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Hall Thrusters (HTs) are technologically advanced systems that are nowadays largely
used for space propulsion. The understanding of the physics of these devices is crucial for
their optimization. In this work, we present a fluid analytical model for describing the
electron transport in a HT. By using the results of a hybrid simulation (i.e. particle-in-cell
charged species and fluid neutrals), we challenge this model. We show how the axial anoma-
lous transport can be correlated with the plasma instabilities, without inquiring about their
origin. In particular, we discuss the opportunity and the limits of using the anomalous col-
lisional frequency as a proxy for the anomalous transport. Despite the numerous efforts in
this sense made by the community, we show that the approach of artificially increasing the
collision frequency is not the best one, in a data driven approach. We eventually propose a
different method, to be used in fluid models, to take into account the oscillations or turbu-
lence of the plasma inducing the anomalous transport. This method has been implemented
in a 1D purely axial fluid model to take into account the anomalous transport generated
by the azimuthal electron motion. The preliminary results of this model are presented and
discussed.
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Nomenclature

Ex = Electric field in the axial direction

Kiz = Ionization rate coefficient

Te = Electron temperature

e = Elementary charge

mi = Ion mass

n = Plasma density

ng = Electron Cyclotron Drift Instability

ve,x and ve,y = Electron axial and azimuthal velocities

vi,x and vi,y = Ion axial and azimuthal velocities

x, y = Axial and azimuthal directions

Ψ = Drift-dependent velocity term

γi = Energy loss parameter

E = Electric field

Je = Electron current density

Pe = Electron pressure tensor

qe = Electron heat-flux vector

vD = Diamagnetic drift velocity

vE = Electron E×B velocity

µ⊥ = Perpendicular mobility

ν = Momentum transfer collision frequency

νiw = Ion-wall collision frequency

ωce = Electron cyclotron frequency

ϕiz = Ionization potential
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I. Introduction

Hall Thrusters (HTs) are currently one of the most advanced and used technologies in the field of electric
propulsion.1 Although those devices have been successfully used for several decades, further development

is still required to improve their performances and efficiently develop the new generation of thrusters.
A HT device consists of a ring-shaped chamber into which a gas, usually xenon or krypton, is injected.

This annular channel is open at one end, while the other end serves as the anode. An external grounded
cathode provides electrons that are attracted to the channel by the strong positive electric bias of the anode.
A static magnetic field directed radially, combined with the axial electric field generated by the potential
difference between the anode and cathode, accelerates the electrons in the azimuthal direction, causing them
to orbit inside the ring. This movement is known as the E×B drift. The E×B drift increases the electron
residence time inside the chamber, which enhances the ionization of the gas and the creation of plasma. The
electrons are then collected by the anode, while the ions are accelerated in the opposite direction, creating
thrust.

To facilitate the development of new thrusters and to enhance the understanding of the physics within
these devices, the scientific community has developed several models and simulation tools. These simulation
tools can be broadly categorized into two major families. The first family consists of kinetic simulations,
typically employing the Particle-in-Cell (PIC) approach. This method represents plasma dynamics through
the use of macro-particles and is particularly effective for investigating plasma instabilities and turbulence.
The second family includes fluid simulations, which are based on fluid equations and are primarily utilized
to examine the global behavior of the plasma. A significant advantage of fluid simulations is their lower
computational cost compared to kinetic simulations. However, standard fluid simulations of HTs have failed
to reproduce certain experimental results accurately. The origin of this discrepancy has been identified as
the lack of anomalous transport (i.e. the abnormal electron diffusion towards the anode) in fluid models.2

For this reason, since the first attempts of simulating the HT discharge,3–6 the researchers have included
in their models some mechanisms to take into account the anomalous electron diffusion along the thruster
axis. In these works, the anomalous electron transport was usually modeled by artificially increasing the
electron collision frequency. Although the origin of this phenomenon was not completely clear, the community
has agreed on the need to include this type of transport in fluid simulations to successfully reproduce the
experimental results.2

Despite the numerous achievements in understanding the anomalous transport from theoretical point of
view7–10 and by the use of kinetic simulations,11–13 the way of modeling this transport in fluid models is still a
matter of debate14 and remained semi-empirical. Thus, the most common way to account for the anomalous
transport remains to artificially increase the electron collision frequency.15–21 Although this approach has
enabled the community to successfully reproduce some experimental results, it has not proven to be robust.
This is because it necessitates iterative adjustments between simulation outcomes and empirical parameters
to align the model with experimental data. Furthermore, we will prove in this work that artificially increasing
the collision frequency requires careful consideration. Our goal is to develop a model capable of replicating
experimental results without relying on empirical parameters specific to each thruster model.

In this work, we first analyze electron transport in a HT using fluid theory. Specifically, we demonstrate
how density and electric field fluctuations influence electron transport within a fluid model. We then intro-
duce the hybrid code LPPic, which is utilized in the subsequent section to challenge the fluid model described
initially. Later, we explore the feasibility of implementing this model in a 1D fluid code. Preliminary results
of this implementation are presented. Eventually, we discuss potential future developments.

II. Analytical model

In this section, we will describe a 1D (i.e. along the thruster axis) fluid analytical model for a HT. The
model is based on a simplified version of the work from Barral and Ahedo,16 already used in Refs. 22,23. The
model solves a quasi-neutral system composed of gas and plasma continuity equations, momentum equation

3
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.



for ions, and energy equation for electrons:

∂ng

∂t
+∇ · (ngvg) =− ngnKiz + νiwn, (1)

∂n

∂t
+∇ · (nvi,x) = + ngnKiz − νiwn, (2)

∂(nvi,x)

∂t
+

∂
(
nv2i,x

)
∂x

=ngnvgKiz − νiwnvi,x +
e

mi
nEx, (3)

∂
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(
1

2
mnv2e +

3

2
Pe

)
+∇ ·

[(
1

2
mnv2e +

3

2
Pe

)
ve +Pe · ve + qe

]
−E · Je = −ngnγiϕizKiz − νiwnTe, (4)

where ng is the gas density, vg is the fixed gas speed, n is the plasma density, vi,x is the ion axial velocity, Kiz

is the ionization rate coefficient, νiw is the ion-wall collision frequency, mi is the ion mass, Ex is the electric
field in the axial direction, e is the elementary charge, Te is the electron temperature, ve is the electron
velocity, Pe is the electron pressure tensor, E is the electric field, qe is the electron heat-flux vector, Je is
the electron current density, γi is an energy loss parameter, and ϕiz is the ionization potential.

Now, let us focus on the electron transport. Starting from the momentum equation from electrons in
which we neglected inertia terms, we can write in vectorial form:24

v⊥ = −µ⊥ (E+∇(nkBTe)/n) +
vE + vD

1 + ν2/ω2
ce

, (5)

where, v⊥ is the perpendicular (to the magnetic field) velocity of the electrons, µ⊥ is the perpendicular
mobility, vE is the electron E×B velocity, vD is the diamagnetic drift velocity, ν is the momentum transfer
collision frequency and ωce = eB/me is the electron cyclotron frequency and me is the electron mass. In
the following, we will also deal with the electron thermal pressure, defined as Pe = nkBTe, with kB the
Boltzmann constant. The symbol B represents the magnetic field vector. The electron mobility coefficient
in the transverse direction (i.e. perpendicular to the magnetic field) can be expressed as

µ⊥ =
e/meν

1 + ω2
ce/ν

2
,

In our conditions, as we will see, one can approximate the mobility as

µ⊥ ≈ νme

eB2
. (6)

The electron E×B velocity and the diamagnetic drift velocity are given by

vE =
E×B

B2
, (7)

vD =
∇(nkBTe)×B

neB2
, (8)

respectively.
The components of Eq. (5) along the axial direction (i.e. x) and along the azimuthal direction (i.e. y),

read
nve,x,y = −µ⊥(nEy,x + ∂y,x(nkBTe)) + nΨx,y, (9)

where we introduced the drift-dependent terms as Ψ-flux:

nΨx,y
.
=

nEy,x/B + ∂y,x(nkBTe)/B

1 + ν2/ω2
ce

.

One should notice that within the Ψ-flux the azimuthal motion depends on the electric field in the axial
direction and on the pressure gradient along the axial direction and vice versa.

We can then write the electric field in the axial direction, from Eq. (9) as

Ex = −∂x(nTe)

en
− nve,x − nΨx

nµ⊥
. (10)
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If we integrate Eq. (10) along the axial direction between 0 and L, we get the current density inside the
thruster as

I0
eA0

=

V (0) +

∫ L

0

(∂x(nkBTe)/n+ (nvi,x − nΨx)/nµ⊥) dx∫ L

0

1/nµ⊥dx

,

with I0 the discharge current, A0 the cross-sectional area of the HT, V (0) the potential at the entrance of
the HT, and L the anode/cathode distance.

The momentum equation along x for the ions, c.f. Eq. (3), can be rewritten, using Eq. (10), as

∂(nvi,x)

∂t
+

∂

∂x

(
nv2i,x + n

Te

mi

)
= ngnvgKiz − νiwnvi,x − meω

2
ce

miν
(nve,x − ⟨nΨx⟩y). (11)

In the previous expression, we considered the azimuthal average of the Ψ-flux term, i.e. ⟨nΨx⟩y.
Considering the Joule-heating term E · Je in the electron energy equation, we have

E · Je = −enE · ve = −en(Exve,x + Eyve,y).

By averaging azimuthally, we get

⟨E · Je⟩y = −enEx

(
ve,x +

⟨nEy⟩y
nB

)
− ⟨nEy⟩y

nB
∂xPe,x,

where we used that
ve,y ≈ (Ex + ∂xPe,x/en)/B. (12)

This approximation will be verified in the next section. Then, Eq. (4), neglecting the heat-flux, can be
written as
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Considering that

⟨nΨx⟩y ≈
〈
nEy/B + ∂y(nkBTe)/B

1 + ν2/ω2
ce

〉
y

≈ ⟨δnδEy⟩y
B

. (13)

we can write

∂

∂t

(
3

2
Pe,x

)
+

∂

∂x

(
5

2
Pe,xve,x

)
=

∂Pe

∂x
ve,x +

meω
2
cen

ν

(
ve,x − ⟨δnδEy⟩y

nB

)2

− ngnγiϕizKiz − νiwnTe. (14)

If we neglect the correlation term, Eq. (14) is the same electron energy conservation equation used in Ref. 23.
The approximation in Eq. (13) will be analyzed in the next section.

If we look at the two equations 11 and 14, we can directly see the effect of the correlation of the electric
field and density oscillations on the electron transport. This approach shows that the use of an artificial
collision frequency cannot be easily linked to the anomalous (instability-induced) electron transport, when
threated in this way. Even if we had a theory that perfectly describes the amplitude and frequency of the
oscillations: no collision frequency can satisfy at the same time equations 11 and 14.

III. Hybrid simulation setup

The kinetic simulation to verify the theory discussed in Section II has been performed using a well-
established hybrid (i.e. PIC/Monte-Carlo-Collision (MCC) charged species and fluid neutrals) code, LP-
Pic.25,26 This code is a 2D-3V electrostatic code that here is used to simulate the axial-azimuthal plane
of a HT. The code considers electrons and singly charged ions, while the neutral background dynamics is
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Figure 1. (a) Axial-azimuthal simulation domain used in LPPic hybrid simulations. (b) Scheme of the electrical
circuit modeled in the simulation. Adapted from 30.

Figure 2. Subfigure (a) shows the discharge current evolution over time, while subfigure (b) shows a snapshot
at t = 200 µs of the azimuthal electric field.
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described with 1D Euler equations coupled to the PIC/MCC. The description of this code has already been
given in several articles.13,27–30 In the following, we will discuss only its main features.

In Fig. 1(a), we present a simplified scheme of the simulation domain. The spatial domain consists of a
Cartesian mesh with periodic boundary conditions along the azimuthal (y) direction. The boundaries in the
x direction are defined by the anode and the cathode, with the cathode grounded. Electrons are injected
at each time step to maintain quasi-neutrality in the last cell. The anode, at high voltage, is controlled by
an external circuit as shown in Fig. 1(b) and discussed in Ref. 29. A constant out-of-plane magnetic field is
applied to recreate the E×B drift of electrons. A snapshot of the electric field and the discharge current is
shown in Fig. 2(b).

The neutral dynamics are solved using 1D Euler equations along the x direction with an HLLC solver.31

A fixed neutral flux rate is imposed at the anode, while the cathode boundary has open boundary conditions.
The 1D Euler system in LPPic is:∂tρg + ∂x(ρgug) = S1,

∂t(ρgug) + ∂x(ρgu
2
g) = −∂xPg + S2.

Here, ρg is the neutral density, ug is the neutral fluid velocity, S1 and S2 are collisional source terms, and Pg

is the neutral pressure. The neutral gas temperature is set to 640K. More details are provided in Charoy
et al.13 A constant mass flow of neutral gas is injected at the anode, accounting for neutrals produced from
ion recombination. The equations deal with a flux Γg = ρgug, requiring the definition of the device area to
obtain the real mass flow rate.

In real HT devices, the radial dimension influences plasma characteristics. Inside the channel, particles
leave via Bohm flux at the grounded walls. Outside, the plume dynamics exhibit a high divergence angle.32

Since LPPic is a 2.5D code, radial dynamics has been modeled indirectly via a virtual radial direction, as
detailed in Refs. 30,33.

To relax numerical constraints, a permittivity scaling factor of 16 was used. It allows to increase the
time step and mesh size by a factor of 4. Despite potential effects on plasma dynamics, this scaling does not
significantly impact the quasi-stationary state. A comprehensive list of simulation parameters, inspired by
those of the PPS1350 by Safran, is provided in Table 1.

The discharge current measured in the simulation, see Fig. 2(a), shows a rather standard behavior for
this kind of discharge: we can clearly distinguish the kHz breathing mode (BM) oscillations superimposed
to higher frequency modulation. In Fig. 2(b), one can observe a snapshot of the azimuthal electric field.
The anode is at x = 0 cm, while the cathode is at x = 4 cm. The electric field oscillations are larger at the
cathode, as expected. We can recognize the usual pattern of the azimuthal electric field oscillations, which
are related to the Electron Cyclotron Drift Instability (ECDI).34

IV. Results from the hybrid simulation

In this section, we will challenge the assumptions taken in the analytical model by using the results of
the simulation described in Section III.

In Fig. 3 we show some axial (along x) profiles of plasma quantities, averaged azimuthally and in time
(i.e., between 150 and 300 µs). As one can see in Fig. 3(a), the electron axial velocity is low in the plume.
As the electrons approach the anode, their speed increases. In Fig. 3(b), we show the electric field and the
pressure gradient. The electric field is significantly larger than the pressure gradient. However, the pressure
gradient is not negligible. Both these quantities are low near the anode and in the plume, with a maximum
near the channel exit. In Fig. 3(c), we show the cyclotron frequencies and the collision frequencies, extracted
from the simulation results. One can notice that the cyclotron frequency, in these conditions, is always
larger than the collision frequency. This consideration justifies the approximation of the electron collisional
mobility in Eq. (6).

The elastic and excitation collision frequencies are particularly high near the anode. The reason of that
is related to the high neutral density at the channel entrance. The ionization frequency, on the contrary, is
larger at the channel exit. The reason for that is related to the larger electron temperature in that region.
In Fig. 3(d), we show the collisional mobility and the mobility obtained by reverting Eq. (5) and neglecting
the drift terms. The two mobilities are rather similar inside the channel region, while they differ in the
plume. The mobility difference that is still persistent inside the channel can be related to the wall-collision,
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Figure 3. (a) Axial electron velocity, (b) electric field and pressure gradient, (c) collision frequencies and
cyclotron frequencies profile, and (d) collisional mobility and mobility from the simulation.
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as suggested by Morozov.35 In the plume, the collisional mobility is underestimating the actual one by one
or two orders of magnitude. This is in good agreement with the remarks about the anomalous transport
well-known in the literature.2

A. Electron azimuthal transport

To understand the approximations made in Section II, we study in detail the different terms of Eq. (5) in
both azimuthal and axial direction. In Fig. 4 we show the azimuthal electron velocity and its components.
The time is fixed to t = 150 µs. In (a) we show the azimuthal electron drift calculated as in Eq. (7). In
(b) we show the azimuthal diamagnetic drift calculated as in Eq. (8). The sum of these two is reported in
(c). One can notice that it is almost equal to the azimuthal electron velocity directly extracted from the
simulation results (d). When we do an azimuthal average of the profiles, we obtain the results shown in (e).
As one can see, the sum of E×B and diamagnetic drift perfectly reproduces the actual azimuthal electron
velocity.

Figure 4. Analysis of the electron velocity in the azimuthal direction at t = 150 µs. Snapshots of (a) Azimuthal
E×B drift, (b) azimuthal diamagnetic drift, (c) drifts sum, and (d) azimuthal electron velocity from the hybrid
simulation. (e) Azimuthally averaged profiles of the snapshots. The legend in (e) refers to the snapshots in
the left column.

The results in Fig. 4 highlight the fact that the azimuthal motion of the electrons is dominated by the
E×B and diamagnetic drifts. The collisional mobility terms, i.e. the first two terms of Eq. (5), along the y
direction are negligible.

B. Electron axial transport

When we try to do the same exercise for the axial component of the electron speed, the exercise becomes
more complicated. In Fig. 5 we show the axial electron velocity and its components. As we have highlighted
in Fig. 3(d), the electron axial motion inside the thruster channel is dominated by the collisional mobility.
On the contrary, in the plume region, the motion is largely dominated by drift-related terms. Figures 5(a)
and (b) show the axial velocity induced by E×B and diamagnetic drifts, respectively. Their sum is shown
in Fig. 5(d). The collisional mobility contribution to the axial velocity is shown in Fig. 5(c). As one can see
in Fig. 5(e), the sum of the drifts allows the actual axial velocity of electrons to be reproduced conveniently.

In Fig. 5(f) we show the different axial velocity components at a fixed azimuthal position in the plume.
We highlight that this quantity is not an azimuthal average. From this figure, it is clear how the fluctuations
of the electric field and of the pressure gradient in the azimuthal direction are the only contributors to the
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Figure 5. Analysis of the electron velocity in the axial direction at t = 150 µs. Snapshots of (a) Axial E × B
drift, (b) axial diamagnetic drift, (c) collisional mobility contribution, (d) drifts sum, and (e) axial electron
velocity from the hybrid simulation. (f) Axial profiles of the snapshots at y = 0.25 cm. The legend in (f) refers
to the snapshots in the left column.

axial electron transport in the thruster plume. The collisional mobility (in green in the figure) is negligible
in the plume.

If we want to evaluate the approximation in Eq. (13), we have to look at the azimuthal average of electron
fluxes profiles. In Fig. 6 we show the azimuthal average of the electron flux components at different times.
From the red and yellow curves, we can notice that the approximation ⟨nEy⟩y = ⟨δnδEy⟩y is reasonable.
Moreover, we notice that the diamagnetic drift averages to zero most of the time (green curve). However,
when we sum the two drifts (blue curve), it weakly approaches the actual azimuthally averaged electron
axial velocity (black curve).

The origin of this discrepancy is related to the relative stiffness of the averaging operation. The instability
wave propagates in the azimuthal direction, and, as one can see in Fig. 5, the axial velocity components are
such that √

⟨v2e,y⟩y ≫ ⟨ve,y⟩y.

For this reason, when we perform the azimuthal average of the flux components the result shows a significant
amount of noise.

To overcome this issue, we can leverage the almost-purely azimuthal origin of the plume instability. In
Fig. 7 we show the components of the axial electron flux at t = 150µs. The subfigures (a), (b), (c), and (d)
show the same quantities as in Fig. 5. Subfigure (f) represents a novelty. We show here the axial average
of the flux components between x = 2.5 cm and x = 4 cm (i.e., the patterned region on the left column’s
snapshots). As one can see, the sum of the drifts is almost equal to the actual axially averaged axial electron
velocity.

The operation of doing an axial average somehow reduces the stiffness of the problem. Then we can
proceed to the azimuthal average of the flux components. In Fig. 8 we show the temporal evolution of the
total spatial average of the electron flux components. As one can see, the diamagnetic drift flux has a rather
low effect on electron transport. The same conclusion can be drawn for the collisional transport. The E×B
drift flux is the main contributor to the electron transport in the axial direction in the plume. Even though
some differences persist, the time averages of these quantities (e.g. ⟨E × B drift⟩t ≈ −8.84 × 1019 m−2s−1

and ⟨PIC axial e flux⟩t ≈ −7.65× 1019 m−2s−1) are very close to each other.
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Figure 6. Axial (azimuthally averaged) electron fluxes profiles at different times. The legend lists the different
flux components.
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Figure 7. Analysis of the electron velocity in the axial direction at t = 150 µs. Snapshots of (a) Axial E × B
drift, (b) axial diamagnetic drift, (c) collisional mobility contribution, (d) drifts sum, and (e) axial electron
velocity from the hybrid simulation. (f) Azimuthal profiles of the snapshots averaged axially between 2.5 and
4 cm (i.e. see the pattern on the left column). The legend in (f) refers to the snapshots in the left column.

From the results in Fig. 8 we can conclude that the approximation in Eq. (13) is reasonable. The
azimuthal average of the electron flux components can be approximated by the correlation of the fluctuations
of the electron density and the azimuthal electric field. Although important at a fixed y, the effect of the
diamagnetic drift averages to zero and should be neglected when considering only the axial transport of
electrons in the plume, as in a 1D fluid model.

V. Insights from 1D fluid simulation

In this section, we discuss some preliminary results obtained from 1D fluid simulations. The fluid simula-
tion resolves the quasi-neutral system (1), (2), (3), and (4). The numerical scheme uses finite volumes with
a third-order Runge-Kutta time integration.36 The model is similar to the one of Refs.,22,23 both inspired
by Barral and Ahedo work.16

The major difference compared to these works is that we use the Ψ-flux introduced in Section II and
expressed in Eq. (13). The Ψ-flux is here case set to a non-null value in the plume and is set to zero in the
channel. The value of ⟨nΨx⟩y is set to 500nβ, with β of the order of the unity. This value is reasonable when
compared to the results of the hybrid simulations in Section III. In order to favour the model convergence,
we set a constant background collision frequency of 8.79× 106 s−1 all along the simulation axis.

As one can observe in Fig. 9(a), the Ψ-flux is set constant in the plume and zero in the channel and
near the cathode. Some linear smoothing of the profile is used to avoid sharp changes in the Ψ-flux value.
The discharge currents time evolution are shown in Fig. 9 for different values of the parameter β. The
results show that the discharge current is affected by the value of β, so by the presence of the Ψ-flux in the
simulation.

By extracting the plasma parameters from the system, one obtains the results shown in Fig. 10. We
can notice that the neutral density in the plume is strongly affected by the variation of the parameter β.
Consistently with that, the plasma density also varies: when β is negative, we observe a plasma accumulation
outside the channel. The electron temperature increases at the thruster exit when β is negative, while it
slightly decreases when β is positive. The ion axial variation does not seem to vary significantly when we
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Figure 8. Temporal evolution of the mean axial electron flux components in the plume. The time axe is split
into three subfigures to ease the reading.

Figure 9. Fluid simulation results. (a) Axial profiles of the Psi-velocity. (b) Temporal evolution of the
discharge current.
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Figure 10. Fluid simulation results. (a) Normalized neutral (full lines) and plasma (dashed lines), (b) electron
temperature, (c) ion axial velocity, and (d) Axial current density, for different values of the parameter β.

vary β. However, the total current does, as we have seen previously in Fig. 9(b). By computing the electron
and ion contributions to the current density, we can see that the electron current remains substantially
unchanged in the plume, while it varies importantly in the channel. The ion current, on the contrary, is
almost unaffected in the channel and varies in the plume.

VI. Conclusions and perspectives

In this work, we first developed a theory to account for the anomalous transport in fluid equations
starting from textbook fluid theory. We derive a velocity term depending on the electric field and the
density fluctuations, and we have shown how this velocity should be used in the fluid models.

Subsequently, we verified the assumptions made in the theory by using a hybrid simulation. We showed
that the azimuthal electron transport is dominated by the E × B and diamagnetic drifts, while the col-
lisional mobility is negligible in the plume. The azimuthal average of the electron flux components can
be approximated by the correlation of the fluctuations of the electron density and the azimuthal electric
field. The diamagnetic drift, which is important when we consider a single azimuthal position, averages (in
the azimuthal direction) to zero. We deduced that it should be neglected when considering only the axial
transport of electrons in the plume, as in a 1D fluid model.

In the last part of the work, we showed some preliminary results from 1D fluid simulations. We introduced
the Ψ-flux in the fluid equations and we showed how the plasma parameters are affected by the presence of
this velocity. We showed that the discharge current is affected by the value of the parameter β, so by the
presence of the Ψ-flux in the simulation. Even though these results are promising, we still need to use a
constant background collision frequency to favour the model convergence.

The model is still in a preliminary stage, yet, the Ψ-flux seems to be a good candidate to account for the
anomalous transport in fluid equations. The next steps will be to improve the model by introducing a more
realistic space and time-varying profile of this quantity.
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Table 1. Operating and numerical parameters used in the hybrid simulations.

Physical parameters Symbol Value Unit

Gas Xenon (-)

Radial magnetic field (max) B 170 G

Imposed voltage Va 300 V

Cathode voltage Vc 0 V

Axial length Lx 4 cm

Azimuthal length Ly 0.512 cm

Radial length Lz 1.55 cm

Initial plasma density n0 5× 1018 m−3

Initial electron temperature Te 1 eV

Initial ion temperature Ti 0.05 eV

Neutral mass flow rate ṁ 5 mg s−1

Thruster section Area 3.768× 10−3 m2

Cathode injection temperature T cath
e 5 eV

Resistance R 60 Ω

Inductance L 4.4 mH

Capacitance C 15 nF

Simulation parameters

Time step ∆t 8× 10−12 s

Cell size ∆x = ∆y 8× 10−5 m

Number of cells xmax × ymax 500 × 63 (-)

Initial number of particles per cell N/NG 400 particles/cell

Macro-particles weight factor qf 1.6× 107 m−1

Number of iterations between outputs Na 5000 (-)

Permittivity scaling α0 16 (-)
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