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Numerical simulations of the HT20k, a high power magnetically-
shielded Hall effect thruster, developed by SITAEL, are carried out with
HYPHEN, a two-dimensional axisymmetric hybrid PIC/fluid code with a
magnetized and diffusive electron transport model. The model includes a
phenomenological anomalous transport parameter, which is adjusted with
experimental data. A 2D spatial characterization of the plasma discharge,
including profiles along the thruster walls and global balances of current
and power, is presented, showing the effectiveness of the magnetic shielding
topology. The simulation results show little sensitivity to the plasma-wall
interaction parameters. The removal of neutral injection through the cathode
leads to a weaker coupling voltage and reduces slightly the performance.
When CEX collisions are included in the simulations the performance is not
noticeably affected. The sensitivity of the simulation results to the downstream
global boundary condition for electric current and heat fluxes is analyzed.

I. Introduction

The recent advances in Hall effect thruster (HET) systems in terms of performance and reliability, combined
with an increase in the availability of onboard electric power, are leading the way for an important implementation
of high power Hall effect thrusters in a wide variety of space platforms. ASPIRE (Advanced Space Propulsion for
Innovative Realization of space Exploration) is an EU-funded H2020 project with the goal of increasing the Technology
Readiness Level (TRL) of the HT20k thruster to 6. The HT20k thruster is a 20kW-class (high power) HET developed
by SITAEL[1], which features a magnetically shielded topology with singular magnetic point, from the DM2 version
onwards, to increase the thruster operational life and performance[2].

Another goal of ASPIRE is the enhancement of the numerical capabilities required to qualify high-power systems
(with large cost and limited availability of test facilities), which are not sufficiently matured in Europe currently. EP2
group at UC3M, together with other two university groups, is working on the modeling of the HT20k thruster within the
framework of ASPIRE, making use, for validation purposes, of the HT20k firing test data gathered by SITAEL. In
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particular, EP2 numerical tool HYPHEN (HYbrid Plasma thruster Holistic simulation ENvironment)[3| 4], an advanced
two-dimensional axisymmetric hybrid simulation code, is used for the simulation

HYPHEN uses a particle-in-cell(PIC) formulation for heavy species and a fluid one for electrons. The HET version
of HYPHEN, developed by the EP2 group at UC3M in the frame of the CHEOPS H2020 project, was successfully
adapted to the simulation of magnetically-shielded HETSs, such as the HT20k, in the context of the EDDA project[3]].

This paper describes a part of the numerical simulation activities and results obtained on the HT20k thruster
discharge within the context of the ASPIRE project. A spatial 2D description of relevant plasma properties for a certain
operational point is presented and commented, showing the effect of the magnetic topology on the plasma behavior
inside the chamber. The phenomenological parameter, @, which accounts for the level of turbulent anomalous transport,
is adjusted using experimental data of the discharge current, /4, and the thrust, F. The sensitivity of the simulation
results to several plasma-wall interaction parameters, to the cathode neutral injection and CEX collisions is tested.
Moreover, the effect on the discharge of a global current boundary condition[6] is studied.

The paper is structured as follows. Section [[]|briefly describes the thruster unit, its development and testing. Section
[ presents a brief description of the simulation model. Then, the simulation set-up is described in Section[[V] Section
[V] contains the simulation results and their comparison to the experimental data. Finally, the conclusions are drawn in
Section [Vl

II. Thruster description

The development of the HT20k started in 2015 with the first development model, the HT20k DM1 [7]. This
model, with a conventional SPT like magnetic topology, was tested in 2017 for 250 hours, comprising a performance
characterization and a 150-hour wear test. In 2018, the HT20k DM design was reviewed by implementing a magnetic
shielding topology to reduce the erosion of the channel and increase the thruster lifetime. This new version was thus
labelled HT20k DM2. The magnetic configuration of the HT20k DM2 was derived from the investigations performed
on two different development models of SITAEL’s 5 kW-class Hall thruster, the HTSk [8} 9]]. Specifically, the BN-SiO2
ceramic channel was manufactured with a chamfer near its exit and the magnetic circuit was designed to have a magnetic
field line almost tangent to the chamfer [10]. This line penetrates towards the colder anode region, leading to a reduced
near-wall electron temperature and an electric potential closer to the anode potential. The HT20k DM2 design comprised
three different configurations of the ceramic channel. These configurations, the HT20k S (small), HT20k M (medium),
and HT20k L (large), feature the same channel mean diameter and differ in terms of channel width [2,[11]. The magnetic
screens and poles allow for the accommodation of the different channels and the implementation of the same magnetic
shielding topology.

Fig. 1 HT20k DM2 (M configuration) operating at 25 mg/s and 300 V.

The present work focuses on the HT20k DM2 - M shown in Figure 1, which have the same channel dimensions of
the first unshielded development model, the HT20k DM 1. The HT20k DM2 Hall thruster is coupled with SITAEL’s
HCG60 high-current hollow cathode [[12], mounted in central position on the thruster axis. The cathode is designed
to provide a high electron current (with a nominal operating condition of 60 A), which is necessary to maintain the
discharge and to neutralize the beam. The HT20k DM2, coupled with the HC60, has been tested in two dedicated
experimental campaigns, operating at up to 22.5 kW of discharge power. These tests allowed to derive experimental
scaling laws for the design of high-power magnetically shielded thrusters [[13], serving as a solid base for the design of
the HT20k-TU engineering model (EM). The HT20k-TU EM was tested at the beginning of 2021 in the framework of the



EU H2020 CHEOPS program, showing reliable operation with krypton propellant and in a direct-drive configuration
[10]. In addition, the TU EM also underwent a first full vibration test at the end of 2021. To date, the HT20k thruster
family, comprehensive of the DM1, DM2 and the HT20k-TU EM fired for a total of 1800 hours [14]. Currently, the
HT20k-TU design is being consolidated in the frame of the ASPIRE project, paving the way for the qualification of the
first European very-high power Hall propulsion system.

ITII. HYPHEN model

In Fig. Pfa), the HYPHEN code structure and the simulation loop are depicted. HYPHEN is a two-dimensional
(axisymmetric) hybrid particle-in-cell (PIC)/fluid, multi-thruster, OpenMP parallelized simulation code built in a
modular way. The version of HYPHEN for HET’s, which is the one used for the simulations shown in the following
sections, is formed by three main modules: the ion module (I-module), for the simulation of the dynamics of the heavy
species (i.e. ions and neutrals), following a Lagrangian approach; the electron module (E-module), which solves a fluid
model for the magnetized electron population and applies quasineutrality; and a sheath module (S-module) to match the
conditions at the thruster walls with the quasineutral plasma by solving the Debye sheaths, which are discontinuity
surfaces in the model. The coupling of the modules is visible in Fig. [JJ(a) for a time-step of the simulation. The
simulation loop is described in [J5]].

The I-module, whose detailed explanation can be found in Refs. [3,[15,[16]], operates on a structured mesh of the
simulation domain, shown in Fig. Ekb), to obtain the particle densities and fluxes for the different neutral and ion
populations. On the other hand, and in order to limit the numerical diffusion arising from the strong anisotropic transport
on magnetized electrons, the E-module uses an unstructured magnetic field aligned mesh (MFAM) [17], defined by
the externally applied magnetic field B and shown in Fig. [2(c). The E-module solves a quasineutral, drift-diffusion
fluid model for the magnetized electron population, obtaining the electric potential, ¢, electron temperature, T¢, and the
electron current density and heat flux vectors j. and g., respectively. The detailed explanation of the fluid model for the
electrons can be found in Refs. [S[18]. The interpolation module enables the communication between both the I and
E-modules. In Figs. 2[b) and (c), L. and H, are the chamber length and the chamber width, respectively.

HYPHEN includes a turbulent or anomalous force, Fi, in the electron momentum equation. These turbulent force,
accounting for time and azimuth-averaged, high-frequency, wave-based anomalous transport, is modeled empirically as
[19H22]]

F ~ —mevineutgelo, Vi = GiWee, (D

with v a turbulent collision frequency, wc. = e¢B/m. the electron gyrofrequency, and @(z, r) a empirical function
representing the local turbulence level [19,[22], which is tuned using experimental data. Turbulent-based contributions
to the axial and radial momentum equations can be neglected with respect to the other terms of the equations.

A detailed description of the numerical treatment of the electron fluid equations in the unstructured, irregular MFAM
can be found in Refs. [[17,[18| 23] [24]. Here, only some relevant information about the boundary conditions will be
mentioned. These are imposed at each MFAM boundary face in terms of ¢, T¢, jne = 15 - Je and gpe = 15 - ge, with 1,
being the outward unit normal vector. The reference potential, ¢ = 0, is set in all the cathode faces. This implies that the
anode potential is ¢ = V3. The sheath edge of the quasineutral plasma, modeled by the boundary faces of the MFAM,
encloses the domain. The solution for the (infinitely) thin Debye sheaths, computed by the S-module, is described in the
Appendix of Ref. [5]] and omitted here.

At a dielectric wall, local zero-current condition is imposed, j,e = —Jni- At the anode, with potential equal to the
discharge voltage, Vg, the determination of j,. and ¢y, at each anode face of the MFAM, requires to iterate to solve
for Agg, (refer to Ref. [3]] for further details). At the cathode boundary faces, jy is obtained from /4 and the cathode
surface area. At the (quasineutral) axis, symmetry conditions are imposed.

At the plume downstream boundary of the simulation domain P [blue boundary line in Fig. [2(b)], a global
downstream matching layer (GDML) model provides expressions for jne and gpne[6]. The GDML is defined as a thin
boundary layer providing the jump conditions for relevant electron magnitudes between P and the infinity, where a final
electric potential far downstream ¢, is reached and a global current free condition /., = 0 is expected. A first version of
the GDML (partially similar to a classical Debye sheath) is implemented in HYPHEN, so that the final potential ¢, is
obtained by imposing a global zero current condition at P, so that /¢ oo = —Ij . A downstream potential ¢, can also be
set by the user to obtain /., # 0, as done in Sec. The schematic representation of the GDML is shown in Fig. [3]

The time discretization of the electron equations follows a semi-implicit scheme [18} 24} 25|, with a sub-timestep
Ate = At/Ne and N. = O(1).
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Fig. 2 (a) Simplified description of HYPHEN time-integration loop. (b) Cylindrical mesh used by the I-module.
The red, green, blue and magenta lines indicate the thruster dielectric walls, the anode, the plume downstream
boundary P, and the symmetry axis, respectively. The centrally-mounted cathode is indicated by the small
black box. (¢) The MFAM used by the E-module. Blue and red lines are B-parallel and B-perpendicular lines,
respectively, defining the cells. (d) 1D axial profiles along the thruster channel midline of the “step-out' type o
function used for all simulation cases presented in this work

Fig. 3 Sketch representing the infinity-to-cathode bias ¢., obtained through the GDML condition.



IV. Simulation set-up

This section describes the reference simulation set-up for the HT20k simulations presented here. Figs. 2(b) and [2[c)
show the PIC mesh and the MFAM used to simulate the HT20k. The main characteristics of the meshes and the relevant
simulation parameters are listed in Table. [I] A singular magnetic point (B = 0) is located inside the thruster chamber.
The green line at the left boundary in Fig. [J(b) indicates the position of the annular anode wall, while the small black
box in Fig. 2c) represents the central cathode, which is modeled as a surface boundary.

The selected xenon mass flow 14 is injected from a Maxwellian reservoir through a portion of the annular anode,
from r/H, =2.74 to r/H. = 3.12. The injection is performed with a flat profile, a given temperature and sonic fluid
velocity (Table. [I). With the same properties, a neutral mass flow ric is injected through the cathode surface. The
emission energy of electrons at the cathode is set to 27, = 4.5eV [26].

Tons are recombined into neutrals at the material walls. Singly and doubly charged ions are produced inside the
simulation volume by collisions of electrons and neutrals. The single ionization rates considered by HYPHEN come
from the BIAGI database [27]]. The double ionization rates are obtained from the Drawin model [28]], including the
reactions A + e — A*" + 3¢, and A* + ¢ — A™ + 2e. Neutrals are reinjected diffusely after ion recombination,
considering complete energy accomodation, with the energy of the walls, which is set to 850K [29]. Moreover, neutrals
undergo a quasi-specular reflection at the walls according to the Schamberg model [30, 31] with complete energy
accommodation; Refs. [3,[16] provide further details on the interaction of heavy-species macroparticles with walls.
Each macroparticle population is controlled by the I-module, targeting a number of 100 macroparticles per cell of each
population with a +10% of tolerance [3]].

The sheath model includes elastically reflected electrons and secondary electron emission (SEE) from the walls, and
also retains other non-Maxwellian features of the electron VDF [32]], such as the replenishment fraction of the high
energy tails of the electron VDF through the parameter oy,. The yields for the elastically reflected electrons and the
secondary ones are, respectively:

6:(Te) = 6:0E} | (Te + Er)?, )

65(T.) = min (2T, /E1, 67) , 3)

with 60, E; and E| being material dependent parameters, and ¢; the effective upper-bounded SEE yield, corresponding
to a space-charge limited (SCL) sheath with eA¢ /T, = 1. At boron nitride dielectric walls, we take E| = 50 eV, 6,9 = 0.4
and E; = 20 eV. Additionally, the replenishment fraction of the electron VDF is o7 = 0.1. The metallic anode features
no SEE.

The (ion) timestep is set in such a way that an averaged doubly-charged ion takes, as minimum, two timesteps to
cross the smallest cell of the PIC mesh. To start the simulations, neutrals are injected through the anode and cathode
and a minimum background plasma density is considered to trigger the discharge [[16]. The simulations are run for
a total of 60000 timesteps (900 us of simulation time), to observe a sufficiently large number of low-frequency (i.e.
breathing mode) oscillation cycles of 1. Five sub-timesteps per ion timestep (N. = 5) are considered to integrate the
electron equations [3]]. To obtain the contour and profile plots shown in the next sections, the plasma variables are
averaged over several /4 cycles.

Table 1 Main simulation parameters and mesh characteristics.

Simulation parameter ‘ Units ‘ Value
PIC mesh number of cells, nodes - 5328, 5475
PIC mesh smallest grid size mm 1
MFAM number of cells, faces - 3980, 7794
MFAM average skewness [33]] - 0.059
Ion-moving timestep, At ns 15
Total number of simulation steps - 60000
Injected Xe velocity ms™! 300
Injected Xe temperature K 850




V. Results

A. Analysis of the 2D plasma discharge
In this section, the results of the simulation of the HT20k for one (reference) operation point are presented and
analysed. This operation point is described in Table. 2

Table 2 Reference operation point for xenon as propellant defined in terms of anodic mass flow rate, 74,
cathode mass flow rate, ric, source voltage, Vs, background pressure, px..

| ria (mgls) | nc (mgfs) | Vi (V) | pxe(mbar) | Mag. Field (mT) |
| 20 [ 15 [ 300 | I5E5 | 21 \

The electron model requires the tuning of the turbulent parameter a;(z, r) in Eq. for the operation point to be
simulated. To do that, the experimental values of I3 and F are targeted to tune the function @, following a ““step-out”
profile with two fitting parameters only, ay; and @ (> @), applied, approximately, inside and outside the thruster
chamber, respectively. Step-out profiles have performed well in previous studies [34H37]. Fig. 2(d) shows the axial
step-out profile used in this work, where the transition from @y to @y takes place close to the maximum magnetic field
point along the thruster channel midline. A particular step-out profile will referred to as (a1, ar).

The pair (a1, ap) = (0.014, 0.22) is tuned to reproduce the experimental values (14, F') with an error below 5% (the
reported experimental data repeatability). Table. [3|summarizes the simulation results. The tuning process has revealed
the following behaviour. The value of ay; affects mainly /4, which increases for larger values of @, while F is barely
affected. On the other hand, both /4 and F increase for larger a;. The relatively high value of @, (almost three times
larger than that found for the case of the HT5k thruster [5]) is needed to match the experimentally reported F value.
Nonetheless, this aspect is under further current investigation.

Table 3 Simulation results for the best fit of the turbulent profile (first column). Time-averaged values of /; and
F. The dominant frequency of /; oscillations f; and the relative discharge current half-amplitude, Al;/1, are
also included.

| (@, ap) % || 1a(A) | F(mN) || fa (kHz) | Alg/Ia (%) |
| (14,220) [ 226 | 385 [ 121 | x50 |

The turbulence fitting reproduces well the so-called breathing mode [20} 38-40] that dominates the I oscillations.
Figs. [] (a) and 4] (b) show the time evolution of 4 and its normalized amplitude spectrum, respectively. The simulation
yields a value of the dominant frequency of the /4 oscillations fg = 12.1 kHz, close to the 11 kHz reported in experiments.

I (A) I; normalized amplitude (-)
245 1.0 1
24.01 0.87
23.5
0.6
23.0
0.41
22.5
22.01 021
D P 0.01 : ‘
0.00.10203040.5060.70.8 104 10°
t (ms) f (Hz)

@ (b)

Fig.4 (a) Time evolution of /4, (b) /3 normalized amplitude spectrum for the reference case.



Figs. [5(black lines only) and[6]show the profile and contour plots, respectively, of relevant time-averaged plasma
magnitudes of the discharge both inside the thruster chamber and in the near plume. In Fig. [6] the left column presents a
zoom of the chamber of the thruster, while the right column shows the complete domain, including the chamber and the
plume region. The plasma magnitudes shown are the neutral density 7, the plasma density 7., the electric potential ¢,
and the electron temperature 7.

Figs. [a) and[6a) show the neutral density profile and 2D contour inside the chamber. The effects of neutral gas
injection from the anode wall, gas ionization and neutral emission from the lateral walls due to ion recombination are
present. The neutral density decreases about 3 orders of magnitude inside the thruster chamber, corresponding to a large
propellant utilization. Fig. [(b) shows the injection of the neutrals through the cathode, which is also noticeable in the
black line of Fig. [5a), with the increase in neutral density downstream the channel exit, where the cathode neutral plume
merges with the one exiting the thruster chamber. The high neutral density around the cathode results in a significant
ionization there, as seen in Fig. [6[d). Moreover, the enhanced electron-neutral collisionality favors the coupling of
cathode electrons with the main ion beam. Fig. [6{c) reveals higher plasma density values and a more uniform plasma
density distribution inside the chamber than in conventional HETs. As usual, the plasma density features a peak at
a central region of the chamber, close to the magnetic singular point in this case. In the near plume, plasma density
decreases due to ion acceleration and expansion. Fig. [6[d) shows the secondary plasma plume created by ionization of
cathode neutrals, which merges downstream with the main one. As shown in Fig. [6fe), the electric potential peak inside
the chamber is located at a central region slightly downstream the n. peak. As expected in a HET MS configuration, the
electric potential is rather flat inside the chamber, which greatly reduces wall erosion. The MS moves most of the ion
acceleration region outside the chamber, where equipotential lines follow approximately magnetic field lines. Inside the
thruster chamber, the magnetic null point and pressure gradients uncouple magnetic and equipotential lines. The black
line in Fig. [5]c) shows that ¢ falls down to 50 V in an axial distance of 2 chamber lengths from the thruster chamber exit
plane, approximately. The electron temperature peak is around 50 eV, and located in the near plume, close to the point
with maximum axial electric field. Temperature isolines closely follow magnetic lines, and steep gradients are found
upstream the 7, peak, where the electron flow enters into the thruster chamber. Downstream, 7 falls down to around 10
eV in a distance of the order of 1-2 chamber lengths from the thruster channel exit. The effectiveness of the HT20k MS
topology is revealed in Fig. [6[g), where the thruster chamber walls are surrounded by temperature isolines with T,
below 5 eV. This is one of the main achievements of MS topologies and leads to small energy losses to the walls and low
ion wall-impact energy.

Fig. |/|shows the longitudinal (i.e. in-plane) ion jj, electron j. and electric j current densities, which are defined as
Ji = Ji — jeily and so on. Most of the ionization of the neutral gas is distributed in the whole chamber volume. The
ion streamlines represent the macroscopic behaviour of the ion population, and reveal the existence of significant ion
currents collected at the anode and lateral chamber walls, and a central region with j; ~ O close to the magnetic null
point. Ions, which are practically unmagnetized, follow the electric field, and are not prevented from impacting the
channel walls. Fig. [7(a) shows nearly wall-parallel ion streamlines close to the channel exit. In the near plume region,
ion streamlines reveal the expected ion divergence characterizing the beam expansion. The cathode-born electron
streamlines shown in Fig. [7[d) split into two electron beams: one flows downstream to neutralize the main ion beam,
and the other progressively moves across the magnetic field into the thruster chamber to ionize the injected neutral gas
and sustain the discharge. This second beam is channeled by the magnetic lines close to the magnetic null point inside
the thruster chamber, but still some electron streamlines are collected to the lateral walls to cancel the ion flow and thus
satisfy the dielectric condition imposed there. The simulation results reveal that the splitting of the cathode electron
streamlines takes place over almost the whole axial extent of the near plume region simulated. The electron streamlines
exhibit rather abrupt turns close to the plume downstream boundary. This situation differs from that reported in Ref.
[S]] for the HTSk, where the enhanced electron cross-field transport due to the neutral injection through the cathode
provided a much smoother coupling of the cathode electrons with the ion beam. Here, the results suggest that the
simulation domain should be extended downstream to better capture the cathode-beam coupling. This aspect requires
further investigation. Finally, Figs. [7[e) and [7(f) show the 2D streamlines of the longitudinal electric current. At the
chamber lateral walls, the net electric current collected is locally null, and the ion flows in Fig. [7[a) are canceled by
the electron ones in Fig. [7(c). While the expected current loops connecting anode and cathode are found, in the near
plume a second current loop closing at infinity develops from the GDML condition imposed at the downstream plume
boundary, which decouples local ion and electron currents. Through the lateral plume boundary, electric current flows
into the domain, as a result of the electron flow dominating over the ion stream there. This current leaves the domain
through the vertical (i.e., axial) downstream boundary, mainly near the symmetry axis, where the ion current dominates,
thus assuring zero total current collected at the downstream plume boundary.
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Fig.5 Time-averaged 1D axial profiles along the thruster chamber midline for cases with cathode injection
(black line with square markers) and without cathode injection (red line with circle markers). Magnitude of
(a) neutral density 7n,, (b) plasma density 7., (c) electric potential ¢, (d) electron temperature 7. and (e) neutral
pressure, p.

In order to study more in detail the MS effects, Fig. [§] shows relevant plasma magnitudes plotted along the thruster
chamber internal walls. The abscissa length coordinate s runs along the whole chamber wall, from the end of the inner
chamfer to the end of the outer chamfer. Thus, it goes first along the inner lateral wall, then along the anode, and finally,
along the outer lateral wall. The analysis in this section refers only to the black line, which corresponds to the reference
case. Fig. [§[(a) shows a flat ¢ profile along the sheath edge around the chamber walls, with ¢ close to Vs = 300 V, and
confirms that the MS configuration moves most of the acceleration region outside the thruster chamber. Only at the end
of both chamfers ¢ drops below 300 V, reaching ~275 V at the chamber exit inner corner. Figs. [§(b) and[§|c) show the
sheath potential fall and the electron temperature at the sheath edge. The electron temperature is low (~2-5 €V) and the
ratio eA¢/T. is between 1 and 3. At the anode wall, this ratio controls the local electron flux. At dielectric walls, this
ratio is affected by the SEE yield 6 and the replenishment of the electron VDF, modeled through o7p. The low T, yields
small ¢ values, ranging between 0.1 and 0.2.

Fig. [§[d) plots the electron and ion currents towards the walls (whose values do not change across the Debye
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sheaths). Ion and electron current densities are identical at dielectric walls. At the anode, the backward ion current
density is around a 20% of the electron current, which is still a percentage larger than desirable. This behaviour has
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magnitudes inside the thruster chamber, while the right column plots correspond to the whole simulation domain.
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also been observed in the simulations of the HT5k thruster, featuring a similar magnetic topology [5]. Fig. [8|e) plots
the average energy per ion particle impacting the wall &; wai. The low values of A¢g, yield ion-impact energies below
typical erosion thresholds [41], 42] along practically the whole chamber wall, which is the main advantage expected from
magnetically shielded topologies. At the end of both chamfers, however, a significant increase of &; wan is observed,
reaching a maximum value of ~170 eV at chamber outer corner, which is mainly related to the ¢ drop close to the exit
of the thruster chamber, already observed in Fig. [§[a), and also evident in Figs. [5[c),[6(e) and [6(f). This result suggests
that a shorter thruster channel could help reducing this effect.
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Fig. 8 Time-averaged 1D profiles along the thruster chamber walls for simulation cases with o, = 0.1 (black
line with square markers), o, = 0.5 (red line with triangle markers) and o, = 1.0 (green line with diamond
markers). Coordinate s runs from the inner chamfer end to the outer chamfer end. Profiles of (a) electric
potential at the sheath edge, ¢; (b) potential fall across the sheath edge, A¢; () electron temperature at the
sheath edge, 7:; (d) ion (solid line), j,;, and electron (dashed line), j.., current normal to the walls; (e) ion
wall-impact energy, &; wai; and (f) SEE yield, d;.

B. Analysis of current and power balances and performances
The ion current balance at steady state can be expressed as
Iprod = Tico + Iip + Iia + Iic, “4)

with [0 being the ion production rate in the whole simulation domain; /ip, Iia and Iic, the ion currents impacting
the dielectric, anode and cathode walls, respectively (and defined in Fig. Ekb)); and /., the ion beam current leaving
the domain at plume (free loss) boundaries. This last term is the only one that contributes to the thrust. All currents
are defined as positive; Iprog comes out from a volumetric integration, and the other ones are computed from surface
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integrals at the domain boundaries. Table. E] contains the value of /¢ and how this is distributed among the different
boundaries, considered in Eq. (). Iic is about one order of magnitude lower than /;4 and has not been included. The
table also includes the propellant utilization, the current efficiency, and the charge efficiency, defined as

Mico I eMico

M =—"1, Neur = ——>» MNch =
m Id

T 4)
respectively. Here i1 = rip + riic, and i is the total ion mass flow across the plume boundaries. Compared to a
typical discharge in a HET with a conventional magnetic topology, 1, and 7, are rather good. The relative amount
of doubly-charged ions in the discharge, measured by 7.y, is similar. The relative current losses to the lateral walls,
Iip [ Iyoq, are rather high compared to a conventional HET, and also higher than those found for the case of the HT5k [3].
The relative current losses to the anode, I;a /Iprod, are closer to those of a conventional HET, and lower than in the HT5k
case [5]. This value is likely affected by the position of the null point inside the chamber, which is not far away from the
anode wall. Although further analyses are required, from the point of view of current losses to walls, the MS topology
does not seem much advantageous with respect to a more conventional one. This conclusion is not applicable to the
power losses analyses, as shown next.

Table 4 Value of /o and fractions of /.4 corresponding to the different contributions to the current balance
in Eq. (El]) Values of 7y, 17cur and 7, defined in Eq. .

Case Vs A Lyrod | 1 oo/ I prod | 1 in/1, prod | 1 ia/ I, prod Tu Neur Tch
(V) | (mgfs) || (A)
’ Ref ‘ 300 ‘ 20 H 43.9 ‘ 0.38 ‘ 0.55 ‘ 0.07 H 0.94 ‘ 0.74 ‘ 0.88 ‘

The plasma power balance for the steady state discharge is
P =Py + Pp + Pa + Pinel, (6)

where P = [4Vy + Pc is the total power deposited into the plasma discharge, sum of the discharge power and the
net power delivered through cathode electron emission (Pc amounting to 1-2% of P); P is the plasma energy flow
through the plume boundaries; Pp and P4 are the power losses at the dielectric walls and anode, respectively; and Pijpe|
corresponds to the power losses due to inelastic (ionization and excitation) collisions. All powers are defined as positive.
Pinel 1s obtained from a volumetric integration over the whole simulation domain, P, comes from a surface integral at
the plume boundaries, and Pp and P are computed from surface integrals at the respective walls (not at the Debye
sheath edges). Eqs. () and (6) have also been used to check that the numerical errors of the HYPHEN simulations are
acceptable (below 3% in all cases). Table. [5]lists contributions to the power balance in Eq. (6). Observe that whereas
the current losses to the lateral walls amount to a 55% of Iproq, the energy losses to these walls are only a 7% of the input
power. Adding the energy losses to the anode, the total energy losses to the chamber walls add up to just 10%, which can
be considered a great achievement of the MS topology. Inelastic losses are consistent with the ion production: the ratio
Pinel/ Iprod yields 23.2 €V as effective single-ionization cost (which includes the contribution from excitation collisions).
The thrust efficiency is defined and then factorized as
F2

n= 2}11_P = Nenelldiv1disp» (7N
where F is the thrust, measured from plasma properties at the plume boundary. The relation between the thrust efficiency
and the anodic efficiency is the following: n = na(#a/m) The energy, divergence, and dispersion efficiencies are
defined, respectively, as

_ Py _ Pro . F?

Mene = P Ndiv = K Ndisp = m, (3
with P, being the flow of axial plasma energy across the plume free loss boundaries. With the definitions in Eq. (),
Nene quantifies the fraction of input power in the downstream plume, 14iy assesses the plume divergence using the axial
energy and total energy flows in the plume, and 74;sp quantifies the level of dispersion of velocity of all plasma species
(which would be one for a mono-velocity gas). Plume energy flows include the residual energy of electrons, which is a
consequence of their incomplete expansion in the finite simulation domain, but this is quite low: about 4%. Setting
cos? agiy = Ndiv, the half-divergence angles in these simulations are agjy ~ 27 deg. Here we find i = 51% or 54.7% for
the “anodic"” thrust efficiency, which is close to the experimentally reported value, 59.5%.
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Table 5 Value of P and fractions of P corresponding to different contributions to the power balance in Eq. @)
Values of 17, 7cne, 7div and 74isp, defined in Eq. (@)

Case Vs N P n Pinel/P PD/P PA/P Poo/P Tdiv Tldisp
(V) | (mgfs) || (kW) (= Nene)
[ Ref. [300 ] 20 ][ 678 [051 ] 0.5 [ 0.07 | 003 | 076 [0.79 [ 0.85 |

C. Plasma-wall interaction parameter sensitivity analyses

In this section, the sensitivity of the simulation results to some relevant plasma-wall parameters is carried out. In
particular, Sec. [V.C.T|reports the effects of the replenishment fraction of the electron VDF, oy, while Sec. [V.C.2]
discusses the effects of the parameter E; for the yield of elastically reflected electrons in Eq. ().

1. Electron VDF replenishment fraction

The parameter o, ranges from zero to one and models the partial depletion of the high energy tails of the electron
VDF in the low-collisional plasma of a HET discharge. A small oy, value represents a large depletion of the high energy
tails of the electron VDF, which affects particle and energy fluxes deposited to the thruster chamber walls.

Three different values o7 are considered here: 0.1 (reference case), 0.5 and 1. Changes in thruster performances are
around 1-2% for all cases and no significant effects on the 2D maps of main plasma variables have been found. Fig. [§]
shows the comparison of the plasma profiles along the thruster chamber walls. The black line with square markers
correspond to the results for reference case (i.e., oyp = 0.1), already commented in Sec. @ The cases with oy, =
0.5 and 1 correspond to the red and green lines, with triangle and diamond markers, respectively. The main result is
the increase in the sheath potential fall around the thruster chamber walls for larger oy, values, consistent with the
corresponding larger replenishment of the high energy tails of the electron VDF. This fact yields higher ion-wall impact
energies, although they are still well below erosion thresholds along most of the chamber walls. The slight decrease in
the discharge current collected at the anode produces an increase of about 1% in the thrust efficiency. For all cases, the
MS of the walls is effective in keeping a low electron temperature around the walls.
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Fig. 9 Time-averaged 1D profile along the thruster chamber walls for simulation cases with E; = 20 eV (black
line with square markers), E; = 40 €V (red line with triangle markers). Coordinate s runs from the inner chamfer
end to the outer chamfer end. Profiles of (a) reflected electrons yield 6, and (b) electron temperature 7.

2. Elastically reflected electrons

The parameter E, affects the yield of elastically reflected electrons at dielectric walls according to Eq. (2). At
a given T, the higher E; the higher ¢;. Two simulation cases featuring E, = 20 eV (reference case) and 40 eV are
compared in this section.

In Fig. Eka), the yield of reflected electrons is observed to increase at the dielectric walls with the increment in E,
since the electron temperature remains roughly unchanged, as seen in Fig. [0(b). The impact of this variation of &, is not
significant in the thruster performance nor in the relevant plasma properties.
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D. Plume effects

1. Effects of cathode injection mass flow

In this section, the effect of neutral gas injection through the centrally-mounted cathode is studied. The results for
the reference simulation case with and without neutral gas injection through the cathode are compared.

Fig. [5]shows the time-averaged 1D profiles of the relevant plasma magnitudes along the thruster channel midline.
Cases with and without neutral gas injection through the cathode correspond to black lines with square markers and red
lines with circle markers, respectively. The plasma density along the thruster channel midline is barely affected by the
neutral injection through the cathode. On the other hand, the increase of n, along the near plume when injection is
active, due to the presence of the cathode neutral plume, is absent when the neutral injection is deactivated, and the
neutral density profiles remains nearly flat and about one order of magnitude lower. A similar trend is found for the
neutral pressure in the near plume. The reduced electron Joule heating in the vicinity of the thruster chamber exit
yields a lower electron temperature peak there. Moreover, the lower electron-neutral collisionality yields and a weaker
coupling between the cathode electrons and the ion beam, thus resulting in a larger coupling voltage in the near plume,
and a 4% decrease in thrust with respect to the case with neutral injection. A 2% decrease in /4 is also found.

2. Effects of charge-exchange collisions

The effects of charge-exchange (CEX) collisions in the simulation results of the reference case are analyzed in this
section.

Fig. [[0[a) compares the results of the reference simulation case with and without CEX collisions. The 1D axial
profiles of ¢ reveals a negligible effect of CEX collisions in the time-averaged plasma discharge. As shown in Fig.
[I0[b), inside the thruster chamber, the densities of both singly and doubly-charged CEX ions (i.e. ions resulting from a
CEX collision) can reach local values of about 20-30% of the corresponding singly and doubly charged ion populations
resulting from ionization collisions.

Fig. [T0(c) shows the time-averaged 2D map of the CEX-to-ionization density ratio for singly charged ions. Focusing
on the near plume region, for r > r. the CEX ions density is below 15-20% of the ionization ions density, reaching its
peak in the external lateral part of the plume, as expected. However, both ion densities are of the same order in the core
of the plume, along the symmetry axis. This effect is mainly due to CEX collisions in the cathode plume, enhanced by
the neutral injection through the cathode. The expansion of fast CEX neutrals generated in this region yields a lower
neutral density there, as shown in Fig. @Kd).

E. Far plume boundary condition and stray currents

In this section, the effects of the boundary condition imposed at the plume downstream boundary P, identified by the
thick blue line at the downstream end of the simulation domain in Fig. [3] are explored. The GDML model summarized
in Sec. [M]is applied at the boundary P. The different cases compared here are listed in Table. [6] The first row contains
the results of the reference case, for which the final potential at infinity reaches the value ¢ o = -5.3 V (with respect to
cathode), for which the net current collected at the downstream plume boundary is zero at any time instant (i.e. /o = 0).
The second and third rows of Table. [|correspond to simulation cases for a fixed final potential value equal to ¢o, =
1.2¢ .0 and ¢ = 0.8¢ 0, respectively, so that a certain current /., is collected at the plume downstream boundary, as
sketched in Fig. [3|

This simulation scenario with HYPHEN code is not intended to reproduce the effects of the actual stray currents
measured during real thruster operation in direct drive configuration. This study is being performed with EP2PLUS
code, and is to be reported in the deliverable D6.3. Therefore, the main aim here is to assess the performance of the new
GDML model developed for the challenging downstream boundary conditions in the near plume of a HET discharge,
and to evaluate the effect of the infinity-to-cathode bias ¢, on the discharge.

The main result of this analysis is that the time-average value of I, is minimally affected (Aly ~1%) when A¢e =
20% of ¢ For these cases, a current I, ~5-6% of I3 flows between the downstream boundary and the cathode. Here,
the electron and ion contributions to /., are considered positive and negative, respectively. This result indicates that the
anode-to-cathode plasma bridge is barely affected by ¢, variation. The time-average plasma maps in the bulk domain
does not exhibit significant variations and have been omitted.
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Fig. 10 Time-averaged 1D axial profiles along the thruster channel midline for cases without CEX (solid
line) and with CEX (dashed line). (a) Density of singly-charged ions, n;, (black line with square markers),
doubly-charged ions, n;, (red line with circle markers), singly-charged CEX ions, n;3, (green line with down
triangle markers), doubly-charged CEX ions, ni4, (blue line with up triangle markers), (b) electric potential ¢, (c)
ratio of nj3/nj; and (d) neutral density 7, for the case with CEX collisions.

Table 6 Results for the simulation cases with different infinity-to-cathode potential bias.

| Case | oo (V) [[ Too (A) | Ioo/Ia (%) | Ia(A) |
Poo = Poo,0 5.3 0.0 0.0 22.6
boo = 12000 | -6.3 -1.38 -6.1 22.8
boo =080 | -4.3 1.17 5.2 22.6

VI. Conclusions

HYPHEN numerical simulations of SITAEL’s HT20k prototype with MS topology and a central cathode for a single
operation point with xenon as propellant have been presented in this work.

Electron turbulence transport has been modeled through a two parameter (a4, @) step-out profile for a phenomeno-
logical anomalous collision frequency, which has been fitted to match the experimental data (4, F), provided by
SITAEL, with errors below 5%. The fitting has been proven to capture the thruster breathing mode, thus partially
validating the simulation results. A fully 2D description of the plasma discharge has been detailed for a single operation
point, with special focus on effects related to MS topology, the central cathode and the plasma plume expansion in free
space. The MS topology moves most of the acceleration region outside the thruster chamber, and yields a high-density
and low-temperature plasma inside the thruster chamber. MS effects include low (1) electron temperature around the
thruster chamber walls, (2) ion wall-impact energy (below typical erosion thresholds in most of the chamber walls)
and (3) plasma losses to the walls. Sensitivity analyses on relevant plasma-wall related parameters have shown limited
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influence on the plasma discharge and thruster performance.

In the near plume, a central cathode with both electron and neutral emission has been simulated. Cathode electrons
split into a downstream neutralizing beam, and a upstream beam that drifts towards the interior of the thruster chamber.
The latter is channeled by the magnetic lines close to the magnetic null point inside the thruster chamber, and a small
fraction is collected to the lateral walls to cancel the ion flow and satisfy the dielectric wall condition. The injection of
neutrals through the cathode has been shown to improve the cathode-beam coupling in the near plume, thus yielding a
higher thrust. On the other hand, CEX collisions, also enhanced by the neutral injection through the cathode, are shown
to slightly affect the plasma discharge maps and thruster performances.

A new GDML model has permitted to address the effect of electric currents collected at the plume downstream
boundary by acting on the infinity-to-cathode bias ¢,. The main result is that /4 is barely affected (~1% variation) for
collected currents I, ~5-6% of Iy, the latter flowing between cathode and infinity.

Future work includes the simulation of different HT20k operation points in DD architecture, and a deeper analysis of
relevant aspects, including the plasma interaction with the MS thruster walls, the plume expansion and the cathode-beam
coupling processes.
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