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Nomenclature

e = Fundamental charge

nn = Neutral density

uzn = Neutral average axial velocity

ṁ = Neutral mass flow

Tn = Neutral temperature

ṁzi = Axial ion flow

mi = Ion mass

ni = Ion density

Ti = Ion temperature

cs = Ion sound velocity

uzn = Ion axial velocity

uriQ = Ion radial velocity at sheath edge

Sprod = Source term due to ionization

me = Electron mass

ne = Electron density

Te = Electron temperature

pe = Electron pressure

Er = Radial Electric field

Bm = Maximum magnetic field

ϕsh = Potential drop at the sheath

ϕ∗
sh = Theoretical potential drop at the sheath

δϕsh = Perturbation of potential drop at the sheath

j∗W = Theoretical wall current

jW = Wall current density

IW = Wall current

ϕ = Electric potential

νe = Effective electron collision frequency

αano = Anomalous coefficient

I∞ = Plume current

Vd = Discharge voltage

Id = Discharge current

rW = Wall radius

Lr = Channel width

Lch = Channel length

A = Channel cross-section

zm = Location of maximum magnetic field

lm = Exponential decay length of the magnetic field

c̃ = artificial capacitance

wp = Particle weight

∆l = Grid size

∆t = Time-step

fD = Augmentation factor

ϵ0 = Vacuum permittivity

ωce = Electron cyclotron frequency

νe = Electron effective collision frequency

HET = Hall Effect Thruster

PIC = Particle-In-Cell

MCC = Monte Carlo Collision
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I. Introduction

The 3D kinetic modeling of a Hall Thruster discharge requires extensive resources and sometimes unfeasible
computation times. Extensive research has been carried out to use reduced 1D or 2D models1,2 to

effectively simulate the plasma discharge. However, these approaches can neglect important phenomena
that occur in the non-simulated directions. Consequently, the introduction of a virtual dimension in PIC
simulations has been frequently employed, particularly in azimuthal and radial-azimuthal simulations, where
the axial dimension is added to dissipate the energy generated by the electric field.1,3–6 Incorporating the
radial dimension in axial or axial-azimuthal simulations is equally crucial, as walls act as sinks and sources
of particles and plasma-wall interactions significantly influence the axial profiles of main plasma parameters.
Furthermore, it contributes to expanding the range of numerically convergent solutions for Hall-type plasmas
and operational characteristics.

Over the years, numerous attempts have been made to accurately model wall interactions in PIC models
without solving the Poisson equation in the radial direction. The first attempts to model wall effects were
conducted by Adam et al.7 and Coche et al.8 In both works, they considered electron-wall collisions within
the thruster channel. Electrons with radial energy higher than a prescribed potential energy of 20 V are likely
to undergo an isotropic elastic collision. In this approach, electrons are not removed from the simulation
domain or lose any energy when they collide with the walls. A similar approach was recently taken by
Yamashita et al.9 in a 1D axial PIC simulation, but the energy of the electrons was reduced after the wall
collision. Both approaches have limitations, as they do not involve the removal of particles by the wall, and
walls affect exclusively electrons, neglecting ion recombination at walls.

Tavant,10 was one of the first authors to propose a wall interaction model where particles are removed
from the simulation domain. To avoid charge imbalances, flux equality at the wall was imposed by absorbing
the same number of electrons and ions at each time step. The flux was based on the ion thermal velocity
in the radial direction, with the most energetic electrons being removed from the simulation domain, while
there was no specific ordering for the ions. Petronio11,12 expanded on this approach, using a Bohm flux
based on the ion sound velocity and stating that the density at the sheath edge was half of the bulk density.
Although both approaches demonstrated a significant improvement over previous models, they require the
ordering of electrons by their radial energy, which incurs substantial computational costs. Additionally,
Petronio assumed a fixed ratio between the bulk plasma and the sheath, with flux to the walls derived from
fluid theory. This simplification means that the presheath and sheath regions are not explicitly modeled,
thereby neglecting the kinetic effects on plasma-wall interactions.

In this work, we propose an alternative model to study wall interactions in an axial PIC simulation.
This new model differentiates between presheath and sheath regions, moves electrons and ions radially,
and satisfies the dielectric condition at the walls by prescribing a radial potential profile, based on results
from fluid and kinetic 2D axial-radial models. Consequently, there is no need for electron ordering, nor
assumptions regarding the ratio between the plasma bulk and sheath edge. Instead, the ability of electrons
to overcome the electric potential at the sheath depends on their radial energy. Lastly, with this model, it is
possible to account for kinetic effects on plasma-wall interactions and analyze multiple wall quantities such
as wall current densities, sheath potential drop, or depletion of electron radial velocity distribution function.

We demonstrate that this new wall-interaction model yields numerical solutions in a 1D axial PIC simu-
lation that are highly similar to those from a 2D axial-radial PIC simulation performed with the same input
parameters,13 resolving the radial dimension self-consistently. Furthermore, the model exhibits high robust-
ness against numerical parameters. These results represent a substantial improvement over the current state
of the art and have major implications for including wall interactions in axial-azimuthal PIC simulations,
where the interplay between wall interactions and kinetic instabilities has not been studied.

The kinetic model is presented in Section II, and the new model for wall interactions is discussed in
Section III, in Section IV, we present the first axial PIC simulations of a Hall thruster discharge with wall
effects, demonstrating its physical accuracy and robustness against numerical parameters.

II. Kinetic model

The in-house code PICASO13–15 in its axial-azimuthal version has been employed for the full-PIC sim-
ulations of the Hall thruster presented in this work. PICASO is a 2D3V explicit momentum-preserving
PIC code that uses the Boris algorithm16 for moving and weighing electron and ion macroparticles with a
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first-order cloud-in-cell shape function on a uniform rectangular mesh, and employs a bi-linear interpolation
scheme to retrieve the electromagnetic fields acting on each particle. Poisson’s equation is solved using a
finite-difference solver that uses the PARDISO17–19 direct solver in Intel MKL. Particle lists are split between
different CPUs using a particle-decomposition parallelization with OpenMP. All the simulations shown in
this paper were run in a workstation with 2 sockets, each one with 20 cores Intel(R) Xeon(R) Gold 6230
CPU @ 2.10GHz.

Electrons (e) and singly-charged ions (i) are simulated as two different particle populations with constant
macroparticle weights. To avoid simulating time scales associated with the slow neutral dynamics, neutrals
are described by a simple neutral depletion law that conserves the total mass flow13

nn(z) =
ṁ− ṁzi(z)

Amiuzn
. (1)

where mi is the ion mass, A is the channel cross-section, uzn is an average velocity of neutrals, ṁzi is the
axial ion flow on an axial constant surface and ṁ is the injected neutral mass flow at the back wall.

The model assumes an external radial magnetic field that varies only in the axial direction given by

B(z) = Bm exp− (z − zm)
2

l2m
1r, (2)

with Bm = 250 G, zm = 2.5 cm, lm = 1.35 cm for z < zm, and lm = 1cm for z > zm, shown in Figure 1.
To include radial wall interactions and test them, PICASO was reduced to simulate a 1D axial domain.

Particles are tracked in 3D3V, and even though Poisson’s is solved only in the axial direction, particles are
also moved radially since a radial potential profile was imposed. Figure 1 provides a sketch of the simulation
domain, consisting of the thruster channel and the near plume. Although the radial direction is depicted, it is
not self-consistently resolved in any of the simulations presented in this paper. Nevertheless, it is important
to show this direction to indicate the regions where ion and electron fluxes to the wall are expected. The
electron emission from the cathode in our model differs from previous axial or axial-azimuthal Hall-thruster
simulations,7–9,11,12,20 which used a surface cathode to inject either the current collected at the anode or
based on a quasineutrality condition in the cathode plane. Instead, we opted for a volumetric cathode,21

2mm in length, located near the end of our simulation domain (grey box in Figure 1). This volumetric
cathode injects the current collected at the anode plane, sampled from a semi-Maxwellian VDF at 1 eV
along the cathode’s region of influence. The boundary surface on the right of our domain is treated as a
free-loss zero-current boundary.

Figure 1. Simulation domain sketch with the applied magnetic field and arrows indicating the direction of the
expected ion and electron fluxes. The grey regions in the domain refer to the volumetric cathode. The dotted
vertical line in the magnetic field plot denotes the thruster exists.

The electric potential, ϕ, is self-consistently obtained from the Poisson equation, where we imposed
Dirichlet boundary conditions at the anode and cathode. Ionization collisions are resolved using standard
Monte Carlo Collision (MCC) algorithms, with a cross-section provided by the analytical model proposed
by Drawin et al.22 Ions are assumed collisionless. For electron momentum-transfer collisions, we use the
crude model presented by Maŕın-Cebrián et al.23 This model assumes virtual isotropic scattering collisions
with an effective frequency, νe = αanoωce + νe0, where αano = 0.01 is an anomalous transport coefficient,
ωce = eB/me is the electron cyclotron frequency and νe0 = 106s−1.
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Table 1 gives the values of the main physical parameters and magnitudes used throughout the different
simulations presented in this paper. The values are chosen to be equal to the ones used by Maŕın-Cebŕıan
et al.13 The discharge voltage of the anode and cathode is Vd = 300 V while Id is the discharge current.

Type Symbol Value Units

Species settings

Initial plasma density ne0 = ni0 4× 1017 m−3

Initial ion temperature Ti0 0.5 eV

Initial electron temperature Te0 10 eV

Reference neutral density ṁ/ (miuznA) 2× 1019 m−3

Axial neutral velocity uzn 500 m/s

Neutral temperature Tn 0.0 eV

Cathode emission temperature TeNf 1 eV

Physical system parameters

Channel inner radius rW1 35 mm

Channel inner radius rW2 50 mm

Channel length Lch 25 mm

Domain length L 50 mm

Anode potential ϕA 300 V

Cathode potential ϕC 0 V

Anode magnetic field BA 8 G

Maximum magnetic field Bm 250 G

Surface interaction parameters

Artificial Capacitance c̃ 2.5× 10−5 F/m2

Table 1. Input parameters for the kinetic model

III. Treatment of the radial dimension

In addition to the movement of particles in the directions where Poisson’s equation is solved, electrons
and ions also move radially. Their radial movement is limited by the channel width, i.e. Lr = rW2 − rW1.
Following this approach, we encounter two main challenges.

First, we need to set the shape of the ambipolar electric field in the presheath, which will accelerate ions
toward the wall ensuring the Bohm criterion at the sheath edge, while slowing down electrons. Second, we
must model the sheath at walls, guaranteeing that the walls are dielectric, jW = 0. Therefore, the model
differentiates between a presheath and a sheath, prescribing an analytical expression for an electric radial
field in the presheath and a potential drop in an infinitely thin sheath. Lastly, this model differentiates
between the thruster channel and the plume. Therefore, we only consider particle absorption to the walls
within the thruster channel, where we can obtain an approximate solution for both regions of our model.

A. Presheath

As we will not be solving Poisson’s in the radial direction, we need to formulate an expression of the radial
electric field that can vary in z, r. We have formulated an expression based on the ion’s fluid momentum
equation in the radial direction.

Considering steady state, neglecting cylindrical effects, cold ions, and assuming that ion’s azimuthal
velocity is smaller than the other velocities, uθi ≪ uzi, uri, and solving for the electric radial field. The ion’s
fluid momentum equation in the radial direction can be expressed as

Er =
mi

eni

(
ni

(
ũri

∂ũri

∂r
+ uzi

∂ũri

∂z

)
+ ũriSprod

)
. (3)
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where mi is the mass of the ion, ni is the ion’s density, uzi, uri are the ion’s axial and radial velocities, and
Sprod is the source term due to the ionization of neutrals. Most of the quantities given in the equation above
are calculated by PICASO. However, an analytical expression for the ion’s radial velocity must be given,
ũri. Following Bohm criterion,24 ions should reach the sheath edge with at least ion sound velocity. From
previous axial-radial kinetic simulations,13 the shape of the ion’s radial velocity follows a cubic behavior,
especially on the end of the radial domain. Consequently, we formulated a cubic profile on the ion’s radial
velocity such that

ũri(z, r) = cs(z)

(
r − rM

rW2 − rM

)3

, (4)

where cs(z) =
√

Te(z)
mi

is the ion sound velocity. From Eq. (4), it is clear that our equation will depend on

two dimensions, as the electron temperature varies axially throughout the chamber. The electric radial field
is solely applied in the thruster channel, to ensure a smooth transition to the near plume, and an exponential
decay is imposed. The model for the presheath is quite advantageous as the radial electric field is computed
at the particle’s radial position, and it solely depends on calculated quantities by PICASO.

B. Sheath

The sheath is modeled as an infinitely thin layer in our radial domain, rQ ∼ rW . Consequently, when particles
reach the wall boundaries, we must account for ions removed by the walls and electrons either removed or
reflected based on their radial energy. Moreover, the dielectric condition at the wall, jW = 0, should be
satisfied in a steady state. We modeled the potential drop at the sheath as a sum of two contributions: the
potential drop derived from the fluid formulation in the sheath,24 ϕ∗

sh, and a small perturbation, δϕsh, that
accounts for kinetic effects, and non-zero wall current in the transient state. Therefore, the expression is
given by

ϕsh = ϕ∗
sh − δϕsh =

Te

e
ln

√
mi

2πme
− δϕsh. (5)

During a transient state, the flux of different species to the wall might be unequal. To account for this, the
perturbation time evolves following a capacitor-like behavior with a prescribed artificial capacitance, c̃. This
relationship is described by

∂(δϕsh)

∂t
=

jrW
c̃

, (6)

where jrW represents the current density of the wall. As it will be shown in section IV-B1, the artificial
capacitance does not alter the solution and the perturbation contribution remains small compared to the
main contribution from sheath theory, δϕsh < ϕ∗

sh.

IV. 1Dz Results

As a proof of concept for introducing wall effects in PIC simulations, we begin with a 1Dz simulation of a
Hall thruster discharge to evaluate the accuracy and convergence of this new wall algorithm. Additionally, we
aim to test the algorithm’s robustness against various numerical parameters, such as artificial capacitance,
the initial number of particles per cell, and the augmentation factor on the electric permittivity, which also
affects the grid size and time step.

A. Reference simulation

Based on the input parameters depicted in Table 1, we conducted the first PIC simulation with the numerical
parameters provided in Table 2. The computation time for this simulation was approximately 4-5 hours.

Simulations start with equal particle densities ne0 = ni0 = 4 × 1017 with Maxwellian distributions with
temperatures Te0 = 10eV and Ti0 = 1eV . Populating the domain with initially 40 macroparticles per cell,
each macroparticle has a constant weight of wp = 1.64 · 109.

Figure 2 illustrates the temporal evolution of main wall quantities calculated by our wall algorithm. In a
steady state, the currents to both walls satisfy the dielectric condition. Moreover, the potential drop at the
sheath and its perturbation converge to a specific mean value, as well as satisfying that δϕsh < ϕsh.
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Numerical parameters Symbol Value Units

Grid spacing ∆l 0.4 mm

Time-step ∆t 20 ps

Simulated time tsim 80 µs

Augmentation factor fD 20

Initial number of particles per cell Nppc 40

Table 2. Numerical parameters for the reference simulation.

By examining the time evolution of the wall currents, three distinctive regions can be identified. Initially,
more electrons reach the wall due to their higher mobility. As time evolves, ions are accelerated to the wall
by the ambipolar electric field. While electrons are slowed down and reflected by the sheath if their energy
is not sufficient to overcome the potential difference. Consequently, there is a period when the ion flux to
the walls exceeds the electron flux. Over time, the electron flux adjusts to match the ion flux, ultimately
achieving a net zero wall current at around t ∼ 30 µs, dotted vertical line in Figure 2. Lastly, as our
domain is planar and no cylindrical effects are considered, the wall quantities for the inner and outer radii
are symmetric.

Figure 2. Time evolution of averaged wall quantities over the whole domain (a), (b) electron and ion currents
to inner and outer walls, (c) potential drop in the sheath for inner and outer walls, and (d) perturbation in
the potential drop for inner and outer walls. The vertical dotted line marks the time for achieving dielectric
conditions.

Figure 3 depicts the temporal evolution of plasma currents to the anode (A), to the free loss boundary
(∞) and discharge current (Id). It also shows the contributions to the ion continuity equation over the
whole simulation domain and the convergence of the mean electron density along with the average number
of particles per cell.

Each subfigure in Figure 3 provides a key insight. The evolution of electron and ion currents indicates that
we achieve a current-free plume, I∞ = 0. In addition, the discharge current satisfies that Id = −IiA − IeA.
Examining the contributions to the ion continuity equation integrated over the whole domain. It can be
observed that the production due to ionization is balanced by losses to the domain boundaries and the
time-derivative term vanishes at steady conditions. Finally, the simulation converges as the mean density
stabilizes after t ∼ 30µs, dotted vertical line in Figure 3 (c). In a steady state, the average number of particles
per cell remains constant, with 93 macroparticles per species, providing a good statistical representation.
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Figure 3. Time evolution of (a) electron and ion currents at the anode, discharge current, and currents at
the end of the simulation domain, (b) contributions to the ion continuity balance integrated over the whole
simulation domain, and (c) mean electron density and mean number of particles per cell. The dotted vertical
line marks the time for achieving a steady-state solution.

Figures 4 - 7 illustrate the steady-state response of the plasma discharge. To reduce noise from the PIC
simulation, all steady-state results shown below and in the next subsections correspond to a time average
over the last 10 µs of the simulation.

Figure 4. Axial profiles of relevant macroscopic variables: (a) electric potential, ϕ; (b) electron and ion
particle densities, ne and ni respectively; (c) neutral particle density, nn; (d) the ion axial velocity, uzi; (e)

electron average temperature, Te, and the three diagonal components of ¯̄Te; and (f) the ratio between electrons
azimuthal and axial velocity, uθe/uze. Dotted vertical lines mark the thruster channel exit. Star markers show

the location of the axial ion sonic point uzi = cs with cs =
√

Te/mi the local sonic speed.

Figure 4 presents 1D axial profiles, which exhibit the expected trends of an axial discharge in a HET.
The electric potential, ϕ(z), peaks around 307 V near the anode region and decreases to zero at the free
loss boundary, located at z = 5cm. Consequently, ions accelerate axially until reaching the volumetric
cathode region, with maximum plasma density near the ion sonic point. Plasma is quasi-neutral except near
the anode and free loss boundary where sheaths form. Most ionization occurs inside the channel, depleting
neutral density before the exit. Electrons are emitted from the cathode, heated to a maximum of 66 eV in the
near plume, and then cool down due to ionization and wall losses inside the channel. Electron temperatures
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are mostly isotropic, except near the anode.
Compared to an axial-radial kinetic simulation with the same input parameters,13 there is a strong

similarity in the axial profiles displayed in Figure 4, particularly in the electric potential, plasma density,
ion’s axial velocity profiles, and the ratio between azimuthal and axial electron velocities. Additionally,
when comparing the ratio between azimuthal and axial electron velocities with the classical Hall parameter,
ωce/νe, we observe the importance of finite Larmor radius effects (FLR) in the electron azimuthal equation,
as seen in previous 1Dz PIC9 and 2Dzr PIC13 studies. Nevertheless, due to the omission of secondary
electron emission, the axial PIC overestimates electron temperature and moves its peak further downstream.
The introduction of secondary electron emission into this model is straightforward and will be addressed in
future work.

Unlike previous simulations with wall effects,7–10,12 our wall model not only modifies the axial profiles
but also allows the analysis of key wall quantities such as wall current densities, ion’s radial velocity at the
sheath edge, the potential drop in the sheath, and the replenishment fraction. These can be compared with
well-known fluid theory results to assess the accuracy of our wall algorithm, as displayed in Figure 5.

The theoretical wall current density is given by

j∗W = eni,Q

√
Te

mi
(7)

where ni,Q is the ion’s density at the sheath which is calculated self-consistently in PICASO by surface
weighting the ions exiting radially at each time iteration. The replenishment fraction is introduced to
quantify non-Maxwellian effects on wall interaction parameters, previous works have defined it as the ratio
between the kinetic electron current density to a wall W and a theoretical Maxwellian electron population.
Assuming sonic ions and quasineutrality at the Debye sheath edge and disregarding secondary electron
emission contributions, the sheath potential drop is given by

ϕsh = ϕ∗
sh +

Te

e
ln(σrp). (8)

Figure 5. Axial profiles of relevant wall properties: (a) Wall current densities, jW ; (b) ion’s velocity at the
entrance of the sheath for both radii, uri,Q; (c) Potential drop at the sheath, ϕsh; (d) replenishment fraction,
σrp.

Examining Figure 5 (a) - (b), it is evident that ions approach the sheath with velocities nearly match-
ing the ion sound speed, and the ion and electron fluxes at steady state closely align with sheath theory
predictions. The potential drop at the sheath generally follows the expected trend from sheath predictions.
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However, deviations occur due to ions not precisely reaching sound speed and kinetic effects resulting from
non-neutrality at the sheath edge. The replenishment fraction, depicted in Figure 5 (d), exhibits a trend
consistent with previous axial-radial kinetic simulations.13 It increases in the near anode region and stabilizes
around 0.3 after z > 1cm.

Another important effect of the introduction of wall interactions is the depletion of the radial velocity
distribution functions (VDFs). PICASO allows us to calculate the electron velocity distribution functions at

several nodes of the simulation domain. Figure 6 depicts normalized 1D electron VDFs, f̂e
(r)

(vr), f̂e
(z)

(vz),
as well as the Maxwellian VDFs with the local Te in logarithmic vertical scale, which are calculated at four
axial positions within the chamber.

Figure 6. 1D normalized electron VDFs, f̂e
(r)

(vr) (red) and f̂e
(z)

(vz) (black), at four axial locations. Dashed
blue lines represent a Maxwellian VDF at the local Te. Vertical dotted lines mark eϕWM , i.e. the approximate

wall-collection energy for
ˆ

f
(r)
e (vr).

Examining the radial VDFs at various locations within the chamber, we consistently observe depletion due
to wall collection at energies corresponding to the potential drop between mid-radius and wall, e (ϕM − ϕW ).
This reduction indicates that collisions are unable to replenish the high-energy tails, a behavior observed in
prior studies employing axial-radial PIC simulations.13 At the anode region, z = 4 mm, axial and radial
VDFs exhibit different slopes at low electron velocities. Furthermore, there is an asymmetry in the axial
VDFS due to electron collection at the anode: the negative tail reflects electrons traveling to the anode and
being collected there, resulting in asymmetry in the positive side of the VDF. Conversely, at axial locations
in the middle and end of the channel z = 12, 16, 20 mm, axial and radial VDFs are symmetric and at low
electron velocities showing similar slopes and resembling a Maxwellian VDF.

To further assess the relevance of wall interactions, we can study the steady-state current balance for
electrons and ions. In steady-state, electron and ion currents integrated over a radial section must satisfy13

dIzs
dz

=
dIprod
dz

− dIrs
dz

s = e, i (9)

with Izs the axial current,
dIprod

dz the rate of current production, and dIrs
dz the rate of current losses to the

wall. As walls are dielectric, Id = Ize + Izi must be satisfied. Figure 7 displays the different axial currents,
as well as the three contributions to Eq. (9).

By examining Figure 7, it is evident that the PIC simulation satisfies the current balance described by
Eq. (9) in a steady state. Similar results were observed by Maŕın-Cebŕıan et al.13 and previous 1D analyses.
As we move axially through the chamber, the wall current gradually increases as the electron density and
temperature rise. The production current peaks as we reach the maximum density and decreases as the
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Figure 7. Current balance along the thruster channel: (a) axial electron and ion currents: and (b) current
derivatives in Eq. (9) for the ion population. The notation ′ ≡ d/dz is used in the legend.

neutral density depletes. At the thruster exit, the wall and production current are almost balanced. The
dotted line in Figure 7 represents the sum of all three contributions from Eq. (9) which remains nearly zero
across the entire channel.

B. Numerical robustness

Once a numerical solution has converged and the quantities obtained are physically meaningful and follow
the expected trends previously obtained in the literature. It is essential to assess the solution’s robustness
to numerical parameters. The solution should exhibit negligible variation when numerical parameters are
changed.

1. Artificial capacitance

While the plasma response might be different in the transient state for different values of the artificial
capacitance, the steady state response should remain unaffected. To demonstrate this, we performed various
simulations using the input parameters listed in Tables 1 and 2. In these simulations, we varied the artificial
capacitance with values of c̃ = [250, 25, 2.5] · 10−6. Figure 8 depicts axial profiles of the main macroscopic
variables and wall quantities for different values of the artificial capacitance. It is important to mention
that the artificial capacitance affects the transient time of the simulation. Consequently, the simulation with
higher capacitance required longer simulation time to reach steady-state, tsim = 100 µs.

The black continuous line in Figure 8 represents the reference case described in section IV-A. The sim-
ulation results show no significant changes in macroscopic and wall variables for different values of artificial
capacitance. Nevertheless, at lower capacitance values of 2.5 ·10−6, slight variations are observed in the elec-
tron temperature and potential drop at the sheath compared to the reference case and higher capacitances.
Despite these minor differences, the overall agreement remains very good.

2. Effects of doubling the initial number of particles per cell

Any PIC simulation should remain unaffected by the number of simulated macroparticles. Consequently, we
performed three different simulations using the input parameters shown in Tables 1 and 2 for different initial
numbers of particles per cell, Nppc = 20, 40, 80. Note that these do not correspond to the average number
of macroparticles at steady-state conditions. At steady state, the average number of macroparticles per cell
for each of the cases is Nppc,ss ∼ [50, 93, 182], for electrons and ions.

Figure 9 displays the axial profiles of the main macroscopic variables and wall quantities for different
initial numbers of particles per cell, with the black continuous line being the reference case. There is a
slight difference between the axial profiles for Nppc = 20 compared with Nppc = 40, 80. With a lower
initial number of particles per cell, all quantities, macroscopic variables, and wall properties are slightly
overestimated. However, there is no significant difference between Nppc = 40 and Nppc = 80, indicating that
above a certain initial number of particles per cell, the steady-state response remains unaffected.
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Figure 8. Axial profiles of relevant macroscopic variables and wall quantities for simulations with different
artificial capacitance’s c̃ = 2.5e− 4, 1.25e− 4, 2.5e− 5, 5e− 6, 2.5e− 6: (a) electric potential, ϕ; (b) electron particle
density, ne; (c) electron average temperature, Te; (d) potential drop at the sheath, ∆ϕQW ; (e) Wall current
density, jW ; (f) ion’s velocity at the entrance of the sheath, uri,Q. Dotted vertical lines mark the thruster
channel exit.

Figure 9. Axial profiles of relevant macroscopic variables and wall quantities for simulations with different
initial number of particles per cell Nppc = 20, 40, 80: (a) electric potential, ϕ; (b) electron particle density, ne;
(c) electron average temperature, Te; (d) potential drop at the sheath, ∆ϕQW ; (e) Wall current density, jW ;
(f) ion’s velocity at the entrance of the sheath, uri,Q. Dotted vertical lines mark the thruster channel exit.

3. Effects of changing the electric permittivity

Lastly, we have introduced an augmentation factor in the vacuum permittivity such that, ϵ = ϵ0f
2
D. This

factor relaxes the numerical constraints imposed by the plasma frequency and Debye length. Values between
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fD ∼ 10 − 40 have been used in previous PIC simulations.13,25,26 The effect of this augmentation factor
should not significantly affect the main axial profiles of the simulation, as long as the Debye length remains
the smallest length scale of the problem. Consequently, we will compare the properties of the plasma
discharge for different values of augmentation factor, fD = 10, 20. It should be noted that for smaller
values of fD, the numerical constraints are stronger, necessitating finer grid sizes and smaller time steps.
Consequently, the computational time increases from less than a day for fD = 20, to around 4 days for
fD = 10. Simulations were run using the same physical input parameters given in Table 1, but for fD = 20,
the numerical parameters are given by Table 2, while for fD = 10 the time-step and cell size have to be
reduced a factor 2, as shown in Table 3.

Type Symbol Value Units

Numerical parameters

Grid spacing ∆l 0.2 mm

Time-step ∆t 10 ps

Simulated time tsim 80 µs

Augmentation factor fD 10

Table 3. Numerical parameters for the effect of augmenting the electric permittivity.

Figure 10 presents axial profiles of key macroscopic variables and wall quantities for different values of the
augmentation factor, fD. We observe identical solutions except close the channel exit, where some differences
can be found. For the solution with fD = 10, a small bump in the electron density is observed at the channel
exit. Consequently, we observed a similar bump in the electric potential at the channel exit which leads to
an increase in electron temperature, resulting in a higher maximum electron temperature for fD = 10. As a
result, the potential drop at the sheath, which is influenced by the electron temperature profile, exhibits a
mild difference between the two cases.

Overall, the changes in macroscopic variables and wall quantities between the augmentation factor of 10
and 20 are very mild, indicating a relatively minor impact of the augmentation factor on these profiles.

Figure 10. Axial profiles of relevant macroscopic variables and wall quantities for simulations with different
augmentation factor fD = 20, 10: (a) electric potential, ϕ; (b) electron particle density, ne; (c) electron average
temperature, Te; (d) potential drop at the sheath, ∆ϕQW ; (e) Wall current density, jW ; (f) ion’s velocity at the
entrance of the sheath, uri,Q. Dotted vertical lines mark the thruster channel exit.

13
The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 2024

Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



V. Conclusion

In this article, we have proposed a new algorithm to account for wall interaction effects in PIC simu-
lations that do not simulate the radial direction. Compared with previous efforts, this new approach can
move particles in the radial direction, distinguish between presheath and sheath regions, kinetic effects are
accounted for, and reach the dielectric condition at the walls in a steady state.

For the presheath, we formulated an expression for the ambipolar electric radial field based on the
steady-state, planar ion’s momentum radial equation, imposing a cubic radial profile on the ion’s velocity
that satisfies the Bohm criterion at the sheath edge. We considered an infinitely thin sheath and formulated
an expression for the potential drop. This potential drop has two main contributions: a primary contribution
from sheath theory and a small perturbation that accounts for kinetic effects and unequal wall fluxes in the
transient state. This perturbation retains the memory of the flux of ions and electrons reaching the wall and
achieves the dielectric conditions at the wall in the steady state. The simulation results show the expected
trends in a HET discharge, the axial evolution of main macroscopic variables exhibits similar trends to an
axial-radial PIC simulation with equal input parameters.13 Wall quantities follow the trends predicted by
sheath theory with small deviations due to kinetic effects. Electron velocity distribution functions inside
the channel demonstrate the radial depletion due to wall collection at high energy tails. Inside the thruster
channel, the walls reach the dielectric condition at steady state and the axial current balance is satisfied.
The robustness of the simulation results has been validated by varying key numerical parameters, such as
artificial capacitance, initial number of particles per cell, and augmentation factor.

The results of this paper demonstrate that including plasma-wall interactions is crucial in PIC simulations
that do not self-consistently resolve the radial dimension. Wall interaction modifies the axial profiles and
expands the range of numerically convergent simulations, as the same simulations without radial effects reach
an unreasonable number of particles per cell threatening the numerical stability. A significant advantage
of this model is its easy extrapolation to 2D axial-azimuthal simulations, a venue that will be explored in
the future. This has major implications, as it allows us to study the coupling between kinetic instabilities
and plasma-wall interactions. Additionally, it eliminates the need for an anomalous transport coefficient,
as the 2D axial-azimuthal code can simulate azimuthal instabilities, which drive plasma turbulence and
electron cross-field transport. Overall, a 2D axial-azimuthal PIC code with this wall interaction model would
serve as an effective middle ground, bridging the gap between the extremely computationally expensive 3D
kinetic modeling and traditional 2D PIC code, which neglects or oversimplifies the radial plasma dynamics.
Consequently, we will explore the effects of this model on 2D axial-azimuthal PIC simulations in the future.
Additionally, another branch of research will focus on improving the wall model to include secondary electron
emission (SEE).
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