
J. Plasma Phys. (2021), vol. 87, 905870611 © The Author(s), 2021.
Published by Cambridge University Press

1

This is an Open Access article, distributed under the terms of the Creative Commons Attribution licence (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any
medium, provided the original work is properly cited.
doi:10.1017/S0022377821001057

Simulation of the plume of a magnetically
enhanced plasma thruster with SPIS

Simone Di Fede 1,†, Mirko Magarotto 2,†, Shaun Andrews 2,3,† and
Daniele Pavarin 2,3,†

1Centro di Ateneo di Studi e Attività Spaziali ‘Giuseppe Colombo’ – CISAS, University of Padova,
35131 Padova, Italy

2Department of Industrial Engineering, University of Padova, 35131 Padova, Italy
3Technology for Propulsion and Innovation (T4i) S.p.A., 35129 Padova, Italy

(Received 11 May 2021; revised 1 October 2021; accepted 6 October 2021)

A three-dimensional fully kinetic particle-in-cell (PIC) simulation strategy has been
implemented to simulate the acceleration stage of a magnetically enhanced plasma
thruster (MEPT). The study has been performed with the open-source code Spacecraft
Plasma Interaction Software (SPIS). The tool has been copiously modified to simulate
properly the dynamics of a magnetized plasma plume. A cross-validation of the
methodology has been done with Starfish, a two-dimensional open-source PIC software.
Two configurations have been compared: (i) in the absence of a magnetic field and (ii) in
the presence of a magnetic field generated by a coil with maximum intensity of 300 G at
the thruster outlet. The results show a reduction of the plume divergence angle, an increase
of ion speed and an increase of the specific impulse in the presence of the magnetic nozzle.
The simulations presented in this study are representative of the operative conditions of
a 50 W MEPT. Nonetheless, the methodology adopted can be extended to handle the
magnetized plasma plume of several other types of thrusters such as electron cyclotron
resonance and applied field magnetoplasmadynamic thrusters.

Key words: plasmas

1. Introduction

At present, ion and Hall-effect thrusters are mature technologies employed in many
space missions (Goebel & Katz 2008). At the same time, recent advances in plasma-based
propulsion systems have led to the development of electromagnetic radio-frequency
(RF) plasma generation and acceleration systems, termed magnetically enhanced plasma
thrusters (MEPTs) (Manente et al. 2019). The absence of neutralizers, and electrodes in
contact with the plasma makes the MEPT a simple and potentially long-life technology.

Magnetically enhanced plasma thrusters have been studied and developed in many
international projects by both research centres and industry. Several studies concern
helicon plasma thrusters (HPTs), namely systems that can be included in the broader
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FIGURE 1. Schematic of a MEPT that highlights the separation between production stage and
acceleration stage (Magarotto et al. 2020a). Note that only the acceleration stage is simulated in
this study.

category of MEPTs. The first works on HPTs date back to the early 2000s and led to the
development of a thruster operating in the 0.25–0.7 kW range at the Australian National
University (Boswell & Charles 2003; Pottinger et al. 2011; Takahashi et al. 2014). At
the University of Padua, a 50 W HPT was designed, developed and tested during the
HPH.COM project (Pavarin et al. 2010). The Massachusetts Institute of Technology and
Madrid University have developed HPTs operating in the 0.5–1 kW range (Batishchev
2009; Merino et al. 2015). Seminal research on the dynamics of HPTs has been conducted
at Tohoku University (Takahashi 2019). Particularly remarkable is the development of a
HPT working in the 5 kW power range that provides the highest thruster efficiency ever
measured with these devices, namely 20 % (Takahashi 2021). Also, HPTs specifically
designed for CubeSats and operating in the 10–50 W range have been developed at the
University of Michigan (Sheehan et al. 2015). Helicon plasma thrusters are also promising
candidates for application to atmosphere-breathing electric propulsion, under investigation
at the University of Stuttgart (Romano et al. 2020). Finally, other research centres that have
studied thoroughly the dynamics of HPTs are Tokyo University (Shinohara et al. 2014) and
Washington University (Ziemba et al. 2005).

A MEPT can be considered as an electrical propulsion system where the plasma is
generated in a magnetically enhanced plasma source. The main components of a MEPT are
shown in figure 1. In the production stage, the plasma source consists of a dielectric tube
surrounded by coils or permanent magnets that generate a magneto-static field (intensity
up to 0.15 T Magarotto, Melazzi & Pavarin 2019) and a RF antenna working in the
frequency range 1–50 MHz. Dense plasma (≥ 1019 m−3) production is governed by the
propagation of wave modes that deposit power efficiently (Boswell & Chen 1997; Chen &
Boswell 1997; Cardinali et al. 2014; Chen 2015; Magarotto et al. 2019; Magarotto, Melazzi
& Pavarin 2020b). Downstream of the source outlet, namely in the acceleration stage, the
thrust is produced via the expansion of the propellant. The divergent geometry of the
magnetic field lines allows the conversion of the thermal energy of the plasma into axial
momentum as a result of the magnetic nozzle effect (Fruchtman et al. 2012; Lafleur 2014).
More specifically, an axial momentum is imparted to the plasma since azimuthal currents
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(due to electron diamagnetic drift) arise in a region where the radial component of the
magnetic field is non-null (Takahashi 2019). This dynamics has been verified in several
experiments (Takahashi et al. 2011; Takahashi, Charles & Boswell 2013; Takahashi,
Komuro & Ando 2015). The acceleration stage is characterized by the formation of a
plume where the plasma is more rarefied (density in the range 1016–1018 m−3) than in the
production stage (Boyd & Ketsdever 2001; Ahedo 2011; Gallina et al. 2019).

The propulsive figures of merit (e.g. thrust and specific impulse) of a MEPT are related
to plasma generation (e.g. power coupling between the antenna and the plasma) along
with the acceleration and detachment processes in the magnetic nozzle (Magarotto &
Pavarin 2020; Magarotto et al. 2020a). In particular, understanding the plasma expansion
in the magnetic nozzle is critical for optimizing the performance of such thrusters, as
well as for assessing potential detrimental interactions with spacecraft surfaces. The
plume dynamics can be modelled following various approaches, ranging from multi-fluid
models to fully kinetic ones (Kim et al. 2005; Cichocki et al. 2017). Generally, fluid
approaches are based on the assumption that the velocity distribution function is known
(very often assumed Maxwellian; Van Dijk, Kroesen & Bogaerts 2009). In the case of
a MEPT, plasma can be so rarefied (electron density lower than 1014 m−3) that, due to
the weak plasma collisionality and therefore the lack of thermodynamic equilibrium,
the velocity distribution can significantly depart from Maxwellian (Martinez-Sanchez,
Navarro-Cavallé & Ahedo 2015). As a result, fluid approaches are usually employed
for the preliminary estimation of propulsive performance (Ahedo & Merino 2010).
In kinetic models (Martinez-Sanchez et al. 2015), the velocity distribution function is
obtained by solving the Boltzmann equation in a six-dimensional phase space (position
and velocity). Except for simplified configurations (e.g. one-dimensional models; Zhou,
Sánchez-Arriaga & Ahedo 2021), the computational costs of these models can be high
(Van Dijk et al. 2009).

A numerical strategy with a low level of assumptions is the fully kinetic particle-in-cell
(PIC) approach (Wang, Han & Hu 2015; Hu & Wang 2017). In the PIC approach,
electron and ion populations are modelled as sets of macroparticles subject to the action
of electric and magnetic fields and collisions. The main drawback of the PIC approach
is the computational cost. Therefore, various techniques have been developed to speed
up PIC simulations, namely implicit movers, heavy species time-step subcycling, heavy
species mass scaling, different macroparticle weights for electrons and ions, non-uniform
initial density profiles, different weights for low- and high-energy particles and code
parallelization (Kim et al. 2005).

This study is focused on the numerical simulation of the plasma dynamics in the
acceleration stage of a MEPT with a PIC approach. A three-dimensional fully kinetic
PIC strategy has been adopted. The study has been performed with the open-source
code Spacecraft Plasma Interaction Software (SPIS) (Thiebault et al. 2015). The software
has been copiously modified to simulate properly the dynamics of a MEPT. The main
improvements are: (i) the modification of the particle pusher algorithm to reduce
numerical errors; (ii) the definition of a Java class which simulates the ejection of
particles from the outlet of the thruster; (iii) the addition of a control loop to maintain the
quasi-neutrality and the current-free conditions; (iv) the definition of an electron energy
boundary condition specifically conceived for magnetic nozzles; and (v) the possibility of
imposing a generic external magnetic field.

To speed up the simulation the free space vacuum permittivity ε0 has been increased by
a factor γ 2:

ε̃ = γ 2ε0. (1.1)
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Because of (1.1), sheaths are thicker and plasma dynamics are slower, allowing the use
of a coarser grid and a longer time step (Szabo 2001). The correct implementation of the
updates in SPIS has been verified by means of a cross-validation against Starfish, another
open-source fully kinetic PIC software (Brieda & Keidar 2012).

The methodology adopted for the simulation of the plasma expansion in the magnetic
nozzle is described in § 2. In § 3, a comparison between results obtained with the SPIS
code and Starfish is presented. The results in § 4 show the plasma expansion and the effect
of the magnetic nozzle on the plume’s dynamics. Finally, conclusions are drawn in § 5.

2. Methodology

The numerical simulation of the plasma dynamics in the acceleration stage of a
MEPT has been performed with SPIS, a three-dimensional electrostatic fully kinetic PIC
software. The PIC method adopted is discussed in § 2.1. The boundary conditions are
presented in § 2.2 and the particle source is described in § 2.3. The control loop that
permits one to maintain the quasi-neutrality and the current-free condition is outlined in
§ 2.4. In § 2.5 the algorithm to check for the steady-state condition is presented. Finally,
§ 2.6 is dedicated to performance indicators; in particular, formulas to compute the thrust
and the specific impulse are presented.

2.1. Particle-in-cell method
In the PIC method, the plasma is treated as an ensemble of computational particles
(Dawson 1983; Birdsall & Langdon 2018; Hockney & Eastwood 2021). The computational
particles move on the simulation domain, where, at every time iteration, the charge of each
particle is distributed to a dedicated mesh. The charge is distributed according to particle
positions by a linear interpolation scheme. Once the charge density ρ is computed on the
nodes of the mesh, the electric field E can be integrated from the Poisson’s equation. The
full set of Maxwell equations has not been solved since the amount of RF power deposited
outside the plasma source is a small fraction (usually less than 1 %) of the total power
coupled to the plasma (Magarotto & Pavarin 2020). This means that the propagation of
RF waves in the plume is expected to have a minor influence on its dynamics. At the same
time, currents (mainly azimuthal; Takahashi 2019) induced by the presence of the magnetic
nozzle are sufficiently low that the self-induced magnetic field produced can be neglected
(errors less than 1 % are expected; Takahashi 2019). Therefore the wave propagation in
the plasma plume has been neglected and the magnetic field B is static and equal to that
imposed by the presence of the magnetic nozzle (Magarotto et al. 2020b). Consequently,
the Maxwell equations reduce to the Poisson equation:

ε̃�φ = −ρ, (2.1)

with φ the electrostatic potential and E = −∇φ. The Poisson equation is solved via a finite
element method with a preconditioned conjugate algorithm to obtain φ and consequently
the field E (Rogier & Volpert 2021).

The force Fp acting on every particle is given by Lorenz force:

Fp = qp(E + vp × B), (2.2)

where vp is the speed of the particle and qp its charge. Force Fp is computed interpolating
fields on the position of each particle, and the associated trajectory is then integrated via
a Runge–Kutta Cash–Karp method (Sarrailh et al. 2015). This sequence of operations is
repeated at each time iteration (see figure 2), self-consistently evolving the particles and
the electric field states. The simulations are performed until steady state is reached.
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FIGURE 2. Time loop in PIC code.

FIGURE 3. Simulation domain: the boundary surfaces are coloured in brown, the particle
source in green. The simulation domain corresponds to the grey zone.

It is worth noting that the Runge–Kutta Cash–Karp method shows a considerable
propagation of numerical error integrating the trajectory of a charged particle (Qin et al.
2013). A correction factor in the pusher algorithm has been added to reduce the energy
numerical drift.

Finally, the effect of collisions has been neglected. This approach is proven to provide a
valuable preliminary insight on the dynamics of the plume for typical operation conditions
of MEPTs (Martinez-Sanchez et al. 2015). Nonetheless collisions will be implemented in
future works to estimate quantitatively the influence that phenomena such as the doubly
trapped electrons have on the plume. The latter in fact are produced by collisional effects
(Zhou et al. 2021).

2.2. Boundary conditions
The simulation domain and the boundary surfaces are represented in figure 3. The
boundary conditions that have been imposed for the closure of (2.1) are the following.
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(i) Dirichlet condition on the surfaces of the spacecraft, i.e.

φ =
{

φo, on the thruster outlet surface ( particle source),
0, on other surfaces.

(2.3)

(ii) Robin condition on the external boundary (Thiebault et al. 2015):

dφ

dk
+ r · k

r2
φ = 0, (2.4)

with k the external normal to the surface and r the vector going from the geometric
centre of the particle source to the external boundary surface. Equation (2.4) derives
from the assumption that at infinity φ = 0 and that φ ∝ 1/r (Thiebault et al. 2015).

As far as particle motion is concerned, the definition of an electron energy boundary
condition is required to simulate properly the dynamics of the plasma plume (Li et al.
2019). Indeed, to maintain the current-free condition (Takahashi 2019), a positive potential
drop occurs between the thruster outlet and ‘infinity’. The simulation should take into
account the electrons that do not have enough kinetic energy to escape this potential
drop and therefore return to the plasma source or become trapped in the plume. This
is fundamental also from a computational standpoint to avoid the so-called ‘numerical
pump instability’ (Brieda 2005). Despite the finite computational domain dimensions,
these trapped electrons can be taken into account by adding an energy-based boundary
condition. Energy Etot denotes the total energy of the electrons at the external boundary:

Etot = 1
2 mpv

2
p + qpφb, (2.5)

with mp the mass of the particle and φb the external boundary potential. Electrons that
reach the external boundary surfaces with a negative Etot are reflected specularly; in
contrast, electrons with a positive Etot are absorbed. In fact the former do not have
enough energy to achieve infinity with |vp| ≥ 0. Ions that reach the external boundary
are absorbed. Ions and electrons that reach the surfaces of the spacecraft, including the
thruster outlet surface, are absorbed too.

2.3. Particle sources
The computational particles are ejected from the surface of the thruster named ‘thruster
outlet’ in figure 3. Hereafter, an xyz Cartesian coordinate system with the z axis normal
to the thruster outlet is considered; z is also the axis of symmetry for the computational
domain. As detailed in §§ 2.3.1 and 2.3.2, a Maxwellian distribution function is assumed
for all the species at the thruster outlet. This hypothesis is justified by the value of the
plasma density which is orders of magnitude higher in the production stage than in the
plume, so a thermodynamic equilibrium is more likely (Cichocki et al. 2017; Li et al.
2019; Magarotto & Pavarin 2020; Magarotto et al. 2020a). Moreover, the assumption
of a Maxwellian distribution function at the thruster outlet is supported by experiments
performed on helicon sources (Chen & Blackwell 1999). Hereafter, random variables
are written in upper case, and particular realizations of such variables are written in the
corresponding lower case.

2.3.1. Electron source
The speed Vx along the x axis and the speed Vy along the y axis of the ejected electrons

are random variables that follow a normal distribution of mean μ = 0 and standard
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deviation σ given by

σ =
√

kBTe

m
, (2.6)

with Te the electron temperature expressed in kelvin, kB the Boltzmann constant and m
the electron mass. The speed along the z axis Vz of the ejected electrons has the following
probability density function (Li et al. 2019):

fVz(vz) =
⎧⎨⎩

0 if vz < 0,

2

σ
√

2π
e− v2

z

2σ 2
if vz ≥ 0.

(2.7)

Equation (2.7) represents a flux of electrons ejected from the thruster outlet with a
Maxwellian distribution function. Instead the flux of electrons returning at the same
surface (vz < 0) is an output of the simulation that cannot be imposed a priori. It is easy
to show that the norm of the speed of the ejected electrons, denoted as V , reads (Bartsch
2014)

fV(v) =
√

2
π

v2

σ 3
e− v2

2σ 2
. (2.8)

In particular, from the definition of electron current (Chen et al. 1984), it is possible to
compute the electron density ne at the thruster outlet as

ne =
|Ie|
|e|S

|E[Ṽz]|
, (2.9)

with e the electron charge, S the surface area of the thruster outlet, Ie the electron net
current at the thruster outlet and |E[Ṽz]| the expected value of the electron speed Ṽz at the
thruster outlet. The electron speed Ṽz at the thruster outlet corresponds to electrons both
ejected and absorbed at this surface.

2.3.2. Ion source
Ions are ejected from the thruster outlet with the following velocities:

Vx = Vn + uB sin Θ cos Λ,

Vy = Vn + uB sin Θ sin Λ,

Vz = Vn + uB cos Θ,

⎫⎪⎬⎪⎭ (2.10)

where Vn is a random variable that follows a normal distribution of mean μ = 0 and
standard deviation σ given by

σ =
√

kBTi

M
, (2.11)

with Ti the ion temperature, M the ion mass and uB the Bohm speed:

uB =
√

kBTe

M
. (2.12)

Here Θ is a random variable that follows a continuous uniform distribution in the interval
[0, θt]. Angle θt corresponds to the nozzle divergence angle (see figure 3). It is associated
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with the presence of a conical source (Charles, Boswell & Takahashi 2013) or an expansion
nozzle (Manente et al. 2019). Considering typical MEPTs, in this study the assumption
θt < 45◦ has been made (Bellomo et al. 2021). Parameter Λ is a random variable that
follows a continuous uniform distribution in the interval [0, 2π]. The expected value E[Vz]
and the variance Var[Vz] of Vz are

E[Vz] = uB sin θt

θt
, (2.13)

Var[Vz] = σ 2 + u2
B

2

(
sin 2θ

2θt
+ 1 − 2

(
sin θt

θt

)2
)

. (2.14)

In typical MEPT configurations the plasma is mesothermal (i.e. Te � Ti) (Balkey et al.
2001); therefore uB is higher than σ and it is reasonable to assume that

P(Vz < 0) ≈ 0, (2.15)

where P(Vz < 0) is the probability that ions are ejected with a negative vz. The ion density
ni at the thruster outlet can be computed as

ni =
|Ii|
qiS

|E[Ṽz]|
, (2.16)

with qi the ion charge, Ii the ion net current at the thruster outlet and E[Ṽz| the expected
value of ion speed Ṽz at the thruster outlet. The ion speed Ṽz at the thruster outlet is the
speed corresponding to ions both ejected and absorbed by the thruster outlet. The outlet
potential φo is larger than the boundary potential φb; therefore a negligible amount of ions
return to the thruster outlet and it is reasonable to assume that Ṽz ≈ Vz.

2.4. Control loop
For the sake of simplicity hereafter, it has been considered that the ion population is
composed of only one species. Considering typical operating conditions of MEPTs, this
assumption is reasonable where the thruster is operated with noble gases (Chabert et al.
2012; Lafleur 2014). Regardless, the following control strategy can be easily generalized if
several ion species are considered. With the focus of this work on MEPTs, the current-free
condition has been imposed at the thruster outlet (Manente et al. 2019). It is worth
noting that this condition is truly respected only ‘on average’ since RF wave propagation
can induce instantaneous non-null currents. However, this effect is expected to influence
mildly the plume dynamics and, in particular, the computation of macroscopic quantities
for the propulsive performance. In fact, the RF power deposited outside the source is
expected to be only 1 % of the total (Magarotto & Pavarin 2020). The current-free
condition at the thruster outlet can be expressed as

|Ii| = |Ie|. (2.17)

If quasi-neutrality holds true, from (2.9) and (2.16):

ni =
|Ii|
qiS

|E[Ṽz,i]|
≈ ne =

|Ie|
|e|S

|E[Ṽz,e]|
. (2.18)
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Combining (2.17) and (2.18):

|E[Ṽz,i]| ≈ |e|
qi

|E[Ṽz,e|. (2.19)

Assuming Ṽz ≈ Vz, from (2.13) and (2.19):

uB sin θt

θt
≈ |e|

qi
|E[Ṽz,e]|. (2.20)

The term |E[Ṽz,e]| being highly nonlinear dependent on the boundary conditions
at the thruster outlet (Martinez-Sanchez et al. 2015), any noise or deviation from
analytical behaviour could lead to a condition that strongly departs from current-free and
quasi-neutrality. Consequently, a control loop is needed to reach the steady state while
ensuring these conditions (Li et al. 2019).

The loop controls the parameters that mainly drive the simulation, namely the potential
at the thruster outlet φo, along with the electron and ion currents injected into the domain
(I+

e and I+
i respectively). From (2.15), I+

i is assumed constant during the simulation and is
given by

I+
i =qiṁ

M
, (2.21)

with ṁ the propellant mass flow rate. To achieve the current-free condition at the steady
state, for every time step t the potential at the thruster outlet (φt

o) is updated according to
the explicit relation

φt
o = φt−1

o − k1
It−1

e + It−1
i

|It−1
i | , (2.22)

with It−1
e and It−1

i respectively the electron and ion net currents at the thruster outlet at the
previous time step and k1 a positive control coefficient. To achieve quasi-neutrality at the
steady state, for every time step the emitted electron current (I+

e
t) is updated according to

the explicit relation

|I+
e

t| = |I+
e

t−1| + k2
ni

ne
(ni − ne), (2.23)

where ion and electron densities are computed at the thruster outlet and k2 is a positive
control coefficient. It is worth noting that, according to (2.9), ne depends on both I+

e and I−
e ,

the latter being the absorbed electron current that cannot be imposed directly as an input of
the simulation since it is driven by φo. Namely (2.22) and (2.23) impose a self-consistent
relation between φo, I+

e and I+
i to enforce current-free and quasi-neutrality conditions.

At the first time step, the quantities φo and I+
e are imposed according to the analytical

values derived in Appendix A for a non-magnetized case, and then updated according
to (2.22) and (2.23) up to the achievement of the steady-state condition (see § 2.5). As
a result, the simulation provides as an output also the self-consistent value of the total
potential drop across the plume (i.e. φo) which depends on the geometry of the system and
the imposed flow of propellant.

2.5. Time loop termination
A simulation is assumed to be at the steady state if the number of particles leaving through
the external boundaries matches the number of new particles introduced into the system by
the source. This condition is met for a sufficiently high number of time steps (α) in order
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FIGURE 4. Computational domain adopted for the simulations discussed in §§ 3 and 4.

to avoid a ‘false positive’ induced by PIC noise. Specifically, the steady-state condition is
implemented by requiring that (Gallina et al. 2019)

1
α + 1

h∑
t=h−α

|Nt
sp − Nt−1

sp |
Nt

sp
< ν, (2.24)

where ν is a user-defined number that represents a steady-state condition (usually ν ∼
10−4), Nt

sp is the number of super-particles in the system at time step t and h is the current
time step. As a rule of thumb, α ∼ 50 has been assumed.

2.6. Performance indicators
The thrust F produced by the thruster is obtained by summing, for each species p,
the contribution due to the momentum exchange and to the pressure. Specifically it is
computed with (Zhou et al. 2019)

F =
∫

Sb

∑
p

(npmpvp,zvp · k + npkBTpẑ · k) dSb, (2.25)

with Sb the external boundary surface, k the external normal to the surface and ẑ the unity
vector parallel to the z axis. The specific impulse is obtained by

Isp = F
g0ṁ

, (2.26)

with g0 the standard gravity.

3. Code verification

A cross-validation of the methodology has been done with Starfish, a two-dimensional
open-source PIC software; for this specific validation, all the electrons that reach the
external boundary are absorbed. The other hypotheses are consistent with the methodology
described in § 2. The computational domain chosen for the cross-validation (see figure 4)
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( )( )( )

FIGURE 5. Comparison between the results of SPIS (solid line) and Starfish (dashed line). Ion
density ni (a), plasma potential φ (b) and ion speed |Vi| (c) are depicted along the z axis.

Average value (%) Standard deviation (%) Maximum value (%)

nbias
i /ni,o −4.2 7.5 24

φbias/φo 1.2 1.8 5.5
Vbias

i /Vi,o 1.2 1.7 4.8

TABLE 1. Difference between the results provided by SPIS and Starfish for ion density, plasma
potential and ion speed. Average value, standard deviation and maximum value are reported
adimensionalized by the corresponding value at the thruster outlet position.

consists of a cylinder of radius 8 cm and height 16 cm; the spacecraft is represented by
a cylinder of radius 5 cm and height 1 cm. The thruster outlet is a circle of radius 2 cm
and centre placed on the axis of symmetry at coordinate z = 2 cm. The two codes have
been compared in the absence of a magnetic field. This is consistent with the scope of
the verification since boundary conditions, particle sources and the control loop do not
depend directly on the magnetic field (see § 2). Moreover, in this condition the comparison
between a three-dimensional and a two-dimensional code is more straightforward since
azimuthal dynamics (e.g. currents induced by the diamagnetic drift; Takahashi 2019) is
expected to be negligible. Xenon propellant has been simulated, with operating conditions
consistent with a MEPT operated at 10 W input power and the pressure in the discharge
chamber is assumed of the order of 0.1 Pa (Bellomo et al. 2021).

Figure 5 shows the ion density (ni), the plasma potential (φ) and the ion speed (Vi)
along the z axis of the computational domain. The difference between the results provided
by SPIS and Starfish is denoted nbias

i , φbias and Vbias
i for ion density, plasma potential and

ion speed respectively. Table 1 shows the corresponding average value, standard deviation
and maximum value adimensionalized with respect to ni,o, φo and Vi,o, namely the same
quantities evaluated at the thruster outlet. The results of SPIS and Starfish show a very
good agreement regarding the plasma potential and the ion speed (differences � 5 %).
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FIGURE 6. Scheme of the magnetic field adopted in the B̃ = 300 G configuration.

Regarding the ion density there is a larger bias, in any case comparable with the
PIC noise. The coarser mesh used for the three-dimensional simulation (with respect to
the two-dimensional one used for Starfish) is a possible explanation of this bias.

4. Results

The SPIS code has been applied to simulate the plume of a MEPT adopting the
methodology presented in § 2, and using the computational domain depicted in figure 4.
Xenon propellant has been considered and the input values are consistent with the
operating conditions of a MEPT operated at 50 W input power (Bellomo et al. 2021),
namely ion mass flow rate ṁ = 0.05 mg s−1 and electron temperature Te = 3 eV. Only
singly charged ions (Xe+) have been simulated since the doubly charged population (Xe2+)
is negligible for a discharge with Te < 10 eV (Chabert et al. 2012; Souhair et al. 2021).
Hereafter B̃ denotes the average value of the magnetic field at the thruster outlet. Two
configurations have been compared: (i) B̃ = 0 G (absence of magnetic field) and (ii)
B̃ = 300 G; the magnetic field assumed in case (ii) is depicted in figure 6.

Figure 7 shows the plasma potential, the ion density and the ion speed along the z axis
of the computational domain. Figures 8 and 9 show the ion density and the ion speed on
the x–z plane. Results on the y–z plane are not presented due to the axisymmetry of the
domain. As depicted in figure 7(b), the potential at the thruster outlet φo is equal to 20 V for
B̃ = 0 G and 33 V for B̃ = 300 G. The increase in the potential drop in the presence of the
magnetic nozzle was expected due to the increase of the ambipolar effect. The magnetized
electrons are accelerated axially by the magnetic nozzle and therefore larger electric fields
are necessary to maintain the quasi-neutrality and the current-free condition. This effect
influences the overall dynamics of the plume.

(i) The presence of the magnetic field increases the ion speed by approximatively 40 %
(see figures 7c and 9).

(ii) In the presence of the magnetic nozzle, ions are strongly accelerated near the
thruster, reaching approximately their maximum speed at z = 10 cm (see figures 7c
and 9).
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FIGURE 7. Comparison between the results with B̃ = 0 G (solid line) and B̃ = 300 G (dashed
line). Ion density ni (a), plasma potential φ (b) and ion speed |Vi| (c) are depicted along the z
axis.

(a) (b)

FIGURE 8. Ion density ni on the x–z plane; comparison between the results with B̃ = 0 G (a)
and B̃ = 300 G (b).

(iii) The magnetic field changes the plume’s shape (see figures 7a and 8). In the B̃ = 0 G
configuration some ions have negative axial speed and reach the external boundary
at z = 0 cm. The magnetic topology considered in the B̃ = 300 G configuration
facilitates avoidance of this negative ion flux and therefore reduces the plume
divergence angle. It is worth noting that other magnetic nozzle configurations,
for example fields with excessively steep gradients, might instead increase the
divergence angle of the plume.

The presence of the magnetic field improves the propulsive performance of the thruster;
Isp increases from 260 s up to 610 s if B̃ = 300 G. Moreover, in table 2 the specific
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(a) (b)

FIGURE 9. Ion speed |Vi| on the x–z plane; comparison between the results with B̃ = 0 G (a)
and B̃ = 300 G (b).

Numerical simulation B̃ = 300 G
Isp 610 s

Experimental data 32 W, xenon
Isp 630 s

TABLE 2. Specific impulse obtained from numerical simulation and that obtained from test
campaign.

impulse obtained from the numerical simulation and that measured in a test campaign are
compared (Bellomo et al. 2021). In spite of the remarkably good quantitative agreement
it is worth highlighting that this is not intended to be a proper experimental validation but
only a preliminary check of the numerical results.

The consistency of the numerical results has been checked analysing the steady-state
values of φo and I+

e computed for B̃ = 0 G. In fact, the initial values assumed according
to (A9) and (A6) are expected to be almost equal to the values at the steady state since
calculations performed in Appendix A refer to a non-magnetized plume. Initial values are
φ0

o = 19.4 V and |I+
e

0| = 211I+
i ; at the steady state φo = 20.0 V and |I+

e | = 310I+
i . A good

agreement is found as far as the potential drop is concerned; in contrast, |I+
e | is higher than

the value predicted in theory. The latter difference can be considered acceptable bearing
in mind the highly nonlinear terms of (A6). This bias in |I+

e | is associated with the lower
potential drop predicted by (A9) and with the numerical noise. The robustness of the
methodology proposed in § 2 is therefore evidenced by the accordance between values
obtained via the control loop and the theoretical model presented in Appendix A.

Figure 10 shows the trajectories of the electrons and their kinetic energy for B̃ = 0 G
and B̃ = 300 G. In the absence of a magnetic field, the motion of the electrons is chaotic,
consistent with the assumption of a Maxwellian velocity distribution function at the
thruster outlet. Instead, in the magnetized case, electrons describe a gyrating motion in
proximity of the thruster outlet. Closer to the outer boundary, where the intensity of the
magnetic field is lower, electrons are no longer frozen to field lines and this results in a
disordered motion.
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(a) (b)

FIGURE 10. Trajectory of electrons on the computational domain and their kinetic energy;
comparison between the results with B̃ = 0 G (a) and B̃ = 300 G (b).

5. Conclusion

A three-dimensional fully kinetic PIC strategy has been implemented to simulate the
plume of a magnetically enhanced plasma thruster. The approach proposed is promising:
results are coherent with experimental data (Bellomo et al. 2021) and show the reduction
of the plume divergence angle, the increase of ion speed and the increase of the
specific impulse for the magnetic nozzle configuration examined in the study. The control
loop implemented permits the enforcement of the quasi-neutrality and the current-free
conditions. In addition, the robustness of the methodology proposed in § 2 is also sustained
by the good accordance of the values obtained by the control loop with the theoretical
values presented in Appendix A.

Nonetheless, the model needs further improvements: a correction factor in the pusher
algorithm has been added to reduce the energy numerical drift, but the Boris algorithm
(Zenitani & Umeda 2018) remains the preferable integration method for advancing a
charged particle and it will be adopted for future simulations. Additionally, the domain of
the simulation should be extended inside the thruster, in the region corresponding to the
physical nozzle where, due to the high plasma density, collisions cannot be neglected. This
improvement will permit the quantitative estimation and characterization of phenomena,
such as doubly trapped electrons, which require including collisions into the model.
Finally, a complete experimental campaign (Trezzolani et al. 2018) will be done to validate
the numerical results.
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Appendix A

This appendix describes the hypothesis considered to compute φ0
o and I+

e
0, i.e. the initial

parameters of (2.22) and (2.23). The appendix gives also the analytical solution of φo and
I+

e in the case of a steady-state collisionless unmagnetized expansion.
The hypotheses for the computation of I+

e
0 are current-free condition, steady-state

condition, Etot conservation and the absence of a magnetic field. In steady-state condition:

Ie,b = Ie,o, (A1)

with Ie,b the electron current absorbed at the external boundary and Ie,o the total electron
current at the thruster outlet. In the absence of a magnetic field, electrons come back to
the thruster outlet only if their total energy is negative. Therefore, due to Etot conservation,
from (A1):

Ie = I+
e P(Etot > 0), (A2)

with P(Etot > 0) the probability that electrons have a positive total energy. If current-free
condition holds and if ions do not come back to the thruster outlet, (A2) becomes

|I+
e |

qiṁ
M

= 1
P(Etot > 0)

. (A3)

If the potential φo is constant along the surfaces of the thruster outlet:

P(Etot > 0) = P

(
V >

√
2eφo

m

)
. (A4)

If the speed of the ejected electrons follows a Maxwellian distribution, (A4) becomes

P

(
V >

√
2eφo

m

)
= 1 − erf (φ̃) + 2√

π
φ̃e−φ̃2

, with φ̃ =
√

eφo

kBTe
. (A5)

Equation (A5) shows the probability that electrons have a positive total energy in the case
of a Maxwellian source distribution, particle energy conservation and the absence of a
magnetic field. It is clear that the relation between the outlet potential and the probability
that electrons come back to the particle source is highly nonlinear; consequently also
|E[Ṽz,e]| depends highly nonlinearly on φo. From (A3) and (A5):

|I+
e |

qiṁ
M

= 1

1 − erf(φ̃) + 2√
π

φ̃e−φ̃2

. (A6)

Here φ0
o is computed with the additional hypothesis that close to the thruster outlet the

electron distribution remains Maxwellian after the ejection. Due to the high plasma density
near the thruster outlet, this hypothesis is reasonable in the absence of a magnetic field.
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Therefore it can be assumed that

|I+
e |

S|e| ≈ nevavg

4
, with vavg =

√
8kBTe

πm
. (A7)

Combining (A7), (2.9) and (A2) :

Ie

I+
e

= 4|E[Ṽz,e]|
vavg

= P(Etot > 0). (A8)

Combining (A8), (A5) and (2.20) :

4
qi

|e|
uB sin θt

θt

vavg
= 1 − erf(φ̃) + 2√

π
φ̃e−φ̃2

. (A9)

Potential φ0
o is obtained solving numerically (A9); I+

e
0 is therefore obtained with (A6).

As discussed in § 4, φo obtained by the control loop in the absence of a magnetic field is
very close (0.6 V lower, difference ≈ 3 %) to the value obtained by (A9). The value of I+

e
0

obtained by (A6) is 33 % lower than that obtained by the control loop. This difference can
be considered acceptable bearing in mind the highly nonlinear terms of (A6). The bias is
due to a lower potential drop predicted by (A9) and numerical noise. Therefore the good
agreement between theoretical values and values obtained by the control loop supports the
validity of the hypotheses presented in this appendix.
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