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Abstract: In this work concepts for numerical simulation with the aim of improved un-
derstanding of a miniaturized HEMP (High Efficiency Multistage Plasma) Thruster are pre-
sented. A downscaled HEMP-Thruster is developed at Astrium GmbH at Friedrichshafen
in cooperation with the Center of Applied Space Technology and Microgravity (ZARM)
and the German Aerospace Center (DLR). The aim is to reach the low thrust level and
noise of the requirement for LISA (Light Interferometer Space Antenna) and similar for-
mation flight space missions. With a complete model of the thruster and its environment,
it should be possible to optimize characteristics like thrust beam divergence, thrust weight
ratio and power consumption, as well as to determine if and how the LISA requirements
can be met. Both an analytical and a particle model for calculating the electron confine-
ment in the complex magnetic field topology are presented. A simplified fluid model gives
first estimations of plasma density and electron temperature. Information about plasma
potential and ring currents through E x B drift is gathered. Comparison of the results of
the different models are drawn.

Nomenclature

HEMPT = High Effciency Multistage Plasma Thruster

PIC = particle-in-cell

e = electron charge

Me = electron mass

v particle velocity vector
E = electric field vector

B = magnetic field vector

* Corresponding author email address: tim.brandt@dlr.de
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I. Introduction

Upcoming formation flying missions like LISA have never before seen requirements for low thrust (0,1
N region) with little noise (lower than a spectral resolution of 0,1 pN/v/Hz can resolve), but also for long
lifetime and fuel as well as energy efficiency. The High Efficiency Multistage Plasma Thruster patented by
Thales has already shown the later characteristics.! Simplicity of design is the guiding theme of this type
of thruster.? Its discharge chamber is a simple cylinder with an open end. Ring shaped periodically poled
permanent magnets create several dipolar cusps (Fig. 1). This magnetic field structure leads to low erosion of
the discharge chamber inner walls.? Electron confinement is archived through magnetic mirroring and E x B
drift near the cusps. Additionally, a relatively large number of electrons are confined outside the discharge
chamber near its exit. These create a negative space charge that allows for ion acceleration without use of
grids, which are known to be prone to erosion.* With the neutralizer cathode near the exit being grounded,
and an anode at the closed end of the discharge chamber, this allows for ionization by electron collisions and
acceleration of the ions through the same electric field, improving the efficiency.®
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Figure 1. HEMP-Thruster principle®

In an attempt to use these properties for low thrust, at Astrium GmbH in Friedrichshafen in cooperation
with the Center of Applied Space Technology and Microgravity (ZARM) and the German Aerospace Center
(DLR), a downscaled HEMP-Thruster has been developed. This so called micro HEMP-Thruster has un-
dergone an intensive measurement campaign. First results are promising.® To finally reach the low thrust as
well as the low noise, a better understanding of the plasma inside the thruster and near its exit is required.
Since the small size of the discharge chamber prohibits invasive measurement, computer modeling is one of
the few options left. For this both particle as well as fluid simulation are considered.

For the PIC simulation the VORPAL engine” from TECH-X is used. The fluid simulation is performed
by use of the plasma module of the COMSOL Multiphysics Software. Magnetic field for both fluid and
particle simulation is calculated by the so called AC-DC- module of the same software package. Distribution
of gaseous neutrals is calculated by use of OpenFOAM.

While particle simulations are believed to produce more accurate results, they are noisy by nature,
possibly dominating over the real noise of the plasma. Thus, a fluid particle hybrid code is considered, by
using the accuracy of the movements of electrons from the particle code, and the ions as a fluid, whereas later
smooths the overall result. In preparation for this attempt, here several simplified models are presented,
to test the used codes under the conditions of the micro HEMPT as well as to get first results about the
function of this thruster.

II. Theory

A. Electron gyration movement

For modeling magnetized plasma like in the discharge chamber of the micro HEMPT, we shall briefly recall
the principal effects of the magnetic field on charged particles.
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An electrically charged particle (electron), in external magnetic and electric fields experiences the Lorentz-
force:

dv
¢ dt

=m =e(E+vxB) (1)

In a case without electric field, and where for simplicity of calculation a Cartesian coordinate system
shall be oriented such that its z-axis is parallel to the magnetic field B, the Lorentz-force causes a gyration
of the electron with the gyration radius

= 2
rL eB ) ( )
and the gyration frequency:
eB
- 3
Wy e ) (3)

where v is the electrons velocity component perpendicular to the magnetic field. Further, its parallel
component v remains unaffected, so its center of gyration moves parallel to the magnetic field. The gyration
motion means that large scale motions of the electron perpendicular to the magnetic field are prohibited.
Its center of gyration does not only follow straight, but also curved field lines, under the condition that its
gyration radius is much smaller than that curvature.

B. E x B drift

In a magnetized plasma, both magnetic and electric fields act upon the charged particles. If the electric field
has a component perpendicular the magnetic field, un-intuitive movement of the electron occurs. Under the
same coordinate system alignment as in the example before, there shall be an E,; component (E, component
and combination of both would work as well). Only the z-y-plane shall be investigated, meaning that the
v movement is ignored. When during its gyration the electron moves into the direction of the electric
field, it accelerates and its radius of gyration becomes larger, and opposed to it this radius becomes smaller.
Therefore, on average, its center of gyration moves into the y-direction with the speed?® :

ExB

Vg = ———5— 4

d B2 ( )

The obvious characteristic of this motion is that it is perpendicular both to the magnetic and the electric
field, hence it is called E x B drift.

C. Magnetic mirror

The dipolar cusps of the HEMPTs magnetic field configuration makes use of the so called mirror effect.

This effect can be described by use of a magnetic moment of an electron in a magnetic field which can
be expressed as:

0.5mv?
p=—p— - (5)

If no other forces than magnetic ones are acting upon the electron, it can be assumed that the magnetic
moment and the kinetic energy does not change.” This is called the adiabatic invariance of the magnetic
moment. When an electron moves into a region with denser field, B and vf_ raises and therefore vﬁ has to

drop for the kinetic energy to remain constant. vﬁ finally reaches zero. At this point v)| changes its sign and

vﬁ rises again as the electron moves back into the weaker field so B drops again.!®
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The actual reason for this behavior can be understood by considering that increasing magnetic density
means converging field lines. Since an electron moves through the nearby surroundings of the field line due to
gyration, it experiences a magnetic component perpendicular to the direction of that line. This perpendicular
component causes a component of the Lorentz force parallel to its line and, therefore, also parallel to v). So
this is an acceleration force that drives the electron out of the region with denser magnetic field. An electron
can become trapped in a region with weak field that lies between two regions with denser field, if the field
line it is following goes through these two regions. Based on the analytical description through the magnetic
moment, for an electron a mirror ratio can be expressed as: M = Bpaz/Bmin and electrons that meet the
following criteria are reflected:

— > —— . (6)

The electrons have a pitch angle to that field line which is defined as tan®© = v /v)|. According to this
criteria, electrons with a small pitch angle are not reflected. These are said to be in the loss cone.

D. Particle-in-cell method

Most simulation models presented here make use of a particle-in-cell code, which makes use of a particle
approach for plasma simulation.

Each electron and ion is a source of an electric field due to its charge and the source of magnetic field
due to its motion. The cheer number of charged particles in real world plasma would make calculation even
on computer clusters impossible. Hoverer, it has been shown that basic behavior of plasma does not change,
when thousands of particles are summed up to macro particles.'’ This brings the number of particles to a
manageable size. Number of calculations can still be extremely high, considering that for every single particle
its interactions through electric and magnetic fields with every other particle must be calculated for each
time step. Thus, the so called particle-in-cell codes apply a grid to the simulation domain, with a resolution
such that on average several particles are in each cell of the grid. The particle charges and movements, later
in form of electric currents, are summed up to the nearest four grid points, with a weighting according to
their distance from the grid points. From these findings the electric and magnetic fields are calculated. Then
for each electron the Lorentz-force is applied, with the same weighting of the fields regarding the grid points
distances like before for the charges and currents. The electrons are moved concerning to the velocity they
already had, their acceleration is by the Lorentz-force (which is dependent on that velocity). After a time
step new positions and velocities of the particles are observed and the cycle is repeated.

This method can approximate the behaviors of plasma well.'2 Close distance interactions of charged
particles are neglected, but this can be compensated by use of Monte Carlo collisions.'® Usually, the
performance of particle-in-cell codes is improved, for example by using leap frog method!* for progressing in
simulated time or by using second order interpolation for the weighting.'®

E. Equations for a fluid plasma model

The other widely used method for simulating plasmas is the fluid approach.

The fluid model in chapter III E describes the rate of change in electron density n. by drift diffusion
equitation:!®

0
a(ne)—kv-f‘e:Re , (7)

where R, is the sum of sources and sinks of the electrons. The electron flux I', is defined as:

I'e=-ne(p, - E)— D, Vn, ) (8)

On the right side of the equation, the first term describes the movement of the electrons caused by the
electric field by use of the electron mobility pte, while the second term describes the diffusion by use of the
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electron diffusion coefficient D., which is related to the mobility by Einstein’s relation. Since here a magnetic
field is applied, the mobility becomes a tensor, which inverse can be written in compact form as:

1 _NeOBz 0
-1 _ -1
HRe ™ = Heo NeOBZ 1 *,UeOBr ) (9)
0 MeOBr 1

with the quantity p.o being the scalar electron mobility in the absence of a magnetic field, and the mag-
netic field components B, B,., Bpp; (which are calculated as described in the following chapter, II F ). The
mobility is several magnitudes lower perpendicular to the magnetic field then parallel to it. This concurs with
the electrons gyration around the magnetic field lines as described in chapter II A. The electron mobility
perpendicular to the magnetic field is none-zero due to collisions.'” The multiplication of the mobility tensor
with the electric field vector accounts for the £ x B drift described in chapter II B. The magnetic mirror
force described in chapter II C is not accounted for.

The electron energy density n. is given in a similar fashion like the drift diffusion equation:'®

%(ne)+V~ré+E.re:Re . (10)

The term E -T'. accounts for the energy gain or loss of the electrons in the electric field. R, is the energy
loss/gain due to inelastic collisions. The energy flux density is

T.=|-np. - E)—D.-Vn] . (11)

The electron energy mobility p, is directly proportional to the electron mobility:'®

5
He = gy’e : (12)
The change of the Xenon-ion density nx. is also described by a drift diffusion equation:
0
&TLXE +V- (nXeuXe+E — DXe+ ane) = RXe+ . (13)

The diffusion tensor of the ions D+ is calculated via Einstein relation from the ion mobility, by use of
the mobility tensor pix.+.

The sources and sinks for the electrons and ions, R., Rxc+, as well as the sources and sinks for the elec-
tron energy R, are described by reactions on the surface and in the plasma volume. Reactions in the volume
are the collisional ionization of unexcited neutral xenon: e + Xe => 2e + Xet. This reaction obviously
serves as a source for both electron and ions, and as a sink for energy by 12.12 eV per reaction. This is a
very simplified plasma model, no excitation, superelastic collisions and ionization of exited ions is included.
Elastic collisions, e+ Xe => e+ Xe, are included, they do not change the energy or particle density, but the
direction of the “fluid” streams. Surface reactions are absolute sinks for electrons and ions by neutralization,
XeT => Xe , and by being absolutely absorbing for electrons.

With the exception of the anode surface, the inner walls of the discharge chamber are dielectrics. There-
fore, surface charge (psurs) accumulation is accounted by:

0
apsurf =Je- JXe+ ’ (14)

with J. being the electron current normal to the surface, and Jy.+ being the ion current normal to the
surface.
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The distribution of the neutral Xe is calculated in a different fluid simulation described in chapter IIT A
and the result is used as a static background.

Finally, the electric potential ®, from which the electric field FE is derived, is calculated by the electron
and ion densities due to Poisson’s equation:
€06, AP = n, + Nxe

F. Modeling a magnetic field

The magnetostatic field created by the permanent magnets was simulated by use of finite element method.
The magnetization M () is the source of the magnetic field in their domains via B(r) = poM (r). For the
remaining simulation domain Gauss law of magnetism, V - B(r) = 0, is applied. The solver makes use of
the scalar potential Vi, with B(r) = —puoV Vi (7).

III. Model setup

A. Finite volume simulation of the neutral gas

Knowledge of the neutral gas distribution is essential for accurately calculating the spatial dependent ion-
ization rate (applied in chapter I1I E)

For the neutral gas simulation, a finite volume method fluid simulation was performed. Under consid-
eration of the cylinder geometry of the micro HEMP-Thruster, the simulation was performed only in the
r-z-plane. To incorporate the volumina streams, the thickness of this plane is chosen to be non-zero. This
is a so called 2.5 d type of simulation. In accordance with the measurement conditions, a gas inlet stream
of 0.5 sccm was applied.

B. Magnetic field model

Obviously, a precise knowledge of the magnetic field is needed. Due to the small size of the micro HEMPTs
discharge chamber a Hall probe measurement is practically impossible. Therefore, knowledge of the field
data can only be obtained through computer modeling.

Like the neutral gas distribution model the applied model makes use of the cylinder geometry. However,
here the thickness of the r-z plane is really zero, making it a true 2 d simulation. This scheme is also applied
to all plasma simulation models described in the following chapters saving vast amounts of computing power.

Here, this assumption simplifies the magnetic rings to rectangular domains, without diminishing the
accuracy of the result. The permanent magnets have a magnetization of M = 724 kA /m in the z-direction.

C. An analysis of the electron reflection

The confinement of the electrons by the magnetic field is of special interest, since better confinement can
increase the plasma density and, therefore, thruster performance.

Along with being bound to follow the magnetic field lines, confinement is achieved by the reflection
through the mirror effect.

The reflection probability for an electron generated at each position can be calculated by using the
reflection criteria (chapter II C, Eq. 6). Therefore, from each position the magnetic field lines are followed
in both directions, and along the field line the maximum magnetic field strength B, is determined.

An uniform angle distribution for the initial velocity vector of the particles is assumed. A hemisphere,
which consists of all possible velocity vectors, is than oriented according to the magnetic field line. Figure 2
shows a cross section of that hemisphere. In the green area are the electrons which are reflected, the white
area stands for the loss cone. Thus, the relative number of reflected particles can be calculated. While
with this method calculation can be made for any point, obviously, a non-infinite number of points must be
chosen. Points in a rectangular grid of 0.02 mm distance are selected. The magnetic field is imported from
the static magnetic field simulation described in chapter III B.
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Figure 2. Nomenclature of the hemisphere used for calculating the electron refection probability.

Figure 3. Pressure distribution (Pa) of a rotational symmetric neutral gas simulation, velocity direction as
streamlines.

D. A numeric simulation of the electron reflection

A particle-in-cell simulation is performed in an attempt to compare the actual confinement of the electrons
with the idealized analytical prediction. In order to match the conditions of the analysis the background
electric potential is set to zero, and electrons are defined to have no influence to the potential. So no electric
field acts on any of the electrons. The magnetic field is taken again from the results of the model described
in chapter III B, with a high resolution of 0.02 mm. This is due to the necessity of taking into account a
magnetic field component perpendicular to v)|, as mentioned in the description of the mirror force in chapter
II C. The resolution of the magnetic field must be in the order of magnitude of the gyration radius of the
electron, for the changes in that perpendicular component to be applied correctly. While for the analytical
method in chapter II C the gyration radius and therefore the magnitude of the velocity vector was irrelevant,
here the movement of the electrons is traced, and therefore both the initial velocity magnitude and direction
must be given. This is here achieved by a random generator that gives an average thermal velocity of 10
eV, a value that is orientated on measurements in the plasma plume. Like in the analytical simulation, the
domain is of the size ryrq, = 17 mm and zp4, = 27,5 mm. The domain is filled with electrons, except for
positions larger than r = 1,5 mm up to z = 17,5 mm. The time steps are 5- 1072 s, to sufficiently resolve
the gyration motion. The simulation is performed over 20000 time steps.
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Figure 4. Streamline plot of the magnetic field in the free space in the HEMPT and its surrounding.
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(b) Distribution of the macro-electrons after movement in the magnetic field of the micro HEMP-Thruster for 20000 time
steps (1-10~7 s). Electrons originating inside the discharge chamber colored red, electrons originating outside colored blue.

Figure 5. Comparison of analytic calculation and numerical simulation

E. Fluid model of the plasma

While it has some drawbacks like of not taking into account the mirror force, and being inappropriate for
the thruster plume, a fluid plasma model can give a first estimation of the plasma density and structures
with relatively little use of computing time.

In this fluid model an anode potential is ramped up from 0 V to 100 V within the simulation time, which
is 1-107® seconds. It is separated into 100 time steps. This simulation is not intended to reach steady state.
Most notably it has no restriction for anode current. Therefore, continuing for much longer times would
result in extraordinary high plasma densities. The result for the last time step for the neutral gas simulation
described in chapter IIT A is taken as a stationary neutral gas distribution (Fig. 3). It is idealized and
approximated with a mathematic function: 14 cos(z*pi/0.024)+16. Initial electron density is set to 1-10°
particles per cubic meter. Simulation does not include a neutralizer as an electron source. It is assumed that
for the short time span of the simulation, the electrons from the plasma outside the discharge chamber will
suffice. The electron mobility (a component of the magnetic field dependent conductivity tensor) is defined
as 1- 1025/7197 with ng being the neutral gas density in particles per cubic meter.
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Figure 6. Plasma parameters after 1-10~% seconds.

F. Model of electrons near the cusp

The anode voltage included in the fluid plasma model will consequently result in a potential drop towards
the exit. It is believed that the potential drop occurs in steps near the cusps, which have their cause in the
hindering of movement of the electrons near the cusps. A particle model of the environment of a cusp is set
up to further investigate this.

Domain of this model is r = 0..1.5 mm and z = 0..7.5 mm. The cusp is at z = 3.75 mm. From now on,
all positions with z-values smaller than 3.75 mm shall be called left to the cusp, and all with bigger values
right to the cusp. Following the analytical consideration, that its center of gyration follows a magnetic field
line, no electron should be able to move from a position right to the cusp to a position left to the cusp and
vice versa. The sole exception would be an electron for which the center of gyration is positioned exactly on
the z-axis. Yet because at the z-value of the cusp and at r=0, the magnetic field is zero and close to zero
nearby the gyro radius is not negligible anymore. This can lead to chaotic trajectories, as described in Ref.!?
As a result the electrons can pass the cusp in the z-direction. In this model the electron current has a value
of 10 mA, which is a common value for the micro HEMP-Thruster under investigation. As source of this
current, 6.24 - 1016 electrons per second are generated in a small volume near the right end of the simulation
domain. A time step of this simulation is 1-107!2 s, so there are 6.24 - 10* electrons generated per time
step. Initial thermal energy of the electrons is again set to be 10 eV. For this relatively simple study, from
the three magnetic rings, only the two necessary to generate one cusp are simulated, hence the magnetic
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Figure 7. Electron current densities after 1-10~8 seconds.

field is absolutely symmetric to the z-position 3.75 mm. Magnetic field calculation is performed in the same
way as in chapter IIT B. For this very schematic model, a constant electric field into z- direction is applied.
The resulting linear potential drop is from 166.7 V to 0 V. Typical value of the anode potential is 500 V.
Since three potential steps are assumed (each one at the two cusps and one at the discharge chamber exit),
one third of this value is taken. Most recent simulations of HEMP-Thrusters show the potential drop at the
chamber exit being by far the largest.2® Without further investigation, however, this conclusion cannot be
taken to the micro HEMPT. Influence to the electric potential by the electrons has been removed from the
calculation in order to study only the movement of the electrons in external electric and magnetic fields.

G. Model of a plasma near the cusp

To actually investigate the shape of the potential drop, plasma with an initial density of 1 - 106 particles
per cubic meter is inserted in the previous model, which creates plasma potential. This model has the same
domain size, static magnetic field and cathode electron source as the cusp electron model. The potential on
the left side of the model is again set to 166.7 V, yet this time there is no pre-defined potential drop. The right
side of the domain is grounded. The lower side is an open boundary with respect to cylinder coordinates.
The upper side is at 2.5 mm radius (surface of metallic parts), while for the particles the discharge chamber
radius is kept through a particle absorber for all particles with a position » >= 1.5 mm. The void in between
represents the dielectric material of the discharge chamber walls. The surface charge accumulation described
in chapter IT E, Eq. 14 is accounted for by replacing the absorbed electrons and ions with immobile ones at
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Figure 8. Distribution of the macro-electrons after movement in the electric and magnetic field of a cusp for
3.1079s. Phi component of the velocity, m/s, is shown by coloring.

r = 1.5 mm. While for the ions this does not concur with the real neutralization reaction, for the charge
the net effect remains the same when ions are added instead of electrons removed from the surface. Like the
previous one, this model is incomplete on purpose. It does not include ionization processes. Its purpose is
to focus solely on the movement of a given electron and ion distribution in the external and self-generated
fields. Later works may go back to this model and see which changes the ionization process made.

IV. Results

A. Neutral gas distribution

The results show a pressure drop of 30 Pa near the anode to 4 Pa near the discharge chamber exit (Fig. 3).

B. Magnetic field

The B, component has its maximum absolute value near the cusps. The B, component has its maximum
absolute value between the cusps. Both B, and B, component are zero near the z-position of the cusp at
r=0 (Fig. 4).

C. Electron reflection, analytic

The results are plotted in figure 5 a), with a color scheme representing the trapping probabilities. There
are almost ellipsoid shaped areas with high trapping probabilities near the two cusps and their maximum is
at r = 0. There are two other non-separated areas with high probability on the outside near the discharge
chamber exit. The one closer to the exit is bow-shaped. They are less symmetric than the ones near the
cusps due to the more complex magnetic field geometry compared to the cusp area. Everywhere else the
trapping probability is almost zero. Inside the discharge chamber 4.7 of the electrons are trapped.

D. Electron reflection, numeric

At the last time step, all electrons except ones in a few regions have been absorbed by the boundaries. These
regions are each at the two cusps, and one bow-shaped at the cusp exit, and another cloud further away
from that exit (Fig. 5 b) ). These regions fit very well with the regions of highest trapping probability from
the analytical. Yet near the maximums of the trapping probability the electron density is rather low. This
can be explained by the fact that the electrons move the fastest through this region as they oscillate between
their mirror points. They can move significant distance from their initial positions before they are reflected,
and they accumulate near the mirror points due to their slow speed there. After 11077 s, from the 65000
macro-electrons that originated in the discharge chamber, 3000 - these are 4.6% - are left. Their number is
still decreasing at 1-10~7 s, however, the loss rate appears to be negligible at that point.

E. Fluid plasma model

The result for the ion density at the last time step of the simulation has a maximum of 1.3 - 10'7 particles
per cubic meter (Fig. 6 a) , so it has at least in one region increased since the beginning of the simulation.
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There are two maxima: one between the two cusps, and one at the anode. The ionization rate has a similar
structure like the ion density (Fig. 6 b). As expected, the distribution of the electron temperature (Fig.
6 c) follows the magnetic field lines (chapter IT E, Eq. 12). The electric potential drops rather smoothly
in steps near the cups (Fig. 6 d). It is assumed that the reason for the drop is due to the fact that the
electrons are hindered in passing the cusps by their radial field, while the ions, which are barely effected by
the magnetic field, can pass them freely. This can be seen in the z-component of the electron current (Fig. 7
a), which is zero near the cusps. On the other hand, the r-component of the electron current is very strong
near the cusps (Fig. 7 b). The electrons are following the magnetic field lines. However, it should not be
forgotten that here the magnetic mirror effect is not accounted for. It can be assumed, that through the
mirror effect the current into positive and negative r-direction equals out over time. In conclusion, much
less electrons might be lost at the cusps than in this fluid simulation. Indeed, particle-in-cell simulation for
a normal sized HEMPT has shown for low r-postions a higher electron and ion density near the cusps than
in between them.?! The phi-component of the electron current shows strong regions of E x B drift near
the cusps, but also in tails into the z-direction away from them towards the anode (Fig. 7 ¢). It must be
taken into account that these are the conservative currents, so the electrons actually move into the opposite
direction than implied by the color scheme.

F. Cusp electron model

As expected, a few electrons have passed the cups in the z-direction (Fig. 8). The ones which have passed
are close to the z-axis; practically none have high r-values. Remarkably, most of them have a speed in the
phi-direction, forming a ring-current. Apparently the electrons keep their momentum into the phi-direction
(which they got through E x B drift near the cusp) as they move to the left, forming a tail of ring current
that has its origin near the cusps. This concurs with the ring current tail seen in the fluid simulation (chapter
IV E). On the right side of the cusp is a bow-shaped region with an opposite directed ring-current.

G. Cusp plasma model

A plot of the different particle types shows that after 2 - 1079 s the positive potential has already started
to drain the electrons on the left side of the cusp (Fig. 9 a). Like in the “cusp electron model” the cusps
acts as a barrier for most of the cathode electrons. For the electrons of the initial plasma, the cusp acts as a
barrier as well. The ions are still unaffected after such a short time. A potential step is clearly visible (Fig.
10 a). After 81078 s the side left from the cusp is almost a void of electrons (Fig. 9 b). On the right side
the cathode electrons have become a significant fraction of the overall electrons. (Fig. 10 b). Also on the
right side, a significant negative surface charge has built up. Supposedly many electrons right to the cusp,
following the magnetic field lines (Fig. 4), impact on the surface. This should be especially the case for the
cathode electrons, who originate near the right boundary of the domain, and therefore most of “their” field
lines end on the surface. After 4-10~" s the number of ions has greatly diminished, by flux to the right side
due to the potential gradient, as well as towards the radial direction (Fig. 9 ¢). As expected, the flow of the
ions is not hindered by the cusp. Due to the overall decreased plasma density, the potential is now almost
completely determined by the fixed potential on the left wall of the domain, as well as the surface charges
that had built up over time (Fig. 10 ¢). The lack of electron and ion generation through ionization means
increasing diversion from real plasma as the time proceeds. Therefore the results of the time 8- 1078 s are
believed to be more useful that the ones of 4 - 107 s. Also when a system has reached steady state, the
cathode and anode electron-current is equal, which is not given here. Nevertheless the model indicates that
different electron density and velocity directions at opposing sides of the cusp might play a significant role
in the surface charge accumulation.
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Figure 9. Distribution of the macro-electrons and macro-ions after a) 2-107% s, b) 8-107% s and ¢) 4- 107 s.
Initial ions blue, initial electrons red, cathode electrons orange.
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Figure 10. Electric potential in V after a) 2-107% s, b) 8. 1078 s and c¢) 4- 107" s.
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V. Conclusion

Some basic principals of single particle motion, particle in cell method and its application to modeling the
micro HEMP-Thruster have been demonstrated. An analytic method to investigate electron confinement for
the simple case of no electric fields has been developed. A particle in cell simulation validates this method and
vice versa. A relatively simple fluid plasma simulation of the micro HEMP-Thruster has been performed, by
use of a finite volumina element simulation for the neutral gas distribution. Advantages and disadvantages
of fluid simulation for this type of thruster have been shown. Movement of electrons originating from the
cathode (neutralizer) in the environment of a magnetic cusp with an external electric field has been simulated
by use of particles. Furthermore, a simplified particle in cell plasma simulation shows the formation of a
step in the plasma potential near the cusp. Improvement of the realism of this model is required to confirm
this.
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