-
pectations. The plasma profiles and thruster perfor-
mances depend mainly on the energy per particle,
P, /m. The main difference relies in the appearance



of an EM propagation channel due to plasma den-
sity depletion close to the inner rod. The effect is
stronger for higher powers than for lower mass flow
rates.

In all simulations carried out the main loss mecha-
nism are the wall losses, which eat up most of the
potential performance of the device. These losses
are seen to scale mainly with the energy per particle
ratio. Clearly, this should be a main area of improve-
ment in future ECRT studies.

The central role of the ECR region in power de-
livery is evidenced by the drastic drop in coupling
efficiency when this region is taken out of the simu-
lation domain.

An adequate gas injector design can have a ma-
jor effect on the neutral density map and conse-
quently affect the plasma production in the thruster
chamber, with a direct impact on the thruster perfor-
mances.

Further work must include a more thorough compar-
ison with additional experiments with more recent
versions of the prototype, enabling a more complete
validation of the model.

Appendix A: Simulation outline

e CASE EXT: simulation of the ECR thruster with
extended simulated domain. The extension
reaches 6 cm axially and 4.125 cm radially.
Transport simulation domain includes the top
plume that extends from the last applied mag-
netic field line exiting the thruster chamber to
the maximum radius of the domain. Simula-
tion includes both singly-charged to doubly-
charged ionization, and doubly charged ion-
ization.

CASE 12: In this simulation the plume is trun-
cated close to the thruster. Modifications are
summarized in section Appendix B. The sim-
ulation domain extends 4 cm axially and the
top plume has been removed. CEX collisions
have been deactivated. Both PIC-mesh and
MFAM have been coarsened. The timestep of
ions and electrons has also been increased.

CASE REF: This case is the so-called reference
case which has been use as the nominal simu-
lation to vary parameters to perform this para-
metric analysis. Compared to 12, only double
ions have been deactivated.

CASE MO0: Case REF with injected mass flow
rated modified to 0.15 mg/s.

CASE M2: Case REF with injected mass flow
rated modified to 0.25 mg/s.
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CASE PO0: Case REF with injected electromag-
netic power modified to 15 W.

CASE P2: Case REF with injected electromag-
netic power modified to 45 W.

CASE ECRO: Case REF with a scaling factor
used in the applied magnetic field intensity,
Byfactor = 0.8 so that the ECR is located be-
hind the thruster backplate (see Fig. 6).

CASE ECR2: Case REF with a scaling factor
used in the applied magnetic field intensity,
Bractor = 1.25, displacing the ECR slightly
downstream (see Fig. 6).

e CASE INJZ0: Case REF with injector port (still at
the back plate) moved towards the inner rod,
closer to the applied magnetic field line ex-
hibiting maximum electron temperature in the
thruster (see details at Tab. 3).

CASE INJR: Case REF with injector port located
at the lateral, close to the backplate (see de-
tails at Tab. 3).

Appendix B: Truncated simulation domain

In this work, the simulation case shown in Ref. [4]
has been taken as a starting simulation, defined
as extended domain (EXT). Different simplifications
have been applied to the simulation setup in order
to optimize computational costs of this parametric
investigations while checking the relevance of vari-
ous effects.

Firstly, CEX collisions have been disregarded from
the simulation as the associated losses were found
to be negligible.

Secondly, the maximum length and radius of the
simulation domain have been reduced to twice the
characteristic scales of the thruster geometry in or-
der to quantify the importance of boundary effects
and reduce computational costs. As a result there is
a drop in the thruster performances but qualitatively
the thruster performance is maintained. Future re-
search will extend the domain length.

Third, the top part of the near plume above the last
magnetic field line exiting the thruster chamber was
eliminated from the transport domain simulation due
to (i) insufficient amount of particle reaching cells in
this region required higher overall amount of par-
ticles per cell, thus slowing down the simulations,
(if) the negligible interaction between this region and
the plume. This section of the domain was elim-
inated only from the plasma transport simulation
domains, as the effect of boundary conditions in the
electromagnetic problem would not be adequate,
and would result in wide differences with respect to



those obtained with the EXT domain. At the trun-
cated region, the plasma properties were linearly
extrapolated from the values within the transport
simulation domain.

Fourth, the axial and radial resolution of both the
PIC-mesh and the MFAM is reduced. Given that the
cells are coarsened, the timestep was increased
thus keeping the condition that the fastest ions do
not cross more than one cell per timestep.

Fifth, the effect of doubly-charged ions was disre-
garded to verify their importance in current simula-
tions. Given that its major effect was found to be a
decrease of about 15% on T, as a dedicated list for
this species required additional computational cost,
it was decided to not include them in the analysis.
Additionally, in Ref [4] it is shown that the density
of doubly-charged ions under these conditions is at
least one order of magnitude smaller that that of
singly-charged ions.

Acronyms are specified for the different simulations.
Starting from EXT simulation, all simplifications ex-
cept the fifth one above-mentioned, results in sim-
ulation 12. Eliminating doubly-charged ions from
the study results in the reference simulation (REF)
setup, with truncated domain as shown in Fig. 1.
The truncated meshes resulted in 880 PIC-mesh
elements and 807 MFAM elements (see Tab. 1).

It was verified that such simplifications did not af-
fect considerably the overall performances of the
simulation, neither the plasma properties. Table
3 shows the different figures of merit and thruster
performances measured for the different simulation
cases. The slight mismatch in performances be-
tween cases and REF are attributed mainly to the
difference of simulated plume extension. Figure 10
shows a comparison between the plasma proper-
ties of the EXT and REF simulations. Profiles of the
plasma density, electrostatic field, and electron tem-
perature are shown.
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Table 3: Outline of cases studied in the presented parametric investigation, including operational parameters,

electromagnetic performances, thruster performances and losses conspectus.
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