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HYPHEN is a new two-dimensional axisymmetric hybrid, particle-in-cell (PIC)/fluid
multi-thruster simulation platform under development. This work presents the last mod-
eling advances, outlining the recent improvements incorporated in both the PIC and the
electron-fluid segments, and shows the code capabilities regarding the simulation of Hall
efect thruster (HET) discharges. Preliminary simulations of a SPT-100 HET are performed
in order to assess the code performance and results, and explore the effects of different
cathode locations in the near plume region and of various electron turbulent parameter
profiles.

I. Introduction

MONG the large variety of existing plasma thrusters, the Hall effect thruster (HET) constitutes a well-

established, reliable and successfully flown technology®™ On the other hand, new promising technologies
such as the helicon plasma thruster®3 (HPT) or the electron-cyclotron-resonance thruster™* ™ (ECRT) are
under current development. Therefore, there is a need for a versatile multi-thruster simulation platform
aiming at (4) facilitating and complementing the design of new prototypes, (ii) revealing optimization op-
portunities so as to improve the thruster performance and lifetime, and (ii¢) providing a deeper insight into
relevant still open problems in already proven technologies.

Gathering the advantages of both particle-in-cell (PIC) and fluid models2%2Y and based on the broad
expertise on HET simulation gained with previous codes such as HPHall22l HPHall-223 or HallMA 24 our
research group has developed HYPHEN 29 standing for HYbrid Plasma thruster Holistic simulation EN-
vironment: a new two-dimensional axisymmetric hybrid PIC-fluid code devoted to the simulation of the
plasma physics inside the chamber and in the near plume of various plasma thrusters. Although the focus of
this work is on HET simulations, HYPHEN has been recently extended to the simulation of HPT=6:28 and
ECRT 2239 and it is also able to simulate axisymmetric plasma plumes 3133

Regarding HET simulations, HYPHEN incorporates numerous improvements in both the PIC and the
electron-fluid segments which significantly increase its capabilities with respect to the aforementioned previ-
ous simulation HPHall, HPHall-2 or HallMA. The PIC model allows to independently characterize popula-
tions featuring very different dynamics, such as the injected neutral gas and the singly and doubly charged
ions, yielding noise-limited estimates of their macroscopics magnitudes thanks to a new efficient population
control based on generation weights 2231133

On the other hand, the electron-fluid model for HET's is named NOMADS, standing for NOn-structured
Magnetically Aligned plasma Discharge Simulator, and it solves a fully 2D axisymmetric fluid formulation
for the electron population in a Magnetic Field Aligned Mesh (MFAM), which permits (¢) the simulation of
complex magnetic topologies featuring magnetic field singular points or magnetically shielded regions present
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in new HET designs,**% and (i) the extension of the domain boundaries for assessing the plasma physics
in the near plume region, thus enabling the synergy with plasma plume codes such as EP2PLUS58 It was
originally developed by Pérez-Grande %Y has been recently improved by Dominguez-Vazquez2” for the case
of an isotropic electron pressure tensor. Two remarkable improvements are related to (i) the treatment of
the volumetric cathode model ! which allows to assess the effects on the discharge of the cathode location
in the near plume region, and (i7) the identification of three different turbulent contributions acting on the
electron momentum, energy and heat flux equations, which are modeled through three different electron
turbulent parameters oym, oie and aqq, respectively, according to the collisional version of the (collisionless)
electron turbulent transport 2242 %3 Although this approach cannot help in the understanding of the physical
mechanism behind the enhanced electron transport reported by experiments, it allows the incorporation to
the electron-fluid equations of effective electron cross-field mobility models obtained from kinetic studies 4620

With the main purpose of assessing the HYPHEN performance and revealing its capabilities and limi-
tations, this work presents several studies performed in a typical SPT-100 HET simulation scenario. First,
the well-known breathing mode oscillation in the range of 10-30 kHz characterizing the typical HET opera-
tion225123l i identified in a reference simulation case. Second, the effects on the discharge of the cathode
location in the near plume region are analyzed so as to assess the validity of the axisymmetric volumet-
ric cathode model. Finally, regarding the yet not well understood electron anomalous transport in HETSs,
Jorns*¥ has recently provided advanced fittings for the electron momentum turbulent parameter through
data-driven machine learning techniques, and multi-fluid simulations performed by Mikellides and Ortega4
have accurately reproduced experimental measurements using a multiple-coefficient approach for the spatial
profile of the turbulent parameter acting on the electron momentum equation. Following previous stud-
ies Z2H2HBRHOBABY thig work shows preliminary results considering an unique electron turbulent parameter
at = agm = e = Oyq featuring constant values and step-out profiles.

The structure of the manuscript is the following. The code structure and main simulation loop are
described in Sec. [[Il The main characteristics of both the PIC and the electron-fluid models are summarized
in Secs. [[II] and [[V] respectively. The simulation results are presented and discussed in detail in Sec. [V]
Finally, the conclusions are drawn in Sec. [C|

II. Code structure and main simulation loop

HYPHEN overall architecture and structure are based on modularity, aiming to be a more flexible
and capable simulation platform potentially extensible to HPTZ528 or ECRT 22%BY as well as HET. In
order to maximize code sharing and standardization, HYPHEN has been designed with the same overall
architecture, data structure and interfaces as those of the hybrid 3D plasma plume code EP2PLUS, developed
by Cichocki 2#R8b8 5o that it is also able to simulate axisymmetric plasma plumes223233 The different
programming languages used are Python/Matlab for data pre and post-processing and results analysis,
and Fortran for the main numerical computations. Additionally, industry-level standards such as HDF5
technology for high-performance data management and Open-MP for code parallelization are considered,
the code development process following a strict Test Driven Design (TDD) philosophy.

Figure [1| sketches the code structure and main simulation loop. The code consists of three main modules:
the PIC module, which follows a Lagrangian approach for simulating the dynamics of the heavy species (i.e.
ions and neutrals), the electron module, that considers a fluid model for the electrons, and a sheath module
that provides the proper coupling between the quasineutral plasma and the thruster walls by solving the
non-neutral plasma sheaths that develop around them, which are treated as surface discontinuities by the
quasineutral plasma simulator.

The PIC module takes as inputs the externally applied magnetic field B, the electric potential ¢ and
the electron temperature Ty, and performs the injection, collisions and propagation of the heavy species
one simulation timestep forward, computing the plasma production through the ionization of the injected
neutral gas and obtaining, for each heavy species s, the particle density ng and flux gs through a particle-to-
mesh weighting process. Tllgf: electron-fluid module, taking those values from the PIC module and considering
quasineutrality (i.e. ne = ¢ “e Zsns, with Zg the charge number of the species s), solves a given fluid model
of the electron population computing the electric potential and the electron population related variables (e.g.
the electron temperature and current density vector Je), thus closing the loop. However, in general, each of
those central modules operates on a different mesh of the simulation domain: a structured mesh for the PIC
module (referred to as the PIC mesh hereafter), and an unstructured MFAM for the electron-fluid module [see
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Figure 1. HYPHEN general simulation loop.

Fig. 2(b)]. Therefore, both modules communicate each other through a dedicated bidirectional interpolation
module. Finally, the input generation and the post modules are in charge of pre and post-processing tasks,
respectively.

I1l. The PIC model

The PIC model structure and algorithms are described in detail in Refs. 25, 31{33,57. Here a brief
summary of the main features is provided. Aiming at the improvement of the heavy species PIC-related
statistics and the extension of the code capabilities, the HYPHEN versatile PIC module groups the di erent
ion and neutral macroparticles into dedicated populations or particle lists storing all necessary particle
data such as its position and velocity, elementary mass and charge status, and particle weight (or number
of elementary particles represented by each simulation particle). This subdivision of the di erent species
facilitates the population control during the simulation and the treatment of the various particle collisions
between di erent particle lists, thus contributing to reduce the PIC numerical noise.

Taking advantage of its higher computational e ciency in terms of macroparticle sorting algorithms,
the PIC module operates in a structured mesh of the axisymmetric simulation domain [see Fig. 2(a)], its
boundaries representing 3D annular surfaces and the quadrilateral cells corresponding to 3D annular volumes.
Non-trivial cylindrical e ects have been successfully cancelled through corrected particle generation and
weighting algorithms, and a new population control based on generation weights allows to independently
monitorize every simulated population, maintaining the number of particles per cell within a prescribed
range and limiting the macroparticle weights dispersion at a low computational cost® 33

The PIC module up-to-date optimized algorithms for the heavy species treatment can be classi ed into
two types: particle-wise and mesh-element-wisealgorithms. The former are applied to every simulated
macroparticle and include (i) interpolation of electromagnetic elds to the macroparticle position, (ii ) inte-
gration of the macroparticle trajectory updating its velocity and position with a leap-frog algorithm, ( iii )
check for particle-surface crosses, andi\() macroparticle sorting to the mesh cells. The latter are run for
each PIC mesh volume cell or cell face and comprise ) the collisional processes involving the heavy species
particles, such as the ionization collisions, i ) the volumetric weighting of sorted macroparticles, (jii ) the
particle-surface interactions including the injection of new particles into the simulation domain, the ion re-
combination and neutral reinjection and re ection at material walls, and the surface weighting of both the
wall-emitted and wall-hitting macroparticles in order to update their related macroscopic magnitudes at the
corresponding boundary cell faces,i¢) the Bohm condition forcing at the quasineutral material boundaries,
and (v) the update of the macroparticle generation weight for each simulated heavy species population to
appropriately control the number of macroparticles per cell within a speci ed interval in stationary condi-
tions.

Finally, as for the collisions a ecting the heavy species, only singly and doubly ionization collisions are
considered here, the ionization rates following the Drawif® and Bell®® models for the reactionsA + e !

At +2eand A+e! A™ +3e andA* +e! A*™ +2e respectively, and the corresponding algorithm
based on that of HPHall.??
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IV. The electron- uid model

The complete description of the electron- uid module for HETs can be found in Ref. 25, and it is here
briey outlined. As mentioned in Sec. Il, every simulation step, after the PIC segment execution and
applying quasineutrality, the current continuity and the electron momentum equations are solved together
for updating the electric potential and the electron current density vector, while the electron temperature
and heat ux vector are updated separately from the electron energy and heat ux equations.

A. The current continuity and the electron momentum equations

Adding the contributions of all the heavy species and considering quasineutrality, the current continuity
equation is
rj= eS; 1)

wherej = je+ji,je= enelueandj;=e 5 .ZsNsUs are, respectively, the total, electron and ion current
densities, the latter given by the PIC module, with ue and ugs = gs=ns the drift velocities of the electron
and heavy species. The term Sg = ne ¢4 in the right hand side of Eq. (1) represents the electron source
term corresponding to the electron injection through the volumetric cathode#* which is the only net source
of electrons, .5 being the cathode equivalent electron emission frequency, so that the total electron current
emitted by the cathode (i.e. the discharge current) is
VA
lg=e Ne cardV; (2)
Veat
where the integral extends to the volumetric cathode region, featuring a volumeVey . It is stressed that
cat = 0 outside the volumetric cathode region, and that at the current state of development, the cathode is
represented by a single MFAM cell located in the near plume region, as shown in Fig. 2(b).

The transport equations for the magnetized electron population are solved in an MFAM so as to mit-
igate the strong numerical di usion arising from the B -induced large anisotropy between theB -parallel
and perpendicular electron transport properties® An orthonormal magnetic reference systenf1,;1 ;1. g
locally aligned with the dominant stationary externally applied magnetic eld is de ned, with 1, = B=B
and 1., = 1, 1 the B-parallel and perpendicular versors, respectively. Projecting in the above magnetic
reference system, neglecting the electron inertia and considering the collisional version of the electron turbu-
lent e ects in the momentum detailed in Ref. 25, the generalized Ohm law for the electron current density
is

) 1 @neTe) @ .
= — ; 3
Jke © eno @-k a. Jke 3)
. e 1 @neTe) @ j>ct mic.
J>e = P ’ (4)
1+ tm ©€Ne @ a- 1+ tm
je= mli>e LS (5)
where the electron temperature is expressed in energy units,
X
. en
Jc = — esUs (6)
€ sge

is the I§,otal heavy species equivalent collisional current density, contributing to the electron resistivity, with

e e es T ca the total electron collision frequency, which adds the dierent collision frequencies
es of the electrons with other spemess (i.e. elastic and ionization collisions depending om, and T,) as
well as the cathode contribution, ¢ = €ne=(Me ¢) is the electron parallel conductivity, = ! .= ¢ and
m = =(+ ) arethe classical Hall parameter and the e ective one acting on the electron momentum
equation, respectively, with ! .. = eB=m, the electron cyclotron frequency, and
_ mMZES @
"M T el B
4
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is the electron turbulent parameter acting on the momentum equation, wheren? and E° represent the
electron density and azimuthal electric eld uctuations with respect to their time and azimuthal-averaged
values, andh i means averaging on botht and . (see Ref. 25 for further details).

Given aT, pro le, Egs. (1) and (3)-(5) are jointly solved for andj through a cell centered nite volume
method (CC-FVM) in a non-structured MFAM, which requires the application of gradient reconstruction
(GR) techniques to express the value of a function and its derivatives at the face centers in terms of its
values at the cell centers, which are the actual computational points. The weighted least squares (WLSQ)
method introduced by Sozef? has been implemented in NOMADS3940.61

Regarding the boundary conditions,j n =0, with n the boundary normal versor pointing outwards, is set
at the dielectric thruster walls and symmetry axis [red and magenta lines in Fig. 2(a), respectively] and at the
downstream free loss boundary (current free condition for the expanding plasma plume leaving the domain)
represented by the blue lines in Fig. 2(a). Regarding the former, the sheath model developed by Ahedo and
de Pablo8® which accounts for () the secondary electron emission (SEE) from the dielectric walls including
elastically re ected and true-secondary electrons and i) the partial thermalization or replenishment of the
primary electrons velocity distribition function (VDF) through a parameter ; (not to be mistaken with
the electron parallel conductivity ) provides the corresponding sheath potential fall, to be considered for
computing the electron and ion species wall energy losses. At the conducting anode wall depicted in green
in Fig. 2(a), for each MFAM boundary cell face m, a linearized sheath model°® provides a relation between
the wall-collected net current density and the sheath potential drop  shm = m A with  and A
the electric potential at the face m and at the anode wall, respectively. Considering the usual HET constant
voltage operation, I 4 in Eg. (2) is unknown, and a given discharge voltageVy is set between the anode and
the cathode, so that

Vi= a cat s (8)
where 4 is the cathode potential. For simplicity, we set the cathode as the reference potential point, so
that ¢ = 0 and A = Vy. An iterative process is set on the values sp.m until the obtained electric
potential solution satis es the current continuity equation in Eq. (1) within a given tolerance.

Although electron inertial e ects are not explicitly included in the model, the electron drift-to-internal
energy ratio meu3=2T,, with Ue j Uej, has been limited to a given tolerance so that unbounded drift
velocities presumably arising not only around the anode, but also in the near plume regiofi$%® are avoided.

B. The electron energy and heat ux equations

The electron internal energy equation reads
@ 3 5 1:2

. 1
at SNeTe +1  oneTeUe+ Qe = Ue r (NeTe) + e jo+ elie Je* Qe émeU§Se; 9)
where (i) ge is the electron heat ux vector; (ii) the electron mass and energy source/sink terms are,
respectively, meSe = Mene( &M + cat), With 2" the total ionization collision frequency, and Qe = Qjon +
Qex +3Ne cat Teat =2, Tcat being the temperature of the electrons emitted from the volumetric cathode in
energy units, and Qjon ; Qex < 0 the energy sink terms due to the ionization and excitation collisions; and

(i) = =@+ ¢ )isthe eective Hall parameter acting on the electron internal energy equation, with
hu® EOi

= ; 10

te ugB ( )

the corresponding turbulent parameter, u% standing for the electron azimuthal drift velocity uctuations.
In order to close the set of uid equations for the electron population, a generalized Fourier law for the
electron heat ux, analogous to the Ohm law in Egs. (3)-(5) is considered:

@ 5T ,.
Gke = keaf 7;(] ket ke (11)
k. @I, ST o
PeT T L@ 2@+ o) (o Do e (12)
5T .
Je = qGet 7; tq) > es (13)
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where ke = 5T =2€? is the electron parallel thermal conductivity, and = = (1+ ) isthe e ective
Hall parameter acting on the electron heat ux equation, with

_ 5REY
tq = 27 0oB

the corresponding turbulent parameter, pd standing for the electron pressure (i.e.pe = NeTe) uctuations.

Given the solution for andj. from Egs. (1) and (3)-(5), Egs. (9) and (11)-(13) are solved for updating
Te and ge with the following boundary conditions: g n = 0 is imposed at the symmetry axis and at
the downstream free loss boundary, the latter representing an adiabatic condition for the expanding plasma
plume at in nity; at the anode and dielectric thruster walls, the total electron energy ux represented by the
second member in the left hand side of Eq. (9) is given by the aforementioned corresponding sheath model.

Finally, Eq. (9) is discretized in time according to the semi-implicit approach described in Ref. 40,
which allows to keep a linear system of equations, amenable to be solved through the parallel direct solver
PARDISO.%6:67 A number Ny of sub-iterations is performed per simulation or PIC timestep.

(14)

V. Simulations

A. Simulation settings

Figures 2(a) and 2(b) show the PIC mesh and the MFAM of the typical simulation domain of a SPT-100
HET. The dimensions of the thruster chamber and near plume region, which includes the symmetry axis are
listed in Table 1, along with the main meshes characteristics and the most relevant simulation parameters.
Figure 2(b) shows the di erent volumetric cathode locations analyzed in detail in Sec. V.B.1, being their
coordinates collected in Table 1. The cathode position C1 corresponds to the reference case here described,
located in the same magnetic eld streamline as C2 and C3. On the other hand, the cathode position C4
is on the last closing magnetic eld streamline in the simulation domain. The cathode electron emission
temperature is set to 3 eV for all the cases simulated. As mentioned in Sec. IV.A, the reference for the
electric potential (i.e. the point where = 0) is set at the center of the MFAM cell representing the
volumetric cathode for each case. The base magnetic circuit con guration presented in Ref. 40 for the
SPT-100 is considered here for all the cases simulated. The magnetic eld intensity and the axial pro le of
the magnetic eld intensity along the simulation domain at a radius r = 4:63 cm are shown in Figs. 2(c) and
2(d), respectively. The value of the maximum magnetic eld intensity and its axial location at the thruster
center line (TCL), along with the average magnetic eld intensity at the free loss boundary downstream
[vertical blue boundary line in Fig. 2(a)] are listed in Table 1.

Here, the nominal SPT-100 HET operation parameters reported in Ref. 68, already considered by Rerez-
Grande 3 4% are adopted. The constant voltage operation mode is simulated for all cases with a discharge
voltage Vg4 = 300 V. Assuming xenon as propellant, a neutral mass owma =5 mgs ! is injected from a
Maxwellian reservoir through the whole annular anode wall located atz = O [green left boundary in Fig.
2(a)] featuring a at pro le with a sonic axial velocity based on its own temperature (see Table 1). Singly and
doubly charged ions are generated through the ionization of both the injected and the recombined neutrals at
the thruster ceramic walls [red boundary lines in Fig. 2(a)], according to the ionization reactions commented
in Sec. lll. The ion-recombined neutrals are di usely emitted from the material walls considering complete
accommodation of the impacting ions, as suggested by several autho?$5® Thus, the neutral emission
energy is only given by the wall temperature, which is set to 850 K. Neutrals are di usely re ected with zero
neutral-wall accommodation at the material walls.

All the simulations feature three di erent particle populations independently monitorized and identi ed
as follows: n grouping both the injected and recombined Xe neutrals,i1l containing the singly charged ions
Xe* generated from the ionization ofn, and i2 corresponding to the doubly charged ions X& from the
ionization of both n and i1. Regarding the population control algorithm, a target number of macroparticles
per cell of 500 is considered per particle population, with a control range of 10%.

The simulation (or PIC) timestep (see Table 1) is set so that a doubly charged ion accelerated across
the discharge voltage takes at least two simulation timesteps to cross the smallest PIC mesh cell. Every
simulation features a total of 60000 simulation steps (equivalent to 900 s of simulation time), and is divided
in two phases. First, an initialization phase of 15000 simulation steps (equivalent to 225 s of simulation time)
provides an initial state solution for NOMADS considering isothermal electrons with T, = 8 eV, the electric
potential obtained from the collisionless electron momentum balance equation ag =Ty = In( Neg=neo),
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Figure 2. (a) The PIC mesh. The red, green, blue and magenta lines indicate the thruster dielectric walls,

the anode wall, the free loss boundary and the symmetry axis at r = 0, respectively. (b) The MFAM used
by NOMADS. The blue and red MFAM faces de ning the MFAM cells are aligned along the magnetic eld

parallel and perpendicular directions, respectively. The green squares indicate the various volumetric cathode

positions considered, whose coordinates are listed in Table 1. The location C1 is considered for the reference

case. The green lines correspond to the magnetic eld streamlines passing through the dierent cathode

positions, C1, C2 and C3 being upon the same magnetic line. The cyan line marks an additional magnetic eld

streamline dealt with in Sec. V.B.1. (c) The magnetic eld intensity. (d) The axial prole of the magnetic

eld intensity at a radius r = 4:63 cm. The dashed vertical line indicates the axial location of the thruster
chamber exit plane, at z =2:85 cm (see Table 1).

where ngy and T are the electron density and temperature at the point where =0, respectively. Starting
from the initial solution above, a second phase featuring 45000 simulation steps (i.e. 675 of simulation
time) using NOMADS for the electron population completes the simulation, the obtained discharge current
undergoing around seven oscillations reproducing the HET breathing mode. An appropriate value dflye =5
NOMADS time sub-iterations per simulation step is considered (refer to Ref. 25 for further details). All
the results shown in the following sections are time-averaged over 50 simulation timesteps (equivalent to
7.5 10 ' s of simulation time), which allows for a proper visualization while still reproducing oscillation
modes of interest. Furthermore, a time-averaging over the last 450 s of simulation time (time enough for
the discharge current to perform around ve complete oscillations) is performed for all the time-averaged
variables shown in the following sections.

All the simulation cases consider an electron turbulent parameter { = 1 = = g, SO that

= m = = ¢ Isthe eective Hall parameter. While the results for dierent  values and pro les
are shown in Sec. V.B.2, the reference simulation case takes = 2:5 10 2, so that the e ective electron
collision frequency o = e+ (! ce, With ¢ 10°, is dominated by the B-proportional turbulent contribution

t! ce 107, and limits the e ective Hall parameter to 35.

As for the electron inertial e ects (refer to Sec. IV.A), the magnitude of the electron drift velocity is
limited to twice the electron thermal one, so that the electron drift-to-internal energy ratio meu2=2T,, with
Ue | Ugj, can take a maximum value of two.
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Simulation parameter \ Units \ Value

Thruster chamber length, L cm 2.85
Thruster chamber inner radius, r cm 3.50
Thruster chamber outer radius, r, cm 5.00
Near plume region length cm 8.15
Near plume region radius cm 8.10
PIC mesh number of cells, nodes - 1080, 1161
PIC mesh spacings in chamber z, r mm 1.50, 1.88
PIC mesh spacings in near plume z, r mm 2.81, 2.53
MFAM number of cells, faces - 1173, 2411
MFAM average cells skewnes¥ - 2 10 2
MFAM average aspect ratio*® - 10 !

C1 cathode location,z, r cm 3.29, 6.73
C2 cathode location,z, r cm 5.94, 4.16
C3 cathode location,z, r cm 3.20, 1.70
C4 cathode location,z, r cm 3.33,7.15
Cathode emission temperature,T¢a eV 3
Cathode volume C1, C2, C3, C4 cmd 1.68,0.697,0.854,0.138&
Max. jBj along the TCL G 242.75
Axial location of max. jBj at the TCL cm 2.40
Average B j at the free loss exit plane G 5.04
Discharge voltage,Vy Vv 300
Simulation (PIC) timestep, t s 1:50 10 8
Total number of simulation steps - 60000
Number of initialization steps - 15000
Number of simulation steps with NOMADS - 45000
Injected Xe velocity ms ! 300 (sonic)
Injected Xe temperature eV 7:35 10 ?
Injected Xe mass ow, ma mgs ! 5

Table 1. Main simulation parameters of the SPT-100 HET reference simulation case. The radial PIC mesh
spacing marked with an asterisk ( ) represents the average radial spacing in the near plume region.

Regarding the parameters for the sheath model at the thruster dielectric walls (refer to Sec. IV.A), Boron
Nitride data for the SEE is taken from Ref. 63, while ; = 0:3 is considered for all the cases presented here.
It is underlined that the metallic anode features no SEE.

The simulations here described considered a total number of particles of around one million, a parallel
10 threads simulation requiring a total computational time of around 17 hours in an up-to-date workstation.

B. Simulation results and discussion
1. Reference case and cathode location e ects

In this section the results for the reference simulation case with cathode location at C1 described in Sec. V.A
are rst discussed in detail and then compared to those of the simulation cases featuring cathode locations
at C2, C3 and C4, depicted in Fig. 2(b), keeping constant the rest of simulation parameters. Table 2 lists
the relevant data of the discharge for each simulation case, which shall be commented on this section along
with Figs. 3-7. Figures 4 and 5 show the time-averaged axial pro les ar = 4:63 cm of di erent magnitudes
characterizing the discharge for the cases C1-C4. The vertical black dashed, dot-dashed and dotted lines in
Figs. 4 and 5 indicate, respectively, the axial position of the thruster chamber exit plane atz = 2:85 cm and
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Variable | units | c1 c2 c3 C4

Ne 107 m 3 1.53 151 153 1.40

Nn 107 m @ 7.51 7.17 7.26 8.03

lq A 6.41 6.78 6.62 6.01

lia A 4.84 4.98 4.89 4.74

oo - 0.28, 0.97 0.32, 0.97 0.30, 0.95 0.37, 0.95
cur s divs prod - 0.76, 0.83, 0.62] 0.73, 0.85, 0.62| 0.74, 0.84, 0.61] 0.79, 0.81, 0.64
lsp, F s,mN | 1508,73.96 | 1646,80.74 | 1578,77.39 | 1667, 8147
Pd, Puse w 1924, 654 2028, 766 1986, 717 1803, 780
Pualis , Pioniex w 1032, 162 1028, 172 1055, 171 801, 157
cat MHz 462 154 340 16354

Main results for the simulation cases C1-C4. Time-averaged values over the number of complete
s of simulation time.

Table 2.
cycles within the last 450

the axial position of the magnetic eld streamlines passing through the cathode positions C1-C3 az = 5:94
cm, and C4 atz = 9:69 cm. Figure 6 shows time-averaged 2D contour maps of di erent magnitudes for the
case C1. Moreover, Fig. 7 depicts time-averaged 2D magnitude contour plots and streamlines of the 2D
(z;r) electron and ion current densitiesj. and [ for the cases C1-C4. The black square marker indicates
the cathode position for each case in Figs. 6 and 7.

The main features of the plasma discharge are rst analyzed focusing on the case C1. The ionization
induced predator-prey type uctuation characterizing the typical HET breathing mode is revealed in Figs.
3(a) and 3(b), showing the time evolution and the normalized amplitude spectrum, respectively, of both
the average plasma densityne (solid black line) and the average neutral densityn, (dashed black line) in
the simulation domain. Moreover, Fig. 3(c) depicts the time evolution of the discharge currently. The
time-averaged mean values of the above magnitudes and of the beam curreht; , representing the total
ion current leaving the simulation domain through the free loss boundary [blue boundary in Fig. 2(a)]
are listed in Table 2, featuring all of them the same dominant oscillation frequency of 11.45 kHz. This
result is very close to that obtained in previous simulations®® 771 and is in the 10-30 kHz range reported
by experiments#?5253 The averagene to n, and |;;; to l4 phase delays are 76.13 and 20.38 degrees,
respectively.

Table 2 lists the time-averaged values of the thrust, utilization, current, divergence and production
e ciencies, which are de ned, respectively, as

_ F?2 _ Mis

- m: u - mA ’ cur

= Pzil .
div Pil ’

_ i,

lg '

= I'il (15)

prod | 1
prod

thr

where m;; is the ion mass ow leaving the domain through the free loss boundary [blue boundary in Fig.
2(a)], F is the thrust force, obtained as the axial momentum ux of the heavy species integrated over the
aforementioned boundary,Pq = V4l 4 is the discharge powerP,i; and P;j; are the axial and total ion power
deposited to the free loss domain boundary, respectively, andpoq = lwi + i1 is the total ion current
produced though the ionization processes, with ,; the total ion current collected at the thruster walls (i.e.
the anode and dielectric walls). Along with the time-averaged values oF and Py, Table 2 also gathers the
obtained speci ¢ impulse Isp = F=gyma, With go = 9:80665 ms 2 the standard acceleration of gravity, and
the values of () the useful power Pyse, invested in the thrust generation through the ions acceleration, {i)
the power spent in the ionization and excitation processe®ion.ex and (iii ) the total power deposited by the
plasma to the thruster walls (i.e. the anode and the dielectric walls) plus the electron energy ow and the
heavy species non-axial energy ow through the free loss boundaras -

The ionization instability induces peak values of the discharge current of around 6 times the mean value.
These large oscillations greatly a ect the whole plasma discharge and complicate its analysis, introducing
uncertainties in the thruster performance gures estimates. The phase shift between the oscillating average
plasma and neutral densities in the domain, partially mitigated by the ion recombination at the thruster
walls, is responsible for the higher-than-expected , values. The temporal evolution of the thrust e ciency
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Figure 3. (a) and (b) Time evolution and normalized amplitude spectrum of ne and nn for the reference case,
respectively. Solid and dashed lines in (a) and (b) corresponds to ne and np, respectively. (c) Time evolution

of 14 for the simulation cases C1-C4. (d) Spatial evolution of the electron temperature ratio Te=Teo along the
cathode magnetic eld streamline for the cases C1 and C2. The orange star markers indicate the cathode

position along the magnetic eld streamline. The black and red dashed lines with square and circle markers

correspond to the temperature ratio Te=Teo along the cyan magnetic line plotted in Fig. 2(b) for the cases C1

and C2, respectively. The cyan star marker indicates the reference point for Teo in that line.

yields a mean value of 0.48. Given its non-linear dependence on the oscillating thrust and discharge power,
a more representative value of 0.28 is obtained using the time-averaged values in Table 2, which is closer to
the useful-to-discharge power ratioP,se =Py = 0:34.

The electric potential axial pro le shown in Fig. 4(a) presents its global maximum and minimum values
at 0.3 cm away from the anode wall, and at the axial position of the cathode magnetic line, respectively.
The maximum axial electric eld, which characterizes the acceleration region, and the maximum electron
temperature are located between the thruster chamber exit plane and the cathode magnetic line, as shown
in Figs. 4(c) and 4(e), respectively. This is also evident from the 2D contour maps of the electric eld
magnitude and the electron temperature depicted in Figs. 6(b) and 6(c), respectively.

The plasma density pro le shown in Fig. 4(g) features a maximum upstream the acceleration region,
inside the thruster chamber [see the time-average 2D contour map in Fig. 6(d)], and decreases monotonically
towards both the anode wall and the thruster exit plane due to the ion acceleration by the self-adjusted
electric eld shown in Fig. 6(b), thus yielding the ion streamlines depicted in Fig. 7(e). As expected, the
same applies to the singly and doubly charged ion populations, their axial density pro les and singly-to-
doubly charged ions particle density ratio nj;=n;, shown in Figs. 4(b), 4(d) and 4(f), respectively.

The ionization region, characterized by the maximum plasma density in the domain, is located closer to
the anode wall than expected. This fact is related to the lack of an electric potential plateau along the rst
part of the thruster chamber [see Figs. 4(a) and 6(a)], which has been reported by experimenté{’®> and
greatly depends on the electron turbulent parameter pro le simulated (see Sec. V.B.2). In the near plume
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region, Fig. 6(d) reveals a higher plasma density along the symmetry axis with respect to the upper free
loss boundary. This fact is due to the natural particle re ection at the axis, which, as expected, increases
the singly and doubly charged ions particle density along the axis (see Fig. 6(e) for the singly charged ions),
thus giving rise to the formation of a single-peaked plasma plume downstream.

The progressive ionization of the injected neutral gas is responsible for the monotonically decreasing axial
neutral density pro le shown in Fig. 4(h). The ion-wall recombination and subsequent neutral emission from
the lateral thruster walls is responsible for most of the neutral particle density in the lateral near plume
regions, as shown in Fig. 6(g).

As already observed by Ahedoet al.,®4%° Figs. 5(a) and 6(h) reveal a higher electron drift-to-internal
energy ratio meu2=2T, at the anode and near plume regions. This ratio is here limited to two (refer to Secs.
IV and A). Therefore, larger values could arise at those regions if a less restrictive tolerance is considered,
which suggests that the electron inertia could play a non-negligible role there.

Figures 5(b) and 5(c) show the axial pro les of the electron azimuthal and perpendicular current density
components, which, neglecting collisions in Eq. (5), satisfyj ¢ ' j>e. The electron current density
components above feature a change of sign when crossing the cathode magnetic line. This is consistent with
the negative axial component of the electric eld that develops in that region [see Fig. 4(c)], which has also
been reported by experiments’> 73

The cathode injection increases the electron parallel current density along the nearby magnetic eld lines,
as depicted in Fig. 5(d). The electron streamlines shown in Fig. 7(a) illustrate how the collisional processes
taking place in the very near plume region yield a perpendicular electron transport towards both the thruster
chamber and the free loss domain boundary. The former constitutes the back-streaming ow of primary
electrons in charge of ionizing the neutral gas injected through the anode, which are highly magnetized and
feature a di usive-collisional motion characterized by the dominant azimuthal E B drift, 1'3 and a reduced
perpendicular motion through the anode. As shown in Fig. 4(e), they are heated up by the collisions in
the region between the cathode magnetic line and the thruster chamber exit plane. Inside the chamber, the
electron temperature decreases due to the neutral gas ionization and excitation processes and the wall losses.
On the other hand, the later are responsible for the ion beam neutralization in the near plume region, and
is favored by a potential jump of 25 V between the cathode and the free loss domain boundary [see Fig.
6(a)].

After describing the results for the reference case C1, the remaining of this section analyzes the e ects of
the cathode location on the discharge by comparing the cases C1-C4. Figure 3(c) compares the time evolution
of the discharge current for the cases above. The characteristic breathing mode oscillation frequency for the
cases C2 and C3 is 11.26 kHz and 11.30 kHz, respectively, thus very close the value of 11.45 kHz of the
reference case C1. In contrast, the case C4 presents a lower value 06® kHz and a larger peak-to-peak
oscillation amplitude, with discharge current peak values around 7 times higher than the mean value. Table
2 lists the time-averaged values of .5 . The larger this value the more concentrated is the electron injection
through the volumetric cathode, and thus the larger the perturbation that it induces in the rest of magnitudes.
Referring to Eq. (2), ca IS inversely proportional to both the plasma density at the cathode MFAM cell
and its volume Vqq;. Therefore, considering that all cases C1-C4 feature a similar time-averaged value of
l4 (see Table 2), the lower volume of the cathode MFAM cell C4 (see Table 1) and the lower value of the
time-averaged plasma density in that region [refer to Fig. B.3 in Ref. 25, omitted here], could explain the
larger discharge oscillations found for the case C4.

Given the near-collisionless parallel motion of the con ned electron population typical of a HET, the
plasma density and the electric potential may be assumed to satisfy the isothermal Boltzmann relatiorf®
which, integrating Eq. (3) along the cathode magnetic line neglecting the e ect of collisions (i.e. setting
jke = 0) and considering isothermal electrons, may be written as

e () o) Teoln =0 (16)

Neo

where the electron temperatureTeg, the plasma density ngg and the electric potential ( are constant along
the cathode magnetic eld streamline (i.e. = const: line). Considering values of Teg = 6:41 eV and
Teo = 2:20 eV at the cathode MFAM cell for the cases C1 and C2, respectively, the black and red solid lines
in Fig. 3(d) represent the electron temperature ratio T.=Teo along the cathode magnetic line for cases C1
and C2 [see Fig. 2(b)]. For each case, the cathode location on the magnetic line is indicated by the orange
star marker. The results reveal that in both cases the cathode magnetic line is far from being isothermal,
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specially near the cathode position. The intense volumetric injection of thermal electrons with temperature
Teat perturbs locally the plasma solution making the electron temperature tend to Ty in the region near
the cathode MFAM cell. Consequently, an electric potential jump along the cathode magnetic line develops
in the cathode vecinity. For the case C1 it takes a value of 15 V, the isopotential lines of 5, 10 and 15 V
depicted in Fig. 6(a) being perpendicular to the red cathode magnetic eld streamline. Nonetheless, for both
cases C1 and C2, the black and red dashed lines with square and circle markers in Fig. 3(d), respectively,
show that the isothermal condition is satis ed along the magnetic eld streamline represented by the cyan
line in Fig. 2(b), thus con rming that the volumetric cathode perturbation is local.

As for the thruster performance gures, very similar results for thrust, speci c impulse and e ciencies
are obtained for the cases C1-C3. The case C4 however, features slightly higher thrust, specic impulse
and thrust e ciency values (see Table 2). The fact that the cathode magnetic streamline is located further
downstream in the case C4 [see Fig. 2(b)] results in a smoother electric potential evolution in the near plume
region, as shown in Fig. 4(a). As a consequence, the axial component of the electric eld shown in Fig. 4(c)
features a lower peak value, but remains positive in a wider region until the cathode magnetic line, thus
yielding a higher thrust.

Interestingly, the electron temperature follows the trend of the electric potential and a decaying pro le
is found for the case C4 in the near plume region, as shown in Fig. 4(e), while a very similar electron
temperature peak value and evolution inside the thruster chamber is found in all cases. The still relatively
high electron magnetization in the near plume region could explain the at evolution of the electric potential
and the electron temperature there. On the other hand, the electron drift-to-internal energy ratio shown in
Fig. 5(a) remains one order of magnitude lower than those of the cases C1-C3 in most of the near plume
region, thus indicating the marginal role of the electron inertial e ects there.

The perturbation on the plasma density shown in Fig. 4(g) for the cases C1-C3, produced by the behavior
of the electric eld around the cathode magnetic line region, does not appear in the case C4, for which the
corresponding cathode magnetic line crosses the domain further downstream. The same applies to the singly
and doubly charged ions particle density and their density ratio depicted in Figs. 4(b), 4(d) and 4(f),
respectively.

As aforementioned for the case C1, the azimuthal and perpendicular electron current density components
exhibit a change of sign when crossing the cathode magnetic line on each case, as shown in Figs. 5(b) and
5(c), respectively, in accordance with the sign of the dominant axial component of the electric eld there [see
Fig. 4(c)]. For each case, the sign of the parallel electron current density component peaks depicted in Fig.
5(d) is consistent with the position of the cathode with respect to the axial line atr =4:63 cm (see Fig. 7),

j ke featuring the sign of the electron parallel drift velocity.

Figures 5(e)-(f) and 7 compares respectively, the axial proles and the magnitude and streamlines of
the time-averaged the 2D ;r) electron and ion current densitiesje and j; for cases C1-C4. The cathode
location has a minor e ect on the ion current density, while the electron streamlines evidence the di erent
electron injection locations in the near plume. Interestingly, a similar solution is found for the electron
streamlines inside the thruster chamber. The proximity of the simulation boundary to the cathode magnetic
line in the case C4 [see Fig. 2(b)] could explain the larger discrepancies found for the case C4. Moreover,
Fig. 7 reveals an oscillating pattern in the parallel electron current density along the magnetic lines in the
vicinity of the volumetric cathode in the near plume region. This e ect is most probably due to numerical
issues related to the abrupt MFAM cells change of size in that region.
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Figure 4. Time-averaged axial pro les for cases C1-C4. (a) The electric potential, (b) and (d) the singly and
doubly charged ions particle density, (c) the axial component of the electric eld, (e) the electron temperature,
(f) the singly-to-doubly charged ions particle density ratio, and &gs) and (h) the plasma and neutral density.
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Figure 5. Time-averaged axial pro les for cases C1-C4. (a) The electron drift-to-internal energy ratio, (b) the
electron azimuthal current density component, (c) the electron perpendicular current density component, (d)
the electron parallel current density component, (e) the magnitude of the 2D (z;r) electron current density

vector and (f) the magnitude of the 2D (z;r) ion current density vector.
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