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Particle-in-Cell (PIC) simulations are used to model the MS4 test thruster of Thales
Deutschland. Given as input the geometric shape, material components, magnetic field
and the operating parameters of the experiment, the model is able to reproduce the
experimentally observed emission pattern in the plume. This is determined by the magnetic
field line structure and the resulting plasma dynamics in the near-field region close to
the exit.
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INTRODUCTION

Ion thrusters become increasingly beneficial for space missions. Their application is not only limited
to Earth-centered orbits, but is especially useful in deep space missions, such as Deep Space 1 [1] and
soon to be in the Psyche mission [2]. For such long lasting travels, these devices need to be
experimentally well tested. Every iteration in the optimization process for such a thruster is long and
consequently expensive [3]. The construction of new designs alone is hard and rather costly. Thus,
cheaper methods for design optimization are needed. Computer simulations, such as the Particle-in-
Cell (PIC) model, have shown successfully their potential for design optimization, especially in
combination with simpler balance equation models using genetic algorithms [4,5].

The MS4 is a test thruster concept of the Thales Deutschland GmbH with a simple design. It is a
grid less thruster where the magnetic field structure is such that the beam forming occurs outside the
channel. Since probing the plasma can be difficult, this allows easy access for optical emission
spectroscopy to compare with modeling in order to validate simulation results. In turn, this enables
to check and possibly to adapt the model and its parameters.

In the next section, the setup of the simulation is explained. The results of the PIC simulations are
introduced and discussed afterwards. Notably, a direct comparison of the experimental optical
emission of the near-field plume is possible with the model. Finally, the findings are summarized.

SIMULATION

The two-dimensional (2D), cylinder-symmetric, electrostatic Particle-in-Cell (PIC) code used to
simulate the MS4 has been widely applied to various ion thrusters [6–8]. The model follows super-
particle trajectories of neutrals, ions, doubly charged ions and electrons. This PIC code is written in
dimensionless variables for computational efficiency. Its results are normalized using the target
electron density and temperature of Table 1. This approach fixes the Debye length, the collisional
lengths and the plasma frequency. The resolution of the Debye length and of the plasma frequency
are guaranteed as long as the electron densities and temperatures stay below the target values. To
resolve the Debye length the grid size is set to half the targeted Debye length, which is in our case
6.8 μm. Still, the geometric dimensions of such systems are huge compared to the resolution of PIC
simulations, which is of the order of the Debye length. In order to speed up the calculation, a
similarity scaling scheme is used [9,10]. Two systems are called similar, if the invariants remain
constant. Here, the scaling preserves the invariants for static electric and magnetic fields, force free
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motion and collisional effects. The problem is mapped to a
smaller system, while keeping the Debye length constant. This
reduces strongly the number of cells needed to resolve the system
and by this the computational time. The similarity scaling is
analytically correct for non-bounded (e.g. periodic) systems, but
is limited in cases of systems with charge separation, like bounded
plasmas with sheaths or extraction regions. Due to this,
application of the similarity scaling to PIC simulations
maintains core parameters like thrust and the plasma solution
within the thruster channel. However, large scaling factors
enhance charge separation effects because the ratio of the
Debye length to the system size increases strongly. A
sensitivity study showed deviations of the plasma solution for
big scaling factors (about 100) [10], especially in the exit region of
the studied HEMP thruster. In the present study the scaling factor
is 20 (cf. Table 1).

Monte Carlo (MC) collisions are included, requiring a three-
dimensional (3D) resolution of the velocities. Collision
algorithms require dimensional values of density and
temperature, since cross sections depend on these explicitly.
The 2D3V PIC code includes Coulomb collisions, electron-
neutral elastic, ion-neutral momentum transfer, charge
exchange, excitation and ionization collisions as MC processes.
The dynamics of the neutral gas is resolved self-consistently. A
detailed description of the collision algorithms can be found in
Matyash [11], Bronold et al. [12] and Tskhakaya et al. [13]. Xenon
collision cross sections are taken from Hayashi [14]. Anomalous
electron transport perpendicular to magnetic field is included in
the model via a Bohm-type diffusion. The magnetic field is
assumed static and solved once with the FEMM software [15].
Only the Poisson equation is solved every step on a structured
grid for the electrostatic potential. A full description of the PIC
model and its routines can be found in Matyash [11] and
Kahnfeld et al. [8].

The routines of the code have been thoroughly tested. In
Matyash et al. [16] and Matyash et al. [17] the SPT thruster was
modelled and in good agreement with Taccogna et al. [18]. In
addition, the same code was applied to low-temperature radio
frequency (rf) plasmas with non-Maxwellian distribution
functions [19]. Within the group there exist also 1D3V and
3D3V PIC models, where the routines share a common
ancestor for particle push, boundary and collision handling. A

3D3V version is designed to calculate even dusty plasmas [20]
and has been able to reproduce their complex behavior [21]. The
1D3V model was applied to study two experimentally observed
electronegative modes in capacitively coupled rf plasmas [22].

The axisymmetric 2D model comprises the discharge channel
and the near-field plume. At the upper and right domain
boundary of the plane, spanned by the radial (r) and axial (z)
directions, the potential is set to zero. When particles leave at
these boundaries they are removed from the simulation.
Symmetry axis is the bottom of the domain at r = 0. Particles
leaving the domain at the symmetry axis are reflected. Wall
processes, which include ion recombination, neutral reflection
and secondary electron emission (SEE), are also implemented.
The left domain boundary represents a metal anode in the
channel. At metal surfaces electrons are absorbed. Neutrals are
re-emitted thermally. Ions recycle as thermal neutrals. At the
dielectrics the space charge is locally increased according to the
charge of the impinging specie. There, secondary electron
emission (SEE) is accounted for by a probabilistic MC model.
For each impinging electron and independently of its energy a
fixed SEE probability determines if a single secondary electron is
emitted. In case of emission the particle reenters the system with
90% of its velocity. Emission yields can become quite high
[18,23], i.e., even more than one particle can be emitted for
the electron energy range in question. In this paper, the SEE value
is set to 0.99. This is an estimate based on the energy distributions
of the electrons reaching the walls. The contributions of electrons
with energies above 10 eV at these locations result in rather high
SEE coefficients.

The PIC simulation domain contains the geometry of the MS4
thruster. It stretches 30 mm in the radial (r) and 50 mm in the
axial (z) direction and is shown in the plot of the magnetic field in
Figure 1. The channel of the MS4 geometrically consists of two
cylinders stacked together. The inner cylinder (z ≤ 7.45 mm) has a
small radius of 5.825 mm, whereas the outer cylinder is nearly
twice as large with a radial extent of 11.6 mm. The discharge
channel is bounded by a dielectric material that has a high
sputtering threshold. In all figures the thruster wall parts are

TABLE 1 | Experimental and simulation parameters (below the horizontal line).

Anode potential Ua/V 600
Mass flow rate _mXe/sccm 10

Target electron density ne/cm
−3 3 · 1012

Target electron temperature Te/eV 10
Debye length λDe/μm 13.6
Plasma frequency ωpe/s

−1 9.8 · 1010
Grid resolution dr/μm 6.8
Scaling factor 20
Time step (scaled-up) dt/s 1.02 · 10–11
Grid resolution (scaled-up) dr/mm 1.36 · 10–1
Mesh size r × z 222 × 369
Size of domain (scaled-up) r × z/mm 30, ×, 50

FIGURE 1 |Magnetic field of the MS4 thruster. Field lines are plotted on
top of the magnetic flux density B. The strength of the magnetic flux is color-
coded. The metal casing (transparent red) and dielectric (transparent white)
are also denoted. Anode and the neutral gas inlet are shown. The two
thruster channel regions labelled inner and outer cylinder are also indicated.
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indicated by transparent light gray and red polygons that
resemble the dielectric and metallic components of the
thruster, respectively. Figure 1 indicates additionally the
position of the anode and the gas inlet. For clarification the
inner and outer cylinder regions are marked. The Python library
Matplotlib is used for all plots [24,25].

Magnetic fields are calculated by the FEMMmodel and used
as PIC code input. The magnetic field is generated by a single
permanent ring magnet within the metal structure. A magnetic
pole is at the metal surface above the thruster exit at about r =
12 mm and z = 15 mm. Starting from the pole, open field lines
constitute most of the plume volume. “Open” here means the
field lines which do not close within the simulation on a
bounded surface. The other closed field lines enter the
channel and hit the dielectric wall. Within the channel, the
magnetic field lines are mostly parallel to the axis. Only for
small values in z (z ≤ 3–4 mm) there is a significant inclination
between surface and field lines. The acceleration voltage of
600 V is applied at the metal anode on the left side of the
modeled thruster interior. The feed gas is Xenon (Xe), which is
injected at the anode close to the symmetry axis with a flow rate
of 10 sccm. More parameters of the simulation are summed up
in Table 1. A cathode neutralizer injects electrons outside the
thruster, such that an anode current of 0.35 A is reached. For
convenience, in the simulation this source is spatially
distributed in front of the right boundary.

Within the inner cylinder the electrostatic potential is rather
smooth and then drops from the step in the cylindrical channel
into the plume over a large axial extent. The potential gradient has
not only axial but also smaller radial components (see Figure 2
for details). Electrons have a huge mobility along field lines and
therefore tend to smooth gradients in this direction. If the
mobility reduces, gradients will arise. Due to wall losses the
densities decrease, reducing the conductivity and thus the
radial potential drop is generated close to the wall. At the step
and at the exit the confinement is reduced due to the magnetic
fields and the electrostatic potential. With stronger losses the
density drops even more. In turn, these losses lead to an increased
local Debye length so that the potential drops from the geometric
step towards the plume.

In Figure 3, the electron density distribution is shown in the
(r, z)−plane of the MS4 thruster. From the electron source, most
field lines connect to the metal wall, where the pole of the
magnetic field lies (cf. Figure 1). Electrons are accelerated
from the neutralizer by the electric field originating from the
anode and the plasma potential. When approaching the discharge
channel with its strong magnetic field the electrons become
magnetized. The electrons following the field lines fill the
plume, accordingly. There is a prominent crescent-shaped
electron distribution in front of the thruster exit due to the
magnetic structure. Its peak density is about 2 · 1011 cm−3.
This is high compared to some regions within the outer
channel with less density. One would expect the density to fall
off from the channel to the plume. Base point of that structure is
the metal surface of the thruster casing, where field lines get out,
bent and then enter the channel. There, the wall simply absorbs
many electrons in the simulation. Some electrons are able to get
into the thruster channel following the closed field lines of the
ring magnet. Within the inner cylinder the magnetic field lines
emerge at a high angle from the dielectric surface. Together with
the smaller radial extent, which means a bigger influence of the
dielectric wall on the plasma volume, enough electrons are
generated in front of the dielectric wall to increase the plasma
density within the smaller cylinder. Due to the high electron
emissivity of the dielectric the plasma can fill the inner cylinder.
The density distribution in the near-field plume is robust against
variations of neutral densities, voltages and wall properties, since
the structure is mostly defined by the neutralizer source and the
magnetic field. In contrast, the density within the channel is
sensitive to such variations, including changes of the SEE
coefficient. For lower SEE values the plasma density is much
smaller there. The plasma potential confines most of the electrons
to the inner cylinder. Thus, the high density plasma resides within
the smaller cylinder and reaches a maximum density of about 3 ·
1012 cm−3.

In the exterior cylinder (7.45 mm ≤ z ≤ 13.45 mm) there are
much fewer electrons. For small radii (r ≤ 5.8 mm) the electrons
are supplied by the high density region of the inner cylinder,
whereas for larger radii an electron is short-circuited between the

FIGURE 2 | Electrostatic potential Φ of the MS4. The metal casing
(transparent red) and dielectric (transparent white) are also denoted.

FIGURE 3 | Electron (e) density distribution of the 2D axisymmetric PIC
simulation for the MS4. The metal casing (transparent red) and dielectric
(transparent white) are also denoted.
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two confining walls along the magnetic field lines. Hence, the
rather big hole in the electron density is generated for large radii
in the exterior cylinder and at the thruster exit.

Singly charged Xenon ions Xe+ are not magnetized. In
Figure 4 their density distribution is displayed. Their motion
is hardly influenced by the magnetic field, but they follow the
electron motion due to the quasi-neutrality constraint within the
channel forcing the ion density within the inner channel to be
similar to the electron density. Larger deviations from quasi-
neutrality can occur only in the exterior channel and in the
plume, because the charge densities are much smaller. The
acceleration acts mostly at the geometric step from the
channel to the plume. This electrostatic potential drop
accelerates the ions out of the channel. Since the gradient has
also radial components, the ions are emitted in a broad angular
range from the thruster. For large radii in the exterior channel, the
radial spreading of the extent is plainly visible, especially
compared to the electron distribution in this region. The ion
density shares many characteristics of the electron density due to
the coupling by quasi-neutrality to the electrons. In the plume,
the imprint of the magnetic field is also seen in the ion density.

The electron distribution broadens radially following the ion
motion, because in this region magnetization gets already
reduced. Due to the similarity scaling the charge separation
between electrons and ions in the near-field plume might be
artificially overestimated. The increase of the Debye length λDe
relative to the system size enhances the screening width wherever
charge separation occurs, especially at sheath boundaries and
near the channel exit [10].

The same signatures as for the Xe+ ions can be found for the
Xe2+ ions. Their density distribution, which is seen in Figure 5, is
very similar to the singly charged ions, but their number density is
about an order of magnitude smaller. This is due to the lower
ionization probability of the doubly charged ions.

Figure 6 shows the distribution of the Xenon neutrals.
Neutrals are injected close to the origin of the domain and fill
the entire domain due to collisions. Therefore, the density
gradually decreases from its peak at about 2 · 1014 cm−3 in
both axial and radial direction. The neutral density is very
smooth. Even ionization collisions hardly reduce the local
density significantly, because the ionization rate is rather low.

These ionization events generate ions by electron-neutral-
Xenon ionization collisions. Their distribution is seen in
Figure 7. The distribution of these events results from the

FIGURE 4 | Singly charged Xenon ion (Xe+) density distribution. The
metal casing (transparent red) and dielectric (transparent white) are also
denoted.

FIGURE 5 | Doubly charged Xenon ion (Xe2+) density distribution. The
metal casing (transparent red) and dielectric (transparent white) are also
denoted.

FIGURE 6 | Neutral Xenon (Xe) density distribution. The metal casing
(transparent red) and dielectric (transparent white) are also denoted.

FIGURE 7 | Distribution of Xe ionization collisions. The metal casing
(transparent red) and dielectric (transparent white) are also denoted.
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interplay between electron density, their energy and the neutral
density. Again, the magnetic field structure, which is also seen in
the electron density, is clearly visible.

Figure 8 presents the angle-resolved energy distribution of
ejected Xe+ ions at the domain boundary. The distribution of ion
current IXe+ at the boundary is color-coded on a logarithmic scale

as a function of angle θ and kinetic energy of the ions EXe+ . In
principle, this allows to compare the results with measurements
of retarding potential analyzers [26], but no experimental data is
available. Many ions reach the anode voltage of 600 V, but there is
also a large reservoir of slow ions below 150 eV over a broad range
of angles. Compared to HEMP thrusters the performance is much
worse [8]. The distribution is primarily determined by the place
of origin of each ion and its experienced electric potential drop
when being emitted from the thruster. The highly energetic ions
likely originate from the inner cylinder, whereas the bulk of the
low energy ions may stem from the crescent-shaped region. At
that location the densities are rather high, but in front of the
channel only a little electric potential about 100 V is left in order
to accelerate ions. Figure 8 illustrates that a maximized
acceleration has not been the design goal of the MS4.

Instead, the MS4 offers a great opportunity for a detailed
comparison of the simulation with the experiment, since the
beam forming occurs mostly in the plume. The optical emission
measurement is compared to the output of the simulated total
electron-Xenon excitation collisions Hayashi [27], which can
cause light emission. Within an optically thin plasma, the
measured brightness is the integral of the line-of-sight in the
3D system projected onto the 2D camera sensor. The transfer
from the cylindrical (r,z) simulation to the experimental picture is

FIGURE 8 | Simulated angular energy distribution of emitted Xe+ ions
measured at the domain boundary. The angle θ is measured from the
symmetry axis to the ray formed by the vertex at the thruster exit at (r = 0 mm,
z = 13.45 mm) to the point where the ion left the domain.

FIGURE 9 | Optical emission measurement of the MS4 overlaid on the upper half with the Abel-transformed, simulated, total electron-Xenon excitation collision
distribution.
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described via a forward Abel transformation. This transform
relates the local emissivity ε(r, z) to the measured intensity I
(y, z) in the sensor

I y, z( ) � ∫
Rlimit

y

ε r, z( )������
r2 − y2

√ 2rdr, (1)

where Rlimit is an upper limit, such as the radial extent of the
plasma. The total electron-Xenon excitation collisions in the PIC
code is shown Abel-transformed in Figure 9 on top of the upper
half of the symmetric picture taken from an experimental
measurement of optical emission. The resulting radiance is in
arbitrary units. The transform itself is calculated via the PyAbel
package [28]. Values below and above a certain threshold are cut
off to mimic the experimental measurement process. The upper
cut-off represents the saturation of the photo sensor. Values
below the lower threshold are masked from the overlay which
enhances the visibility of the boundary of the simulated light
emission. This shape resembles the halo around the bright areas
in the experiment. Since the casing blocks the view of the channel,
no experimental information from inside the channel is available.
Simulation and experiment agree reasonably well in the plume.
The simulated electron-Xenon excitation qualitatively matches
the brightness patterns of the photo. This is especially true for the
very bright, crescent-shaped region and the dark void at the
thruster exit at large radii.

SUMMARY AND DISCUSSION

The optimization of thruster designs is long and costly. PIC
simulations are a suitable tool to guide and speedup the process.
Not only the thruster itself, but also the plasma models need to be
tested thoroughly. The MS4 thruster is an ideal test candidate to
validate PIC simulations, since most of the beam forming occurs
outside the channel with good access for diagnostics. With the
help of the Abel-transformed, total electron-Xenon excitation

collision distribution, which translates directly into light emission
patterns PIC simulations can be checked. The experimentally
observed radiation could be reproduced quite well by the
simulation. This emission pattern is rather insensitive to
operating parameters, SEE value for dielectrics and neutral
plume density. This is understandable, because this pattern is
driven by the neutralizer source and the magnetic field structure
in the near-field plume.

The situation is different for the plasma within the thruster
channel, but here a validation is much more complicated due to
missing measurements, because there is no diagnostic access.

As discussed before, the dominant electron energy distribution
hitting the side walls is at the cusp-like magnetic field at the wall
of the inner cylinder. Using these distributions, one gets an
averaged SEE yield from about 1 up to 2 [23,29,30]. In this
work, a SEE value of 0.99 is chosen. Further studies will be done
with a more complex SEE model [31] for the plasma simulation.
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