(3
o nuclear
A el

ELSEVIER Journal of Nuclear Materials 241-243 (1997) 925-929

Monte Carlo modelling of the transport in the stellarator periphery
with magnetic islands

D. Naujoks **, P. Bachmann ®, A. Runov *°, D. Siinder *

* Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, Berlin Branch, Mohrenstrasse 40 /41, D-10117 Berlin, Germany
b Russian Research Center “‘Kurchatov Institute’’, Moscow, Russian Federation

Abstract

Two Monte Carlo methods have been developed to model the transport phenomena of impurities in the edge plasma of
stellarators taking into account the complex magnetic field topology in the stellarator periphery: (i) a new version of the
ERO code, where the sputtered impurity atoms are followed through successive states of ionization and recombination
during their 3D motion in the whole plasma volume; (ii) a self-consistent set of hydrodynamic equations describing the
dynamics of the plasma and the impurities, supplemented by a kinetic equation for the description of the neutral particles
dynamics, is solved using Monte Carlo techniques. The magnetic island structure is described by the Chirikov—-Taylor map
technique. The corresponding effects are studied for different cross diffusion coefficients and impurity injection positions.
The results show that the existence of magnetic islands significantly influences the transport in the stellarator periphery and
that the injection of impurities into the magnetic island region leads to effective plasma cooling and lowering of the energy

flux to the target.
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1. Introduction

In order to reduce the power load to divertor/limiter
plates a substantial fraction of the power in fusion devices
must be dissipated by line radiation of impurities localized
in the boundary plasma. The magnetic island structure in
stellarators, which can easily be controlled by changing the
rotational transform ¢ is supposed to offer a particularly
favorable possibility for such boundary cooling. Using fast
reciprocating erosion probes impurities can be introduced
locally into the magnetic islands. First studies were made
with titanium injected into the edge plasma of the stellara-
tor W7-AS (see [1]). In order to describe such experiments
one has to distinguish three processes: the erosion of the
solid probe, which acts as the impurity source; the trans-
port of the sputtered impurities in the boundary and core
region and their effect on the plasma (cooling). In Section
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2.1 simple estimations are given in the frame of 1D models
for steady-state conditions. Further, two Monte Carlo
methods have been developed to mode} time-dependent the
transport phenomena in the edge plasma of stellarators
(Section 2.2 and Section 3): (i) a new version of the ERO
code [2], where the magnetic field structure of the stellara-
tor W7-AS was included (Section 2.2); (ii) a self-con-
sistent two-dimensional model which is used to investigate
the effect of impurities injected into magnetic islands on
plasma cooling and on the energy flux to the divertor
plates (Section 3).

2. Transport of impurities

2.1. Preliminary considerations

The erosion of a solid probe exposed in the plasma
boundary is determined by physical sputtering and thermal
sublimation. The eroded amount of a Ti probe exposed
during 20 ms at a certain position (expressed as distance
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Fig. 1. Erosion of a Ti probe due to physical sputtering and
thermal sublimation versus the distance from the LCFS.

from the last closed flux surface (LCFS)) has been calcu-
lated. The results are shown in Fig. 1 for the following
parameters: electron temperature and density at the LCFS
T,=100 eV and n,=1-10"* em ™3, decay length of the
plasma parameters A =2 cm, physical sputtering yield
Yoo 1= 0.042 - (1 — exp(—(T, — 5)/40)) (T, in eV), sub-
limation rate [, =2 - 10* exp(—4.9/kT.) (cm™? s~ 1),
initial surface temperature T, =293 K. For these parame-
ters the surface-temperature of the Ti probe reaches the
melting temperature, T,, = 1930 K, at a position near the
LCFS. The amount of eroded material increases by an
order of magnitude owing to the starting evaporation of the
probe. The maximum surface temperature is restricted
(here T, + 500 K) in the case of metals due to the simple
fact that the melted material of a thin surface layer drops
up. Whereas high impurity concentration in the scrape-
off-layer (SOL) is desirable with respect to plasma bound-
ary cooling, an increase of the core concentration should
be avoided. The central impurity density n{°* (ions/m?)
can be related to the influx rate of impurity neutrals @,
(atoms /s) by using the model of Engelhardt and Feneberg
[3] and its improvements [4-6]. By including further the
effect of prompt redeposition and an anomalous drift ve-
locity of the form V9if(r) = 4VIif(, /o)1 ~ (r/a)) (a is
the small plasma radius) one obtains:

core __ ( 1= Ppr) (pinj( rinj)’\gen o drift
e expi — (1)

I edge core
A, DY 3D

where A, is the plasma surface area, D | is the cross-field
diffusion coefficient in the specified plasma region. In Eq.
(1) an inward directed drift velocity gets a negative sign.
P, = 3(exp(—=24,,/p,) + exp(—A;,/(5p,)) is the frac-
tion of prompt redeposited atoms, where p, is the gyration
radius of the injected impurity atoms and A;, is the
ionization length. This relation results from the theoretical
model of Fussmann and calculations with the ERO code

(see Ref. [7]). If the ionization occurs near the position
of injection, r,;, (due to the short ionization length of
thermally sublimated Ti atoms) and inside the SOL,
the parameter A, can be defined as (see also
Ref. [4]) Ayop = Agor exp(—(ry, — @)/ Ago ), Where Agoy

= DL, /vy, L, is the shortest connection length to

the limiter or divertor plate and v, is the average veloc-
ity of the impurity ions gained owing to friction with the
streaming plasma flow. For the case of r,,; <a the term
Agen/ D’ in Eq. (1) should be replaced by (g, /D

+(a— Tinj)/ D).
2.2. Results of the 3D Monte Carlo code ERO

The 3D Monte Carlo code ERO has been used to
investigate the erosion of solid probes and the transport of
the emitted atoms in the plasma of the stellarator W7-AS.
The vector components of the magnetic field in each space
point are calculated owing to the coil geometry and the
currents. Plasma pressure effects on the magnetic field
structure are not considered. The erosion of a fast recipro-
cating probe is calculated taking into account both physical
sputtering and thermal sublimation as well as the motion
of the probe in the plasma boundary with decaying plasma
parameters. The non-stationary heat equation for cylindri-
cal geometry (3D) is numerically solved. Thus, the erosion
rate @;,;(r) as a function of the radius is determined. The
sputtered atoms are followed through successive states of
ionization and recombination during their 3D motion in the
whole plasma (core and boundary) with given density and
temperature fields. Their motion is determined by the
Lorentz force (i.e., gyration is included) and by collisions
with the plasma ions. The heating up, the friction and the
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Fig. 2. Normalized Ti density distribution as calculated by the
ERO code for the W7-AS magnetic field configuration (¢ = 0.513,

presented as a Poincare plot — dashed-line contours) in the plane
& =72°
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paraliel diffusion is described using the characteristic colli-
sion times; the cross diffusion by a constant value of the
diffusion coefficient. The code gives as output the 3D
spatial distributions of the various ionization states. This
allows in principle a detailed comparison with experimen-
tal results which can be obtained by spectroscopical mea-
surements. The effects of the magnetic field structure and
of the cross diffusion have been studied for Ti as the
injected material by varying the position of injection and
the cross diffusion coefficient. A ¢ =~ 5 /10 magnetic field
configuration (five islands) has been chosen for the calcu-
lations. For demonstration, the calculated Ti density distri-
bution in the ¢ = 72° plane is shown together with the
Poincare plot of the magnetic field configuration in Fig. 2.
The Ti atoms were injected at position R =201 cm,
z=13 cm, ¢ =0 (inside one island) and D , = 0.1 m?/s
has been taken. The ionized Ti atoms are moving around
the torus and come back to the start point after two turns
(¢t =5/10). They are kept inside this island owing to the
low cross diffusion coefficient.

3. Plasma edge cooling by impurities

An approach to model the transport phenomena in the
edge plasma with magnetic islands is to use the Chirikov—
Taylor map technique-[8] together with a simple Monte
Carlo method [9]. In the frame of an improved model the
influence of impurities on the particle and energy transport
and the plasma cooling in edge plasmas was investigated
in [10). The dynamics of the plasma and the impurities is
described by a self-consistent set of hydrodynamic equa-
tions, supplemented by a kinetic equation for the descrip-
tion of the neutral particles dynamics. The magnetic isiand
structure is described by the Chirikov-Taylor map tech-
nique, and the impurities are treated in the frame of the
average-ion model [11]. Ionization, excitation, charge ex-
change, neutral particle recycling at the target surface and

Core Plasma

v, [cm]}

x, [em]

Fig. 3. Island structure described by the Chirikov—Taylor map
technique and the region of impurity injection, S ..
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Fig. 4. Time evolution of the island temperature T, (€V), the
core plasma temperature T, (eV), the Ti density maximum nr,
(10" cm™3), the relation of the total power loss to the input
power f, (%) and the peak power load on the target P, (107
W/m?).
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radiative cooling of the edge plasma by impurity ions are
taken into consideration.

3.1. Model equations and computational method

The set of fluid equations has the form
an,

a—t=div(DLﬁLni— Vir) + nenokion, )
anz =3 y 4 -
-a—t—=div(DLVlnz~VZ“nz)+Sz(r, 1), 3)
3 aneT; . =1 — 5¢7

T = div( k7, + x, P T, - $VynT.)

= n{ngLy + nok; fin + "sz}’ 4)

on

where d) and 4, are the components of the vector @
parallel and perpendicular to h=B/B; n;, n_, V,, V, are
the densities and velocities of the ipns and the charge-aver-
aged impurities, respectively; k;,, is the ionization rate
coefficient, I, is the jonization potential, D, and «
are the corresponding coefficients of the perpendicular
anomalous plasma diffusion and heat conduction, Ky~
T/? is the classical heat conduction coefficient, 7, is the
electron temperature (assumed to be equal to the tempera-
ture of the other plasma components), S, is a impurity
source, n, is given by n,=n;+Zn,, L, describes the
excitation and ionization of hydrogen atoms and L_ is the
radiation function for the impurities. In order to complete
the particle and energy balance, we use the kinetic equa-
tion for the distribution function of the hydrogen atoms
folt, 7, U) and the closed box model for the particle
balance: [(ny+ n,)d7 = const., n,= [f, dU. The geome-
try of the problem and the impurity sources are shown in
Fig. 3, where the magnetic island is described by the
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Chirikov—-Taylor map; x is the poloidal distances and
y = r,— r with the target position r,. The boundary condi-
tions of the problem are given in [10]. The 2D transport on
the poloidal cross-section consists of two physically sepa-
rate parts: (i) the projection of the transport along the
magnetic field line to our fixed cross-section, which de-
scribes the particle motion of the magnetic surface on the
cross-section in the direction 4, = B,/B,, (ii) the isotropic
part of the transport (across the magnetic field line). The
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Fig. 5. Profiles of the temperature at 1 =0 and /=24 ms (a) at
=12 ms (b) and the impurity density at =12 ms (c).

corresponding random processes for the density and en-
ergy of the particles can be written as follows:

A¥,=y2D A1E, +V,Ath,, (5)
A7 =2(ic  /n)ALE, | +2( K,/n )AL €,

+(5/2)V,Ath,, (6)

where V, = V,Al/L, x, =« (Al/L)*; Al is the distance
between two neighboring Chirikov—Taylor points on the
cross-section, and L is the distance along the magnetic
field line between these points. Here is V| the local ion
sound velocity ¢ (T,) with the sign determined randomly at
the moment of particle birth, and &, is a set of three
random numbers ((&,,7> =0, {§,,. &.,>=3,,).

v

3.2. Numerical results

The transport in the edge plasma is investigated assum-
ing D, =1.0 m?/s (0.5 m?/s) outside (inside) the island
region, ¥ , =3n,D , , power input P, =02 MW and a
island connection length L =30 m. The impurity source
localized near the O-point (see Fig. 1). with a strength
S.=4-10"/m’ is switched on at ¢ = 0 and switched off
at 1 = 12 ms. The time evolution of the temperatures in the
island and the core plasma, the impurity density maximum,
the peak power load on the target surface and the relation
of the total power loss to the input power is given in Fig.
4. After the impurity injection and after switching off the
source all values change rapidly. The profiles of the tem-
perature at =0, 1 =12 ms, t =24 ms and the impurity
density at r = 12 ms are shown in Fig. 5.

4. Conclusions

Impurity injection into the boundary plasma of stellara-
tors offers the possibility of effective plasma cooling in
this region. In order to minimize the central impurity
concentration the source of neutrals (Dinj( rini) and the
ionization of the neutral impurity atoms should be local-
ized outside the core plasma by selecting appropriated
plasma conditions (Section 2.1). In this paper two models
are presented, which describe the transport of the injected
impurities and their effects on the plasma parameters
taking the complex magnetic field structure of stellerators
into account. Using the ERO code 3D spatial distributions
of the various ionization stages of the impurity ions can be
calculated. It is shown, that Ti atoms injected into one
islands remain there for longer time only if the cross
diffusion coefficient is sufficient low (D | <0.2 m*/s).
For higher values cross diffusion dominates over the mag-
netic field structure. In the frame of a self-consistent
two-dimensional model the effect of injected titanium im-
purities on the transport in the plasma edge is studied. The
results show that the injection of impurities into the mag-
netic island region near the O-point in a time interval of 12
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ms leads to perceptible plasma cooling and lowering of the
energy flux to the target and after injection to a fast
transition into the initial state. The efficiency of these
effects increases with decreasing perpendicular diffusion
coefficient inside the magnetic island. In order to confirm
the concept of radiating islands, for which low cross
diffusion inside the island and larger one outside is re-
quired, measurements of the cross field diffusion coeffi-
cient in the stellarator periphery are needed.
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