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Abstract

In this numerically oriented paper we present first results of a self-consistent coupling of the linear impurity Monte-
Carlo code DORIS with the code package B2-EIRENE. First we consider conditions under which the impurities of
interest are of such a small concentration, that the trace impurity assumption is justified. Thus the numerical procedure
in such cases includes only a coupled DORIS-EIRENE run on a fixed plasma background. As an example we present
results of a numerical analysis of He-compression experiments performed on ASDEX Upgrade. Results obtained with
the coupled DORIS-EIRENE procedure are compared with those provided by self-consistent calculations of the B2-
EIRENE package in which the impurities are treated as a fluid. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Low ionized impurity ions can exhibit — under certain
conditions like steep temperature gradients or non-
thermalized sources [1,2] — different characteristics than
assumed in fluid models, where the distribution in ve-
locity space is required to be near maxwellian. This is
often supplemented by the even stronger assumption of
complete thermalization with respect to the background
plasma temperature. This makes it desirable to describe
those particles by an appropriate kinetic model consis-
tent with the often well-justified fluid modelling of the
main plasma (hydrogen and electrons) and the higher
charged impurity ions. In this work we report on a
combination of a drift kinetic simulation of the impu-
rities, i.e., the DORIS code [1], with fluid modelling of
the main plasma, the B2 code [3], and a kinetic algo-
rithm for the neutrals (hydrogen and impurities), the
EIRENE code [4]. This approach will be evaluated by a
comparison with results of the B2-EIRENE code
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package [5], which treats all the impurities in the fluid
limit. The concept of the code coupling is sketched in
Fig. 1. The non-linearity of the simulation is handled
by an iterative procedure. In one iteration cycle the
codes are run one after another (in the order B2 —
EIRENE — DORIS — B2 etc.), each for a certain time
interval dependent on the characteristic time scales of
the transport and atomic processes taken into account.
After each run the results are distributed to the other
codes and serve as an input for the next cycle.

2. Model equations

In the numerical model of the DORIS code the fol-
lowing set of coupled drift kinetic equations is imple-
mented:
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Fig. 1. Schematical sketch of the comunication between the
codes used in the calculations.

This governs the evolution of the transformed distribu-
tion functions f;(x,v,v.,) = vifz(x,v),0.,¢) of dif-
ferent charge states Z in time and in the 3D-2D phase
space (3D in real and 2D in velocity space). x; and x,
refer to directions parallel to the magnetic field lines and
radially outwards across the flux surfaces, respectively.
v is the component of the single particle velocity along
the field lines and v, denotes an average velocity per-
pendicular to them. The first two terms on the RHS of
the Fokker—Planck equation (1) describe the motion
along the magnetic field line. m is the mass of the im-
purities, e the elementary charge and £ is the stationary
electric field, determined by the use of the electron mo-
mentum equation
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The third and fourth terms constitute the drift kinetic
Coulomb collision term, where each of the indices ¢ and
b run over both || and L. The drift and diffusion coef-
ficients K, and D, describe the interaction of the
impurities with a slightly distorted maxwellian
background. The detailed formulas for these coefficients
are elucidated in [1]. The fifth term describes an anom-
alous diffusive radial transport in real space. In the
calculations the diffusion coefficient D, is set to a con-
stant value of 1 m?/s. The remaining terms S} and S; in
(Eq. 1) describe sources and sinks due to ionization,
recombination, recycling at the walls, etc. In the nu-
merical algorithm a large number of particle trajectories
are constructed according to discrete equations of mo-
tion for each time step Az. The calculations are per-
formed for a given background plasma, which
parameters determine the Coulomb collision term and
are provided by the B2 code. The sources and sinks due
to recycling at the walls and ionization of neutral im-
purities are calculated by the EIRENE code using the
same main plasma parameters of the B2 run. Drift ef-

fects are neglected in the calculations, so equation (1) is
equivalent to the impurity transport model in the stan-
dard B2 code [3] for the trace impurity limit in which
self-interaction is neglected. It has to be empasized that,
in contrast to the B2 model, the kinetic model (1) pro-
vides automatically a temperature (mean energy) for
each impurity species which does not have to be equal to
the background temperature.

3. Boundary conditions for the impurities

In fluid modelling, the particular physical situation is
defined by imposing boundary conditions. In most ap-
plications this is done by fixing the value of a physical
quantity or its flux through the boundary. At the di-
vertor plates one normally uses the so-called sheath
conditions (Bohm criterion and heat fluxes modified by
an appropriate sheath transmission factor [6]). For the
transport to the walls usually the fluxes are set by the
choice of an experimentally observed decay length and
for the core boundary (interface to the core plasma) an
appropriate density and heat flux are prescribed. In the
linear kinetic Monte-Carlo modelling the transport of a
single particle is determined rather by whether a grid
boundary is absorbing, transparent or reflecting. In our
kinetic calculations for the impurity ions we consider all
outer boundaries and the divertor plates as completely
absorbing. For the core boundary we adopt a simple
reflection model which corresponds to a zero effective
flux of impurities to the core. Possible recycling at the
divertor plates or walls is taken into account in the EI-
RENE computations (based on impurity fluxes provided
by the DORIS results) and is included in the total
sources for the impurities in the next iteration step. It is
clear, that the major difference of the kinetic and the
fluid approach is that the kinetic Monte-Carlo algorithm
does not need a prescription of the transport charac-
teristics at the plates. The fluxes of impurity ions are not
governed by a sheath model, but are merely the outcome
of the transport simulation in the volume. This is justi-
fied, if the presheath electric field is essentially deter-
mined by the main plasma components.

4. Results for He-compression in ASDEX upgrade

Figs. 2-5 show the contour plots for He®* density
and poloidal flow profiles in the divertor chamber of
ASDEX Upgrade for a high recycling scenario (high
density of main ions close to the divertor plates).

The results were obtained on the one hand with
DORIS-EIRENE calculations on a fixed background
plasma prepared in advance by a B2-EIRENE calcula-
tion taking into account hydrogen ions and electrons
and carbon as impurity. On the other hand we calcu-
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1= 8.857E+15 2= 1.771E+16 3= 2.657E+16 4= 3.543E+16
5= 4.428E+16

Fig. 2. Density profile of He*" calculated with DORIS (in
m?).

1= 7.207E+15 2= 1.441E+16 3= 2.162E+16 4= 2.883E+16
5= 3.603E+16

Fig. 3. Density profile of He*" calculated with B2 (in m~3).

lated the Helium profiles by the use of B2-EIRENE
additionally taking into account the Helium impurities
self-consistently. In the B2 computations a common
velocity at the divertor plates of \/1% is assumed, where
p is the total pressure and p is the total mass density.
Details concerning the other boundary conditions can be
found in [6].

The density patterns of both He'™ and He?" obtained
with the different approaches show a remarkably good

1=-5.816E+02 2=-2.253E+02 3= 1.311E+02 4= 4.874E+02
5= 8.437E+02

Fig. 4. Profile of the poloidal flow of He®" calculated with
DORIS (in m/s).

1=-5.656E+02 2=-1.751E+02 3= 2.155E+02 4= 6.060E+02
5= 9.965E+02

Fig. 5. Profile of the poloidal flow of He*" calculated with B2
(in m/s).

agreement qualitatively and quantitatively as well (al-
though the absolute values can differ significantly in
certain sll regions, because of a slight shift of the pat-
terns due to the different handling of the geometry by the
two codes). In all cases the poloidal velocity at the plates
is the same as for the background plasma, indicating a
dominant role of the friction forces. The results can
be explained by the following characteristics of the
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scenarios studied: (1) The impurities are maxwellized
and/or the thermal forces do not play a dominant role
compared with friction forces, (2) The boundary con-
ditions used for the fluid calculations are matched well
with the strong friction forces near the plates, (3) The
self-interaction of the He-ions is negligible (because of
its dependence ~ Z’ny, it is about a factor of 10° smaller
than the interaction with the background plasma). All of
these peculiar features are present in the specific appli-
cation for the ASDEX Upgrade presented here. In
particular the maxwellian character of the impurity
distribution can be proved by the calculation of velocity-
averaged thermal forces leading to known analytical
results [7].

So the results presented can be interpreted as a nice
example of the two codes confirming each other near the
fluid limit. It can also be concluded, that the kinetic
approach meets the requirement, reproducing the fluid
results for cases in which the kinetic effects are expected
to be of minor importance. Further studies for scenarios
with low densities of electrons, i.e., low recycling of
hydrogen, in the divertor chamber demonstrate, that the
overall agreement is less conclusive. Although the den-
sity patterns of helium agree fairly well, the calculated
poloidal velocities (fluxes) in the kinetic approach differ
by a factor of 2 compared to the fluid approach, i.e.,
they are smaller for He'" and larger for He’". This can
be explained by the strong effects due to thermal forces

and the parallel electric field caused by steep gradients in
the vicinity of the divertor plates. In those computations
the common velocity for all ion species is an inappro-
priate boundary condition in the fluid modelling, which
neglects the competition of the thermal and electric
forces. Practically, the results presented are a good ex-
ample for a postprocessing analysis of impurity trans-
port using results for the main plasma obtained in
foregoing calculations. Such calculations can be done on
a Cray-T3E computer, using 64 PEs, in about 90 min
(corresponding to 5 x 10° simulation particles for good
statistics). A self-consistent fluid calculation would re-
quire several hours or days on a usual RISC 6000 ma-
chine to obtain the same results.
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