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Abstract

The topology of stochastic magnetic ®elds in the edge region of Wendelstein 7-X (W7-X) is investigated. The

Kolmogorov lengths of ¯ux tubes are computed and compared with the corresponding connection lengths to the

plasma-facing components (divertor elements and ®rst wall). It is shown that the mean Kolmogorov length decreases

with increasing b, and that stochastic layers exist in the considered cases. The ®eld line di�usion coe�cient in de-

pendency of the Kolmogorov length is estimated from the radial displacements of ¯ux tubes and the corresponding heat

di�usion coe�cients are also given. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

A stochastic scrape-o� layer (SOL) is expected to

diminish plasma±wall interaction problems like power

and particle exhaust, erosion and impurity control.

While in some tokamak experiments, e.g. TEXT [1] and

Tore Supra [2], additional coils are used to produce

small magnetic ®eld perturbations, the edge region of the

so-called high-i vacuum magnetic ®eld of the optimized

W7-X Helias stellarator is already stochastic [3,4]. In

Ref. [5] a numerical method was developed to determine

the Kolmogorov lengths of ¯ux tubes in this geometri-

cally complicated, three-dimensional edge region. There,

it was shown that the mean Kolmogorov length de-

creases with increasing plasma beta and that stochastic

layers exist. In this previous work the plasma-facing

components, that is, the divertor, ba�e and side plates

and the ®rst wall were not yet taken into account, and

the magnitude of the ®eld line di�usion coe�cient was

not estimated. These will be the subjects of this work.

Section 2 deals with the geometry of the divertor el-

ements [6] and the topology of high-i magnetic ®elds

with volume-averaged b-values of hbi� 0%, 2% and 4%.

In Section 3 the stochastic layers of these ®elds are de-

termined, and in Section 4 the ®eld line di�usion coef-

®cient in dependency of the Kolmogorov length is

estimated from the radial displacements of ¯ux tubes

and the corresponding heat di�usion coe�cients are

given. Finally, Section 5 contains a short summary.

2. Magnetic ®eld topology and divertor geometry

The high-i vacuum magnetic ®eld of W7-X is char-

acterized by 5/4 island remnants embedded in a sto-

chastic region outside the last closed magnetic surface

(LCMS) [3,4]. Mapping of the ®nite-b magnetic ®elds

for hbi� 0%, 2% and 4%, shows reduction of the 5/4

island remnants with increasing b, that is, the stochas-

ticity is increased in the edge region. In the considered

cases the plasma magnetic ®eld enlarges the islands in

the edge region which leads to a stronger island overlap

and, therefore, an increased stochasticity [5].

In Fig. 1 the upper halves of the Poincar�e plots with

the corresponding plasma-facing components are shown

at the symmetric bean-shaped cross-section. The shapes

and the widths of the island remnants, the forms and

positions of the divertor elements and also the distances

of islands and divertor elements to the LCMS vary po-

loidally and toroidally because of the three-dimensional

geometry. Further, the distance of the LCMS to the

divertor elements and to the island remnants increases

with increasing b because of the decreasing plasma

volume. While the island sizes decrease, the positions of
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the island O-points remain almost unchanged [3,4].

Therefore, the divertor will work for various ®nite-b
equilibria.

As already described in Ref. [5], the rotational

transform value at the LCMS decreases from i � 1:21

(hbi � 0%) to i � 1:15 (hbi � 4%), while i � 1:25 for the

islands. That is, the edge region of the high-i W7-X

magnetic ®eld is formed by a three-dimensional, sto-

chastic ®eld with shear that contains remnants of the 5/4

islands. The connection lengths of the edge ®eld lines to

the plasma-facing components are determined by the

forms and positions of these components.

3. Stochastic layers

The Kolmogorov and connection lengths are deter-

mined numerically by ®eld line tracing. A parallelized

Fig. 2. Stochastic layer (dots) with divertor elements (straight

solid lines) and ®rst wall (dashed line). The constant distance

between the two limiting surfaces amounts to 6 cm (vacuum

®eld), 8 cm (hbi � 2%) and 10 cm (hbi � 4%).

Fig. 1. Upper halves of the Poincar�e plots at the bean-shaped

cross-section of the high-i magnetic ®eld for hbi � 0, 2, and 4%.

The straight solid lines mark the divertor elements and the

dashed line represents the ®rst wall.
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version of the Gourdon code has been extended in order

to determine the intersection points of the ®eld lines with

the plasma-facing components and to calculate the

corresponding connection lengths.

For computing the Kolmogorov lengths, the nu-

merical method described in Ref. [5] is used with some

small alterations. Here, a region which lies inside the

target plates and which contains the LCMS and the

interesting edge region is de®ned by two limiting sur-

faces with constant spacing in between (distance: 6 cm

for the vacuum case, 8 cm for hbi � 2% and 10 cm for

hbi � 4%) (compare Fig. 2). In the region de®ned in this

way, bundles of 256 ®eld lines are started on the cir-

cumferences of small circles (r0� 0.0001 m) and traced

for 25 toroidal turns or until they leave the grid box on

which the magnetic ®eld is de®ned [7]. The initial circles

are homogeneously distributed in the edge region of a

cross-section. Three cross-sections with u� 0°, 18° and

36° (u� toroidal angle) are considered and per cross-

section 3000 ®eld line bundles are traced in both direc-

tions. During the ®eld line tracing intersections of the

®eld lines with the plasma-facing components and the

corresponding connection lengths are determined. The

mean value of the connection lengths of ®eld lines

forming a ¯ux tube de®nes the connection length Lc of

the ¯ux tube.

Because of the exponential scattering of close ®eld

lines in a stochastic ®eld, the circumference d of the area

increases with

d�l� � d0 exp�l=LK�; �1�
with d0 being the circumference of the initial circle, l the

length of the ¯ux tube and LK the Kolmogorov length,

which measures the stochasticity. The function ln�d�l��
is ®tted (least squares ®t) by a straight line with its slope

given by the inverse of the Kolmogorov length.

Comparing the Kolmogorov lengths with the corre-

sponding connection lengths, two transport regimes are

distinguished [8±10], namely, the stochastic transport

region with Lc > LK, and the laminar transport region

with Lc6 LK where the parallel transport is the domi-

nant feature. In Fig. 2 the resulting stochastic layers for

hbi� 0%, 2% and 4% are plotted. In each case the sto-

chastic layer covers the LCMS. Its width varies poloi-

dally and toroidally (not shown in Fig. 2), and increases

slightly with b. The constant distance between the lim-

iting surfaces gives a measure of how thick the stochastic

layer is. Its width varies between �0.5 and 10 cm de-

pending on b and the toroidal and poloidal positions.

The region between the stochastic layer and the target

plates belongs to the laminar transport regime. The

Kolmogorov length decreases from LK > 100 m close to

the LCMS to LK � 15 m at the outer border of the

stochastic layer. In order to investigate the in¯uence of

the stochasticity on the cross-®eld heat transport in the

stochastic layer it is at the very least necessary to esti-

Fig. 3. Two types of ¯ux tubes (initial radius r0 � 0:001 m) are plotted at the top of the bean-shaped cross-section. Because of their

increasing circumferences, the conservation of the magnetic ¯ux and the scale of the plots (1 cm in the plot � 0:068 m in real size), the

region inside the ¯ux tubes is not resolved so that they appear as thin lines. The toroidal positions of the cross-sections of the ¯ux tubes

are given by the period numbers �5 periods � 1 toroidal turn � 35 m�. The plotted ¯ux tubes reach the same poloidal region after four

periods because of i � 1:25 close to the island remnants, which are marked by the dots. The left ®gure shows a ¯ux tube of the vacuum

case which is characterized by LK � 73 m, Lc � 82 m, and DFL � 4� 10ÿ7 m2=m. For hbi � 2% a ¯ux tube is plotted in the right

®gure. It is characterized by LK � 26 m, Lc � 96 m and DFL � 3:2� 10ÿ6 m2=m. In the left ®gure the two arrows give an example of

how to measure the radical displacements Dri of a ¯ux tube.

E. Strumberger / Journal of Nuclear Materials 266±269 (1999) 1207±1211 1209



mate the ®eld line di�usion coe�cient DFL. This will be

done in the next section.

4. Field line di�usion

Because of the rather complex three-dimensional

magnetic ®eld structure it seems nearly impossible to

compute the radial displacements of stochastic ®eld lines

without the framework of a numerical code. The radial

distance between two closed magnetic ¯ux surfaces al-

ready varies approximately by a factor 10 depending on

the poloidal and toroidal positions (Fig. 1). Addition-

ally, relatively large island remnants are embedded in the

edge region, and stochastic ®eld lines encircle as well the

LCMS as the island remnants. Nevertheless, tracing a

single ¯ux tube and plotting it for various toroidal

lengths at any toroidal cross-section shows the radial

displacement of the ¯ux tube to itself. In Fig. 3 two

examples are given. There the toroidal length of the ¯ux

tube is characterized by the period number (5 periods �
1 toroidal turn � 35 m). Thus, the radial displacement

can be directly determined at many points and the ®eld

line di�usion coe�cient can be estimated by

DFL � 1

N

XN

i�1

�Dri�2
2Dli

; �2�

with Dri the radial displacement and Dli the toroidal

distance between the two ¯ux bundle locations. The

quantities are measured at N positions with N � 10±20.

Of course the ®eld line di�usion coe�cient obtained

by this method can only be considered as a rough esti-

mate, but nevertheless it gives an order of magnitude.

Analysing ¯ux bundles with di�erent Kolmogorov

lengths, the results summarized in Fig. 4 have been ob-

tained. There, DFL is plotted as a function of the Ko-

lmogorov length LK. It increases with decreasing LK. The

corresponding heat di�usion coe�cient is estimated by

verg � DFLve
th [8±10] with ve

th the electron thermal veloc-

ity. For W7-X a velocity of ve
th � 3:5� 106 m=s and an

anomalous cross-®eld heat transport coe�cient of ve
? �

5 m2=s have been considered (edge electron temperature

Te � 70 eV, edge density n � 0:2� 1020 mÿ3, ve
?n �

1020 mÿ1 sÿ1, [11]). The stochasticity only in¯uences the

Fig. 4. The ®eld line di�usion coe�cient DFL is plotted in de-

pendency of the Kolmogorov length LK.

Fig. 5. Part of the stochastic layer with LK6 35 m (dots). For

details see Fig. 2.
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cross-®eld heat transport if verg P ve
?. Therefore, for

these parameters only ®eld lines with LK6 35 m

(DFL > 1� 10ÿ6 m2=m, verg > 3:5 m2=s) will contribute

to an enhanced cross-®eld transport. As shown in Fig. 5

the outermost part of the stochastic layer ful®lls this

condition. There the ¯ux tubes with LK6 35 m are

plotted. In this thin layer the stochasticity may be large

enough, so that a small in¯uence of the stochasticity on

the cross-®eld heat transport may be expected for the

considered magnetic ®eld con®gurations, at least for

higher b-values.

For the future, the in¯uence of the electron distri-

bution function, in particular of the fast electrons

(E � 4kTe, [11]) together with the in¯uence of the sto-

chasticity needs to be assessed in detail. Further, the

in¯uence of the stochasticity on the cross-®eld heat

transport is expected to increase in larger fusion devices.

For example, scaling W7-X (major radius R0� 5.5 m) to

the size of the Helias reactor (R0� 22 m) [12] would

increase DFL by a factor 4, and the higher edge tem-

perature (Te� 0.18 keV, [11]) would also increase verg.

5. Summary

The stochasticity of magnetic ®elds in the edge region

of W7-X has been quanti®ed. It has been shown that the

mean Kolmogorov length decreases with increasing b,

and that stochastic layers �LK < Lc� exist in the consid-

ered cases taking the forms and positions of the divertor

elements into account. Further, an estimate of the ®eld

line di�usion coe�cient and the corresponding heat

di�usion coe�cient have been given.
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