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A three-dimensional hybrid PIC/fluid code is used to simulate a Hall Effect thruster
plume, starting from a known injection profile at the annular exit section. The elec-
tron model features magnetized electrons and considers both anomalous transport and a
polytropic closure for the electron temperature. Simulations with a varying anomalous
transport coefficient show that it only affects importantly the predicted azimuthal current
densities, if electron and heavy particles fluxes at the upstream boundary are kept fixed.
The effects of a polytropic closure for the electron temperature are assessed by comparing
the results with those of a companion 2D code that solves the electron energy equation.
It is found that the polytropic characterization of the electron temperature induces im-
portant differences in the electric potential distribution downstream, except at the very
beginning of the expansion. Moreover, a simulation featuring a lateral neutralizer position
shows that the induced asymmetry is important for the electron and electric current den-
sity and streamlines, but negligible for the electric potential and heavy particle properties
downstream, thus justifying the use of axisymmetric codes for Hall thrusters performance
evaluation.

Nomenclature

Φ = thermalized potential

φ = electric potential

E = electric field vector

B = magnetic induction field vector

e = elementary electron charge

me = elementary electron mass

ms = elementary mass of the sth heavy particle population

χ = effective Hall parameter (effective)

he = electron barotropy function

ne = electron number density

ns = number density of sth heavy particle population

pe = electron pressure

Te = electron temperature
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σe = electron scalar conductivity

K = normalized conductivity tensor

νes = electron momentum transfer frequency with the sth heavy particle population

νe = total electron momentum transfer collision frequency

Zs = charge number of the sth heavy particle population

ue = electron fluid velocity

us = fluid velocity of the sth heavy particle population

ge = electron flux vector

gs = flux vector of the sth heavy particle population

ji = total ion current density vector

je = electron current density vector

jc = collisional current density vector

rj = individual position vector of the jth macro-particle

vj = individual velocity vector of the jth macro-particle

∆t = PIC time step for advancing macro-particles

I. Introduction

As the maturity of electric satellite platforms is rapidly increasing, the characterization of electric
thrusters is becoming very demanded from the industry, especially to model the effects of their plasma
plumes on the platform.1,2 These include spacecraft charging due to the impingement of core plume ions
and charge-exchange ions (CEX) on the spacecraft, but also the consequent material contamination and
sputtering, which are especially relevant for sensitive surfaces like the solar arrays, optical cameras and other
on-board instruments.

Many existing codes solve simultaneously both the internal plasma discharge and the very-near plume of
such thrusters,3–6 without focusing on the far-region plume expansion. One relevant class of such codes con-
sists in a hybrid PIC-fluid model, in which ions are treated as macro-particles and electrons as a fluid. Inside
the chamber, the ionization and energy sink reactions are dominant, and the electron fluid is far from being
barotropic, meaning that the electron temperature is not a function of their density. Therefore, the electron
pressure must be obtained by solving an energy balance equation, which is typically closed at the level of
the heat flux vector. On the other hand, as ionization collisions quickly drop outside the discharge chamber,
electron kinetic behaviour quickly becomes near-collisionless, and several plume experimental characteriza-
tions7,8 have reported a nearly polytropic one (a particular case of barotropy) at distances of around 50 cm
from the thruster exit section. This assumption is made by a novel 3D hybrid PIC-fluid code, EP2PLUS,9–11

whose electron fluid model additionally considers elastic collisions (with the heavy species), anomalous trans-
port (through an equivalent transport coefficient6), and magnetization effects, which are especially relevant
in the near plume of many plasma thrusters. This model was already presented at the Space Propulsion
conference 2018,11 where it was applied to a plasma plume expansion under a uniform geomagnetic field.

Being a hybrid code, EP2PLUS treats both ions and neutrals as macro-particles of a PIC sub-model,
considering the effects of collisions such as single and double ionization events or charge-exchange (CEX)
reactions between neutrals and singly-doubly charged ions.10 The electron model, on the other hand, solves
for the electric potential and the other electron properties (e.g. temperature, density, and fluid velocity) by
solving a non-linear Poisson equation (neglected in this work by assuming quasineutrality) and the system
arising from the electric current continuity equation and the electron momentum balance equation. This
latter equation includes the effects of both collisions with the heavy species and magnetization effects due
to the local magnetic field.

In this paper, EP2PLUS is applied to the simulation of a magnetized Hall effect thruster (HET) plasma
plume. The initial plasma profiles at the thruster exhaust section are obtained from the results of a companion
2D code, HYPHEN, also presented at this conference and described in Ref. 4. The major model simplification
consists in assuming the above mentioned polytropic electron behavior rather than solving an electron energy
balance equation. This assumption is clearly inadequate inside the discharge chamber, although it is not
clear to what extent it affects the solution in the near-plume region. Therefore, the results obtained are
compared with those of the 2D code to assess such effects. Moreover, while in the 2D code, the neutralizer
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is located off-axis and is represented by an axisymmetric ring, the 3D code is run with two configurations:
(i) a neutralizer on the axis, and (ii) a neutralizer located off-axis and hence non-symmetric. The effects
of changing the position of the neutralizer and hence breaking the symmetry are evaluated to justify the
implicit assumption of 2D axisymmetric codes that the neutralizer can be considered symmetric, without
large impact on the electric potential distribution in the near-plume.

In the following, the hybrid PIC-fluid model and its particularities for this simulation scenario are briefly
introduced in Sec. II, while the simulation setup is detailed in Sec. III A. Regarding the simulations, the
nominal case results are presented in Sec. III B, while the effects of varying the anomalous transport coefficient
and the neutralizer position are discussed in respectively Sec. III C and Sec. III D. Finally, the comparison
with the 2D model results is presented in Sec. III E, and the conclusions are drawn in Sec. IV.

II. EP2PLUS hybrid model

A. The PIC model

The PIC model considered for the characterization of the heavy particles (neutrals and ions) is fully described
in Ref. 10 and, in the following, we provide only a short summary. As in all PIC approaches, the particle
distribution functions are discretized in the position-velocity phase-space with a given number of macro-
particles, each representing Wj elementary particles and having position rj . Their bulk properties, like their
number density, fluid velocity and temperature, are then obtained by weighting these macro-particles to the
nodes of a structured PIC mesh,12 here assumed to be Cartesian. For each time step ∆t, the PIC sub-model
performs operations such as:

1. moving the macro-particles according to Newton law, that is, for the jth macro-particle:

dvj
dt

= eZj [E(rj) + vj ×B(rj)] , (1)

where E and B are the electric and magnetic field at the macro-particle position, vj is the macro-
particle velocity, and Zj is the charge number of the macro-particle population (e.g. 1 for singly-charged
ions, 2 for doubly-charged ions, and 0 for neutrals);

2. injecting new macro-particles into the simulation from the boundaries (see Fig. 1);

3. performing collisions between macro-particles (e.g. charge-exchange collisions, CEX), and generat-
ing/eliminating macro-particles due to sink/source collisional events (e.g. ionization);

4. weighting the macro-particles to the mesh nodes to obtain their fluid properties (used by the electron
model);

Regarding the modeled collisions, these include different types of CEX and ionization collisions, as further
mentioned in Sec. III A. Referring to Fig. 1, ions and neutrals are injected from the annular channel exit
section, following the profiles obtained in the simulations of a companion paper,4 carried out with a 2D hybrid
particle code, HYPHEN. Macro-particles are then simply lost when they cross the external boundaries of
the simulation domain. If ions hit the front material walls of the thruster, they are recombined into neutrals,
which are injected into the simulation domain diffusely, with a perfect thermal accommodation with the
wall.10 Neutrals hitting such walls, on the other hand, are also diffusely reflected.

B. The magnetized electron model

The magnetized electron model takes as input the weighted properties of the PIC heavy species populations
and computes self-consistently the electric potential φ and field E = −∇φ required by the PIC sub-model, and
other relevant electron properties, such as their density ne, temperature Te and current density je. Although
the EP2PLUS code is capable of solving a non-linear Poisson equation to obtain both the electric potential
and the electron density,10 in the context of this study, quasineutrality has been assumed. Therefore, the
electron density is directly retrieved from the PIC sub-model inputs as:

ne =
∑
s

Zsns, (2)
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Figure 1. Boundary conditions for both the PIC macro-particles and the fluid electrons, in the considered
simulation scenario. The neutralizer is depicted in a lateral position for the sake of clarity, although the
nominal case simulation considers a neutralizer at the thruster axis, as reported in Tab. 1.

where Zs and ns represent respectively the charge number and the number density of the sth heavy particle
population.

With the knowledge of the electron density and of other PIC-related properties, such as the heavy particle
fluid velocities and densities us and ns, the momentum exchange collision frequencies with the heavy species
populations νes, which include both elastic and ionization collisions,10 the electron model solves the coupled
partial differential equations of electron momentum balance and electric current continuity. In particular,
for an isotropic electron fluid of negligible inertia, these stationary (∂/∂t = 0) equations take the form:

 0 = −∇pe − ene (E + ue ×B)−
∑
s

νesmene (ue − us)− νanmeneue, (3)

0 = ∇ · (je + ji) , (4)

where pe = neTe is the electron scalar pressure, me is the electron mass, ue and us are the fluid velocities
of respectively the electrons and the sth heavy particle population, the summation term extends to all heavy
particles populations, je = −eneue and ji = e

∑
s Zsnsus are respectively the electron and total ion current

density, and νan = αan (eB/me) is an anomalous collision frequency that accounts for the enhanced turbulent
transport in HET plasmas.4,6 This latter collisional frequency is applied to all directions for the sake of
simplicity, as done in most existing hybrid codes.6

Under the assumption of barotropic electrons, that is pe ≡ pe(ne), a barotropy state function he is
introduced, such that ∇he = ∇pe/ne is an exact differential. In this work, a polytropic electron fluid closure
is further assumed, so that:

he(ne) = − γTe0
(γ − 1)

[
1−

(
ne
ne0

)γ−1]
, (5)

where γ > 1 is the electron polytropic coefficient and ne0, Te0 are the electron density and temperature at a
given reference point, where he = 0.

Let us define νe = νan +
∑
s νes the total electron momentum transfer collision frequency,
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jc =
ene
νe

∑
s

νesus (6)

an effective current density grouping collisional effects from heavy species (refer to Ref. 10 for the models
considered for νes), and Φ the thermalized potential, such that∇Φ = ∇φ−∇he/e. After some straightforward
manipulations, the electron momentum equation, Eq. 3, takes the form:

0 = ene∇Φ + je ×B +
meνe
e

(je + jc) . (7)

If we assume the same reference zero point for Φ, he and φ, then we have:

Φ = φ− he
e

(8)

(note that the thermalized potential introduced here is related to the electron Bernoulli energy function
He

10,11 by the simple relation Φ = −He/e).
In the unmagnetized (B = 0), collisionless (νe = 0) limit, this equation yields Φ = 0 and the electric

potential satisfies identically the Boltzmann relation φ = he/e, as expected. The gradient of the thermalized
potential Φ thus measures the correction to that relation due to the magnetic and resistive forces. As pointed
out in Ref. 10, most existing plume codes implicitly ignore these corrections, which are absolutely necessary
to determine the electron current as shown next. For a finite non-zero total collision frequency (νe > 0),
solving Eq. 7 for je yields the generalized electron Ohm law

je = −K · (σe∇Φ + jc) (9)

where σe = e2ne/(meνe) is the scalar electron conductivity,

K =

 1 χbz −χby
−χbz 1 χbx

χby −χbx 1


−1

(10)

is the normalized conductivity tensor, 1b = (bx, by, bz) is the unit vector along B, and χ = eB/(meνe) is the
effective Hall parameter.

If we substitute Eq. 9 for je into Eq. 4, we finally obtain an elliptic equation for our unknown Φ:

K : ∇∇Φ +∇Φ · (∇ · K) +K · ∇Φ · ∇ lnσe =
∇ · (ji −K · jc)

σe
(11)

where ∇∇Φ is the Hessian tensor of Φ.
The solution of Eq. 11 requires prescribing the value of Φ or a directional derivative of it at the boundaries

of the simulation domain. Referring to Fig. 1, we have assumed a zero net current at all the external
boundaries of the simulation domain and at the front walls of the thruster (therefore assumed to be dielectric).
At the exit section of the annular channel and of the neutralizer, on the other hand, prescribed normal electron
current densities have been imposed. A Dirichlet condition has finally been applied at an inner mesh node).

If 1n represents the normal direction to the boundary (pointing inwards toward the simulation domain),
prescribing a normal current density je,n = je · 1n at the boundaries (see Fig. 1), corresponds to imposing
the directional derivative of the thermalized potential Φ along the direction KT ·1n, which is not necessarily
normal to the boundary:

σe (K · ∇Φ) · 1n = −je,n − (K · jc) · 1n, (12)

III. Simulations

A. Simulation setup

The plume of an SPT-100 thruster is considered for this analysis,4 with the simulation parameters shown
in Tab. 1. Three particle populations are considered: the Xe neutrals and both singly and doubly-charged
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Table 1. Simulation parameters.

Simulation parameters Units Values

Considered PIC populations - Xe, Xe+, Xe++

Total injected ion current A 3.353

Total thruster mass flow mg/s 4.296

Total neutralizer mass flow mg/s 0.215

Singly-charged ions injection velocity km/s 8.85

Singly-charged ions injection temperature eV 5.0

Doubly-charged ions injection velocity km/s 14

Doubly-charged ions injection temperature eV 9.0

Neutrals injection velocity km/s 0.45

Neutrals injection temperature eV 0.07

Front walls temperature K 500

Neutralizer position (2 cases) - (x = y = z = 0, nominal), (x = 7.5 cm, y = z = 0)

Reference electron temperature, Te0 eV 35.0

Electron polytropic cooling coefficient, γ - 1.3

Anomalous diffusion coefficient, α (2 cases) % (2.5, nominal), (5.0)

Considered collisions for electrons10 - Elastic and ionizing collisions with Xe+, Xe++ and Xe

PIC time-step µs 0.25

Total simulation time ms 1.50

Time-averaging steps for PIC sub-model outputs - 250

Simulation domain physical dimensions m 0.36×0.36×0.45

Computational grid points - 121×121×151

Xe ions. The collisions considered for these PIC populations include resonant symmetric CEX collisions
between Xe neutrals and both singly and doubly charged ions, single ionization reactions of Xe neutrals and
Xe+ ions, and double ionization reactions of Xe neutrals.

The total injected ion current into the domain emitted through the annular channel exit area amounts
to 3.35 A (1/3 carried by doubly-charged ions), corresponding to a total mass flow of 4.3 mg/s (including
neutrals, constituting a 10% of the total mass flow). The neutralizer is modeled as a square emission surface
whose center is located at two possible positions (depending on the simulation): x = y = z = 0 (emission
plane centerline) or at y = z = 0 and x = 0.075 m (asymmetric position). In both cases, it features 12
mm side and a total injected neutral mass flow of 0.215 mg/s (corresponding to 5% of the thruster mass
flow), with no direct ion injection. The injection properties of the heavy particles (fluxes, temperatures
and vector fluid velocities) are directly obtained from the simulations of Ref. 4 at the exit section of the
annular HET channel (z = 0). The injection fluxes are shown in Fig. 2 (a), (b) and (c). A singly charged ion
flux of approximately 3.5 · 1021 m−2s−1 is injected, versus a flux of doubly charged ions of around 1 · 1021

m−2s−1. The injected neutral flux, on the other hand, is around 6 · 1020 m−2s−1 from the HET channel
exit. Regarding the injection velocities, these are predominantly axial (along z) with average values around
14 km/s for doubly-charged ions, 9 km/s for singly-charged ions and 450 m/s for neutrals. The injection
temperatures present average values of 5 eV for singly-charged ions, 9 eV for doubly-charged ions, and 0.09
eV for neutrals. Finally, the neutralizer neutrals are injected with a uniform flux of 6.8 · 1021 m−2s−1, a
sonic fluid velocity of 300 m/s and a temperature of 0.07 eV.

In order to model the interaction of ions and neutrals with the front walls of the thruster, these are
assumed to be at a uniform temperature of 500 K. As mentioned in Sec. II A, both recombined ions and
reflected neutrals are emitted diffusely, assuming a perfect thermal equilibrium with the walls.
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Figure 2. Imposed injection fluxes at z = 0 for (a) singly-charged ions, (b) doubly-charged ions, (c) neutrals,
and (d) normal electron current density at z = 0. For these plots, a centerline neutralizer is considered. The
side of the neutralizer emission area is 1.2 cm, equivalent to 4 PIC cells.

Regarding the electron fluid, this presents a prescribed normal flux je,n at z = 0 as shown in Fig. 2 (d),
featuring a symmetric cathode at the thruster axis. While the electron flux at the channel exit has been
obtained from the 2D simulation results,4 the flux emitted by the surface cathode is such that the total
electron current towards the boundaries equals, in magnitude, the total ion current. As already mentioned
in Sec. II B, electrons are assumed to be polytropic with a coefficient γ = 1.3, typical of several experimental
characterizations of HET plumes,8 and a reference temperature of 35 eV at a point just downstream from
the exit channel mid-point. Electron collisions include both elastic and inelastic (ionization) collisions with
singly and doubly-charged ions and with neutrals, Moreover, in order to account for the anomalous transport,
an anomalous diffusion coefficient αan = 2.5% has been considered for the nominal case.

The PIC time step is 0.25 µs, while the simulation duration is 1.5 ms, sufficiently long to reach stationary
conditions in the results. The simulation domain is 0.36 m wide in both x and y, while 0.45 m along z, with
a total number of nodes equal to 121 x 121 x 151. This corresponds to a uniform Cartesian mesh with cubic
cells of 3 mm side. The total number of macro-particles at stationary conditions is around 45 · 106.

Finally, a total of three simulation cases have been considered in this work:

• A nominal simulation with a neutralizer at the thruster axis and αan = 2.5%.

• A simulation with a neutralizer at the thruster axis and αan = 5.0%.

• An asymmetric simulation with a neutralizer on one side of the thruster and αan = 2.5%.
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B. Nominal simulation results

The magnetic field magnitude and streamlines are shown in Fig. 3 (a). The peak magnetic field is found at
the injection plane centerline and is close to 200 Gauss. At z > 25 cm the magnetic field has already dropped
to less than 1 Gauss and presents values close to 0.1 Gauss at the downstream section (z = 45 cm). The
considered magnetic circuit features a null point at z = 10 cm at the thruster centerline. The corresponding
map of the Hall parameter χ is shown in Fig. 3 (b). The Hall parameter is dominated everywhere by the
anomalous collision frequency νan so that it tends to the limiting value (for negligible collisionality with the
heavy species) of 1/αan = 40 almost everywhere, with the exception of the magnetic field null-point, where
it reaches values around 10.
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Figure 3. Nominal simulation results at y = 0 showing: (a) magnetic field magnitude and streamlines, and (b)
Hall parameter. The projection of the thruster and annular channel walls with the x − z plane are shown by
the black solid lines at z < 0, while the neutralizer is indicated by either a black (symmetric cases) or blue
(asymmetric case) rectangle.

The nominal simulation results at the meridional plane (y = 0) are shown in Fig. 4 (a) to (f). The electron
density (Fig. 4 (a)) becomes single-peaked at less than 10 cm downstream from the HET channel exit. Two
separate peaks of almost 1018 m−3 can be appreciated at the channel exits and at the thruster centerline
(x = 0), where the neutralizer is located. The plasma density drops to less than 1016 m−3 at a distance of
30 cm downstream. The corresponding electron temperature is shown in Fig. 4 (b) and presents peak values
close to 35 eV at the channel exits (where the reference point for the electron fluid is located) and close to
the centerline neutralizer. The electron temperature drops to almost 7-8 eV at the downstream section. The
singly-charged ion density is shown in Fig. 4 (c) and looks quite similar to the electron density with minor
differences due to the presence of doubly-charged ions. These present a density that is approximately one
order of magnitude lower than that of the singly-charged ions. Fig. 4 (d) then shows the neutral density,
featuring a peak at the neutralizer and at the HET channel exits. This peak at the neutralizer is responsible
of a large local ionization rate and hence a large electron density at the neutralizer. This yields a peak of
the barotropy function (refer to Eq. 5), as commented in the following paragraph.

The electric potential is shown in Fig. 4 (e). In these plots, all potentials have been assumed to be 0 at
the neutralizer exit. Ions suffer a total potential drop of around 150 V (from the HET exit channel). The
difference of potential with the centerline cathode is only around 10 V, due to the local electron density peak
at the neutralizer. The thermalized potential Φ is shown in Fig. 4 (f). As expected, its gradient is important
close to the exit section of the thruster (for z < 5 cm) where it is clearly dominant over the barotropy
function gradient and produces equi-potential lines that are almost parallel to the local magnetic field.

The electron in-plane current density and the corresponding electron fluid velocity vector direction are
shown in Fig. 4 (g). Since electrons are strongly magnetized, they cannot easily traverse the magnetic field
lines, so they generally travel parallel to them (or in the azimuthal out-of-plane direction). The neutralizer
electrons (emitted at the centerline) flow either towards the HET channel (constituting the anode electron
current) or downstream to neutralize the ion current. The out-of-plane current density je,y (i.e. azimuthal)
is finally shown in Fig. 4 (h). As expected, such a Hall current density produces a positive downstream
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Figure 4. Nominal simulation results at y = 0 showing: (a) electron density, (b) electron temperature, (c)
singly-charged ion density, (d) neutral density, (e) electric potential, (f) thermalized potential, (g) electron
current density and fluid velocity vector direction in the plane, and (h) out-of-plane electron current density.
The projection of the thruster and annular channel walls with the x − z plane are shown by the black solid
lines at z < 0, while the neutralizer is indicated by the black rectangle.
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acceleration of the plasma ((je ×B)z = −jyBx > 0), and hence a positive magnetic thrust, consistently
with the results of Ref. 4 and the physics of HETs. Moreover, as theoretically expected, the peak azimuthal
current density is located at the HET channel exit and is approximately χ = 40 times larger than the
imposed axial electron current density there (30000 A/m2 vs 700 A/m2, refer to Fig. 2 (d) for this latter
axial electron current density).

Finally, Fig. 5 (a) and (b) show respectively at the z = 0 emission plane, the total ion flux (due to
both singly and doubly-charged ions) and the corresponding ion wall average impact energy (per elementary
particle). The latter has been computed taking into account also the electric potential drop occurring in
the dielectric plasma sheath located at the front thruster walls. Both the flux and the impact energies are
maximum between the neutralizer and the HET channel, with values of respectively 1020 m−2s−1 and 200
eV. At radii larger than the outer HET channel radius, the ion flux reduces to between 1018 and 1019 m−2s−1,
and the average impact energy to less than 150 eV. The non-circular pattern that can be observed in the
iso-lines of both flux and impact energy is due to the rectangular shape of the neutralizer which slightly
affects the electric potential distribution, at the z = 0 cross section, and strongly influences the trajectories of
slow-ions produced by CEX and ionization. Such geometrical effect can be mitigated by assuming a circular
emission cathode, however, this has not been implemented in this work, given the low number of available
cells to characterize the neutralizer emission area (4 x 4).
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Figure 5. (a) Ion flux and (b) mean impact energy on the front walls of the HET.

C. Effects of the anomalous diffusion coefficient

A similar simulation has been carried out with the same injection conditions described in Sec. III A but
with a larger anomalous diffusion coefficient. Now we have set it to 5% (versus the 2.5% considered for the
nominal case). The two simulations are compared in Figs. 6 and 7.

The electron density (and hence the heavy species density) does not suffer any significant variation with
respect to the nominal case, as shown in Fig. 6 (a) (refer to the red dashed and black solid lines). The nominal
case density is just a few percent higher at the downstream section, due to a slightly more focused beam
(due to a larger acceleration close to the HET channel exit). The same occurs for the electron temperature,
with the nominal case showing slightly higher values.

In the increased anomalous transport case, the difference between the electric potential at the HET
channel exit and at the neutralizer surface reduces from around 10 V (see Fig. 4 (e)) to only 5 V. Along the
HET channel centerline (i.e. along the axial line located at the mid-radius of the HET channel), ions see
a sligthly higher potential drop (5 V higher) in the nominal case, as shown in Fig. 7 (a) (refer again to the
red dashed and black solid lines). This higher ion acceleration produces a more focused ion beam and hence
slightly higher densities downstream, as seen in Fig. 6 (a). Regarding the out-of-plane current density along
the HET channel centerline, shown in Fig. 7 (b), the nominal case features values that are exactly twice
those of the αan = 0.05 case, close to the HET channel exit section (z = 0). This is indeed due to the fact
that the axial electron current is fixed in both cases, while the Hall parameter is around 40 in the nominal
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case, versus 20 in this increased anomalous transport case.
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Figure 6. Comparison of nominal simulation (α = 0.025, black solid lines), higher anomalous transport simu-
lation (α = 0.05, red dashed lines) and lateral neutralizer simulation (α = 0.025, blue dash-dot lines) at y = 0
showing: (a) electron density, and (b) electron temperature. The projection of the thruster and annular chan-
nel walls with the x− z plane are shown by the black solid lines at z < 0, while the neutralizer is indicated by
either a black (symmetric cases) or blue (asymmetric case) rectangle.
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Figure 7. Comparison of nominal simulation (α = 0.025, black solid lines), higher anomalous transport simu-
lation (α = 0.05, red dashed lines) and lateral neutralizer simulation (α = 0.025, blue dash-dot lines) showing
the 1D evolutions of: (a) electric potential change, and (b) aximuthal electron current density along the HET
channel centerline.

These results show that the anomalous transport coefficient in the near-plume does not affect greatly the
heavy species densities and velocities, so that thruster performance figures such as specific impulse and thrust
can be reasonably estimated by using a rough value of the anomalous diffusion coefficient. Nevertheless, we
point out that the use of a different anomalous diffusion coefficient inside the discharge chamber, as modeled
by the source 2D code,4 might produce very different heavy particles injection profiles at z = 0, hence
producing bigger changes in such thruster performance figures.

D. Effects of an asymmetric neutralizer position

The last simulation case considered features a lateral neutralizer, whose exit surface center is now located at
x = 0.075 m and y = z = 0 and features the same size and shape as in the previous simulations (square with
12 mm side, e.g. 4 cells). Such simulation is clearly asymmetric and cannot be carried out with axisymmetric
2D codes. It is therefore of interest to assess to what extent the neutralizer position affects the near-plume
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physics. The results are presented in Fig. 8 and are discussed below.

Figure 8. Results of the lateral neutralizer case (αan = 0.025): (a) electric potential at y = 0, (b) electric
potential at z = 0, (c) electron number density at y = 0, (d) electron temperature at y = 0, (e) in-plane electron
current density and fluid velocity vector direction, and (f) singly-charged ion fluid velocity and streamlines.
The ion exit velocity from the annular channel is around 9 km/s. The projection of the thruster and annular
channel walls with the x− z plane are shown by the black solid lines at z < 0, while the neutralizer is indicated
by the blue rectangle.

Fig. 8 (a) shows the electric potential distribution at y = 0. The lateral cathode perturbs the electric
potential locally, as shown in Fig. 8 (b) at the injection plane cross section z = 0. Nevertheless, this
asymmetry disappears quickly downstream.
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Fig. 8 (c) shows the electron number density at y = 0. The asymmetry introduced by the neutralizer
quickly disappears and the results are almost symmetric at a distance of only 10 cm downstream from the
exit surface of the HET. The same can be observed in Fig. 8 (d), showing the electron temperature at y = 0.

Fig. 8 (e) shows the electron current density at y = 0 with the electron fluid velocity direction. Now,
electrons are emitted from a lateral position and, once again, they either neutralize downstream the ion
beam, or they go inwards and constitute the anode electron current. A large asymmetry is produced by the
presence of the lateral cathode and persists even at more downstream sections.

Fig. 8 (f) shows the singly-charged ions fluid velocity and streamlines. Ions reach downstream velocities
beyond 16 km/s, close to the expectations for this type of thruster (operating with a total discharge voltage
of 300 V). In this case, the asymmetry induced by the neutralizer disappears almost completely downstream.

Finally, as clearly shown in Figs. 6 and 7 (refer to the dash-dot blue and solid black lines), it can be
appreciated that the variations (with respect to the nominal case) of electron density, temperature, azimuthal
electron current density and electric potential are small.

In summary, the neutralizer lateral position does not introduce significant asymmetries in the electric
potential and heavy particle properties, such as the ion current and number densities, or the electron number
density and temperature (which both depend on the heavy particles density). Nevertheless, the asymme-
try persists in the electron current density and streamlines, which are strongly affected by the neutralizer
position.

E. Comparison with HYPHEN 2D code results

The results of the asymmetric neutralizer case are here compared with those of the 2D HYPHEN code,
which, as mentioned in the introduction, determines the electron temperature consistently by solving the
electron energy balance equation.

A first important point is that the assumption of an asymmetric cathode produces also an asymmetric
electron current distribution, contrary to the symmetric results obtained in the 2D simulation, which implic-
itly assumes an axi-symmetric ring-like neutralizer. In fact, Fig. 8 (e) clearly shows this asymmetry in the
electron current density distribution. Nevertheless, especially in the very near-plume (z < 10 cm), electrons
appear to distribute almost uniformly along the magnetic field lines, and through the strong azimuthal drift,
they also reach the other side of the HET channel (with respect to the neutralizer position). Moreover, the
position of the neutralizer does not affect significantly the heavy species particle properties, thus justifying
the use of an axisymmetric code, at least for the accurate estimation of the thruster performance figures.

Secondly, a comparison of the results obtained with the two codes permits to cross-verify the 2 codes, by
observing that, just downstream of the HET channel exit section, the predicted electric fields are very similar.
This can be appreciated in Fig. 9 (a) and (b), showing respectively the electric potential distribution of the
3D and 2D code. It is underlined that this similarity is achieved through the computation of the thermalized
potential Φ, whose gradient at the exit section (40 V in 1 cm, see Fig. 4 (f)) is dominant compared to the
electron barotropy function gradient. For this reason, the iso-potential lines turn out to be almost parallel
to the magnetic field, as in the 2D simulation.

However, Fig. 9 (c) and (d) show that the polytropic assumption to compute the electron temperature is
clearly far from the more detailed energy model of the 2D code. In fact, while the electron temperature de-
creases mildly in the 3D simulation, as it strictly follows the plasma density evolution as Te = Te0 (ne/ne0)

γ−1
,

the 2D code predicts a much quicker decay: the electron temperature descends from around 30-35 eV at
z = 1 cm (along the channel centerline) to only 9 eV at z = 3 cm. As also shown in Ref. 4, the electron tem-
perature does not follow the plasma density but it rather presents iso-contour lines that are almost parallel
to the magnetic field lines (a fact that cannot be reproduced by the 3D model based on polytropic electrons).

Clearly, these large differences in the prediction of the electron temperature affect strongly the electric
potential distribution. While the electric fields are quite similar in the first cm of the expansion, the predicted
maps quickly diverge from one another downstream. While in the 3D simulation, the electric potential map
gradually follows that of the electron barotropy function he (see Eq. 5), in the 2D simulation, the electron
pressure drop is much stronger and induces a larger drop in electric potential, which reaches a negative peak
around -190 V at z ' 3 cm. This highlights the importance of accurate electron models in the simulation
of HETs. Moreover, apart from the different approach to compute the electron temperature, there are two
additional differences in the considered models with a non-negligible effect: (i) the 2D simulation cathode
is being modeled as a volumetric cathode source located inside the plasma plume domain (versus a surface
cathode at the upstream boundary of the 3D simulation), and with no neutral mass flow injection, so that no
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Figure 9. Comparison between the EP2PLUS asymmetric cathode simulation (a,c,e) and the 2D HYPHEN
simulation (b,d,f) of: electric potential (a,b), electron temperature (c,d) and ion current density with stream-
lines (e,f), at y = 0. The electric potential is re-scaled to be 0 at the HET channel exit plane. The projection
of the thruster and annular channel walls with the x− z plane are shown by the black solid lines at z < 0, while
the neutralizer is indicated by the blue rectangle in subplots (a), (c) and (e) and by a black circle in subplots
(b), (d) and (f) (HYPHEN considers a volumetric cathode source).

plasma density peak is observed there, and (ii) the 2D cathode electric potential is being directly imposed
as a boundary condition (while in 3D simulations we can only act on the thermalized potential, and more
precisely on its gradient). All these effects contribute to create the differences that can be observed in Fig. 9
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(a) and (b).
The total ion current density is finally shown in Fig. 9 (e) and (f). The general shape of the ion streamlines

and the current density values appear to be quite similar in both simulations, although this is, in part, due
to the fact that the 3D code considers the results of the 2D simulation at the HET exit plane as boundary
conditions for the injection of the heavy particles.

IV. Conclusions

In this paper, a 3D hybrid PIC code, named EP2PLUS, has been used to simulate a Hall effect thruster
near-plume expansion, considering the effects of the magnetic field and of the anomalous turbulent diffusion
in the fluid electron momentum equation.

The most innovative part of the hybrid model is represented by the magnetized electron fluid model,
which features a formulation in terms of a thermalized potential, and assumes polytropic electrons. This
simplification is generally a good one sufficiently far away from the thruster exit plane, and here, we have in-
vestigated the consequences of doing so in the near-plume, by comparing the results obtained with EP2PLUS
with those of a 2D companion code, HYPHEN (see Ref.4) that solves the electron energy balance equation
in a magnetically aligned mesh.

Simulations with two different anomalous transport coefficient (2.5 and 5%) have shown that the effects of
this tunable parameter on the near-plume expansion physics are not so important, except for the estimation
of azimuthal currents, as far as the correct order of magnitude is assumed (a few percent).

EP2PLUS has been further used to simulate a clearly 3D scenario featuring an asymmetric position of
the neutralizer, now considered to be at one side of the exit channel. This simulation has shown that relevant
changes with respect to the axisymmetric case are found only in the electron streamlines and current density.
Other properties, such as the electric potential or the ion current density remain essentially axisymmetric, a
fact that justifies the use of axisymmetric 2D codes for Hall effect thruster performance estimation.

Finally, EP2PLUS and HYPHEN simulations have been compared to assess the consequences of neglecting
the electron energy equation in the former. In the 3D EP2PLUS simulation, the electric iso-potential lines
are parallel to the magnetic field lines only very close to the HET channel exit. In this small region, where
the magnetic field dominates and the electron temperatures are similar, EP2PLUS and HYPHEN provide
very similar electric fields. However, already a few cm downstream, the electric potentials start to diverge
significantly, which can be explained by several differences in the models. First of all, the assumption of
polytropic electrons in EP2PLUS, is not capable of reproducing the expected iso-thermality of magnetic field
lines and the large drop in electron pressure predicted by HYPHEN (in the 3D simulation, on the other hand,
the electron temperature and hence the pressure decay much more slowly). Secondly, HYPHEN simulations
consider a volumetric cathode source (versus the surface cathode of EP2PLUS) and do not include the
injection of neutrals, which can be ionized and affect importantly the electric potential distribution. Finally,
contrary to the 3D model, the 2D model can directly impose the cathode electric potential, so that the
electric potential is forced to descend to the cathode value when the cathode magnetic field line is reached.

Acknowledgments

This work has been supported by the CHEOPS project, funded by the European Union’s Horizon 2020
Research and Innovation Programme (Grant 730135). Additional funding for F. Cichocki came from Project
ESP2016-75887 (Spain’s National Research and Development Plan - MINECO/ FEDER).

References

1Tajmar, M., Gonzalez, J., and Hilgers, A., “Modelling of spacecraft-environment interactions on SMART-1,” Journal of
Spacecraft and Rockets, Vol. 38, No. 3.
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