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ABSTRACT

This paper presents the extension of a hybrid
particle-in-cell/fluid code, primarily developed to
study plasma plumes expansion and their interac-
tion with the emitting satellite. The original electron
fluid model of the code, which already retains the
effects of electron collisions with the heavy species
(ions and neutrals) is extended to include the effects
of an applied magnetic field. The new model is used
to analyze the expansion of a plasma plume into
vacuum, under the action of the geomagnetic field in
low Earth orbit. Different angles between the plume
axis and the magnetic field are considered and the
results are discussed. An axial magnetic field (paral-
lel to the plume axis) induces a visible plume chan-
neling, while off-axis magnetic fields produce non-
trivial and non-symmetric deformation of the plume
cross section with a negligible deflection.

1. INTRODUCTION

The complex interaction between an expanding
plasma thruster plume and the emitting spacecraft
is a topic of great interest in the plasma propul-
sion community. In fact, it is crucial for satellite
integration, in which the negative impact of the
emitted plasma plume on sensitive surfaces has
to be minimized, but also in other contexts like
that of the ion beam shepherd [1–4], a space de-
bris 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. The large amount of new plasma plume codes
that have been published in recent years demon-
strate such an increasing interest. These codes
can be roughly divided into 3 categories: (i) multi-
fluid codes [5–10], where both electrons and heavy
particles are modeled with a single or multiple flu-
ids, (ii) hybrid codes [11–22], in which electrons are
treated as a fluid, while heavy particles are mod-
eled as macro-particles of a particle-in-cell (PIC)
sub-model, and (iii) full-PIC codes [23–28], where
both electrons and heavy particles (typically only
the ions, with the neutrals approximated as a back-

ground fluid) are simulated as macro-particles.

As described in Refs. [29] and [30], hybrid codes
represent the best compromise between accuracy
and computational cost, when dealing with the study
of plasma plume expansions. The EP2PLUS code
(Extensible Parallel Plasma PLUme Simulator), is
a three-dimensional hybrid-PIC code, which was
firstly presented at the 2016 space propulsion con-
ference [31]. This code has undergone important
improvements since then [29, 30], especially for
what concerns the electron fluid model. While the
electron fluid closure is still carried out at the level of
the momentum balance equation by either consid-
ering a kinetically-based electron pressure tensor
(from fully-kinetic studies) or assuming polytropic
electrons, collisional effects are fully retained and
the resulting model permits computing the elec-
tron current density in the plume. Moreover, a non-
neutrality criterion is used to dynamically split the
simulation domain into quasineutral and non-neutral
regions, thus enabling the study of very low den-
sity plasmas, like that in the vicinity of the S/C sur-
faces or in the peripheral region of the main plasma
plume.

A magnetic field can affect the expansion of the
plasma plume. This phenomenon has received
a modest attention in the past, mainly by Korsun
et al. [32], who indicated plume channeling if the
magnetic field is aligned with the plume axis (the re-
duced off-axis mobility of the electrons reduces the
radial ambipolar electric field and hence the plume
divergence increase downstream), and the asym-
metric lateral expansion of the plume if it is oblique
(i.e. at an angle with the plume axis).

In the present work, the electron fluid model of the
EP2PLUS code is extended to include the effects
of a mild magnetic field, like the Earth’s magnetic
field (or any other externally-applied magnetic field,
such as that generated by the thruster itself). This
extension permits studying the non-trivial effects of
a magnetic field on a plasma plume expansion.

The rest of the paper is structured as follows. The
extension of the electron fluid model to a mag-
netized plasma plume expansion is described in
Sec. 2. Simulation results for different applied mag-
netic field orientations and strengths are reported
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and discussed in Sec. 3. Finally, conclusions and
future work are summarized in Sec. 4.

2. THE MAGNETIZED PLUME MODEL

For a stationary (∂/∂t = 0) and massless (me ≈
0) electron fluid, the electron momentum balance
equation can be written as:

0 =−∇ · Pe − ene (E + ue ×B)

−
L∑
s=1

νesmene (ue − us)
(Eq. 1)

where Pe is the electron pressure tensor, ne is the
electron number density, me is the electron mass,
ue is the electron fluid velocity, E is the electric field,
B is an externally applied magnetic induction field,
L is the number of heavy particle populations (with
which the electrons can collide), νes is the momen-
tum transfer collision frequency of the electrons with
the generic sth particle population, which features a
fluid velocity us.

Let je = −eneue and ji =
∑L
s=1 eZsnsus be the

electron and ion current density (Zs and ns are re-
spectively the charge number and the number den-
sity of the generic sth particle population). We de-
fine the driving current density [29] as:

jd = ji −
ene
νe

L∑
s=1

νesus (Eq. 2)

where νe =
∑L
s=1 νes is the total electron momen-

tum transfer collision frequency. This driving current
assumes the meaning of the classical ion slip term,
when dealing only with a single population for both
ions and neutrals (in such case, if ions and neutrals
share the same fluid velocity, the driving current is
zero, hence the term ion slip).

Introducing the electrostatic potential φ, and using
the driving current of Eq. 2, the momentum balance
equation can be rewritten as:

0 = −∇·Pe+ene∇φ+je×B+
meνe
e

(j − jd) (Eq. 3)

where j = je + ji is the total electric current density.

Let 1b = [b1, b2, b3] be the unit vector along the ap-
plied magnetic field, so that B = B1b, and ωce =
eB/me the electron gyrofrequency. Then, Eq. 3 be-
comes:

0 =−∇ · Pe + ene∇φ

+
meωce

e
(j − ji)× 1b +

meνe
e

(j − jd)
(Eq. 4)

Introducing the Hall parameter χ = ωce/νe, and the
electron scalar conductivity σe = e2ne/(meνe), Eq. 4

takes the form:

j + χ (j × 1b) = σe

(
∇ · Pe

ene
−∇φ

)
+

+ (jd + χji × 1b)

(Eq. 5)

Introducing the normalized conductivity tensor K̃, for
which K̃−1j = j + χ (j × 1b),

K̃−1 =

 1 χb3 −χb2
−χb3 1 χb1
χb2 −χb1 1

 , (Eq. 6)

we can then write the total electric current density
as:

j = K ·
(
∇ · Pe

ene
−∇φ

)
+ jPIC (Eq. 7)

where K = σeK̃ is the conductivity tensor, and

jPIC = K̃ · (jd + χji × 1b) (Eq. 8)

is a known quantity obtained from the PIC sub-
model. In fact, assuming quasineutrality ne =∑
s Zsns and a fluid closure for the electron tem-

perature of the type Te = Te(ne), then both νe and
σe are a function of the heavy species properties.
In non-neutral simulations, on the other hand, the
electron properties ne and Te are obtained by solv-
ing a coupled non-linear Poisson equation [29].

Assuming isotropic electrons, ∇ · Pe = ∇pe, with pe
the scalar electron pressure, we can then introduce
a barotropy function he, such that ∇he = ∇pe/ne.
For the special case of a polytropic electrons clo-
sure, as considered here, he takes the form:

he(ne) =


Te0 ln

(
ne
ne0

)
, γ = 1

− γTe0
(γ − 1)

[
1−

(
ne
ne0

)γ−1]
, γ > 1

(Eq. 9)

where γ is the electron polytropic coefficient, and
ne0, Te0 are the electron density and temperature
where he is set to zero.

Introducing the electron Bernoulli function He, satis-
fying ∇He = ∇he − e∇φ, Eq. 7 finally reads

j = K · ∇He/e+ jPIC (Eq. 10)

In the steady state, the total current density j satis-
fies the continuity equation

∇ · j = 0, (Eq. 11)

which is an elliptic equation for He:

K : ∇∇He +∇He · (∇ · K) = −e∇ · jPIC (Eq. 12)

where ∇∇He is the tensor Hessian of the Bernoulli
function, and ∇ · K is the divergence of the tensor
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conductivity (a one-dimensional vector).

As the magnetic field magnitude tends to zero, the
normalized conductivity tensor tends to the identity
tensor K̃ → I, the right hand side current density
tends to the driving current density jPIC → jd, and
Eq. 12 tends to the unmagnetized elliptic equation
discussed in Ref. 29:

∇2He +∇He · ∇ln (σe) = −e∇ · jd
σe

(Eq. 13)

Once He has been solved for, it is possible to obtain
the electric current density using Eq. 10, and finally
the electric potential φ as:

φ =
he −He

e
, (Eq. 14)

where we have chosen the same reference point
for the electric potential, the barotropy function and
the Bernoulli function (He = he = 0 where φ =
0). The Bernoulli function He can thus be inter-
preted as the electric potential correction to be ap-
plied to the Boltzmann relation (or its extension to
polytropic non-isothermal electrons), which neglects
both magnetic and collisional effects on the electron
momentum balance equation. It is finally underlined
that the near-totality of the existing plume codes im-
plicitly assume He ≡ 0.

2.1. Boundary conditions

In order to solve Eq. 12, we set without loss of gen-
erality He = 0 at one point (e.g. the reference point
for the electron properties of the polytropic closure),
and prescribe the value of a directional derivative at
the boundaries of the simulation domain.

In stationary conditions, the Gauss theorem applied
to the simulation volume with ∇ · j = 0, urges that
the total net current through the simulation bound-
ary be zero. It is noticed that this condition is valid
even during transient conditions, if quasineutrality is
assumed (ρc = 0).

A strong closure, which satisfies this integral rela-
tion, is to impose that the current density be exactly
zero at all boundary nodes. If 1⊥ is the normal
unit vector at the boundaries, directed towards the
plasma domain, this is equivalent to imposing:(

K̃ · ∇He

)
· 1⊥ = −ejPIC · 1⊥

σe
(Eq. 15)

Eq. 15 imposes the directional derivative ofHe along
the direction K̃T1⊥, which is generally different from
the boundary normal direction (and tends to it when
B → 0).

3. NUMERICAL SIMULATIONS

3.1. Simulation cases and settings

The simulations feature a quasineutral plasma
plume injected symmetrically around the z axis, at
an initial plane z = 0, and expanding downstream.
Four plume cases are considered and differ only in
terms of the magnetic field:

• Case 0: null magnetic field.

• Case 1: axial magnetic field 1b = [0, 0, 1].

• Case 2: magnetic field at 30 deg with the
plume axis 1b = [1/2, 0,

√
3/2].

• Case 3: magnetic field at 60 deg with the
plume axis 1b = [

√
3/2, 0, 1/2].

The magnetic field magnitude for Cases 1 to 3 is set
to 0.1 Gauss, while the rest of simulation parame-
ters is reported in Table 1.

Both Xe ions and neutrals are injected from the
z = 0 plane, from a circular area with center at
x = y = 0 and radius 0.3 m. Regarding the former,
they are injected with an initial profile given by the
Self-Similar Parks-Katz plume profile [6, 7] (Gaus-
sian radial density profile), with an axial velocity of
25 km/s, a zero divergence angle, a 95% ion cur-
rent radius of 0.15 m and a peak flux at x = y =
0 of 6.0 ·1020 m−2s−1. The neutrals, on the other
hand, feature a uniform injection (constant density
over the injection surface) with a flux of 2.5 ·1020

m −2s−1, an axial velocity of 350 m/s, and a zero
divergence. The injection temperature for both ions
and neutrals is 0.1 eV (this makes the neutrals sonic
at injection). The considered collisions are charge-
exchange (CEX) collisions (between injected ions
and neutrals) and the first ionization reaction of Xe
neutrals (Xe + e → Xe+ + 2e), which are both mod-
eled as described in Ref. 29.

For what concerns the electron fluid model, the
polytropic closure is based on a reference electron
temperature Te0 = 3 eV at x = y = z = 0 (which
is the reference point also for electric potential and
Bernoulli function), and on a polytropic cooling co-
efficient γ = 1.2, which yields a mild cooling down-
stream. Furthermore, for the computation of the
electron collision frequency νe, appearing in the
definition of the scalar conductivity σe, a minimum
background neutrals density is considered, equal to
1·1016 m−3, while the Hall parameter χ is limited
to a maximum value of 50, in order to guarantee a
correct convergence of the fluid solver. In fact, as
the Hall parameter grows, the condition number of
the linear system increases, making the solver con-
vergence more challenging.
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The simulation duration is 1.76 ms (enough to fill
the simulation domain with injected neutrals), while
the time-step is 1.6 µs. Of the total 11000 time
steps, only the final 1000 steps are run with the fluid
solver, in order to speed up the simulation. In or-
der to reduce the input noise to this solver, the input
plume properties from the PIC sub-model are time-
averaged over 500 time steps. This represents no
limitation in the current scenario, since the steady
state solution is expected to be non-oscillating. Fi-
nally, the simulation domain is a parallelepiped of
1.6 m side along x and y, and 4 m side with along z,
featuring 81×81×101 computational nodes (along
x, y and z). This means that the PIC cell is 2 cm
wide along x and y, and 4 cm wide along z.

Table 1: Simulation parameters.

Simulation parameters Units Values

Max. injection radius
for ions/neutrals m 0.3

Injected ions profile n/a Parks-Katz [7]

Injected peak ion flux m−2s−1 6·1020

95% ion current radius m 0.15

Ions injection axial velocity km/s 25.0

Ions initial divergence angle deg 0.0

Injected neutrals profile n/a Flat

Injected neutrals flux m−2s−1 2.5·1020

Neutrals injection
axial velocity km/s 0.35

Neutrals initial
divergence angle deg 0.0

Ions/neutrals injection
temperature eV 0.1

Considered heavy
particles collisions n/a CEX and

ionization

Reference electron temperature eV 3.0

Electron polytropic
cooling coefficient n/a 1.2

Background neutrals density m−3 1·1016

Upper threshold for
the Hall parameter n/a 50

PIC time-step s 1.6·10−6

Simulation duration s 1.76·10−3

Time-averaging steps
for PIC sub-model n/a 500

Simulation domain
physical dimensions m 1.6×1.6×4.0

Number of computational
nodes per dimension n/a 81×81×101

3.2. Simulation results

The unmagnetized case 0 represents the com-
parison baseline case, with which the magnetized
plume cases 1 to 3 are compared. Therefore, simu-
lation results are presented for this case first.

Case 0: unmagnetized case

The total ion density is shown, for a y = 0 cross sec-
tion (which contains the plume axis), in Fig. 1 (a). It
presents a peak value slightly above 2·1016 m −3,
a bit downstream from the injection plane, because
of the effect of CEX ions. Then the ion density
starts to decrease as the ion divergence angle in-
creases due to the effect of the ambipolar electric
field. The cloud of slow CEX ions, surrounding the
plume core, can also be appreciated, with a density
higher than 1014 m−3. CEX ions are then either
accelerated radially outwards or towards the injec-
tion plane (ion backflow). Since the simulations as-
sume quasi-neutrality and no doubly-charged ions
are considered, the electron density coincides with
the ion density.

Fig. 1 (b) shows the Xe neutral density. Neutrals ex-
pand almost spherically downstream and present
peak densities above 1017 m−3 at the injection
plane. Then their density quickly drops below 1016

m−3, at distances larger than 2 m from the injection
plane.

Fig. 1 (c) shows the electron temperature distribu-
tion, still at the y = 0 plane. The reference value
of 3.0 eV can be appreciated at the injection plane
centerline, and, as the density decreases, a mild
cooling is simulated with temperatures dropping to
values as low as 0.5 eV downstream and radially
outwards.

The combined effect of electron temperature and
heavy species densities can be appreciated in Fig. 1
(d) showing the electron scalar conductivity σe. This
features a peak value around 2500 Ω−1m−1, de-
creases downstream and presents values around
500 Ω−1m−1, in the lateral regions of the plasma
plume, populated by CEX ions.

In this unmagnetized plume case, the Bernoulli
function He can be obtained by solving Eq. 13. The
driving current density jd, equal to jPIC since B = 0,
and the solution for He are shown respectively in
Fig. 2 (a) and (b). Since the plasma plume is lowly
collisional, as expected, the electric potential cor-
rection due to collisions (given by −He/e, Eq. 14), is
quite small, limited to a few mV. The consequent
electric potential and electric field are shown in
Fig. 2 (c) and (d), and nearly coincide with the col-
lisionless polytropic solution. The electric potential
assumes the reference value of 0 at the reference
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(a) (b)

(c) (d)

Figure 1: Unmagnetized plume simulation results at y = 0: (a) ion density, (b) neutrals density, (c) polytropic electron
temperature, and (d) electron scalar conductivity.

point for electron properties (electron density and
temperature) and decreases by approximately 6 V
in 4 m along the centerline. For what concerns the
electric field, this shows the typical shape of an ex-
panding plasma plume, with a small axial field at the
centerline (which further accelerates the ions) and
a much stronger radial electric field which pushes
the CEX ions outwards. Close to the injection plane
z = 0, the electric field is directed backwards, thus
producing the expected CEX ions backflow.

The electric current density is finally shown in Fig. 2
(e) and (f) in respectively the y = 0 and z = 2 m
planes. Such electric current is predominantly axial,
presents a peak value around 10 A/m2 and drops
rapidly downstream. The plasma plume is not per-
fectly current-free because a non-zero driving cur-

rent jd is present (Eq. 2), generated by the ion slip
with respect to the neutral population (ui � un).

Case 1: Axial magnetic field

In this case, a magnetic field of 0.1 Gauss magni-
tude is applied parallel to the plasma plume axis.
As a result, no asymmetry in the plume solution is
expected, although the reduced radial electron mo-
bility should induce a focusing effect on the plume
ions. Results are shown in Fig. 3 (a) to (f).

The PIC current density vector jPIC is shown in both
magnitude and direction in Fig. 3 (a). Values up to
40 A/m2 are found at the injection plane and quickly
reduce to fractions of A/m2 downstream. Observe
that jPIC is perfectly symmetric with respect to the
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(a) (b)

(c) (d)

(e) (f)

Figure 2: Unmagnetized plume simulation results: (a) driving current density at y = 0, (b) Bernoulli function at y = 0, (c)
electric potential at y = 0, (d) electric field at y = 0, (e) electric current density at y = 0, and (f) electric current density
at z = 2m. In subplots (a), (d), (e) and (f), the arrows show the direction of the vector in the considered plane, while their
length is proportional to the ratio between the in-plane magnitude and the total magnitude.
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plume axis and directed along it (except in the lat-
eral plume regions, where it is driven by CEX ions).

The Hall parameter is shown in Fig. 3 (b), and it
shows a minimum value at the injection plane cen-
terline around 5. As the plasma density and neutral
density decrease downstream, the Hall parameter
tends to increase, up to the maximum allowed value
(50). It is underlined that the Hall parameter grows
monotonically as we go farther downstream and the
plume approaches a collisionless state.

The solution of Eq. 12 is then shown at both y = 0
and z = 0, in Fig. 3 (c) and (d). Its dependency on z
is small and a clear axisymmetric shape is found, as
easily predictable for this axisymmetric case (axial
magnetic field). Moreover He is negative every-
where, meaning that the correction to the polytropic
potential solution is positive (refer to Eq. 14), and
increasing radially outwards. This means a lower
electric potential fall or a lower radial electric field
with respect to the unmagnetized case. The lat-
ter can even invert direction and become inwards,
starting from a minimum downstream distance that
depends on the plume properties and on the mag-
netic field magnitude. In fact, the radial gradient of
the polytropic electron potential solution decreases
monotonically with z and, at some point, it becomes
lower than the radial gradient of the He function.
This focusing effect of the magnetic field can be
explained by considering the decreased electron
mobility in the cross-field direction (in this case in
the radial direction). When the Hall parameter be-
comes very large and the plume nearly collisionless,
electrons are bound to the axial magnetic field lines
and cannot traverse radially the plume, so that ions
must stop diverging too. This requires the onset of
a focusing electric field. At small distances from the
plume injection plane, on the other hand, the poly-
tropic electric potential gradient clearly dominates,
and the electric field is still directed outwards, as in
unmagnetized plasma plumes.

The electric current density, given by Eq. 10, is then
shown in Fig. 3 (e) and (f) and reaches a maximum
value around 25 A/m2 downstream. This current
is mostly azimuthal, except at the plume centerline
where it is axial, and it is also diamagnetic, as the
induced magnetic field (along −z and not treated
here) is opposite to the external imposed one (along
+z).

Cases 2 and 3: Magnetic field at 30 and 60 deg

In cases 2 and 3, a magnetic field of magnitude
0.1 Gauss, is applied in the x − z plane with an
angle of respectively 30 and 60 deg with respect
to the plume axis. This geometric configuration is
expected to introduce important asymmetries in the

plasma plume properties. Results in terms of the
Bernoulli function and of the induced electron cur-
rents are shown in Figs. 4 and 5.

When the magnetic field is at an angle with the
plume axis, the cross product ji × 1b appearing
in the PIC current density expression is what intro-
duces an asymmetry in the right hand side of Eq. 12.
As a consequence, theHe solution is strongly asym-
metric and affected by the direction of the external
magnetic field, as shown in Fig. 4 (a) to (d) for both
cases 2 and 3.

Fig. 4 (a) shows the Bernoulli function at y = 0 for
case 2. The corresponding magnetic field, belong-
ing to this x−z plane and forming an angle of 30 deg
with the plume axis, tends to hinder the expansion
along the in-plane direction normal to 1b, so that
He is nearly constant along 1b and negative almost
everywhere. At a larger magnetic field angle (with
respect to the plume axis) of 60 deg (Fig. 4 (b)),
the same considerations hold, with more oblique
isopotential lines for He. As already shown in Fig. 3
(e) and (f), this generates a circulating diamagnetic
current around the magnetic field direction, which in
this case is no more azimuthal but presents a non-
negligible axial component.

Fig. 4 (c) and (d) then show the He solution at x = 0
for respectively cases 2 and 3. Here, the expanding
plume shape can be better appreciated, together
with a small boundary conditions effect. In fact,
close to the final z cross section, the y gradient of
the He function decreases at the plume centerline,
in order to comply with the j ·1⊥ = 0 condition. This
means that the magnetic field effects might be badly
modeled in these final expansion region. An impor-
tant observation is that the electric potential correc-
tion due to the magnetic field (which goes as −He)
compensates nearly completely the deviating effect
of the Lorentz force. In fact, ions suffer a Lorentz
force along the +y direction given by +euzBx. The
compensation electric force (due to the Bernoulli
function) can be computed as +(1/e)∂He/∂y, and
the two contributions nearly balance each other at
low plume radii. At larger radii, the He correction be-
comes negative everywhere (with an inwards gra-
dient), thus yielding again a focusing effect. As
a consequence of these simultaneous effects of
the electric field, the plasma plume cross section
deforms, and in particular it is compressed in the
cross-field direction (i.e. along y). At the same time,
the deviation of the plasma plume is small, if not
negligible, as already suggested by previous theo-
retical work [6].

The electric current density at x = 0 and at z = 2
m is shown for both simulation cases in Fig. 5 (a)
to (d). Fig. 5 (a) shows such current at x = 0 for
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(a) (b)

(c) (d)

(e) (f)

Figure 3: Axial magnetic field simulation results: (a) PIC current density, at y = 0, (b) Hall parameter at y = 0, (c) Bernoulli
function at y = 0, (d) Bernoulli function at z = 0, (e) electric current density at y = 0, and (f) electric current density at z =
2 m. In subplots (a), (e) and (f), the arrows show the direction of the vector in the considered plane, while their length is
proportional to the ratio between the in-plane magnitude and the total magnitude.
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(a) (b)

(c) (d)

Figure 4: Oblique magnetic field cases: Bernoulli function at y = 0 for (a) case 2 and (b) case 3. Bernoulli function at x =
0 for (c) case 2, and (d) case 3. In suplots (a) and (b), the magnetic field direction 1b is shown by a black arrow. Case 2
features 1b = [1/2, 0,

√
3/2] (30 deg inclination), while case 3 features 1b = [

√
3/2, 0, 1/2] (60 deg inclination).

case 2 (the magnetic field has a positive component
towards the reader). A complex diamagnetic and
three-dimensional electric current loop forms. The
plume centerline is almost current-free, while two
opposite layers of opposite current can be appre-
ciated, as clearly visible in Fig. 5 (c), which shows
the axial component of the electric current density
at a mid-distance cross section (z = 2 m). Since the
plume is locally divergent-free, the amount of cur-
rent circulating in the positive z direction must match
the amount of current circulating along −z. This cur-
rent loop is once again diamagnetic as it produces
an induced magnetic field with a component along
−x. A similar electric current density is found for the
higher magnetic field angle case (case 3), shown in
Fig. 5 (b) and (d). In this case, the electric current
density presents a slightly more symmetric shape
around the +x direction, and it is also larger than in

case 2 (approximately by a factor of 2), with peak
values of more than 20 A/m2 close to the injection
plane (this is an in-plane current, as jz = 0 at z = 0,
due to the imposed boundary conditions).

3.3. Effects of the external magnetic
field on the plasma plume density

The He solution is coupled, through the electric
potential φ (Eq. 14), with the ion macro-particles
motion and dynamics, simulated by the PIC sub-
module. Fig. 6 (a) to (f) show the effects of the
magnetic field on the plasma plume expansion, in
terms of the ion density relative variation with re-
spect to the unmagnetized plume case 0. This is
done for the magnetized plume cases 1 to 3, at two
different planes: the symmetry plane x = 0 and the
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(a) (b)

(c) (d)

Figure 5: Oblique magnetic field cases: electric current density at x = 0 for (a) case 2 and (b) case 3. z component
of the electric current density, at z = 2 m, for (c) case 2, and (d) case 3. Case 2 features a magnetic field direction
1b = [1/2, 0,

√
3/2] (30 deg inclination), while case 3 features 1b = [

√
3/2, 0, 1/2] (60 deg inclination).

final cross section z = 4 m.

In the axial magnetic field case (subplots (a) and
(b)), the effect of the magnetic field is to focus the
plasma plume expansion, so that the plume ions
tend to diverge less than in the unmagnetized plume
case. This yields to a slight increase of the density
of about 1%, at low radii of the final cross section,
and to a larger relative drop in density at the pe-
riphery of the unmagnetized plume case (the more
focused magnetized plume ions in fact diverge less
and do not reach such regions). The CEX ions, on
the other hand, show a mild increase in density (up
to 2-3%) around the main plume core, because of
the lower radial electric fields, which naturally tend
to push them outwards.

In cases 2 and 3, shown respectively in subplots (c),
(d), and (e), (f), the oblique magnetic field produces
a non-axisymmetric plasma plume, as it expands
downstream. The non-axisymmetric force contribu-
tions, which are responsible of this phenomenon,
are (i) the deflecting Lorentz force, which now has a
positive component along y, and (ii) the electric field
component due to the limited electron mobility (i.e.
the Bernoulli energy function gradient). At the con-
sidered ion injection velocities (25 km/s), magnetic
fields (0.1 Gauss), and angles between plume axis
and magnetic field (30 and 60 deg), the ion gyro-
motion radius is in the order of a few km, yielding a
+y deflection in the order of mm at the final cross
section. As commented above, however, the effect
of the Bernoulli function gradient is to compensate
such deflection with an opposite and nearly equal
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(a) (b)

(c) (d)

(e) (f)

Figure 6: Relative change in ion density, due to the magnetic field, at x = 0 (subplots (a), (c) and (e)) and z = 4 m
(subplots (b), (d) and (f)), for case 1 (subplots (a) and (b)), case 2 (subplots (c) and (d)), and case 3 (subplots (e) and
(f)). Subplots (b), (d) and (f) only show the density change for the injected ions, while subplots (a), (c) and (e) show the
total ion density change (including CEX ions). Case 1 features an axial magnetic field 1b = [0, 0, 1], case 2 features
1b = [1/2, 0,

√
3/2] (30 deg inclination), while case 3 features 1b = [

√
3/2, 0, 1/2] (60 deg inclination).
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force, so that no net displacement of the plasma
plume center of mass is expected [6].

Fig. 6 (c) and (d) show the ion density change due to
the magnetic field in case 2 (30 deg angle). Refer-
ring to the final cross section (subplot (d)), it is ap-
parent that the plume cross section is compressed
along the y direction, so that the density change
is positive, on average, along the y = 0 direction
(i.e. along the projection of the magnetic field vector
on the considered plane) and negative at larger |y|
values. For what concerns the ion density change
in the x = 0 plane (subplot (c)), the compression
along y is again visible, while the effects on the CEX
ions density are less evident than in the axial field
case. Regarding the plume deflection along y this is
almost negligible too, so that our theoretical predic-
tions of a zero net plume deflection are confirmed.

A similar behavior is found for case 3, shown in
Fig. 6 (e) and (f). The main difference is that now
the changes are larger (by at least a factor of 2 with
respect to case 2) and the plume compression along
y is more evident. The net plume deflection along y
finally remains negligible.

3.4. Induced magnetic field

The diamagnetic plasma currents of the magnetized
plume cases generate an induced magnetic field
that opposes the external one. The strength of this
induced field can be roughly estimated from Am-
pere’s law as Bind ≈ Lµ0j, where µ0 is the magnetic
permeability of a vacuum and L is a characteristic
size of the plasma plume. Assuming a current den-
sity of 10 A/m2, and a characteristic plume diameter
of 0.5 m, then the induced magnetic field turns out
to be 0.06 Gauss. This magnitude is comparable to
that of the external magnetic field (0.1 Gauss), so
that the effects of the induced field are not negligi-
ble. Nevertheless, the exact computation of the in-
duced field and the study of its effects on the plume
expansion are left to future studies.

4. CONCLUSIONS AND FUTURE WORK

This paper has presented an electron fluid model
dedicated to study magnetized plasma plume ex-
pansions. A previously presented model, which
already considered the effect of electron collisions
with the heavy particles (ions and neutrals), has
been extended to include the effects of the mag-
netic field, with the introduction of a tensor conduc-
tivity. The new model computes a correction to the
collisionless and unmagnetized plume solution, in
the form of a Bernoulli function, which takes into
account the effects of both collisions and magneti-
zation.

In order to investigate the effects of a magnetic field
on a plasma plume expansion, a set of four simu-
lations has been carried out, including a reference
unmagnetized case for comparison. The effects of
the external magnetic field have been identified in
terms of the induced electric currents in the plume
and of the induced changes in the ion density pro-
files. It has been found that an axial magnetic field
focuses the plume ions, by reducing their diver-
gence increase along the expansion, and also gen-
erates azimuthal diamagnetic electric currents.

When the magnetic field is at an angle with the
plume axis, on the other hand, complex electric cur-
rent structures appear, which remain, nevertheless,
diamagnetic in character with respect to the applied
magnetic field. Moreover, the electric potential cor-
rection has the additional effect of counteracting the
Lorentz force deviation of the core plume ions and
to induce a deformation of the plume cross section
downstream. As a consequence, the cross section
seems to compress in the cross-field direction, as
shown by Korsun [32], and the net deflection of the
ion plume is almost negligible, as also demonstrated
theoretically with an integral argument for a plasma
plume inside a uniform magnetic field [6]. In fact,
if no net current exits the boundaries, the integral
Lorentz force on the ions should perfectly balance
the total force on the electrons.

In all magnetized plume cases, an approximate or-
der of magnitude analysis has finally shown that
the induced magnetic field, generated by the dia-
magnetic plasma currents, is of the same order of
magnitude of the external one, so that its effects
might not be negligible.

Future work shall focus on the following topics:
(i) the demonstration that the integral force trans-
ferred by the external magnetic field to the plasma
plume is indeed zero, (ii) the detailed analysis of
the three-dimensional electric current structures,
(iii) plume simulations with non-uniform and larger
magnetic fields, like that of a magnetic nozzle, and
(iv ) the study of self-consistent plasma plume ex-
pansions, taking into account the effects of the in-
duced magnetic field.
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