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A B S T R A C T

A 3D hybrid particle-in-cell code with a partially-magnetized fluid electron model is presented and applied to study the effects of a uniform external geomagnetic
field on an expanding plasma thruster plume at three different angles. Electron currents are governed by both the magnetic field and collisional effects with the heavy
ions and neutrals. While an axial magnetic field (parallel to the plume axis) induces azimuthal electric currents and an observable plume channeling, an oblique
field produces non-trivial asymmetric deformations of the plume cross-section, and induces axial-radial electric current loops. A center of mass analysis of the plasma
plume demonstrates that the electron response produces an electric field that balances the Lorentz force deflection on the ions, so that no net plume momentum
deflection is observed.

1. Introduction

The complex interaction between an expanding plasma thruster
plume and the emitting spacecraft is a topic of great interest in the
plasma propulsion community. In fact, it is crucial for satellite integra-
tion, in which the impact of the plasma plume on sensitive surfaces (in-
cluding both sputtering and contamination) has to be minimized [1].
Such interaction is of fundamental importance also in the context of the
Ion Beam Shepherd [2–4], a space debris removal technique, where a
target object is relocated to a different orbit by means of the ion push of
a plasma thruster plume directed towards it.

In these contexts, the presence of a background magnetic field, like
the geomagnetic one, further complicates the physics of the jet. In fact,
a magnetized plasma plume expands differently into vacuum compared
to an unmagnetized one, and hence its interaction with the satellite or
with any downstream object is clearly affected. For the typical geomag-
netic field magnitude (fractions of Gauss), only the electrons are mag-
netized, while the heavy ions present gyro-radii that are much larger
than the plume characteristic size. It is the consequent change in elec-
tron anisotropic mobility with respect to the unmagnetized scenario that
produces different ambipolar electric fields and hence a different plume
expansion. These changes depend on both the field intensity and direc-
tion, as suggested by Korsun et al. [5,6], who indicated plasma plume
channeling for a magnetic field aligned with the plume axis, and an
asymmetric distortion of the plume cross section for oblique fields (i.e.
at an angle with the plume axis). While the latter effect is non-trivial,
the former channeling effect can be easily explained with the reduc-
tion in the radial mobility of the electrons that is induced by an ax-
ial magnetic field. This produces a lower (compared with the unmagne

tized case) radial electric field and hence a lower divergence. However,
apart from Korsun's work, no similar studies have been found in the lit-
erature to confirm and extend these findings, so that this research field
remains particularly open.

The large amount of plasma plume codes developed in recent years
[6–27] demonstrates a clearly increasing interest in plume expansion
and S/C interaction studies. Nevertheless, out of the existing codes, only
a few of them deal with magnetized plume expansions. Korsun et al. in
Ref. [6] describe a magnetized fluid model based on an approximate
three-dimensional self-similar expansion, and discuss the magnetic field
effects mentioned above. Taccogna, in Ref. [22], considers a compu-
tationally demanding 3D particle-in-cell (PIC) model for both ions and
electrons to simulate the discharge and the near-plume of a Hall Ef-
fect thruster. Finally, several codes have been developed for the axisym-
metric two-dimensional simulation of Hall effect thrusters discharge and
near-plume, based on either a multi-fluid [10] or a hybrid approach
[26,27] (heavy species treated as particles and electrons as a fluid).
To the authors’ knowledge, however, no hybrid particle-in-cell/fluid
code exists that can deal with a three-dimensional magnetized far-region
plume expansion.

In order to tackle the main goal of the paper and perform an analy-
sis of a far plume expansion under the effect of the geomagnetic field,
an existing in-house 3D hybrid code, named EP2PLUS (Extensible Par-
allel Plasma PLUme Simulator) has been upgraded to include the ef-
fects of a mild external and uniform magnetic field. This code makes
use of a non-uniform structured grid for both the PIC and electron mod-
els. The former is in charge of computing the bulk properties associ-
ated to both ions and neutrals (e.g. number densities and fluxes). The
latter, taking this data as input, solves for both the electron proper
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ties and the electric field required by the PIC model, by assuming an
electron closure relation, which can be an isotropic barotropy relation,
such as a polytropic law, or a more advanced model based on the output
of fully-kinetic electron codes [19]. The original version of the electron
model, by retaining collisional effects, already solved for a thermalized
potential (whose gradient represents a net total force on the electrons),
being capable of computing the electron current density in the plume of
an NSTAR thruster [23].

In this work, EP2PLUS is applied to a set of simulations featuring
different angles between a uniform background magnetic field and the
axis of the plasma plume. By comparing these magnetized plume expan-
sions with that of an unmagnetized scenario, the effects of the magnetic
field are evaluated in terms of induced electric fields, electric currents,
plasma plume deformation and deviation.

The rest of the paper is structured as follows. The PIC model for the
ions is summarized in Sec.2. The magnetized electron fluid model is de-
scribed in Sec. 3. The simulation results for different applied magnetic
field orientations are reported and discussed in Sec. 4. Finally, conclu-
sions are summarized in Sec. 5, and two appendices discuss the effects
of certain modeling assumptions.

2. The particle-in-cell model

In EP2PLUS, the PIC model is in charge of simulating the heavy
species particles (ions and neutrals) and is fully described in Ref. [23].
In the following, we provide only a short summary of its main algo-
rithms. As in all PIC approaches, the heavy particles distribution func-
tion is discretized in the position-velocity phase-space with a given num-
ber of macro-particles, each representing elementary particles and
having position . The bulk properties, like number density, fluid veloc-
ity and temperature, are then obtained by weighting these macro-par-
ticles to the nodes of a structured non-uniform mesh [28], further de-
scribed in Sec. 4.1. For each time step , the PIC model performs op-
erations such as: (i) moving the macro-particles according to Newton's
law, that is, for the macro-particle:

(1)

where and are the electric and magnetic fields at the
macro-particle position, is the macro-particle velocity, and ,
are respectively the elementary mass and charge number of the heavy
species population (e.g. for singly-charged ions); (ii) injecting new
macro-particles into the simulation domain from the injection boundary
(targeting a given number of macro-particles per cell); (iii) eliminating
macro-particles that exit the simulation domain; (iv) performing colli-
sions between macro-particles; and (v) weighting the macro-particles to
the mesh nodes to obtain their fluid bulk properties (used by the elec-
tron model).

In order to better illustrate the magnetic field effects on the plume
expansion, in this paper we only consider one species of ions, and we
neglect collisional effects on their dynamics (nearly collisionless plasma
plume). As shown in Sec. 4.1, the neutrals are considered as a uni-
form and still background, and only for the purpose of computing elec-
tron-neutral collisions. The effects of such a uniform background of neu-
trals are discussed in detail in Appendix B.

3. The magnetized electron model

The electron model presented here is the generalization of the one
introduced in Ref. [23] to include magnetization effects. For an electron
fluid of negligible inertia, the electron momentum equation can be writ-
ten as:

(2)

where is the electron pressure tensor, is the electron number den-
sity, is the electron mass, is the electron fluid velocity, the sum

mation term extends to all heavy particles populations (with which the
electrons undergo momentum-exchange collisional processes), and
is the effective momentum transfer collision frequency of the electrons
with the heavy population, which features a fluid velocity (refer
to Ref. [23] for the models considered for ).

Under the assumption that the pressure tensor is diagonal and
isotropic, that is , and that the electron closure is barotropic,
that is , a barotropy state function is introduced, such that

is an exact differential. In the following, an isothermal
electron fluid closure (special cases of barotropy) is further assumed, so
that:

(3)

where , are the reference electron density and temperature where
. A polytropic closure is also available, as described in Ref. [23].

Let us define: and the electron and ion
current densities ( and are respectively the charge number and the
number density of the generic heavy particle population);
the total electron momentum transfer collision frequency; and

(4)

an effective current density grouping collisional effects from heavy
species. Then, the electron momentum equation becomes

(5)

For the rarefied plasmas of interest here, the first two terms on
the right hand side (pressure and electric forces) are often dominant,
in magnitude, and they almost compensate each other, so it is con-
venient to define the residual ‘thermalized potential’ , such that

. Assuming the same reference zero point for , and
φ yields

(6)

Note that the electron Bernoulli energy function of Ref. [23] is
just . In terms of , Eq. (5) becomes:

(7)

In the unmagnetized ( ), collisionless ( ) limit, this equa-
tion yields simply and thus the electric potential satisfies iden-
tically the Boltzmann relation , for isothermal
electrons. The gradient of the thermalized potential measures the cor-
rection to that relation due to the magnetic and resistive forces. There-
fore, it is the net force shaping the electron response and determining
the electron current density. For a finite non-zero total collision fre-
quency ( ), solving Eq. (7) for yields the generalized electron
Ohm's law

(8)

where is the scalar electron conductivity,

(9)

is the normalized conductivity tensor, is the unit vector
along , and is the Hall parameter.

In steady-state (or even during transients for quasineutral simula-
tions), the total current density satisfies the continuity equa
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tion
(10)

Substituting here Eq. (8) for yields an elliptic equation for , i.e.:

(11)

where is the Hessian tensor of and the operator represents a
tensor contraction. In the unmagnetized case , and tends to the
identity tensor, so Eq. (11) becomes the unmagnetized elliptic equation
that was already discussed in Ref. [23]:

(12)

The presented model can be used in both quasineutral and non-neu-
tral (quasi) steady-state simulations. While in the former, both

and hence are functions of the heavy species properties,
in the latter non-neutral case, Eq. (11) can be solved using the previ-
ous time step values of and , which are now obtained by solving a
non-linear Poisson's equation [23]. Since the focus is on magnetic field
effects on the electrons, in this study the plasma is assumed to be quasi-
neutral everywhere, and Poisson's equation is not considered.

3.1. Boundary conditions

Solving Eq. (11) requires prescribing the value of at an arbi-
trary point in the domain (e.g. at the reference point for the electric po-
tential), and either its value or directional derivative at the simulation
boundaries. In this work, for simplicity, we will impose a boundary con-
dition directly on the electric current density, which is equivalent to im-
posing the directional derivative of the thermalized potential.

In fact, if is the normal unit vector at the boundaries, directed
inwards towards the simulation domain, the imposition of a prescribed
normal electric current density is equivalent to stating:

(13)

where is the local normal electric current density at the
boundary. Eq. (13) imposes the directional derivative of along the di-
rection , which is generally different from the boundary normal
direction (but tends to it when or if ).

In stationary conditions, the Gauss's theorem applied to Eq. (10)
urges that the integrated current through the simulation boundary be
identically zero. However, the local value of at the boundary satis-
fying this integral relation cannot be known a priori, except at known
regions of the plasma plume, like the injection plane where we know
the plume conditions in terms of electric current (e.g. an initially cur-
rent-free plasma plume, a condition that is approached in a relatively
short distance from the exhaust section, for the majority of plasma
thrusters). In the present work, we will assume locally at all sim-
ulation boundaries. This is expected to impact the solution near the
free-space boundaries, as electric current loops that would otherwise
cross them are forced to deviate. The effects of this assumption are an-
alyzed in detail in Appendix A, where a validity region, characterized
by negligible boundary effects, is clearly identified.

4. Numerical simulations

4.1. Simulation cases and settings

In order to evaluate the effects of the geomagnetic field on a plasma
plume expansion, a total of four simulations are presented, which as-
sume charge quasineutrality everywhere, and a plasma plume injected
symmetrically at an initial plane towards , and differing

only in terms of the magnetic field strength and direction:

• Case 0: null magnetic field (for the purpose of reference).
• Case 1: magnetic field at deg with the plume axis: .
• Case 2: magnetic field at deg with the plume axis:

.
• Case 3: magnetic field at deg with the plume axis: .

The magnetic field magnitude for Cases 1 to 3 is set to 0.5 Gauss, a
typical value for the geomagnetic field at low Earth orbit, and is uniform
in magnitude and direction. The rest of the simulation parameters are
reported in Table 1 and described hereafter.

The mesh considered by both the electron and PIC models is shown
in Fig. 1 at the cross section. Ion macro-particles are weighted
to the nodes of this mesh, while Eq. (11) is discretized with a finite
differences scheme of second order. The simulation domain is 2.8 m
along x and y, and 30 m along z, featuring a total number of computa-
tional nodes of 101 101 301. Parallelepiped cells are considered with
a non-uniform size: the mesh spacing is locally minimum close to the
boundaries, where larger spatial gradients of the electric current density
are expected. This choice permits reducing the numerical truncation er-
rors of the numerical scheme thus increasing the accuracy. More specif-
ically, the axial mesh spacing (i.e. along z) is 2.5 mm close to the in-
jection boundary, reaches a maximum of around 20 cm close to
m, and then diminishes to less than 10 cm at the m boundary.
Regarding the x and y mesh spacing, this is around 3 cm at the plume
core, and diminishes to around 2 cm at the lateral boundaries. In the fol-
lowing sections, results are shown only inside a validity region (1 m
1 m 15 m), shown in Fig. 1 by the shaded area, where the imposed
boundary conditions have negligible effects, as explained in Appendix
A.

The plume injection properties resemble those of the NSTAR ion
thruster as in Ref. [23], although its initial non-neutrality in both elec-
tric current and density is not modeled here and, for simplicity, only
singly-charged Xe ions are considered. These are injected from the

Table 1
Simulation parameters. Charge quasi-neutrality is assumed in the whole domain, and
the Hall parameter is limited to 35 by assuming a neutral background density of 2.05
10 18m −3. The reference electron density is a consequence of the imposed ion flow and
radial profile and refers to the origin .

Simulation parameters Units Values

Initial 95% ion current radius m 0.14
Injected ions profile – Gaussian, axial
Injected Xe ions flow mg/s 2.38
Injected ions velocity, km/s 39.1
Injected ions energy eV 1040
Injected ions initial divergence angle deg 0.0
Considered collisions for ions – None
Reference electron temperature, eV 1.0
Reference electron density, m −3

Maximum value for the Hall parameter, – 35

Considered collisions for electrons – Elastic with Xe + and Xe
[23]

Normal electric current density at
boundaries,

A/m 2 0.0

PIC time-step ns 62.5
Total simulation time ms 3.0
Time-averaging steps for PIC sub-model
outputs

– 4000

Time-steps between successive solutions – 4000
Simulation domain physical dimensions m 2.8 2.8 30.0
Computational grid points – 101 101 301

3
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Fig. 1. Sketch of the PIC/fluid mesh cross section at . The cross section is analo-
gous to this one. The black lines represent fixed computational coordinates, and, for the
sake of clarity, only one every 10 along z and one every 5 along x are shown (therefore, in
reality, more nodes are used). The shaded area in red is the validity region, where bound-
ary effects are negligible, while the grey rectangle at indicates the injection region.
The direction of the magnetic field is shown by a red arrow for Cases 1, 2, and 3 (the x
and z axis scales are not equal).

plane from a circular area centered at of radius 20 cm,
and with a total mass flow of 24.4 sccm (2.38 mg/s), a purely axial ve-
locity profile corresponding to a mono-energetic beam of 1040 eV, and
an initially Gaussian radial profile [8] given by:

(14)

where is the peak quasineutral plasma density at the origin
, is the distance from the centerline

and is the 95% ion current radius, assumed to be 0.14 m. The cur-
rent-free condition in the axial direction ( ) at , is represen-
tative of most plasma thrusters, including Hall Effect thrusters, but also
ion thrusters operating with a neutralizer, if considered just a few tens
of cm downstream from their exit planes.

Since the focus is on electrons, ions are treated as a collisionless
species, which are therefore affected only by the electric and magnetic
fields. Although a polytropic electron model is also available, as com-
mented in Sec. 3, in this work we have assumed, for simplicity, isother-
mal electrons, with a reference temperature 1 eV, because electron
cooling effects are not expected to affect the physics of interest of this
work, which is the plasma plume deviation and compression and the on-
set and shape of the plasma electric currents. Moreover, electrons col-
lide elastically with both the injected ions and the neutral background
[23]. In fact, in order to achieve a good solver convergence with ac-
ceptable computational times, while reproducing correctly the physics
of the plume expansion (refer to Appendix B for a detailed analysis),
the Hall parameter is limited to a certain by assuming a neu-
tral background density m−3 (for an electron temperature of
1 eV and Xe atoms).

The simulation features a time-step of s (or 62.5 ns),
which is set by the ion crossing time of the smallest PIC cell (at
, cm and ions are injected at roughly 40 km/s axially down-
stream). The inputs to the electron fluid solver are time-averaged over
4000 steps to reduce PIC noise effects, and, in order to speed up the sim-
ulation, this is executed every 4000 time steps to update the correc-
tions, held constant between successive solutions. The simulation phys-
ical duration, 3 ms or equivalently 48000 steps, is sufficiently large to
reach a stationary solution in terms of the relevant properties (plasma
density, electric potential, forces acting on the ions, currents, etc.).

4.2. Reference unmagnetized plasma plume results

In order to assess the effects of the magnetic field on the expand-
ing plasma plume, magnetized plume simulations will be compared with
the unmagnetized Case 0, whose results are shown in Fig. 2. Since this
plume case is axisymmetric, only cross sections containing the
plume axis are shown.

Subplots 2 (a) and 2 (b) show respectively the electric potential and
electron density in the meridian plane . A typical ambipolar poten-
tial profile with a mild axial and a steeper radial gradient is observed.
The electron density presents a peak slightly above 1016 m−3 and de-
creases by approx. 2 orders of magnitude along the plume axis across
15 m. Note that, in this quasineutral unmagnetized simulation, the elec-
tric potential is directly related to the electron density through Eqs. (3)
and (6).

The electric field intensity and direction resulting from the described
potential distribution is shown at in Fig. 2 (c). The electric field is
essentially radially outwards with values between 1 and 30 V/m in most
of the plume. The electric field correction due to collisional effects (with
both neutrals and ions), which we shall refer to as thermalized electric
field, is shown in Fig. 2 (d). In this unmagnetized case, pushes the
electrons downstream and balances their momentum loss due to colli-
sions with the neutrals. In fact, referring to Eq. (7), and the
collisional term on the right hand side is directed upstream, as it repre-
sents an electron momentum loss with a still neutral background (hence

). Nevertheless, this thermalized electric field is at least 2 orders
of magnitude smaller than the average electric field (0.05 V/m on aver-
age, versus an average electric field of 5 V/m). This means that the neu-
tral background has a negligible effect on the plume expansion in this
case (ions, in fact, are injected with an energy of 1040 eV, so they lose
around 0.1% of their total energy due to this field).

From the thermalized electric field , it is then straightforward to
obtain both the electron and electric current densities, shown in Fig. 2
(e) and (f). Regarding the former, it presents a peak value of around 70
A/m2 at the plume injection plane (where it is identically equal to the
ion current density) and is directed predominantly in the axial direction
to neutralize the ion current in the whole domain. In this unmagnetized
case, the net electric current density is dominated by collisions with the
neutrals and, given the lowly collisional character of the plasma, it is ex-
pected to be small. In fact, as shown in subplot (f), it is almost 2 orders
of magnitude smaller than the ion/electron current density, presents a
peak value of about 1.5 A/m2 slightly downstream from the injection
plane, and the meridian electric current loops that appear in this case
are small.

4.3. Magnetic field influence on the electric field in the plume

The electron conductivity and the Hall parameter affecting the mag-
netized electron model solution are shown at the plane in Fig. 3
(a) and (b) for Case 3 (representative of the other cases as well). The
scalar conductivity is maximum at the injection region (with values of
up to 500 ), since it is proportional to the electron density, and
the neutral background is uniform. Regarding the Hall parameter, it is
minimum close to the injection plane with values around 10, and, as
the ion-electron collision frequency decreases with the plume expansion
(the electron-neutral collision frequency, on the other hand, is constant
due to the assumed uniform neutral background), it tends asymptoti-
cally to , both radially outwards and axially downwards.

Figs. 4 and 5 show the thermalized potential and its gradient (i.e.
the thermalized electric field, or the net field felt by the electrons due
to magnetization and collisional effects) for the three magnetized plume
cases, respectively in the and in the planes (Cases 1 to
3). Now, contrary to the unmagnetized case, the thermalized poten
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Fig. 2. Case 0 (unmagnetized plume) results at : (a) electric potential, (b) electron density, (c) electric field intensity and direction, (d) thermalized electric field intensity and direc-
tion, (e) electron current density and direction (opposite to electron fluid velocity), and (f) electric current density and direction. All properties are symmetric with respect to the plume
axis , so the cross sections have been omitted.

Fig. 3. (a) Electron conductivity and (b) Hall parameter at for Case 3. Both properties are nearly symmetric with respect to the plume axis and are representative of all
magnetized cases (1–3), regardless the field direction, which only produces minor changes.

5
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Fig. 4. Thermalized potential and its in-plane gradient , with magnitude and direction ( are the unit vectors along ), at , for (a,d) Case 1,
(b,e) Case 2, and (c,f) Case 3. The magnetic field is completely contained in the plane and its direction is shown by a white big arrow. Notice that the figure has different scales for x
and z.

Fig. 5. Thermalized potential and its in-plane gradient , with magnitude and direction ( are the unit vectors along ), at , for (a,d) Case 1,
(b,e) Case 2, and (c,f) Case 3. The magnetic field projection onto the plane is shown by a white big arrow (in subplots (b) and (e) it has an out of plane component, while in subplots
(c) and (f), it is directed towards the reader). Notice that the figure has different scales for y and z.
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tial is dominated by the magnetic field ( ), and hence the colli-
sional effects only play a minor role.

In Case 1 (axial magnetic field), shown in subplots (a) and (d) of both
figures, the solution in terms of is clearly axisymmetric and, as shown
in subplots (d), the thermalized electric field is predominantly radial and
inward towards the centerline. This produces plume channelling, an ef-
fect that reduces the plume divergence and is physically caused by the
reduced radial mobility of the magnetized electrons.

In Case 2 ( deg), shown in subplots (b) and (e) of Figs. 4 and
5, the symmetry of the solution is lost. In the plane (Fig. 4), which
contains the magnetic field vector, only collisions play a role, and indeed
they produce a mild (in-plane) component of the thermalized electric
field, which is similar, in magnitude, to the one observed in the unmag-
netized case (0.05 V/m, see Fig. 2 (d)). In the plane (Fig. 5), on
the other hand, collisions have a negligible effect, and the thermalized
electric field is determined primarily by the Lorentz force on the elec-
trons ( , from Eq. (7)). In a globally current free plume,
the integrated Lorentz force on the electrons is equal and opposite to the
integrated Lorentz force on the ions, which has a positive y component
( ). Therefore, the thermalized electric field tends to com-
pensate, on average, the Lorentz force on the ions. For an axial ion
velocity km/s, and a magnetic field x-component G,
the Lorentz force per unit ion charge (or equivalently the induced elec-
tric field in the ions reference frame) is V/m. If we look at Fig.
5 (e), we see that, at the centerline, the thermalized electric field is of
that order, so that ions nearly advance in straight line. The asymmetry in
the thermalized potential gradient induces the compression of the plume
along y, as further commented in Sec. 4.4.

A similar phenomenon occurs in Case 3 ( deg, i.e. a mag-
netic field totally perpendicular to the plume). Now, the x-component of

the magnetic field is twice as large (0.5 G), so the thermalized electric
field along y is twice as large (2 V/m) as expected and as shown in Fig.
5 (f).

The resultant total electric field, , at and at
m is finally shown in Fig. 6 for the three magnetized simulations.

Comparing the electric field magnitude of Case 1 in Fig. 6 (a) and
(d) with that of the unmagnetized plume (Fig. 2 (c)), it is immediately
clear that the outward radial electric field is lower in this magnetized
field case, due to the reduced mobility of the electrons in the cross-field
direction. While in the unmagnetized plume case, the field is always out-
ward at whatever downstream cross section, in Case 1, the radial electric
field decreases more quickly downstream and inverts its direction (be-
coming inward at low radii) at distances above m, as it can
be appreciated in Fig. 6 (a). This induces a lower divergence increase
of the plume and hence a channelling effect of the magnetic field in that
direction, which is analyzed in the next section.

The symmetry of the unmagnetized and axial magnetic field cases is
completely lost in Cases 2 and 3, shown in Fig. 6 (b), (c), (e) and (f).
In Case 2 (subplots (b) and (e)), the asymmetric magnetic field effects
are already very patent, and the location of the point gradually
moves towards increasing y as the plume expands. As mentioned above,
at the plume centerline, the electric field has a negative y component
that balances out the Lorentz force on the ions. In Case 3 (subplots (c)
and (f)), the asymmetry is even stronger, and the in-plane electric field
at m presents a null point at around 0.5 m from the plume cen-
terline.

Finally, it is interesting to notice that, in the lateral regions of the
plasma plume, the electric field is always inward in all magnetized
plume cases (see Fig.6 (a)–(c)). This is due to the fact that the mobility
of the electrons in the y direction is strongly reduced in all cases, being

contained in the plane.

Fig. 6. Electric field magnitude and in-plane direction for (a,d) Case 1, (b,e) Case 2, and (c,f) Case 3. The cross section is shown in subplots (a), (b) and (c), while the m cross
section is shown in subplots (d), (e) and (f). This latter cross section is indicated in subplots (a), (b) and (c) by a red solid line. The magnetic field projection onto the shown planes is
indicated by a thick red arrow in all subplots (in subplot (c), the field is directed towards the reader, while in subplot (d) it is toward the page). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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4.4. Plasma plume deformation due to the magnetic field

In the previous section we have found that, at the centerline, the
thermalized field nearly compensates the Lorentz force on the ions.
In fact, the stationary momentum balance equation for cold ions (i.e.
with negligible temperature) is

(15)

where we have assumed quasineutrality and neglected collisional
effects on the ions. Solving for in Eq. (2), and substituting into Eq.
(15), this takes the form:

(16)

The ion acceleration has three different contributions: (i) a purely
electron-thermal one, which is independent of magnetization and is
caused by the scalar electron pressure gradient ( ), (ii) a magnetic
one , which is strictly related to the existence of a net electric cur-
rent, and (iii) a collisional one that is small for quasi-collisionless plas-
mas ( ).

In an unmagnetized plume, is zero, and the ion acceleration
term is balanced out by the electron pressure gradient term alone (colli-
sions have a negligible effect on the ion momentum, although they dic-
tate the electron currents in this case). In our magnetized plume cases,
on the other hand, local electric currents can exist and the ion inertial
acceleration is balanced out by the sum of both pressure gradient and
magnetic terms. If the plume is globally current-free, however (see
Sec. 3.1), and the external magnetic field is uniform, the integral of the

force in the domain must vanish, as shown in Ref. [8].
As a consequence, the magnetic force cannot produce a net de-

flection of the plume momentum, although it can clearly deform it in
non-trivial ways since is non-zero locally. Fig. 7 (a) to (c) show
the relative change (with respect to Case 0) of the plasma density at

m for the 3 magnetized plume cases. In Case 1 ( ), the rel-
ative plasma density increases up to 15% at the centerline, while at
higher radii, the channelling effect produces a relative density reduc-
tion. In Case 2 ( deg), on the other hand, the deformation is
clearly asymmetric and a non-negligible compression along the y direc-
tion can be observed. Finally, in Case 3 ( deg), the compression
is clearly along y and the relative density change reaches positive peaks
around +10%, and negative peaks below −30%. This non-symmetric
density change is an effect of the Lorentz force on the ions, which, in this
case, is always directed towards . Qualitatively, the described plume
deformation is in good agreement with the findings by Korsun et al.
[5,6], who also observed plume compression along y in the perpendicu-
lar field Case 3 and plume channeling in Case 1, although they did not
study any intermediate angle case (like Case 2).

The total force balance commented above can also be explained by
the onset of a balancing electric field, if we consider the individual elec-
tron trajectories in the collisionless limit ( ). In fact, in the
deg case, electrons cannot traverse the magnetic field lines and neutral-
ize the ion current with (on average, not locally), unless an
field makes their gyrocenter drift in the z direction, with the same ve-
locity as the ion velocity. The required electric field to produce such an
average drift is , so that is along . The limited
mobility of electrons along z at first produces a drift along y due to an
axial electric field (arising from the fact that electrons are left behind
with respect to ions). This drift only affects electrons (ions are not mag-
netized) so that the infinitesimal charge separation along y produces the
ambipolar field that is responsible of the requested mean axial drift.

In order to verify numerically the absence of a net plasma plume
deflection, the total electric and magnetic force acting on the ion
macro-particles has been computed as:

(17)

where p is the macro-particle index, and the summation extends to all
macro-particles that are located within the validity region volume (

m), with differential volume . The evolution of the y com-
ponent of this force (along the dominant Lorentz force direction), and
of its electric and magnetic components, is shown in Fig. 8 (a) for Cases
2 and 3. In all numerical simulations, for ms, an artificial Boltzmann
equilibrium is assumed in the whole domain, in or-
der to highlight the importance of including magnetization effects in the
model. In fact, this Boltzmann electric field is not capable of balancing
out the magnetic force and a net force along y is observed. As soon as
the magnetized plume model is activated (first vertical dashed arrow,
at ms), the magnetic force (Lorentz) starts to be balanced out by
the electric field force, in both Cases 2 and 3. As a consequence, also
the y deviation of the center of mass (COM) of the plume ions abruptly
changes from around 3.5 cm to zero, as shown in Fig. 8 (b).

Finally, Fig. 8 (c) shows the position of the plasma plume COM at
m, at ms (i.e. before the activation of the magnetized elec-

tron model) and at the end of the simulation ( ms). A rude esti-
mate for the initial y displacement due to the Lorentz force can be ob-
tained by considering a uniform acceleration of ions with a constant ax-
ial velocity, that is . For the considered ion
velocity (39.1 km/s), magnetic field x-component (0.25 and 0.5 G for
respectively Cases 2 and 3), and given m and
kg (xenon ions), this displacement amounts to 2.3 cm and 4.7 cm

Fig. 7. Plasma density relative variation with respect to the unmagnetized plume case, at m for (a) Case 1, (b) Case 2, and (c) Case 3. The magnetic field projection onto the shown
plane is indicated by a thick red arrow in all subplots (in subplot (a), the field is toward the page). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 8. Time evolution in Case 2 (dashed lines) and Case 3 (solid lines) of (a) electric force (red lines, upwards triangles), magnetic force (blue lines, downwards triangles) and total force
(black lines, no marker) on the plume ions and (b) y position of plasma plume center of mass. Only ions within the validity region m are considered for the computation of
both the total forces and the plume center of mass. The vertical dotted lines correspond to the time instants in which a new solution for is computed. (c) Center of mass position of the
plume cross section at m, at ms (triangles) and at ms (circles), for Case 2 (empty markers) and Case 3 (filled markers). Notice that the x and y scales are different. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

for respectively Cases 2 and 3, which is consistent with the deviations
shown in Fig. 8 (c) before activating the magnetized electron solver (tri-
angles). At the end of the simulation, in both cases, the center of mass is
perfectly aligned with the plume centerline (apart from negli-
gible numerical errors).

4.5. Induced electron and electric currents

Once is computed, it is straightforward to obtain both the elec-
tron current density from Eq. (8) and hence the total electric cur

rent density , by summing the known ion current density (from the
PIC model). While in the unmagnetized case, shown in Fig. 2 (e) and
(f), no significant electric current loops formed and electron streamlines
closely resembled those of the ions (to neutralize their current), in the
magnetized cases, things change substantially. The electron streamlines
from are shown in Fig. 9 (a) to (c) for Cases 1 to 3.

In the axial magnetic field Case 1 (subplot (a)), the electron stream-
lines are essentially helicoidal. This shape originates from the combina-
tion of the bulk axial electron motion which is necessary to neutralize
the ion current (the plasma plume is forced to be current free, along z

Fig. 9. (a,b,c): three-dimensional electron streamlines (from ) for (a) Case 1, (b) Case 2, and (c) Case 3. (d,e,f): three dimensional electric current streamlines (from ) for (d) Case 1,
(e) Case 2, and (f) Case 3. The magnetic field direction in each case is shown by a red arrow, while the plasma plume is injected from the plane. The and planes are
also shown for the sake of clarity (respectively in light red and blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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, at both the and m boundaries), and the induced az-
imuthal drift due to both the diamagnetic and the drifts (which
are anti-parallel), or equivalently the net drift due to (which in-
cludes both drifts). In Cases 2 and 3 (subplots (b) and (c)), on the
other hand, the helicoidal motion is disrupted and almost disappears, al-
though some electron streamline twisting can still be observed in both
cases.

The three-dimensional electric current streamlines are shown in Fig.
9 (d), (e) and (f) for the 3 magnetized cases. In Case 1 (subplot (d)),
the dominating electric currents are obviously azimuthal, while in the
oblique field cases (subplots (e) and (f)), the electric current loops have
an important axial component. For the chosen boundary conditions, the
artificial closure of the electric current loops occurs at the boundary
of the simulation box, not shown here, since it is located at m and
is outside of the defined validity region.

Fig. 10 (a), (b) and (c) show the electric current density magni-
tude and its direction at , Fig. 10 (d), (e) and (f) show the axial
electric current density at m, and Fig. 10 (g), (h) and (i) show

the in-plane electric current density at m. As already mentioned,
in Case 1 (subplots (a), (d) and (g)), the electric current density is pre-
dominantly azimuthal, except close to the plume centerline, where it is
axially oriented (no azimuthal currents can exist there). Nevertheless, a
dim axial electric current loop exists also in Case 1, consisting in a neg-
ative current density (down to −1 A/m2 at m) at the centerline
and a positive current density (up to +0.12 A/m2 at m) in the
surrounding regions (refer to Fig. 10 (d)). The azimuthal current den-
sity, on the other hand, reaches values as high as 2 A/m2 at m.

In Cases 2 and 3, on the other hand, the electric current density
is predominantly axial, as shown in subplots (b) and (c), and two
counter-moving tubes of electric current appear. This is clear in Fig.
10 (e) and (f), showing the axial electric current density at m:
in Case 2, the axial electric current density is as high as A/m2 at

m, while in Case 3, it reaches peak values of around A/m2.
The in-plane current density for Cases 2 and 3 is no more azimuthal as
clearly shown in Fig. 10 (h) and (i) and is negligible compared to the
axial current density (more than one order of magnitude lower).

Fig. 10. (a)–(c): electric current density magnitude and in-plane direction at for (a) Case 1, (b) Case 2, and (c) Case 3. The length of the arrows is proportional to the ratio between
the in-plane component and the total intensity. (d) to (f): axial electric current density in the plane at m, for (d) Case 1, (e) Case 2, and (f) Case 3. (g) to (i): in-plane electric
current density at m, with in-plane direction, for (g) Case 1, (h) Case 2, and (i) Case 3. The m cross section shown in subplots (d) to (i) is also indicated in subplots (a), (b)
and (c) by a red solid line. The magnetic field projection onto the shown planes is indicated by a thick red arrow in all subplots (in subplots (d) and (g), the field is toward the page, while
in subplot (c), it is toward the reader). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.6. Diamagnetic plasma response and self-induced magnetic field

Referring to both Figs. 9 and 10, it is interesting to notice the dia-
magnetic character of the electric current loops.

In the axial Case 1, we have two counteracting electron drifts in the
azimuthal direction. Taking the positive drift direction to be clock-wise
from the axis, we have (i) the positive (clock-wise) drift (where

is the radial component of the electric field), and (ii) the negative
(counter clock-wise) diamagnetic drift .

The algebraic sum of these two drifts is given simply by
. Looking at Fig. 5 (a), we can see that , so elec-

trons drift negatively (counter clock-wise), as shown in Fig. 9 (a), so
that the induced magnetic field they would create is in the direction,
thus opposing to the external one. An order of magnitude for this net
drift can be obtained by looking at Fig. 5 (d): at m, an average
radial gradient of 2 V/m is observed, yielding a net counter clock-wise
drift of 40 km/s. The drift, on the other hand, can be estimated
at m from Fig. 6 (d), showing an average radial electric field of
3 V/m, corresponding to a clock-wise drift velocity of 60 km/s. There-
fore the diamagnetic drift accounts for around 100 km/s, and the net
drift is comparable to each of the two primary contributions.

In the oblique field cases 2 and 3, Fig. 10 (b) and (c) clearly show
electric current loops that induce a magnetic field directed into the page,
whereas the applied magnetic field is directed out of the page. There-
fore, independently of the magnetic field direction, the plasma response
is always diamagnetic.

Due to this diamagnetic behavior, we can reasonably assert that the
total magnetic field inside the plume will be somewhat smaller than the
applied one. The exact computation of the self-induced field requires to
solve Ampère's equation , where is the magnetic perme-
ability of vacuum, and is left to future work. Here we simply estimate it
roughly with an order of magnitude analysis as , where L is a
characteristic size of the plasma plume. Assuming a current density of 10
A/m2, and a characteristic plume diameter of 0.5 m, then the induced
magnetic field turns out to be in the order of 0.1 Gauss. This magnitude
is smaller but non-negligible with respect to the external geomagnetic
field (0.5 Gauss), so the induced magnetic field might play some role,
especially near the denser axis of the plume.

5. Conclusions

This paper has presented the three-dimensional analysis of the far-re-
gion expansion of a plasma thruster plume into a region with a uniform
geomagnetic field. This study has been carried out with a hybrid parti-
cle-in-cell/fluid code, featuring particle ions and fluid electrons, which
are affected by both an externally applied magnetic field and collisions
with the heavy species (ions and neutrals). Using a tensor conductivity
formulation, the electron model solves directly for the correction to the
collisionless and unmagnetized plasma plume solution, in the form of a
thermalized potential gradient, which is determined by both effects.

A set of three simulations has been presented with a uniform ge-
omagnetic field at different angles, which are characteristic of vari-
ous states of thruster operation at low Earth orbit altitudes. The ex-
ternal magnetic field effects have been identified in terms of electric

field, plasma density changes, and generally three-dimensional electric
currents.

Regarding the expansion physics, an axial magnetic field focuses the
plasma plume, by reducing its divergence angle, and relatedly, it gener-
ates azimuthal electric currents. When the magnetic field is at an angle
with the plume axis, on the other hand, more complex electric current
loops form, with a dominating axial character. The resulting ambipolar
electric field allows the electrons to drift with the ions in the axial di-
rection and balances out the integrated effect of the Lorentz force on
the plume ions. The non-negligible axial electric currents that develop
in the plasma, on the other hand, have the effect of compressing the
plume cross section in the direction perpendicular to both the plume
axis and the magnetic field. Still, no net momentum deflection of the ion
plume is observed, in agreement with the zero integral momentum ex-
change between a plasma plume in a uniform magnetic field, with no
integrated electric currents allowed to flow to infinity [8]. Finally, in all
simulated cases, the induced electric current loops are diamagnetic and
thus their induced magnetic field tends to oppose the applied field in-
side the plasma.

Future work shall focus on the following topics: (i) combined simu-
lations of both the near and far-region of the magnetized plume, consid-
ering the effects of charge-exchange collisions, non-current-free plume
injection and charge non-neutrality (ii) simulations with some electron
cooling (e.g. a polytropic law or a kinetic electron sub-model), and
with a more realistic neutral background density, (iii) the study of the
induced magnetic field effects, by computing a correction to the uni-
form background field either iteratively, as in Ref. [29], or by solving
Ampère's law, (iv) the assessment of numerical diffusion effects due to
the misalignment between the magnetic field direction and the consid-
ered non-uniform rectangular mesh, and (v) plume simulations featuring
non-uniform and larger magnetic fields, like that of a magnetic nozzle
[30].
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Appendix A. Effects of the boundary conditions

As commented in Sec. 3.1, a locally-zero normal electric current
is assumed at the boundaries to solve numerically Eq. (11) for the ther-
malized potential. Nevertheless, the effects of this assumption have to
be clearly identified with an accurate study. In this Appendix, they have
been evaluated by comparing simulations with three different domain
extensions for each of the three magnetic field directions (
deg):

• Small domain size: 2.4 m 2.4 m 20 m
• Intermediate domain size: 2.6 m 2.6 m 25 m
• Large domain size: 2.8 m 2.8 m 30 m

The results are shown in Fig. 11 Fig. 11 (a)–(f), for the electric cur-
rent density.
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Fig. 11. (a,b,c) magnitude of the electric current density at , and (d,e,f) its evolution
along z. Subplots (a) and (d) refer to Case 1, (b) and (e) refer to Case 2, and (c) and (f)
refer to Case 3. Results for the large domain size are shown by black solid lines, the in-
termediate domain size is shown with green dash-dot lines, and the small domain size is
shown by red dashed lines. The shaded area indicates the validity region, where boundary
effects are negligible.

Case 3 ( deg) appears to be the most affected by the bound-
ary conditions. This is not surprising as the natural electric current loops
are essentially axial in this case, so that the imposition of a zero normal
current at the downstream boundary forces the electric current loops to
close there. Nevertheless, from Fig. 11 (c), the obtained solutions with
25 and 30 m axial domain size are essentially the same in a region de-
fined by m and m. This is even clearer by ob-
serving the evolution of the current density along the direction
m, shown in Fig. 11 (f). The observed convergence obtained by extend-
ing the domain size from 20 to 25 m, allows to define the above cited
region (shown by a shaded rectangle in the figure) as an effective valid-
ity region.

For Cases 1 and 2 (with respectively and 30 deg), the effects
of the boundaries are very local and the validity region would be larger
than in Case 3. This is also expected since the electric current loops have
a negligible (smaller) axial component in Case 1 (2), when compared to
Case 3. Nevertheless, for uniformity, the analysis domain of Sec. 4 is re-
stricted to this validity region, and the large simulation domain results
are considered, being the most accurate ones in terms of boundary ef-
fects.

Appendix B. Effects of the neutral background

As mentioned in Sec. 4.1, a still and uniform background of neutrals
is considered to limit the Hall parameter downstream to . This
neutral density is computed as:

(18)

where is the electron collisional momentum transfer rate to the
neutrals, which, for the assumed electron temperature (1 eV) and Xe
atoms, takes the value of [23]. Moreover, a minimum
electron conductivity is also assumed for the cor-
rect convergence of Eq. (11), which is equivalent to considering a min-
imum plasma density m−3. While
these limitations on the minimum electron conductivity and density
have negligible physical effects, the assumed uniform neutral back-
ground can have a huge impact on the electron dynamics and its effects
need to be assessed. In fact, a realistic neutral background density at
Low Earth orbit altitudes (400–800 km) can vary, depending on the so-
lar activity, between 1012 and m−3 [31], which is much smaller than
the assumed neutral background density ( m−3).

If a realistic neutral background density were considered, the Hall
parameter would be quickly determined by the electron-ion collisions
and become larger than 1000 farther downstream, thus yielding to large
numerical truncation errors of the finite differences scheme used to solve
Eq. (11). This problem can be solved by using a finer mesh (the trunca-
tion error decreases with the square of the cell size), especially close to
the boundaries, or by limiting the maximum value of the Hall parameter
artificially. Both approaches are used here.

The first solution presents increasing computational time costs. In
fact, increasing the resolution close to the boundaries while maintaining
the total number of mesh nodes, reduces the maximum PIC time step
that fulfills the Courant-Friedrichs-Levy (CFL) condition: , where

is the smallest mesh element size and v is the maximum ion velocity.
So, the computational time scales with the inverse of the smallest mesh
element size.

In this Appendix, the effects of this background on the obtained solu-
tion are evaluated. A set of simulations with a varying neutral density to
reproduce a maximum Hall parameter of 10, 20, 30, 35 (nominal), 40,
50 and 100, has been carried for Case 3 ( deg), although a similar
behavior is expected for Cases 1 and 2. The integrated positive electric
current (i.e. moving through the positive electric current tube, featuring

) at the m cross section is computed for each of these
cases and plotted in Fig. 12Fig. 12 (a).

Fig. 12. (a) Integrated current flowing through the positive electric current tube (
) at m as a function of the maximum Hall parameter. (b) Comparison of the axial
electric current density at m for (blue dashed line), (black solid
line), and (red dotted line). Case 3 ( deg) is considered here.

The integrated current tends to saturate with the Hall parameter, al-
though, at the considered case (filled square), such saturation
has not been achieved yet. Observing Fig. 12 (b), however, we can ap-
preciate a certain convergence of the solution, since the electric cur-
rent contour lines corresponding to are closer to the ones ob

12



UN
CO

RR
EC

TE
D

PR
OO

F

F. Cichocki et al. Acta Astronautica xxx (xxxx) xxx-xxx

tained for than for . The effect of increasing the
maximum Hall parameter (or equivalently decreasing the neutral back-
ground density) is therefore to make the integrated and peak electric
current density in the counter-moving current tubes higher. This yields
to a higher local deformation force acting on the plume ions
(refer to Eq. (16)), although the total integrated force along y is always
zero. In fact, is constant and, for continuity, the integrated current in
the positive current tube ( ) is equal and opposite to the one flow-
ing through the negative current tube ( ). This means that the global
force balance commented in Sec. 4.4 is achieved regardless of the maxi-
mum allowed Hall parameter. Nevertheless, a larger plume deformation
is expected, although with the same qualitative character.
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