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Abstract. The three-dimensional Monte Carlo transport code package EMC3-
EIRENE has been widely applied as edge plasma analysis tool for more than a decade
now, resulting in successful validation applications against various measured trends
seen in stellerator plasma boundaries. Here we apply this code package for Wendel-
stein 7-X discharges in interpretive mode. We are able to clearly identify (and correct)
an earlier experimental hardware probe misalignment, which had led to an otherwise
unresolvable inconsistency between experimentally constrained EMC3-EIRENE simu-
lations and mid-plane Langmuir probe measurements.

Today W7-X plasma discharges still lack diagnostics to directly measure some impor-
tant edge plasma properties, such as the spatial distribution of the effective charge
state. Here EMC3-EIRENE simulations are applied in an iterative process to recon-
struct these computationally. Earlier assumptions on the effective charge state distri-
bution for reported Langmuir probe measurement have to be revised. Re-processing
of up- and down-stream Langmuir probe measurements with code interpreted spatial
profiles of the effective charge state now lead to overall improved physical consistency.
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1. Introduction

Wendelstein 7-X (W7-X) [1] represents one of the most modern magnetic confinement
fusion experiments today. It is based on an optimised stellerator magnetic configuration.
W7-X has a modular set of 50 non-planar and 10 planar coils, to shape the geometry of
the magnetic field in a favourable way [2]. Plasma dynamics within the complex three-
dimensional structure of a stellerator can only partially be accessed by the installed
diagnostics.

For this purpose the three-dimensional plasma edge code, which is treating complex
magnetic field configurations with a fluid Monte-Carlo approach (EMC3) [3] coupled to
the kinetic particle transport code EIRENE [4], is utilised in this study. EMC3 solves a
set of macroscopic reduced Braginskii conservation equations [5] for the particle, parallel
momenta and energies balance, while EIRENE solves multi-species Boltzmann equations
of particles with internal states and inelastic collision processes. Both modules of the
code package rely on Monte Carlo transport algorithms. In order to make connection
with common terminology in numerical analysis [6], we note that for EMC3-EIRENE,
non-linear coupling between the various equations and plasma components is carried out
either conservatively directly within in the identity preserving Lagrangian “particle”-
frame (e.g. for electron and ion energy, or for positive and negative ion momentum),
in other cases Lagrangian quantities are first projected onto an intermediate (Eulerian)
grid, and then re-sampled. EIRENE provides particle, momentum and energy sources
and sinks from the kinetically treated components. Classical electron and main ion
transport assumption (without kinetic corrections so far) is applied for the parallel
heat transport in EMC3, while the perpendicular transport is treated by an anomalous
diffusion ansatz. The implementation of light impurities (impurity ions with small
atomic number Z) consists of a particular “trace fluid model” which allows only a small
electron density perturbation by each impurity species. A one-dimensional (radial) core
impurity model is an option which can be applied at the interface between the core
plasma and the scrape-off layer [7] to set the proper boundary conditions for the not-
fully ionised components. For this work a zero net flux across the core boundary was
assumed.

In the first operational campaign W7-X was operated in limiter configuration [8,9].
Different Langmuir probe diagnostics are installed on the limiter surfaces [10] and on
the probe head of a multi-purpose manipulator (MPM) [11-13]. However, interpretation
if these Langmuir probe measurement require information on the impurity content in
the plasma. Diagnostics for the effective charge state distribution Z.g measurements for
examples, were not available in the first operational campaign of W7-X. Z.g (constant
or as profile) is a commonly used quantity for characterizing the global impurity content
in the plasma [14].
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Figure 1: Overview of the computational domain of EMC3 (a) and an schematic two
dimensional toroidal plot of Z.g

Figure 1 gives a preliminary overview of the distribution of Z.; in the experiment,
accessed by EMC3-EIRENE.

It is shown in this publication that a remaining puzzle regarding the radial location
of mid-plane Langmuir probes relative to the last close flux-surface (LCFS) was finally
resolved by EMC3-EIRENE simulations. As a result of that, a consistency between
plasma edge profiles (T, and n,) accessed by EMC3-EIRENE simulations and Langmuir
probe measurements is achieved and discussed. To our knowledge no attempt has
been made so far, to quantitatively reconstruct further plasma profiles, like Z.g,
from EMC3-EIRENE simulations which are consistent with several diagnostics and
to include these plasma parameters in a refinement process of the Langmuir probe
measurement interpretations. In the present paper a consistent reconstruction of Z.g,
via an iterative process between EMC3-EIRENE simulations and refined measurement
datasets is achieved. This approach includes convergence criteria for deduce plasma
parameters which lead to an final reconstruct charge state Z.g. By the combination
of the comparison- and reconstruction process, EMC3-EIRENE is applied as a three-
dimensional interpretation tool for Wendelstein 7-X discharges.

The structure of this publication is as follows: First, in section 2, an overview of
EMC3-EIRENE simulations used later in this paper will be given. Then, in section
3 the conditioning of EMC3-EIRENE simulations will be discussed. In particular, the
beneficial impact of the EMC3-EIRENE simulations on Langmuir probe measurements,
resulting in the assess of internal consistency between different Langmuir probe data
sets, is investigated. In addition, the usage of EMC3-EIRENE as a complementary
edge plasma diagnostic on W7-X will be discussed in section 4. The main results are
summarized in the conclusion.

2. EMC3-EIRENE

In the EMC3-EIRENE Monte-Carlo code package, a 3D edge plasma transport model
with a self-consistent iterative treatment of the plasma and neutral gas phases [4,15-17]
is implemented. EMC3 solves a set of three-dimensional fluid equations in an externally
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given magnetic field geometry. A detailed derivation of the EMC3 model equations can
be found in [18]. Balance equations are solved for the quasineutral (n, = n; = n) plasma
density n, the parallel momentum |, and temperature 7, (with o € {e,i}) of single ion
component plasma particles. They read, respectively:

V- [nu”éH — DJ_VJ_TL} = Si s (1)
V - [minujuéy — nyVyuy — D1V 1 (minwy)| = =& - Vp+ Sp (2)
5 . 5
Vv - §nTauHe” — KQHVHTQ — ETaDJ_VJ_n - XaJ_nVJ_Tal (3)
3m;ne +1, fora=i
= f (Te - ﬂ) + Se,a - 5aeSe,cool ) f =
e Tei —1, fora=e

where €| is the unit vector in direction of the magnetic field and m, represents the mass
of the particle type a. The total plasma pressure p equals the sum of the electron plus
ion temperature T, times the density n: p = n(T, + T;). All EMC3 model equations
are based on the plasma transport theory from Braginskii [5], with classical parallel
transport coefficients 7)), k4. The anomalous cross-field transport is taken into account
by free model diffusion parameters D and xe;, .

The (aslo anomalous) perpendicular viscosity 7, is re-expressed via combining the
perpendicular components of the convective (V - [minVjVi.]]) and viscous stress
V - [nI, - VVj] terms, using the perpendicular particle diffusion ansatz: nV;, =
—D; V n. This yield the third term on the L.h.s. in (2), when furthermore the viscosity
coefficient 7, for viscous momentum fluxes due to perpendicular gradients in Vj is fixed
by the ansatz n, = nm;D, [17].

Interactions between neutrals and plasma electrons and ions are treated by the source
terms S, Sm, and S o, which are obtained from the EIRENE code. Impurities released
from plasma facing wall components cool the electrons via the energy sink Secool
appearing only in the electron energy balance. The attenuation effects on n. due
to impurity ions are still neglected, i.e. n. = n;, with the main ions ¢ only. Only
a strongly reduced parallel force balance model is used, rather than a full transport
equation of the form of (2) supplemented by electric, frictional and thermal forces (which
have been cancelled out between electrons and main plasma ions in (2)). A detailed
discussion on the implementation of impurities into the edge modeling structure is given
in the appendix. For this work, the five fold periodicity and the up-down stellerator
symmetry [1] is taken into account. Therefore, the EMC3-EIRENE simulation grid in
this work covers a toroidal segment of Apg,, = 36° = 36 - pior (With dgior denoting the
single toroidal element) with a resolution of AR = 3 c¢m in radial direction, a poloidal
grid of 66,0, = 1.5° for each of the 73 poloidal sections (with 66, denoting the single
poloidal section). EMC3-EIRENE simulation are carried out on this grid to assess the
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plasma edge dynamics with a full three-dimensional resolution.
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Figure 2: Overview of heating power (a), radiation (b) and down-stream n, (c), 7, (d)

t[s]

measurements of a repetitive set of W7-X discharges. Color code refers to different
discharges. Black: discharge 20160308.22, red: discharge 20160308.23 and blue:
discharge 20160308.24. Up-stream Langmuir probe measurements were performed over
a specific time interval At, indicated with the vertical dashed lines.

3. Experimentally constraining the EMC3-EIRENE simulations

In the following we consider EMC3-EIRENE simulations in combination with first
down-stream Langmuir probe measurements [10]. The varied simulation parameters
are transport coefficients D and x.;, input heating power Peat, radiated power Psor,
and the up-stream density n.. They can be adjusted to match the measurements
shown in figure 2. The chosen discharges were picked because of mid-plane n, and
T, measurements which are only available for a small sub-set of all discharges. A
manipulator plunged into the plasma over a time interval within the discharge duration
s = 0.05 s (see figure dashed black lines 2). Resulting plasma parameters within the
plunge time interval are taken to be input parameters for EMC3-EIRENE simulations.
An overall heating power of 2 MW was applied of which in total 0.8 MW were radiated
and thereby lost [19]. Considering all possible power losses, this adds up to an heating
power entering the scrape-off layer (SOL) of Psor, = 1.32 MW. By averaging the other
measured plasma parameters over the specific time interval one obtains P,,q = 120 kW
are radiated in the SOL, n, = 6 x 10" m™3 and T, = 50 eV (measured down-stream)
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Figure 3: Comparison of density n. (a) and temperature T, (b) of EMC3-EIRENE
simulation (dashed) and limiter Langmuir probe measurements (dots) plotted over
the effective radius r.g. Simulation parameters: Psor, = 1.32 MW, P4 = 120 kW,
ne = 6 x 10 m™® (down-stream), T, = 50 eV (down-stream), D, = 0.5 m?/s and
Xei =3D.
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Figure 4: Comparison between EMC3-EIRENE simulation (dashed) and up-stream
multi-purpose manipulator (MPM) measurements (solid) involving the uncorrected
radial misalignment. Same simulation parameters as used in figure 3. Left hand plot
(a) magnified in plot (b).

for the input parameters of EMC3-EIRENE. Casel will refer to this simulation setup
from now on.

In addition to what is presented in figure 2, the limiter Langmuir probes are
spatially resolved in radial direction. Therefore, a comparison between simulations and
measurements allows a detailed discussion of radial profiles of n, and 7, in comparison
to up-stream measurements [11].

Consequently, a simulation with the input parameters of casel should also show a good
agreement to up-stream measurements. However, this is clearly not true for casel as
the left plot of figure 4 depicts. Nevertheless, plasma edge profiles of the simulation
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Figure 5: Comparison between EMC3-EIRENE simulation (dashed) and MPM
measurements (solid with colored error bars) with corrected probe positioning at the
up-stream measurement location. Same simulation parameters as used in figure 3.

lie in scope of the Langmuir probe measurements around 4 cm radially away from
the last closed flux-surface (LCFS) R — Rpcrs = 4 cm. This led us to consider a radial
misalignment of the up-stream Langmuir probe measurement. A radial shift of 4 cm was
found to be necessary to obtain good agreement between simulation and measurement
(see figure 4).

This radial offset prediction was then indeed independently confirmed by a necessary
experimental hardware re-adjustment. The offset was found to be roughly 6 cm. Finally,
a comparison of the plasma edge profiles from EMC3-EIRENE to the experimental
data sets including the corrected up-stream probe positioning resulted in a good overall
agreement and consistency, on the down-stream measurement location (see figure 3) and
on the up-stream (see figure 5) measurement location. Furthermore, the limiter heat flux
measurements [20, 21| provide a third reference point for further constraining EMC3-
EIRENE simulations. Here, radial heat flux profiles along the limiter at Z = —0.2 m
are discussed.

Figure 6 shows heat-flux profiles onto the left section of one limiter plotted against the
effective radius 7.¢. The radial heat flux profiles of the measurement, are also consistent
to EMC3-EIRENE simulation results of casel. Likewise, the up- and down-stream
Langmuir probe measurements, simulation results of casel show a good agreement to
the heat flux measurement.

4. 3D spatially resolved effective charge state reconstruction

In this section we discuss the effective charge state Zyg = > nzZ%/> nzZ profiles
and thus extract information for the processing of the measurement analysis of e.g.
Langmuir probes. EMC3-EIRENE enables direct access to the densities of every single



Effective charge state modelling for Wendelstein 7-X edge plasmas 8

™ 2 1 T T T T 1 ﬁ
E B 3(10])0,]31\103, Z=20 | "~ y T
I { — Ydepo,IR ,Z2=20 |- -
—~ 1 . 5 -- thﬁflmcg,z:.go FEEF
g 1 I~ | — 9depo,IR Z=-20""# T
R 11 IR, . S
2 0.5 IR - 2 i
<
= 0

0.2 0.4 0.6 0.8 1.0
,r.eff/a’eff

Figure 6: Comparison between EMC3-EIRENE simulation (dashed) and heat flux
measurements (solid). Same simulation parameters as used in figure 3.

ionization state of the impurity ions (under the mentioned simplifying assumptions)
and one can easily deduce the local charge state Z.s. These profiles were not directly
measurable during the limiter campaign [1,9]. Therefore, assumptions for Z.s along the
Langmuir probe location had to be made. Z.s = 1 was initially assumed at both, up-
and down-stream, measurement locations (see figure 3 and 5), the plasma is assumed
to be a pure hydrogen plasma. Hence, the calculation of the electron density from the
saturation current Iy, (used in the data interpretation process in [11]), measured by the
Langmuir probes, is affected by a change of Z.g profiles.

Ne MPM = oot . (4)

0.49 A5 Ti(r)+Zesi (r)Te(r)

mj

The simulation using the setup for casel clearly shows that these assumptions are not
valid (see figure 7 (a)).

However, the first wall contains materials with a higher atomic number Z than hydrogen
[1]. In measured discharges, as presented in figure 2, highly energetic particles reach
the plasma facing wall components. These higher energy particles pollute the fusion
plasma with impurities. Therefore, the overall effective charge state Z.g of the plasma is
changed. Hence, a recalibration of the measurements (see figure 8), using the presumably
more plausible Z.g profiles shown in figure 7 allows a correction of the measurements.
Obviously, this needs to be followed by an adjustment of the simulation as one of the
constrains change, visual by the offset between n. pmcs and nevpm (see figure 8).

The discussed comparison process from section 3, to match measurements with EMC3-
ERIENE simulations, needs to be reconsidered. For this purpose, an iterative process
is used from this set of EMC3-EIRENE simulations, where each simulation refers to an
iterative step 7. Z.g profiles will be deduced from the simulations in each iterative step ¢
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Figure 7: Z.g at up- and down-stream measurement location in comparison to made
assumption for the measurement locations. Simulation casel (a), converged simulation
case2 (b)

and used in recalibration of the measurement. A schematic overview of the first iterative
step is shown in figure 8, each sub-figure (reaching from (a) to (d)) is cosponsoring to
the sub-steps of the first iterative step. The schematic overview discusses the iterative
process for the up-stream multi purpose manipulator (MPM) measurements. It should
be noted that the iterative process is also applied to down-stream Langmuir probe
measurements. Density profiles measured by the MPM (up-stream) are used as reference
in figure 8. The first iterative step begins with the access of Z.g (sub-step (a) and (b),

see figure 8) from the n, profiles shown in figure 5. In the next sub-step (c) of figure 8,

refined up—stream
Z eff

a updated ngypy profile including the accessed profiles is shown. Hence, one

can note a displacement regarding ne ypy in a comparison of sub-step (a) and sub-step

(c) shown in figure 8. This introduced displacement of ne \pv must be matched with the

input parameters of EMC3-EIRENE. For sub-step (d), a switch from an input density

(discussed in chapter 2) of n, = 3 x 10'® m™ to 3.1 x 10 m~3 was found to be suitable

to match neypm of sub-step (c) with negmes. The fist iterative step is completed, since
refined

the consistency is between ngy\isy; and ne nvcs is again achieved. The relative deviation
of the EMC3-EIRENE density profile ne pvcs and ne yp is calculated via,

Orelative,up = MeEAN (ne’EMC3 — neMPM) : (5)
Ne EMC3
This measure is used to quantify the convergence of the density profiles to each other.
The relative deviation Oyelative up 1S plotted for sub-step (c¢) and (d), a drop of dyelative.up
is obverveable between sub-step (c¢) and (d). A additional conformation regarding the
consitency between plasma edge modeling and MPM measurement. Subsequently, the
next iteration steps are carried out following the same scheme of sub-steps as shown
and discussed in figure 8. The appropriate factor e'*! for a recalibration of the input
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Figure 8: Schematic overview of the first iterative step of the iterative process. Electron
density form casel shown in (a), Zeg was assumed for neypm. Deduced Zeg profiles
shown in (b). Relative deviation dyelative up (S€€ equation (5)) plotted into the comparison
plot of the numeric and measured density data-set(c) and (d). The rework of plot 5 is
shown in (d). Same simulation parameters as used in figure 3 in (a), input density was
iterated to an up-stream density of 3.5 x 10'® m~? in (b).

parameter n, of the simulation for the iterative step ¢« + 1 can be quantified in:

St ne,MPM(Zéff) I Zéff ' (6)
nenem(Zg ") 1+ 74!

Each Langmuir probe data-set was updated with the profile of the effective charge state

éﬁ from the simulation to which the n.ypwm profile was compared one iterative step
before. Hence, a n, pnvces profile which is coinciding to the profile of the Langmuir probe
measurement neypy 1S also leading to a convergence of the Zéﬁ profile (see figure 8).
Case2 will refer to the simulation setup with the smallest relative deviation dyelative,up-
Figure 9 shows on the left hand side the relative deviation calculated by equation 5.
The relative deviation Oyelativeup drops below 1% for an numerical up-stream density of
3.5 x 10'® m™3. Case2 is referring to this particular simulation. As the input density
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Figure 9: Relative deviation delative,{up,down} Plotted against the density of each iteration
step (a) and (c). The change of the averaged Z.s profile plotted against the density of
each iteration step (b) and (d). Same simulation parameters as used in figure 3 (a) and

~3. Orange error bars are due to a

(c), input density was iterated up to 3.5 x 10'® m
influence study of the diffusion coefficient (D € [0.4, 0.5, 0.6] m;), magenta error bars

due to a influence study of the lost power due to radiation (P..q = [60, 120, 180] kW)

is iterated from 3 x 10® m™3 to 3.5 x 10'® m™3 the change of the Z.g (calculated
via log (m/zeff)> profile at the up-stream location is reduced to values below 1%.
The relative change for the density values at the down-stream position dyelative,up Shows
large error bars. This is due to the limiter Langmuir probe measurements which
where performed with eroded probe heads, consequently density data sets have to be
treated with caution. Figure 7 shows up- and down-stream Z.g profiles of the last
iterative step using the simulation setup case2. As the relative deviation dyelative,up fOr
the up-stream region is converged to a value below 1%, an overall good agreement
between the measurement and simulation is shown as final result in figure 11 on
the right hand side. Shown measured density profiles are refined by 12% to more
correct and consistent profiles. In section 3 simulation casel provided an overall good
agreement to the Langmuir probe measurements at the up- and down-stream location.
Now, the simulation case2 shows again an overall good agreement for both different
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measurement locations including also, additionally a more reasonable estimate for up-
and down-stream Z.g profiles. Furthermore, the iterative process leads to a convergence
of the estimated Z.g profiles which directly affect Langmuir probe data processing.
Additionally, each simulations setup shown in figure 11 was accompanied by a scan
over the diffusion coefficient and the radiated Power P,,q. Free input parameters like D
underlie an initial guess. A sensitivity study for ne eems concerning D and Paq (free input
parameters) is performed, to cover the influence of these free simulation parameters. D
is chosen in D € [0.4, 0.5, 0.6] mTQ and P,.q is chosen in P,q = [60, 120, 180] kW for
each iterative step. The variation of D and P,,q resulted in both cases for each iterative
step in profiles which again show a consistency between n. gycs and ne vpw.

The resulting change of negyics is observable in the enclosed are of nlpy;c3 and nzrﬁﬁ/[cza
of figure 10. The overlap of the simulations results of the simulation results negmmcs
and measurement n. vpy (With error bars) remains high, thus the consistency between
NeEMcs and ne vpy is preserved concerning the variation of D and Prag.

5. Conclusions

The EMC3-EIRENE code has been applied to support diagnostic processing for three-
dimensionally resolved edge plasma parameter measurements. The computational
approach allowed a clear identification of a radial hardware offset of four centimeters
regarding the positioning of the manipulator. Interpretative  EMC3-EIRENE
simulations are also used to assess plasma parameters which are currently not directly
accessible by any diagnostic available on W7-X . Inferred spatial Z.g profiles were
identified as further sensitive input information for the data processing of several W7-X
diagnostics, especially Langmuir probes, as these diagnostics rely on the knowledge of
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Figure 11: Final comparison between EMC3-EIRENE simulation (dashed) and Z.g
adjusted limiter Langmuir probes (a) and (c¢) - manipulator Langmuir probe (b) and
(d) - measurements (solid). Same simulation parameters as used in figure 3 in (a) and
(), input density was iterated to be 3.5 x 10'® m=3.

radial Z.g profiles at their position. An iterative reprocessing of the Langmuir probe
data was performed in comparison to EMC3-EIRENE simulations. This finally led to
fully 3D resolved edge plasma simulation which lies in overall good agreement with the
available up- and down-stream measurements, including Z.g consistent with measured
radiative power losses.

We conclude that more generally in particular in 3D magnetic configurations,
edge plasma diagnostics, which rely on assumptions over spatial plasma parameter
distributions such as Z.g can profit from this complementary “numerical” diagnostic.
Further model refinements, in particular in the trace impurity ion fluid model, and
comparison of simulations to further W7-X diagnostics are steps which have to be taken
in the future, in particular when oxygen, with its (hitherto neglected) accidental charge
exchange resonance, remains a relevant plasma impurity in W7-X discharges.
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Appendix. Discussion of the impurity model.

The parallel impurity force balance (species/charge state o) in EMC3 reads (¢ -V =
V||7 Pa = naTa)

/"LOL’L

0=—¢)-Vp+ Zyna.el +
Tai

na(uiH - uaH) + aaenaVHTe + +ﬂainav||ﬂ + Sma . (7)

with the pressure gradient force, electric force, frictional force, electron and ion thermal
force, respectively. The momentum sources Sy, due to ionisation, recombination with
neighbouring charge states as well as due to interaction of impurity ion o with any of the
kinetically treated species in EIRENE is neglected: S, = 0. p is the reduced mass, and
the collision times 7 and electron-ion thermal force coefficients . = 0.71Z2 are again
taken from Braginskii [5]. A low impurity concentration limit (n, < n;) expression
for the ion-ion thermal force coefficient §,; is used, which was originally derived by
S. Chapman (1958), and later frequently employed as approximation in tokamak and
stellarator edge transport models [22]:

1 — i —5vV2(Za/Z)? (L13°% — 0.351%/?) Me

fr=—"— . (8

ai — -3 = P 5
g 2.6 — 2f1 + 5.472 Me + M

As usual, instead of the Poisson equation the common “plasma approximation” is made
to express the parallel electric field in (7) via the (here strongly reduced) electron
momentum balance (neglecting all terms containing the electron mass):

1
eE| = ——Vpe — 2. V|Te (9)
Ne

Inserting this into (7) provides the explicit expression for the parallel impurity ion flow
velocity uq:

TO( 1

Ua| = Uy +

Lo
(Bai — 1)V T; — VP + (Qae = Zatiie) V| T, (10)
Tai

Haill

Denoting the first part on the r.h.s. by U, and introducing the (binary) diffusion

+

TV nq

coefficient due to friction between main ions and impurity ions Di | = %T' a diffusion

at

- advection expression for the parallel impurity ion flux I, results:

Lo = nalia) = naUqy| — D/

af

Vine . (11)
Inserting (11) into (1) leads to an impurity continuity equation:

V. naUa”éH — D£||VHTLQ — DJ_VJ_na = Sa . (12)
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In addition, T,, = 7T} is assumed for all impurity species «, and each charge state
is treated as a separate fluid. The (particle) source term S, provides the coupling
between neighboring charge states due to ionisation and recombination, and, for the
single charged impurity ion, the ionisation rate from neutral impurity atoms. The
latter are launched, mono-energetically, from target surfaces with a given sputtering
rate, and then simply exponentially decayed due to ionisation into the plasma. Again
the identity preserving Lagrangian scheme mentioned above is utilised for the transfer
from neutral to ionised impurities (rather than re-sampling from volumetric neutral
impurity sources), distinct from the current re-sampling coupling procedure for neutrals
and molecules treated fully kinetically by EIRENE. There is, in principle no limitation
on the number of impurity species (within the trace impurity transport model), as long
as the concentration of the impurities is limited by the assumption n, < n. and inter-
impurity effects other than those in the source terms can be neglected.

Equation (12) for n, is then coupled to the electron energy balance equation (3) of
the main plasma, via the cooling term S coo. A detailed discussion of impurity radia-
tion and the resulting cooling effect on the energy balance equation (3) is given in [17].
Within an iterative process a self-consistent solution for the mentioned plasma param-
eters, n, T, uj, no and Se ool is obtained. Impurities return back into the edge region
with the same charge as they entered the core region, i.e. the net flux across the core
boundary is set to zero for each charge state individually. Furthermore: a toroidally and
poloidally homogeneous density is enforced for each charge state, on that core boundary.
A radial decay length of 4 cm for n and T, is implemented as boundary condition for
the outer radial first wall boundary throughout this work. Impurities which reach the
target are absorbed.
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