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ABSTRACT

Previous simulations with the kinetic ion transport module of EMC3-EIRENE for Nitrogen seeding in a medium
density ITER L-mode scenario showed that the currently simplified Coulomb collision model of EIRENE leads to a
strongly overestimated confinement of the kinetic ions in the magnetic mirror regions. This simplified Coulomb
collision model in EIRENE is based on an energy relaxation time only and is not changing the ratio of the parallel
and perpendicular velocity components for the kinetic ions and thus does not include any scattering of the kinetic
ions into the loss cone of the magnetic mirror. We have now implemented a new Coulomb collision operator in
EIRENE, where the Coulomb collisions are described by a linear kinetic equation in Fokker-Planck form utilizing
the Trubnikov-Rosenbluth potential functions, which includes scattering of the kinetic ions as well as friction
with the background plasma. The Fokker-Planck equation is treated by an operator splitting scheme and is solved
locally by a Monte-Carlo method. The choice of a small enough time step in the Monte-Carlo integration method
is crucial and depends strongly on the local plasma background. Two methods to locally adapt the Monte-Carlo
integration time step were implemented. One uses simply a fraction (~10~*) of the local Spitzer slowing down
time and the other applies an adaptive time step control with error estimation. It turns out that simulations using
the adaptive time step control method are up to a factor 10 faster compared to the time step control using the
Spitzer slowing down time. In this work we will present the details of this newly implemented Coulomb collision
operator for kinetic ions in EMC3-EIRENE and the implementation of the adaptive time step algorithm. We
applied this new Coulomb collision operator in a kinetic ion simulation with EMC3-EIRENE for Nitrogen seeding,
where we puffed Nitrogen from the top of the machine in an attached medium density ITER L-mode scenario
(Ngep = 1x 10 m~3, Pgep = 20 MW). This shows that the unphysical and exaggerated confinement of the kinetic
ions in the magnetic mirror regions observed with the simplified Coulomb collision model in EIRENE is now
resolved with the new Coulomb collision operator, which treats the scattering of the kinetic ions into the loss
cone of the magnetic mirror correctly.

1. Introduction

collision model in EIRENE is based on an energy relaxation time only
and is not changing the ratio of the parallel and perpendicular velocity

Previous simulations with the kinetic ion transport module of EMC3-
EIRENE [1-3] for Nitrogen seeding in a medium density ITER L-mode
scenario showed that the currently simplified Coulomb collision model
of EIRENE leads to a strongly overestimated confinement of the kinetic
ions in the magnetic mirror regions [4]. This simplified Coulomb

components for the kinetic ions and thus does not include any scattering
of the kinetic ions into the loss cone of the magnetic mirror.

We have now implemented a new Coulomb collision operator in
EIRENE based on [5], where the Coulomb collisions are described by a
linear kinetic equation in Fokker-Planck form utilizing the Trubnikov-
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Rosenbluth potential functions, which includes scattering of the kinetic
ions as well as friction with the background plasma. The Fokker-Planck
equation for the Coulomb collisions is treated by an operator splitting
scheme and is solved locally by a Monte-Carlo method in velocity space.

In this work we will present the details of this newly implemented
Coulomb collision operator for kinetic ions in EIRENE and the imple-
mentation of an adaptive time step algorithm with error estimate base
on the work in [6,7] to ensure convergence of the Monte-Carlo method
for the Coulomb collisions in velocity space. We applied this new
Coulomb collision operator in a kinetic ion simulation with EMC3-
EIRENE for Nitrogen seeding to the same conditions as in [4], where
we puffed Nitrogen from the top of the machine in an attached medium
density ITER L-mode scenario (., = 1x 101°m=3, Py, = 20 MW).
This shows that the unphysical and exaggerated confinement of the ki-
netic ions in the magnetic mirror regions observed with the simplified
Coulomb collision model in EIRENE [4] is now resolved with the new
Coulomb collision operator, which treats the scattering of the kinetic
ions into the loss cone of the magnetic mirror correctly. Finally, we will
present also a first comparison of the EMC3-EIRENE kinetic ion trans-
port module with the well-established ERO2.0 code on an artificial
Beryllium transport simulation.

2. Improved Coulomb collision operator

The kinetic ion transport model in EMC3-EIRENE is based on a
guiding centre model in trace ion approximation and is solved by a
Monte-Carlo method in real space. The verification of the fundamental
transport properties of the model was shown already in [4]. 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 ac-
celeration of the kinetic ions in the electric field. The Monte-Carlo step of
the EMC3-EIRENE kinetic ion transport model is then given by the
following equation:

ARy = Vi Aty + /4D Aty £, €8]

Where D, is the diffusion coefficient representing the anomalous

perpendicular transport, £, is a random unit vector perpendicular to the
magnetic field and Aty is the time step of the Monte-Carlo scheme in real

space. The guiding centre velocity ﬁgc is given by the equation

S
B Vit3 BxVB

Vee = Vi + —op> — 5 @
‘m
with
v’ V|B
AVH = —EL % Atgc + AvH.cc 3
viv, VB
Ay, = % '%‘Atgc + AV @

and g and m being the charge and mass of the kinetic ions. Here the
terms Av). and Av,. represent the contributions from the new
Coulomb collision operator based on the work presented in [5] over the
duration of the guiding centre time step At,,.

So far, the EIRENE code has treated impurity ions in a simplified way
by energy relaxation, but without considering in detail the Coulomb
collisions with a Maxwellian background (as assumed in EMC3). The
implementation presented here is based on the test particle approach,
which assumes that impurities change their velocity distribution due to
collisions with the background plasma, but that the background is not
changed by Coulomb collisions with the test particles (although it could
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be changed by radiation processes and particle sources and sinks, which
could be taken into account in the iterative coupling of EMC3 and
EIRENE). The Coulomb collision operator of our model has already been
discussed in detail in references [5,6] and [8]. Here, we would like to
emphasize once again that we restrict ourselves to collisions with a
Maxwell-distributed background. For a more general situation, e.g. with
arbitrary velocity distributions of the background, more sophisticated
methods for simulating Coulomb collisions would have to be used (see,
for example [9-11]). We would like to stress once more that our model is
based on the assumption that the kinetic impurities are considered as
test particles, which means that the Coloumb collisions in our simula-
tions are not completely consistent. The test particles undergo a relax-
ation process, but they are assumed not to change background
temperature and momentum via Coulomb collisions.

The form of the drift 7 and diffusion coefficients < for the Coulomb
collisions in [5] and [8] is derived along the so-called It6 approach [12]
which means that in a general coordinate system the Fokker-Planck

equation for the probability function f(X)

‘;l: - v [}ff _ %@.(Qf)} (5)

corresponds to the following stochastic differential equations for each

component of x

o1 . - R
dx; = <;zf'f§r;kglk>dt + e-5dw (6)

written in co- and contravariant components with base vectors ?l,
Christoffel symbols I“Jl:k and 55 = 7.

With this the contributions Av) .. and Av, . in equations (3) and (4)
from the Coulomb collisions to each guiding centre step can be simu-
lated by a Monte-Carlo scheme in velocity space which divides the
guiding centre time step in N steps with smaller time steps AtX. so that
Aty = SN AtK and AV = S Avﬁcﬂ aswellas Av, o = S0 AV .
The individual changes of the parallel and perpendicular velocity com-
ponents AV’\(,cc and AV’LEC over the time step At are given by

)
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with £;, &, being normal distributed random numbers. The coefficients
above can all be calculated from the given plasma background param-
eters like ion density (ng), temperature (T;p) and parallel streaming
velocity (V) p).
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Fig. 1. Relaxation of the average perpendicular energy of an ensemble of MC-particles for different MC time steps into a plasma background with an ion temperature

of 100 eV (left figure) and 1 eV (right figure).

Where mp and Zg are the mass and charge number of the plasma back-
ground ions, m and Z are the mass and charge number of the kinetic test
ions and In(4) is the Coulomb logarithm (currently set fixed to 13.5 in
EIRENE). This Coulomb collision operator is valid only for unperturbed
Maxwellian velocity distributions of the background plasma and thus
neglects any thermal force effects arising from the parallel temperature
gradient of the background plasma. We plan to include the thermal force
effect in future updates to the Coulomb collision operator.

It is crucial that the time steps Ati‘ﬂ from equations (7) and (8) are
small enough, otherwise the contribution from the coulomb collisions
diverges. This is illustrated in Fig. 1 where the relaxation of the average
perpendicular energy of an ensemble of 10° Monte-Carlo particles to-
wards a constant background plasma (nz =10 m=2 and Tip =
100 eV onleftplot, T; =1 eV onright plot) is shown for different time
steps Atk . In the left plot of Fig. 1, the Monte-Carlo particles start with a
mono energetic distribution of vy = v, = 500 eV and in the right plot of
vy =v. =50 eV. The Coulomb collisions should then relax the velocity
distribution of the Monte-Carlo particles to a Maxwellian velocity dis-
tribution with the background plasma temperature T;g = 100 eV in the
left plotand T;3 = 1 eV in the right plot. This is well achieved for Atk =
107° sin the left plot and AtX, = 10® s in the right plot. But when the
time step becomes larger, the final velocity distributions get distorted
and the results start to diverge. A simple estimate for the time step At
can be obtained by using a small fraction (typically 10~%) from the

-1
Spitzer slowing down time 7,= Kl + m%) f—g‘} , but this is not effective
enough over the large possible plasma background temperature range
(0.1 eV — 1000 eV) in the simulation volume. For this reason, we have
implemented an adaptive time step control with error estimate for the
Monte-Carlo scheme of the Coulomb collision.

3. Adaptive time step control

The adaptive time step control with error estimate implemented for
the new Coulomb collision operator in EMC3-EIRENE is based on the
adaptive time step control presented in [6,7] and was slightly adapted in
the definition of €44 and g4y in equations (16) and (17) for the current
needs. The equations (7) and (8) are of the form:

AV = &y (v, VL) At + &z (v, vi ) VAL — Eas (v, v )VAL a3
AV, = ag (v, V)AL + & as(v), v, VAL + Ea6(v), v ) VAL 14

With a given tolerance e, ~ 10~* we can define an absolute tolerable
error for the Monte-Carlo step by:

Eabs =

m%wmm+qm+mw¢ﬁf+ummuﬂw+wm¢ﬂf

(15)

We can further define error controls &4 for the deterministic parts of
equations (13) and (14) and &g for the stochastic parts by:

2
At) max{ a day } (16)

2u
g

Edrift = 2%
abs

B (At)3/2
Ediff = 6€ab max
s

| ]

a7

A time step At can now be accepted if £44 < 1 and g4y < 1, otherwise
the time step is rejected and the Monte-Carlo step is repeated. Whatever
if the time step was accepted or rejected, the time step At is adapted at
the next or repeated Monte-Carlo step. The choice of the next (adapted)
time step depends on whether or not the current equations (13) and (14)
are diffusion or drift dominated. First of all, we define an estimate for an
“optimal” time step

2

1
A = | ped VAL 18)

where f < 1 is a safety factor (e.g. f = 0.9).

Weak diffusion: egrire > €aify

In the case of weak diffusion (¢4 > e4yr) we define the next adapted
time step by

At
Atpex = ] ? a9

where At :min{ 1.5, p’s;;f/tz}At and j= max{j: 1---3with j%< At*}.
Diffusion dominated: €45 > €4rif:

In the diffusion dominated regime (eqg > sdnﬁ) the next adapted
time step is given in a similar way by

(At
Atpexe = 1—

3 (20)

which uses the previous time step At directly and i= max{i: 1.

Ingx with i% < At“"'} where I,o, depends on whether the previous time
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Table 1
Molecular processes of the AMJUEL database used for Nitrogen
molecules N, and molecular ions Nj in the simulation.

AMJUEL 2.7.5: e+ Ny—»e+N+N
AMJUEL 2.7.9: e+ Ny—e+Nj +e
AMJUEL 2.7.10: e+Ny—»e+N+N" +e
AMJUEL 2.7.11: e+ Nj—e+2N" +e
AMJUEL 2.7.12: e+Nj—e+N+N"+e

step was accepted or rejected.

6 : if Atwas accepted
Lnax = ) . 2D
2 : if Atwasrejected

It has turned out that applying this adaptive time step algorithm is up to
10 times faster than the simple method by limiting the time step by a
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fraction (10~* s) of the Spitzer slowing down time ;.
4. Simulations of Nitrogen seeding

With the new and improved coulomb collision operator we repeat
now the simulation of Nitrogen seeding in a medium density (attached)
ITER L-mode background plasma shown in [4] with a separatrix density
of ngp =1 x 10!° m~3 and Py, = 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'® s7! and an energy of 0.026 eV. The perpendicular anomalous
diffusion coefficient D, for the kinetic ions was set to 0.3 m?/s. We use
ADAS 96 [13] ionization and recombination rates for atomic Nitrogen
and all ionization stages together with the AMJUEL [14] data for the
molecular processes listed in Table 1.

The simulation results with the improved Coulomb collision operator
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Fig. 2. Simulation results of the EMC3-EIRENE kinetic ion transport module with the improved Coulomb collision operator. Density profiles of the seven different
ionization stages of Nitrogen puffed in a medium density ITER L-mode background plasma.
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Fig. 3. Total Beryllium ion density at ¢ =0  of an artificial Beryllium puff
located at the outer midplane simulated by the ERO2.0 code and the EMC3-
EIRENE kinetic ion transport module. The simulation volume has a 40°
toroidal symmetry and the ITER background plasma is the same as in section 4.

of the EMC3-EIRENE kinetic ion transport module (KIT) are shown in
Fig. 2. One can see that the first four ionization stages N'* —N** of
Nitrogen are mainly located in the divertor region. Only the fifth ioni-
zation stage N°* starts leaking out of the divertor into the upstream
scrape of layer region. The 6™ and 7™ ionization stages N°+ and N7 of
Nitrogen are located more and more also in the confined core region. For
the highest ionization stage N’* one can observe a very subtle density
increase (~ 20-30 %) spread around the outer midplane originating
from the magnetic mirror in this region. In the simulations with the old
simplified Coulomb collision model [4], which was only based on an
energy relaxation time and was neglecting any scattering of the kinetic
ions, we observed huge un-physical N°* and N’* density blobs (factor
5-8 higher density) in the magnetic mirror regions at the high field side
of the X-point and at the outer midplane. This exaggerated trapping in
the magnetic mirror is now gone, as we have now with the improved
Coulomb collision operator included the pitch-angle scattering of the
kinetic ions into the loss cone of the magnetic mirror correctly.

5. Comparison of EMC3-EIRENE KIT to ERO2.0

As a next step, we now wish to benchmark the transport of the EMC3-
EIRENE Kkinetic ion transport module KIT against the well-established
ERO2.0 code. The full orbit code ERO2.0 has also the possibility to do
simulations in the guiding centre approximation with the same Coulomb
collision operator [8] we have implemented now into the EMC3-EIRENE
code. So, both codes have the same physical transport model available
which facilitates the comparison between them.

As a plasma background we use the same ITER medium density L-
mode scenario as in the previous section. To avoid any influence from
differences in the surface models of the codes, we will use a non-
recycling impurity like Beryllium for the benchmark (all walls are
fully absorbing). To have a well-defined source, we will puff mono-
energetic (25 eV) Beryllium atoms with a §-velocity-distribution at the
outer midplane (R,Z,¢)= (8.2 m, 0 m, 0') in negative R-direction
with a puff strength of 'z, = 1 x 10'° atoms/s. The simulation volume is
a 40° toroidal section (from ¢ = —20--- + 20") with periodic toroidal
boundary conditions (which corresponds to 9 equally toroidally
distributed puff location in the full 360° torus). At the inner core
boundary of the simulation volume, we use in both codes reflecting
boundary conditions.

In Fig. 3 we see the total Beryllium density (sum over all ionization
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Fig. 4. Radial (going outward) density profiles through the density blob below
the outer midplane for the first four ionization stages of Beryllium obtained by
the ERO2.0 (solid lines) code and EMC3-EIRENE (dashed lines) kinetic ion
transport module (KIT). The location of the radial profile is show in Fig. 3 on
the left plot by the blue arrow.

stages) at ¢ = 0" obtained by the ERO2.0 code on the left side and for the
EMC3-EIRENE kinetic ion transport module on the right side. The den-
sity blob at the outer midplane at Z = 0 m is produced by the Beryllium
puff. Due to the parallel transport, the density blob forms a tube in
positive and negative toroidal direction and, due to the 40° toroidal
symmetry, cuts the ¢ =0’ toroidal plane again at Z~ +1.9 m. The
density tube continues further in parallel and anti-parallel direction and
forms the poloidal structure of density blobs by cutting the ¢ =0
toroidal plane on and on. The Beryllium density structures formed by
both codes are very similar and one can only observe a slight difference
in the logarithmic density scaling towards the core boundary surface
where the EMC3-EIRENE code seems to produce a slightly higher
density.

This is more obvious in Fig. 4 where radial density profiles of the
individual Beryllium ionization stages obtained by both codes are shown
in a linear scaling. The radial density profiles start at the core boundary
and go outwards (with increasing s) through the middle of the density
blob located at Z~ —1.9 m. The location of the radial profile is indi-
cated in the left plot of Fig. 3 by the blue arrow. The results for the
ERO2.0 code are shown in solid lines and for the EMC3-EIRENE kinetic
ion transport module in dashed lines. For both codes, practically all Be!*
ions (up to Monte-Carlo noise level) are already ionized into the second
ionization stage. The density profiles and locations of the peaks for the
Be?* —Be*" ionization stages simulated by the ERO2.0 code and EMC3-
EIRENE kinetic ion transport module are very close to each other. This
indicates that also the kinetic ion transport is very similar in both codes.
The main difference we can observe isa 60% higher density obtained by
the EMC3-EIRENE kinetic ion transport module for Be** towards the
inner core boundary (small s). We currently speculate that this origi-
nates from a slightly different implementation of the reflecting boundary
condition at the core surface in both codes. But this need and will be
investigated further together with more detailed benchmarks between
the ERO2.0 code and the EMC3-EIRENE Kkinetic ion transport module
outside the scope of this publication.

6. Conclusions

We have implemented a new improved Coulomb collision module in
the EMC3-EIRENE kinetic ion transport module which treats the scat-
tering of the kinetic ions correctly and avoids the excessive, un-physical
confinement of the kinetic ions in the magnetic mirror regions observed
with the old simplified Coulomb collision module of EIRENE [4]. It
turned out that a small enough time-step for the Coulomb collision
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module is crucial to avoid divergence. This was achieved by either
simply choosing the time-step as a small fraction ( 10~*) of the Spitzer
slowing down time 7, or by the implementation of an adaptive time-step
control with error estimate which turned out to be about ten times
faster. This led to a reasonable solution for the simulation of Nitrogen
seeding into a medium density ITER L-mode scenario. To check the
correctness of the EMC3-EIRENE kinetic ion transport module, we
benchmarked the code against the well-established ERO2.0 code. For
this we used the non-recycling species Beryllium to avoid any influence
from differences in the surface models of the codes. In this comparison
we achieved good agreement between both codes, even though we
observed about 60% higher Be** density at the core boundary with the
EMC3-EIRENE kinetic ion transport module compared to ERO2.0. This
disagreement together with more detailed code-code comparisons will
be investigated in future works as well as improving further the new
Coulomb collision model by adding thermal force effects.
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