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Abstract: The grid system is an essential part of a radio-frequency ion thruster (RIT).
It determines to a large extent efficiency and lifetime. Existing simulation models for
the RIT are able to self consistently predict the thruster’s behavior. These models can
be used to simulate thruster operating points for different mass flows (through the gas
inlet) and ion beam currents. In this paper we propose a more detailed three-dimensional
ion extraction model as part of the self-consistent thruster model. Our model yields a
simulation of grid currents as well as of the generated thrust. The self-consistent coupling
takes into account of how the plasma changes with varying mass flow. We calculated and
discussed the influence of beam current and of mass flow on the extraction grids.
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Tirajectory ~ = current represented by each individual trajectory

J = discrete address of the potential grid point in y dimension
k = discrete address of the potential grid point in z dimension
ky = Boltzmann constant
Me = electron mass
my = ion mass
m; = jon mass flow
Ne, = electron sheath density
ni, = ion sheath density
Nsca = amount of trajectories which collide with the screen grid
Pn = impulse of a specific particle n
DSB = impulse by particles leaving through the space boundary
Qi = charge of one ion macroparticle
7 = position vector
saca.pce = distance between the surfaces from acceleration grid and deceleration grid
sscg.acg = distance between the surfaces from screen grid and acceleration grid
Lgridname = thickness of the corresponding grid
dgridname = diameter of the aperture in the corresponding grid
T = electron temperature
T = ion transmission coefficient
Vp = Bohm velocity
AT = discrete time step for particle movement
Az = potential grid distances in x dimension
Ay = potential grid distances in y dimension
Az = potential grid distances in z dimension
€0 = vacuum permittivity
D egion = potential of the corresponding region (PB, SCG, ACG, DCG or SB)
Dy = potential at the electron sheath edge
De = electron charge density
Di = ion charge density
ptt = ion space charge of iteration n+1 (next iteration)
o7 = ion space charge of iteration n (actual iteration)
ot = ion space charge of the trajectories calculated in iteration n
w = under relaxation parameter for the ion space charge
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I. Introduction

ADIO-FREQUENCY ION THRUSTERS rely on separated ionization and extraction mechanisms for gener-
Rating thrust. This yields a high Iy, above 6000 s and thrust scaling over several orders of magnitude.
A sketch of the operation principle is shown in Fig. 1. Commercially available thrusters possess nominal
thrusts ranging from 50 pN up to 205 mN. Thrust is generated by acceleration of ions by an electrostatic
grid system, which, properly adjusted, yields plumes of a small divergence angle. The collisional ionization
is powered by inductive heating. For typical thruster-sizes the frequencies of the RF excitation range from
slightly below 1 MHz up to a few MHz.

The RIT was invented by Horst Loeb in the 1960s.

Since then the technology has been constantly developed )ﬂ%
and improved by multiple contributors, for example, Univer- °

sity of Giessen, ArianeGroup GmbH and Leibniz-Institut fuer ionisation : ®R'<:9C®0"® )| ° R
Oberflaechenmodifizierung e. V. Since 2012 the Technische chamber ~__ H i o .
Hochschule Mittelhessen (THM) is also involved cooperating ) . ‘e
with the University of Giessen. The presented work is a fur- neutral gas mlé.. E. .'. Il . ': -:'
ther development of our work shown in Ref. 1,2. Xe? h. °.0 °::', Il X o

One key contribution for further improvements of RIT tech- F,j Ry ot . ".'
nology is the ability to model and predict thruster performance % o], e e
with sufficient accuracy. Based on the complexity of the thruster PHY < [l ® . ev,
a self-consistent model founded on different areas of physics is p— m— ) .
required. By running parameter studies the model can ge used ®e® |\L> lon optics
as a designing tool. Possible parameters are the number of coil NH%

windings and distances from coil to housing. For this purpose

simulation times in the magnitude of hours are beneficial.
There are two thruster-models®?34 which fulfill our require-

ments for accuracy and simulation time. Both models solve the

conservation equations for particles, charge and energy. The sec-  Figure 1. Operation principle of a RIT

ond model also calculates the temperature density. For thruster

modeling using the models mentioned it is sufficient to calculate the ion mass flow m; by the expression

RF-generator ‘
-

i = vpni AT} (ni, Te, Psca, Paca, Pooa) (1)

where vy, is the Bohm velocity, n;, is the ion sheath edge density and A is the extraction surface. The grid
system is described by an ion transmission coefficient T} dependent on ion sheath edge density, electron
temperatur Ty, and the grid potentials Pgca, Pace and Ppeg as indicated in Fig. 2. Equation (1) is used
as part of the particle conservation.
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Figure 2. Ion optics of a RIM-4 as represented in our extraction model with boundary conditions
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The grids’ purpose is to accelerate ions for thrust generation and also to keep the neutral gas inside
the ionization chamber. For good efficiency the ion transmission coefficient has to be high and the neutral
gas transparency has to be low. This leads to a design where the ion flux out of the plasma is focused
from a wide aperture in the screen grid through a narrow aperture in the acceleration grid. Based on the
plasma parameters n;, and T;, as well as the grid geometry and the grid potentials different effects can be
observed®%7. E.g.:

a) direct impingement

b

Cross-over

d

)
)
¢) electron back streaming
) thrust reduction by divergence
)

e) widening of the plasma meniscus inside of the plasma

In Ref. 3 and 4 the ion extraction software IBSimu with a 2D axisymmetric ion optics geometry was
used. The software simulates the ion beam which includes a)-e) but only the ion transmission coefficient
and the divergence are evaluated. To the author’s knowledge, there is no self-consistent thruster model for
an RIT which evaluates a)-d). For this purpose, we propose to improve our previously developed model of
a RIT'? by including a more sophisticated three-dimensional ion extraction code. In addition, we evaluate
how the operating point of the grids changes dependent on the beam current and on the amount of incoming
neutral gas.

II. Numerical Model

A. Thruster model

The thruster is modeled according to Ref. 1-5 and 8-13. As the focus of this paper is on the ion extraction,
we will just give a short overview of the thruster model. Three conservation equations for energy, charge and
particle number are used. The self-consistent model calculates electron temperature, ion density and neutral
gas pressure inside the ionization chamber. The energy conservation ensures that the lost power inside the
plasma equals the induced power by the coil. Within this model the quasi stationary electromagnetic field
equations are solved using the finite difference method. The charge conservation balances generated charge
by ionization and lost charge at the walls and by extraction. The particle conservation takes into account the
incoming neutral gas (abbreviated as mass flow), the lost neutrals through the grids as well as the extracted
ions. To calculate the number of extracted ions the new extraction code is used.

B. Ion extraction model

The simulation of ion extraction is already well known and validated. Thus, many simulation tools e.g.
IGUN!0 Kobra and IBSimu'!'? are available and act as reference. There are models for 2D and 3D
simulation. As seen in Fig. 2, our code simulates ion optics in 3D. In y and z direction the Neumann
boundary condition are applied for the potential calculation and particles are mirrored. At PB and SB
Dirichlet boundary condition are applied and particles are deleted. As illustrated on the right-hand side
of Fig. 2 the simulated region represents one unit cell of an unlimited number of apertures in a hexagonal

layout. This allows us to evaluate the effects of neighboring extraction apertures's.

C. Simulation domain and Particle-in-Cell method

For ion simulation, the particle-in-cell (PIC) method is used'#1®. As shown in Fig. 3, the whole simulation
domain is divided into voxels/cells. The voxel edges are used as a grid system for the electrostatic potential.
The ions are represented by macroparticles. If a macroparticle leaves a cell, it will be checked whether
it collides in the neighboring cell. The parameters assigned to the neighboring voxel define the applied
behavior:

a) no action (vacuum)
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b) deletion of macroparticle (material)
c) reflection of macroparticle (boundary to neighboring aperatures)

By representing the hexagon layout as shown in Fig. 2 the

size of the simulation domain is determined by the distance grid point possible collision
between two aperture centers. This necessitates to choose the \
voxel length x, y and z independently. The PIC method re-

quires the particle charge to be assigned to the grids (scatter) macroparticle

and the electric field calculated from the potential to be inter-
polated to the particle position (gather). In our code we apply
a first order weighting for both scatter and gather. To inte-
grate the equation of motion (move) the Boris scheme!® comes
into effect. For performance enhancement gather and move are Py, j-1,] ®
executed in parallel on several cores using multithreading. The o MM
C++ Standard Library is used for programming.

[}
Pi-1,jk]

Prijkl  Pli+a,jikl

Figure 3. Voxel representation and grid sys-
D. Flow Chart tem for the electrostatic potential

A Vlasov-Poisson iteration'? as shown in Fig. 4 is used to solve the system until convergence. The electrostatic
potential is calculated during each iteration. Based on the newly calculated potential the ion macroparticles
are moved discrete time steps starting at predefined starting positions. This is done until every particle is
either deleted due to a collision with grid material or has moved outside the simulation domain by reaching
the space boundary. In order to determine convergence, a norm for the positional deviation between iteration
n and iteration n + 1 is calculated. Convergence is assumed when the norm is smaller than a given value. If
the convergence is not reached, the under relaxation method is used to calculated the ion space charge for
the next iteration p"*! by

Pt = pl" +w(pt — pi") (2)

where pi* is the actual ion space charge used for trajectory calculation, w is the under relaxation parameter
and p! is the ion space charge of the calculated trajectories of iteration n. This process is repeated until the
convergence criteria is met.

!

calculate calculate calculate trajectory scatter and
initialize [ electrostatic potential [»{ electric field ] trajectories change under relaxation
at grid points at grid points (gather and move) small of charge

convergence
reached

v

plot and
save data

Figure 4. Flow chart of the used Vlasov-Poisson iteration

E. Boundary conditions

The ion trajectories start near the plasma boundary. A collisionless sheath is assumed. We use the Bohm
velocity

kpTe

mi

(3)

Ub
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as start velocity for the ions, where ki, is the Boltzmann constant and m; is the ion mass. The thruster
model provides the electron temperature and the ion sheath edge density.

We apply a Dirichlet boundary condition at the boundary of both space and plasma. The potential at
the space boundary is 0 V. To calculate the ®pp at the plasma boundary we use the well known equation
for the sheath potential. We calculate

kBTe mi
Ppg =P 1 4
PB Acc T % n (%me), (4)

where e is the elementary charge and m, is the electron mass.

To model the plasma sheath a distance of at least 20 Debye lengths is simulated between plasma boundary
and screen grid. The voxel length in x direction and thus the distance of the potential grid points is below
one Debye length. The ion macroparticle charge @; is calculated by

o Itrajcctory
Q= fmieet 5)

where Iiajectory is the current per trajectory and AT is the discrete time step for particle movement. This
calculation ensures that the trajectories correctly represent the space charge. The electron sheath density
Ne, is assumed to be equal to the ion sheath density n;,.

s

F. Nonlinear Poisson equation

The potential is described by the Poisson equation

V2P = _M (6)
€0
where p, is the electron charge density, p; is the ion charge density and ¢ is the vacuum permittivity. The ion
charge density is defined by the ion macroparticles. The electron density is assumed to follow the Boltzmann
relation'”. This leads to the analytical equation

e

@) - 2] g

where 7 is the position vector and ®g is the potential at the electron sheath edge. A discretization is needed
to solve the partial differential equation by numerical methods. In this work the finite difference method is
applied to Eq. 6 and 7 leading to the following 7-point stencil:

pe (T) = —€ne, exp |:

pi — €Ne, eXP {k,TT G @s)]

D,+D,+D, =—
€0

_ Cri-1,i6) — 2P ik + Ptk

Ppij—1,k = 2Ppijx0 + Pt
(Ly)®
Pk = 2P + Pkt

where 4,5 and k are the discrete addresses of the potential grid points in z,y and z direction as shown in
Fig. 3 and Az, Ay and Ax are the potential grid distances.

Particular consideration must be given to Dirichlet and Neumann boundary conditions. Dirichlet bound-
ary conditions can be applied at any potential grid point. Neumann boundary conditions can only be used
at outer potential grid points of the simulation domain. If necessary, we apply different equations for 6
surfaces, 8 corners and 12 edges respectively. The nonlinear equation is solved by using a multidimensional
Newton-Raphson method. In this method, a linear system of equations is generated based on an initial
potential. The solution of this linear system of equations is used as a correction to the potential. This is
repeated until convergence is met. The linear system of equations is solved using Red-Black-SOR!'®. For
performance enhancement this algorithm is executed in parallel on several cores using multithreading. The
C++ Standard Library is used for programming.

Dy

D, =

D
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G. Characterization of a grid operating point

For grid characterization, the previously introduced effects a)-d) (see Introduction) have to be quantified.
This is done on the basis of the following assignments:

e current to ACG and DCG — indication for crossover and direct impingement
e current to space boundary — ion transmission coefficient
e force to space-boundary — thrust and indication for defocusing

e lowest potential inside the beamlet — indication for electron backstreaming

To determine the values, each voxel is assigned to a region. These regions are SCG, ACG, DCG, and SB
as shown in Fig. 2. For each region we record the ion current occurring and the force exerted on the region.
Each trajectory represents a fraction of the ion current leaving the plasma. The ion current assigned to a
specific region is calculated by summing up all the ions which imping on these region. E.g. the ion current
Iacc assigned to the acceleration grid is calculated by

Irce = NACGItrajectory (9)

where Nacg is the amount trajectories which impinge on the acceleration grid. Other ion beam currents
are calculated accordingly.

Each macroparticle carries a momentum. The amount of particles which collide with the space boundary
in the trajectory calculation corresponds to with the collisions which take place every time step AT. As
an illustration: Each time step every particle jumps to the next trajectory position. Accordingly each time
step the amount of particles generated at the start of the trajectories corresponds to the amount of deleted
particles at the end of the trajectories. By summing up the momentum of all particles which collide with
the SB in the trajectory calculation we also obtain the total momentum which leaves the system every time
step AT. Thus, the thrust ﬁSB is calculated by

. Dn
F: _ 8117SB ~ nEZSB (10)
BT ot AT

where psp is the total momentum of all ions, that leave the SB per time interval, p, is the momentum
vector of a specific macroparticle n and ) _gp is the summing over all macroparticles, that hit the space
boundary.

The result agrees with the sum of momentum generated from the electric field by acceleration and the
one based on the Bohm velocity. We assume, that the force outside the simulation area is negligible. This
assumption corresponds to applying a Dirichlet boundary of 0 V at the space boundary.

H. Validation of the implementation

Our code is based on physical assumptions identical to those of already existing and validated ion extraction
codes. Accordingly, the validation of the equation system can be omitted and it is sufficient to validate the
correct implementation. This is done by comparing the trajectories of our code with the trajectories from
IGUN as shown in the left part of Fig. 5. In IGUN a 2D axisymmetric system is simulated with a radius
of 1.41 mm. In our 3D-Code we simulate a rectangular system with the holes in the middle and periodic
boundaries towards the neighbor-holes as shown on the right-hand side of Fig. 5. The area in our code of
2.5-2.5 mm? is chose such as to simulate the same sheath surface and thus, also the same beam current as
in IGUN. The system length in both cases is 12 mm. As aperture we use our RIM-4 configuration already
shown in Fig. 2. The electron temperature and the ion-starting energy are set to 3.0 eV. As depicted in the
left part of Fig. 5 a good agreement is achieved.
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ITI. Results

A. Performance Mapping

To evaluate a RIT a performance mapping as depicted in Fig. 6 is measured.

The thruster model combined with the extraction model allows us to calculate the ion sheath edge density
as well as the electron temperature for different thruster operating points as depicted in Fig. 7. A thruster
operating point is defined by the input mass flow 7, of the neutral gas and the ion beam current Ij,. In the
following all simulations are done for our RIM-4 and at a excitation frequency of 2 MHz.

x10"7
10 ¢ i 2 *
° 05 mA beam current Lo !
* 10 mA beam current " o ! 1
= * 15 mA beam current z .
Q 8 . i 1.5 R * /e 05 mA beam current
e ¢ = ¢ * 10 mA beam current
Z . g ¢ + 15 mA beam current
g ., o * ..
20 gL
) ° e © o
o A = s
e 00.‘ g °
§4 o;. ﬁ05 °°°°.°°.°o()
— o ¢ oo
@ R 8 .‘S o
U
2 0
0 0.5 1 1.5 0 0.5 1 1.5
input mass flow 7h;,, sccm input mass flow 7, sccm

Figure 7. Calculated electron temperature and ion sheath edge density for RIM-4 at 2 MHz excitation
frequency

B. Ion optics characterization

We analyzed the behavior of the ion optics for different thruster operating points. To do this, we ran 300
simulations for different ion sheath densities and electron temperatures in our 3D code. This took 60 hours
of simulation time. In x, y and z direction the potential for 130 to 693, 44 and 26 grid points were solved. In
every simulation 18304 trajectories were calculated. The electron temperature was varied between 1.0 eV and
20 eV in 15 steps. The ion sheath density was varied between 106 % and 10'® % in 20 steps. The intervals
for both parameters were stepped logarithmically. In Fig. 8 trajectories for four combination possibilities of
min and max values of T, and n;, are illustrated. This figure can be used to explain the basic behavior of
the ion optic.

According to Eq. (3) a low electron temperature leads to a low starting velocity. Additionally the sheath
potential (see Eq. (10)) is also low which leads to less acceleration of the ions in the sheath. The overall
lower velocity allows the ions to be diverted more easily. This can be seen by comparing top left and bottom
left images of Fig. 8.

At low ion sheath density (left in Fig. 8) and low electron temperature (bottom in Fig. 8) the trajectories
are pulled towards the middle of the aperture, before they reach the screen grid. Therefore, more ions can
pass through the screen aperture and Igcq is reduced. This combination of T, and n;, also leads to a plasma
meniscus (equipotential for & = ®5cg) which penetrates far into the plasma. The diversion can be large
enough to let the ions cross the center of the aperture and impinge on the grid at the opposite side. This is
called cross-over.

At low ion sheath density (left in Fig. 8) and high electron temperature (top in Fig. 8) the ion divertion
between space boundary and screen grid is negligible. The ions approach the screen grid approximately
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Figure 8. Trajectories for different values of T, and n;_

perpendicular to its surface. The extracted current is determined by the geometrical area ratio between
screen grid aperture and simulation domain. The ratio is approximately 0.52 which coincides with the value
in Fig. 9.

At high ion sheath density (right in Fig. 8) the grid operating points move towards the perveance limit.
The ion space charge lets the beamlet expand. This leads to additional ion current towards the screen grid
at the inside of the aperture. Furthermore, accelerated ions hit the acceleration grid. This leads to so called
direct-impingement.

C. Screen grid current
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Figure 9. current ratio towards screen grid, left: surface plot; right: lines of constant ratio with the operating
points from Fig. 7. Positions from bottom to top represent the input mass flow from high to low.

In Fig. 9, we analyze the screen grid current Iscg. All grid currents are divided by the total ion current
out of the plasma boundary Ipg. This leads to a value range from 0 to 1. As depicted on the left-hand
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side of Fig. 7 this proportion changes from roughly 0.2 up to 0.7. These values are in accordance with the
trajectories shown in Fig. 8.

The right-hand image of Fig. 7 shows lines of constant ratio IIS& together with the operating points of
the thruster. For the operating points the same values as in Fig. 7 are used. With increasing input mass flow
the neutral gas density inside the ionization chamber will also increase. A higher neutral gas density leads to
a lower electron temperature. As a consequence the Bohm velocity decreases. Due to current control the ion
beam current is constant. Based on Eq. (1) the decreased Bohm velocity is compensated by the controller
with an increase in the ion density. This dependence is displayed in Fig. 9.

It may be expected that this affects the aperture operating point. As seen in Fig. 9 the decreasing
electron temperature and the increasing ion density seem to counteract each other. By varying the input
mass flow the operating point of the aperture changes along the lines of constant ratio. This effect will be
shown later again for the other parameters.

A change of beam current leads to a change perpendicular to the lines of constant ratio IIST?; This
changes the operating point.

D. Acceleration and deceleration grid current
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Figure 10. left: current ration towards acceleration grid; right: current ration towards deceleration grid

Next we evaluate the grid currents. The top right region in both images of Fig. 10 indicates direct impinge-
ment. The bottom left corner indicates crossover. Both effects result in currents to both grids with different
magnitude:

Direct impingement — strong acceleration grid current, minor deceleration grid current.

Crossover — strong deceleration grid current, minor acceleration grid current.

Both grid currents lead to the unwanted effect of grid erosion. In Fig. 11 the sum of acceleration grid current
and deceleration current is illustrated. A corridor (blue) for possible operating points without grid erosion
can be seen. Grid erosion by charge exchange ions is not considered.

e Varying the inlet mass flow — grid operating point changes along the corridor.
e Varying the beam current — grid operating point changes perpendicular to the corridor.
When the region of direct impingment is reached, the gradient is quite strong which leads to a fast rise of

acceleration grid current.
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Figure 11. Sum of ratios for unwanted currents towards acceleration grid and deceleration grid respectively

E. Ion transmission coefficient

The ion transmission coefficient as illustrated in Fig. 12 also varies with changing ion beam current, but is
rather independent of the inlet mass flow.

color represents the ion transmission coeffcient I;TB" color represents the ion transmission coeffcient I‘IP—“;
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Figure 12. ion transmission coefficient
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F. Thrust

The maximum possible thrust fmax for a perfect non-divergent extraction is calculated by

- m; |2 (1
Frnax = mve = b_1 —_— (‘Wi’UE + (I)PB6> (11)
e my \ 2

where 711 is the mass flow rate of exhaust and v, is the exhaust velocity. This velocity is calculated based on
the exhaust energy which is the sum of kinetic energy and potential energy. Both energies are known at the
plasma boundary. As illustrated in Fig. 13 the thrust Fy is normalized by Fi,ax to restrict the value range
from 0 to 1. Note that an aperture with perfect symmetry and no alignment has been simulated. At this
simulation the loss of thrust due to beam divergence is roughly 2 % for the worst operating point.
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Figure 13. Thrust in x dimension, normalized

The proportions of the radial forces Fy, and F, to Fi,ax are below 3 - 10'3 for every operating point. This
coincides with our expectation. By simulating a symmetrical round aperture the radial forces cancel each
other out.

The particle integration in our code can produce numerical errors which would disregard the energy
conservation. To check for this error an additional summation is implemented which sums up the absolute
values of all forces instead of using a vectorial summation. If the energy is conserved by the simulation the
result has to agree with Fy,... In our simulations the deviation is below 0.35 % for every operating point.

IV. Conclusion

A 3D ion extraction code is developed to calculate the ion currents towards all extraction grids as well as
the generated thrust. Our calculated trajectories are compared with the results of the established simulation
software IGUN'® and show good accordance. 300 simulations of the extraction code are carried out to
characterize the grid behavior in dependence on ion sheath density and electron temperature. In accordance
with Ref. 5, our simulations predict cross-over for low ion sheath density and direct impingement for high
ion sheath density. Our code is coupled self-consistently with a thruster model. This allows us to examine,
how the grid system behaves, if ion beam current and mass flow are changed.

Variation of the beam current influences the grid operating point. Cross-over, direct impingement and
a change of the ion transmission coefficient are observed. A variation of the mass flow changes the plasma
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parameters, in particular, electron temperature and ion density. In our simulation runs we can observe that
both changes cancels each other out. If the ion density decreases, the electron temperature will increase
accordingly. The combination of both changes leads to a new grid operating point which has nearly the
same ion transmission coefficient and grid currents as the previous one.
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