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1. Introduction

Impurity seeding in the scrape off layer plasma as well as controlling
the contamination of the core plasma by high Z impurities are essential
for ITER baseline scenarios. Predictions for the ITER baseline scenarios
are often based on fluid descriptions of the impurity transport. However,
especially lower ionization stages of high Z impurities (e.g. Ar, W) do not
have the time to equilibrate to a Maxwellian velocity distribution and a
kinetic treatment might be more appropriate than a fluid description for
these short-lived ionization stages.

To simulate kinetic effects of impurities, the EMC3-EIRENE [1,2]
code package was recently extended by a kinetic ion transport module in
guiding centre approximation [3]. The kinetic ion transport module is
part of the kinetic neutral Monte Carlo code EIRENE [4] and currently
contains grad-B and curvature drifts including mirror-force effects,
anomalous cross-field diffusion and a simplified model for Coulomb
collisions via an ion-ion energy loss frequency in Langer approximation.
In this paper we present improvements and verifications of the kinetic
ion transport module of EMC3-EIRENE by reproducing basic properties
of the guiding centre approximation together with an application for
Nitrogen seeding in an ITER medium density L-mode scenario.

2. Kinetic ion transport model

The Kinetic ion transport module of EMC3-EIRENE is based on a
guiding centre model in trace ion approximation. Currently the EMC3
code includes only an approximated parallel electric field based on a
simplified momentum balance for the electrons. For this reason, we are

currently not taking into account any E x B drift or acceleration of the
kinetic ions in the electric field. As a next step in the future, we plan to
include at least the acceleration due to the simplified parallel electric
field in the kinetic ion transport module of EMC3-EIRENE. This would be
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in line with the existing trace fluid impurity model already present in the
EMC3 code. The kinetic ion transport module currently lacks also any
contribution from thermal and friction force effects. This is foreseen to
be dealt with in future improvements to the Coulomb collision model.
With the neglection of the electric field, the guiding centre velocity for
the kinetic ions in the EMC3-EIRENE code is then given by equation (1).
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The change of the parallel and perpendicular velocity components
can be derived from the conservation of the magnetic moment and en-
ergy and has also a contribution from the Coulomb collisions.
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The guiding centre transport is then described by a stochastic jump

process Aﬁgc = ﬁgcAt + JM—AEE |, where Z | is a random unit vector
perpendicular to the magnetic field.

The cell geometries of the EMC3 and EIRENE codes are shown in
Fig. 1, where a field line in the EMC3 cell can be represented by local
coordinates u', u®. Both cell representations share the same corner
points, but as the EIRENE code internally works with Cartesian co-
ordinates, the corner points of the EIRENE cell are connected by straight
lines and the cell surface is represented by triangles.

For a starting point f’l of a trajectory in the current cell, the point f’z
where the particle would leave the cell only due to parallel transport is
calculated together with the traveling time At in the curved field
line representation of the EMC3 cell. These two points are transformed
back to Cartesian coordinates and define a local parallel Cartesian
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Fig. 1. Cell representation in the EMC3 (left) and the EIRENE (right) code.
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Fig. 2. Conservation of the magnetic moment for the old Euler and Runge-
Kutta method (on bottom x-axis) and the new integration method (on top
X-axis).

velocity vector VH = (1?'2 7131> / At. Additionally an ‘effective diffusion

velocity’ in Cartesian coordinates is defined by ?diff: (1 /D1 At Z L) /

T
Aty and together with the drift velocity V= ‘(‘1; /;“/l_ LA

the step ve-

locity is defined by vstep = GH + vdn'f[ + Vdiff. The particle is then advanced
in Cartesian coordinates with the final timestep At to the intersection

point P; with the cell surface (or to a mean free path event inside of the

cell) by 53 = 131 + VstepAtcut. This is only approximately correct for
Ateye = Aty as the diffusion jump step is not scaling linearly with At. A
better treatment where the diffusive step is separated from the
convective step is discussed later in section 4.

3. Conservation of the magnetic moment

After the final Point 53 of the transport step and the traveling time
At was calculated, the change of the parallel velocity is estimated by
solving the ODE (2) without the contribution from the Coulomb colli-
sions. The change in the perpendicular velocity is given by the energy
conservation. The original implementation of the kinetic ion transport
module in EIRENE provides two integration methods to solve the ODE, a
simple Euler and a Runge-Kutta method. To verify the kinetic ion
transport module, we have launched a particle in the magnetic mirror on
the outer midplane and switched off all contribution from drifts, diffu-
sion and Coulomb collisions. The evolution of the magnetic moment for
both existing integration methods are shown in Fig. 2, where the mag-
netic moment is plotted versus the number of mirror reflections (bottom
x-axis) the particle has experienced. Both existing integration methods

Nuclear Materials and Energy 33 (2022) 101279

Mirror Reflection Points

500
400 |
300
200
100 f

Z [cm]
o

-100 |
200 |
-300 |
-400 |

-500 L L L L
400 600 800

R [cm]

Fig. 3. Trajectories and reflection points in the magnetic mirror for particles
launched at the OMP with different trapping condition a. Drifts, diffusion and
Coulomb collisions were switched off.

are not conserving the magnetic moment. The particle is lost out of the
magnetic mirror after two mirror reflections by the existing Euler inte-
gration method (purple curve) and after ten mirror reflection by the
existing Runge-Kutta integration method (green curve).

We have designed now a new method which enforces the conser-
vation of the magnetic moment and energy directly (blue curve in

Fig. 2). As the final Point i;g of the step is already known, we do not need
to solve the ODE (2), but instead directly calculate the final parallel and
perpendicular velocity components by utilizing the conservation of
magnetic moment and energy. With the velocities v, v.1 and the

magnetic field strength B; at the starting Point 131 together with the

magnetic field strength Bs at the final Point P3 we get from the con-
servation of the magnetic moment v2, = v2,B3/B; and with the con-
servation of energy v, = vf; + v4; —vi;. Here we need to ensure that

the squared parallel velocity vﬁg at the final point 133 is not becoming

negative and instead a mirror reflection is triggered which switches the
sign of the parallel motion. The result for the new algorithm is show in
the blue curve of Fig. 2 which is related to the top x-axis (different
scaling than bottom x-axis). As expected, the magnetic moment is now
fully conserved and no loss of the magnetic moment is observed even for
more than 6 x 10° mirror reflections.

As another verification of the new algorithm, we again switched off
all contributions from drifts, diffusion and Coulomb collisions and
launched particles in the magnetic mirror at the outer midplane (OMP)
with different trapping conditions a = % > gﬁ‘. The trajectories of
the particles are plotted in Fig. 3 which show a smaller or larger extent in
the magnetic mirror depending on their trapping condition a. The
reflection points are stable and do not drift over several hundred thou-
sand mirror reflections. For each particle, we have logged the magnetic
field strength along its trajectory and used the maximum and minimum
values to reconstruct the trapping condition a. The reconstructed trap-
ping conditions a = 0.8585,0.8983,0.9598, 0.9892 are very close to the
ones used to launch the particles (0.86, 0.90, 0.96, 0.99), which means

that the mirror reflections happen at the correct magnetic field strength.

4. Banana orbits

To further verify the kinetic ion transport module of EMC3-EIRENE
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Fig. 4. Left plot: Trajectory of the trapped ion in the magnetic mirror for 10 mirror reflections. Centre plot: Zoom at OMP shows large numerical diffusion of a
trajectory with the old algorithm for 100 mirror reflections. Right plot: Further zoom at OMP shows stable formation of banana orbits with the new algorithm in local

curvilinear coordinates for 100 and 1000 mirror reflections.

we consider the formation of banana orbits in the magnetic mirror due to
the grad-B drift. For this we switch off Coulomb collisions and anoma-
lous cross field diffusion and switch on the grad-B and curvature drifts.
The kinetic ion is launched at the outer midplane with an energy of 140
eV and a trapping condition a = 0.86. The left plot of Fig. 4 shows the
trajectory of the trapped ion for 10 mirror reflections (red symbols). The
centre plot of Fig. 4 is a zoom into the outer midplane region together
with a longer trajectory covering 100 mirror reflections (blue symbols).
We can see that the longer trajectory has a strong numerical diffusion
which is attributed to inaccuracies in the Cartesian representation of the
drift motion.

We have now completely redesigned the particle motion of the ki-
netic ions in the EMC3-EIRENE code. The new algorithm for the particle
motion is no longer working in Cartesian coordinates but uses now the

local curvilinear coordinate system u = ule; +u?e, +u*es of the EMC3
cell (Fig. 1) where es is parallel to the magnetic field. With the con-
travariant components w', w? and w® of the combined grad-B and cur-

vature drift velocity vector Vg we have a system of ordinary
differential equations for the particle motion in the local curvilinear
coordinates of the EMC3 cell.

di !

7”[ = \’Vl (M],M27M3)

di 2

7”[ = Wz(u',uz,u3)

_u3 7—VH (Ml Mz M3)+W3(ul M2 M3)
dt \/_ 833 Y Y

Here g33 = e3-e; is the metric coefficient and o = —1,+1 indicating
the direction (sign) of the parallel motion. The parallel velocity v (u!, u?,
u®) is given by the energy and magnetic moment conservation as
described in section 3. This system of ordinary differential equations is
solved by a Runge-Kutta method with adaptive step size control. The
result from the new algorithm is shown in the right plot of Fig. 4 for a
particle with 100 (purple symbols) and 1000 (yellow symbols) mirror
reflections which are now forming stable banana orbits. The small nu-
merical diffusion observed with the new algorithm after 1000 mirror
reflections can be roughly estimated by the spreading Ax =1 x 10~*m of
the yellow symbols in the banana orbit over 1000 mirror reflections and
the corresponding travelling time At = 3.48s. This gives an estimate of

Table 1
Molecular processes of the AMJUEL database used for Nitrogen
molecules N> and molecular ions N2+ in the simulation.

AMJUEL 2.7.5:
AMJUEL 2.7.9:
AMJUEL 2.7.10:
AMJUEL 2.7.11:

e+ Ny—»e+ N+ N

e+ Ny—e+Nj +e
e+ Ny—se+N+N" +e
e+ Nj—e+2N" +e

the numerical diffusion coefficient of Dpymeric = AX?/At = 2.9 X
10~°m?2s~! which is orders of magnitude smaller than the typical
anomalous perpendicular diffusion of D, = 0.3m?s! and thus negli-
gible in the final simulations including anomalous perpendicular
transport.

While we were redesigning the algorithm for the particle motion, we
have also split off the diffusive step from the convective particle motion.
As mentioned already in section 2, the original algorithm was linearly
rescaling the diffusion step with the final time step At which is
incorrect as the diffusive step scales only with /At. The new algorithm is
now calculating the time step At to reach the cell boundary (or a mean
free path event inside of the cell) purely on the convective parallel ve-
locity and drift motion. In a second split step this time step At is used

to calculate the random walk step AR . =+/D LAtcmZ , for the perpen-
dicular diffusion, which is treated as a displacement event of the Monte
Carlo particle in EIRENE.

5. First stable simulations of Nitrogen seeding

With the new developments we are now able to perform the first
simulation with the improved kinetic ion transport module of EMC3-
EIRENE. We use a plasma background obtained by EMC3-EIRENE for a
medium density (attached) ITER L-mode scenario with a separatrix den-
sity of ngep =1 x 10 m 3 and Pgep = 20 MW heating power crossing the
separatrix from the core. In this plasma background we puff Nitrogen
molecules from the top of the machine with a puff strength of I, = 1 x
10'8s7! and an energy of 0.026 eV. The perpendicular anomalous diffu-
sion coefficient D, for the kinetic ions was set to 0.3 m?s~!. We use ADAS
96 [5] ionization and recombination rates for atomic Nitrogen and all
ionization stages together with the AMJUEL [6] data for the molecular
processes listed in Table 1. The pump is defined as a surface in the pump
duct below the dome with an albedo of 0.9928. In the simulations shown
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Fig. 5. Simulation results of all Nitrogen ionization stages for a molecular Nitrogen puff at the top of the machine.

here, we launch 150 Monte Carlo particles in the EIRENE code as Ny
molecules from the top of the machines and score their path with a track-
length estimator. This number of Monte Carlo particles seems rather low
compared to a typical EIRENE simulation for purely neutral particles, but
as Nitrogen is a recycling impurity, the Monte Carlo particles have in this
case a very long life-time. Due to the small pump efficiency of the ITER

pump, each Monte Carlo particle will travel the whole simulation volume,
enter and escape multiple times the pump region below the dome (where
it will lose only a tiny fraction of its weight each time it is hitting the pump
surface) and undergo a lot of reflections at the targets and wall (where the
kinetic ions recombine to neutral N, molecules before they get re-ionized
again and continue their flight) until the Monte Carlo particle is
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completely absorbed by the pump. The simulation of the 150 Monte Carlo
particles took on a single processor (even though the kinetic ion transport
module is also MPI parallelized) about 46 h, which corresponds to an
average simulation time of about 18 min for each Monte Carlo particle.
With this setup, we reached a relative error in the particle balance of
0.01 % and of 0.0001 % in the energy balance. In the simulations shown
here, we use the kinetic ion transport module only in a post-processing
step. This means that we currently have no feedback e.g. due to radia-
tive cooling to the main plasma. This restriction can be relaxed in the
future by using the kinetic ion transport module of EMC3-EIRENE in an
iterative way together with the simulation of the plasma background.

The results of the kinetic ion transport simulation with EMC3-
EIRENE for all seven ionization stages of Nitrogen are shown in Fig. 5.
The lower ionization stages N'* — N** are mainly located in the divertor
region with higher ionization stages extending further upstream in the
scrape of layer. The fifth ionization stage N°* gets trapped strongly in
the magnetic mirror on the high field side of the X-point. The ionization
stages N°" and N’ need higher electron temperatures and are located
more in the closed field line region where N’* gets trapped in the
magnetic mirror at the outer midplane.

The strong trapping of N°* in the magnetic mirror on the high field
side of the X-point and also of N”* in the magnetic mirror at the outer
midplane is exaggerated and probably un-physical. This is due to the fact
that EIRENE uses currently a simplified model for Coulomb collisions,
which is based on a single energy relaxation time. This simplified
Coulomb collision model scales the parallel and perpendicular velocity
components of the kinetic ions by the same factor and thus is not
changing the trapping condition v, /v > \/Bmin/Bmax 0f the kinetic ions
in the magnetic mirror. This means that the current implementation of
the Coulomb collisions in EIRENE do not contribute to the scattering of
the kinetic ions into the loss cone of the magnetic mirror as the only loss
mechanism from the magnetic mirror is due to perpendicular diffusion.
This results in an excessive confinement of the kinetic ions in the mag-
netic mirror.

For the future, we plan to include a more complete model for the
Coulomb collisions based on the work presented in [7], which would
allow for a scattering of the kinetic ions due to Coulomb collisions into
the loss cone of the magnetic mirror.

6. Conclusions

We have presented in this paper first verifications for basic properties
regarding magnetic moment conservation and formation of banana or-
bits due to grad-B drifts of the EMC3-EIRENE kinetic ion transport
module in guiding centre approximation. We have revealed some
serious shortcomings of the original implementation which was not
conserving the magnetic moment of the kinetic particles and introduced
large numerical diffusion in the grad-B drift. We could demonstrate that
redesigning the original algorithm corrected these shortcomings and
resulted in an improved kinetic ion transport module of EMC3-EIRENE
which is now fully conserving the magnetic moment of the kinetic
ions. Furthermore, the numerical inaccuracies in the grad-B and cur-
vature drift implementation were strongly reduced, which allows now
for the kinetic ions to form stable banana orbits.

With the improved kinetic ion transport module of EMC3-EIRENE
first stable simulations for Nitrogen puffing in an ITER background
plasma could be demonstrated. The simulation showed a strong
confinement of the kinetic ions in the magnetic mirror on the high field
side of the X-point and on the outer midplane. This was attributed to the
simplified Coulomb collision model of EIRENE which is not resolving the
scattering of the kinetic ions into the loss cone of the magnetic mirror. As
a consequence, the loss channel from the magnetic mirror is currently
underestimated in the kinetic ion transport module of EMC3-EIRENE
and comes only from the perpendicular anomalous diffusion. For the
next step, we plan to implement a better treatment of the Coulomb
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collisions as described in [7] into the EIRENE code which would provide
a proper scattering of the kinetic ions into the loss cone of the magnetic
mirror. A similar treatment was already implemented into the guiding
centre approximation module of the full gyro-orbit code ERO2.0 [8].
This will allow for the future a detailed cross-benchmark of the ERO2.0
code with the kinetic ion transport module of EMC3-EIRENE. The EMC3
code has also a simplified fluid model for a single impurity species
included. As an additional check for the new kinetic ion transport
module of EMC3-EIRENE, we plan also for the future a comparison be-
tween the existing fluid impurity model of EMC3 and the new kinetic ion
transport module of EMC3-EIRENE.
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