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1 Introduction

The various aspects of plasma-edge physics are included in a comprehensive
suite of codes having applications from industrial plasmas to fusion devices.
The basic problem of plasma-edge physics is the large range of length and
corresponding time scales.
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Figure 1: The different length scales and methods used for plasma-edge mod-
elling.

Plasma-wall interaction effects introduce microscopic length-scales (like
the typical interaction distance of about 1nm between atoms and molecules)
and very short time scales (fast momentum transfer processes determining the



collision processes occur in 10−12 s). In addition, diffusion in such materials
introduces length-scales spanning from microns (size of the granules) up to
centimetres (size of the tiles).

A full kinetic plasma description (including ions, electrons, neutrals and
their collisions) is possible for some low-temperature plasmas (e.g. ECR
methane plasmas with sizes of about ten cm) and for qualitative studies of
edge plasma effects in fusion edge plasmas. Here, the limitations are given by
the fact that the Debye-length and the plasma frequency have to be resolved.

The physics of the edge of magnetically confined plasmas (2D tokamaks,
tokamaks with ergodic perturbations, 3D stellarators) introduces a relevant
length scale up to the connection length of several ten metres.

2 Models

2.1 Plasma-wall interaction:

2.1.1 Molecular dynamics

A molecular dynamics (MD) code HCParcas (developed by Kai Nordlund)
is used to study the transport of interstitials in a graphite crystal. This code
uses the semi-empirical Brenner potential [6] for treating the hydrogen and
Carbon system and the Nordlund interlayer term [7] to simulate a graphite
crystal. A first study of the diffusion of hydrogen in porous graphite showed
[4] Levy-flight-type behavior. There exist two different channels of diffusion
for hydrogen isotope interstitials in graphite crystallites: one a high fre-
quency, high migration energy channel which matches the graphite phonon
frequencies and the other which is a low frequency, low migration energy
channel which shows a 1/

√
m mass-dependence for the jump attempt fre-

quencies [4]

2.1.2 Binary collision code

A computationally much less expensive technique is also successfully used
for studies of the interaction of particles with (homogenous) materials [2].
Here, only two-particle interactions are taken into account. A successful
application of this code is the description of physical sputtering of surfaces
including dynamical changes of the composition [1]. However, due to its
simplification it fails as soon as chemical processes get important [3].



2.1.3 Kinetic Monte Carlo

A KMC code DiG (for Diffusion in Graphite) is being developed to treat
hydrogen transport in graphite. It is designed to use the information from
MD or from experiments to study the transport and interactions of hydrogen
as it diffuses in a realistic porous graphite structure. The advantage of using
a KMC scheme is that it lets us model multiple scale lengths in time in an
efficient way using the scheme described in [5]. It models graphite crystals
ranging in from 100 Å across to graphite granules of a few microns, and with
time scales ranging from pico-seconds to seconds (depending on the graphite
temperature and the trap energies). Experimental results for diffusion in
graphite were matched in the trapping/de–trapping dominant regime. It was
shown that the diffusion coefficient depends on the structure of the graphite
used (void sizes) and the trapping mechanism [4].

2.2 Plasma modelling:

2.2.1 Kinetic PIC

Microscopic models of plasmas are conceptually easy: one has to solve the
equations of motion and, self-consistently, the resulting fields, which again
influence the particle motion. However, it is impossible to solve such a system
directly due to the large number of particles. Therefore, a so-called Particle-
in-Cell method is used [25]. Here, we deal with ’super particles’, which are
collections of thousands of real particles. Since their charge-mass ratio is the
same as for normal particles they obey the same equation of motion as real
particles. In most practical cases one is not interested in a spatial resolu-
tion smaller than the Debye radius. This allows one to compute electric and
magnetic fields only at grid points seperated by about one Debye length and
thus considerably reduce computational time. A general multispecies elec-
trostatic PIC code was developped including all collisions between electrons,
ions and neutrals. This code was successfully applied to the study of low-
temperature methane plasmas [26] (which are model systems for chemical
sputtering studies), capacitive RF discharges [27] and complex plasmas [28].

2.2.2 2D fluid code (B2)

The kinetic models also allow one to formulate effective boundary conditions
at the plasma sheath which is needed for multifluid models [15]. These mod-
els use the fluid equations derived as moments from the kinetic equations,
including sinks and sources (like radiation or heating). Closing of the system
is obtained by the proper transport coefficients [14, 13]. In addition, the effect



of plasma turbulence has to be introduced by parametrization of the radial
anomalous fluxes either by empirical fitting [16] or from ab-initio models [17].
The neutrals, which are quite important for many edge effects, are modelled
either by fluid models are through Monte-Carlo codes [18]. Numerically, a
generalized finite volume scheme for mixed conduction-convection is used,
where each individual equation (continuity equations, parallel momentum
equations, electron and ion internal energy equations, potential equation) is
solved by iterating through this coupled set of equations until convergence is
obtained [19]. This code package was succesfully applied to many tokamaks,
especially to ASDEX-Upgrade, e.g. for the optimization of the divertor [21].
The latest development was the completion of the physics regarding inclu-
sion of drifts and currents, where the observed radial electric fields and flow
patterns close to the separatrix was studied [20].

2.2.3 3D fluid code (BoRiS)

An extension of this finite volume scheme is necessary for stellarators, which
are intrinsically 3D. BoRiS is a 3D scrape-off layer (SOL) transport code un-
der development which is designed to simultaneously solve a system of partial
differential equations in three dimensions [10, 11, 12]. Although developed
in the framework of 3D edge modelling for the new W7-X stellarator, the
code development follows a more general concept to allow for different ap-
plications. The main characteristics of BoRiS are: (i) finite volume method,
(ii) use of generalized (magnetic) coordinates, (iii) general interpolation for
mixed convection-diffusion problems and (iv) Newton’s method. These fea-
tures are strongly influenced by the experiences derived from edge physics
modelling with model-validated 2D codes like B2-Eirene [8] and UEDGE
[9]. The use of magnetic (Boozer) coordinates s, θ, φ allows for standard
discretization methods with higher-order schemes to describe a complex 3D
geometry. Therefore, the existence of intact flux surfaces is a prerequisite of
this concept.

2.2.4 Transport codes for ergodic configurations

A further complication appears as soon as ergodic configurations are studied.
The main problem of the transport modelling in such regions is as follows:
the coordinate system must be aligned to the unstructured magnetic field to
avoid numerical diffusion.

Local Clebsch coordinates are used in order to keep the scope of a single
system well below the Kolmogorov length. The price for such flexibility is
clear: the system is non-periodic, i.e. the coordinate surfaces of neighbouring



systems overlap arbitrarily at the interface between the two systems [24].
To avoid numerical diffusion by interpolation between these local coordi-

nate systems, there exist two possible ways: The first is to produce the mesh
by field line tracing itself taking of proper closing of the system. The penalty
one pays for this method is an unstructured mesh [24]. The solution is done
by finite differences, where for the parallel terms only the 3 points located
along the same fieldline are used. The rest is more or less conventional work
with an unstructured mesh: the perpendicular problem is quasi-isotropic,
and the choice of the numerical method is uncritical. Normally, one uses so-
called Delaunay triangulation to build the mesh - a method commonly used
in finite elements. First succesful studies were done for W7-X cases [22].

The second idea is to switch to a Monte-Carlo method with an appropriate
mapping technique. In this case, the problem becomes one of passing a
particle from one coordinate system to another, much like the baton in a
relay race, instead of mesh re-interpolation. This problem is solved by means
of an interpolated cell mapping procedure. The main idea here is to trace
field lines through the knots of the mesh and use bicubic interpolation for
the points in between [23].
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