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Abstract

A fine structure of open chaotic field lines, namely, a heteroclinic tangle, in the ergodic divertor has been observed by
measurements of heat deposition pattern on the divertor plates at TEXTOR. Calculations show that magnetic footprints
on the divertor plates are formed by open field lines coming from the plasma along narrow stripe regions called fingers. The
latter are determined by the structure of stable and unstable manifolds of the outermost resonant magnetic island. This fact
is confirmed by observations of the bifurcations of the heat flux pattern on the divertor plates with changing edge safety

factor.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The concept of ergodic divertors is based on the
stochastization of the magnetic field lines in the
plasma edge by a helical, multipolar magnetic per-
turbation resulting from the external currents. The
dynamic ergodic divertor [1,2] in the TEXTOR
tokamak consists of sixteen perturbation coils,
which cover about 72° of the vessel poloidal circum-
ference on the HFS. The spectrum of the magnetic
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perturbation is controlled by the current distribu-
tion in the coils. The base mode of the magnetic
perturbation can be varied by the connections of
the power supplies to the coils among m/n = 12/4,
6/2 and 3/1, where m, n refers to the poloidal and
toroidal mode number. Each of the base modes is
accompanied by side bands, e.g., the perturbation
with the base mode m/n = 12/4 consists of modes
from the range of 8/4 < m/n < 16/4. Resonant com-
ponents of magnetic perturbation act on field lines
at certain flux surfaces and create open chaotic sys-
tem, which consists of the different regions: an ergo-
dic region adjacent to the confined plasma region
and a laminar region close to the target plates with
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helical flux tubes of field lines with short connection
length to the target [3]. The laminar zone [4] is
equivalent to the scrape-off layer of a poloidal diver-
tor, but it has a complicated three-dimensional
structure. It consists of relatively large areas with
small connections lengths alternating with narrow
stripes areas (a so-called ‘fingers’) with large connec-
tion lengths. As was shown in [2] the boundary
between flux tubes with different connection lengths
has a fractal structure. The width and spatial struc-
ture of the fingers is of particular interest for the
plasma flow pattern toward the divertor since they
determine a heat and particle deposition pattern
on the divertor target plates [5].

In this paper we report a new experimental find-
ing on the structure of a heat deposition pattern on
divertor plates and its relation with the structure of
fingers. Specifically, it was found that the heat depo-
sition pattern is predominately determined by the
finger structure of the outermost resonant magnetic
island chain at the plasma edge. This effect has been
found by the experimental observation of the bifur-
cation of the heat deposition pattern with the change
of the edge safety factor ¢,. It was also confirmed by
the numerical calculations of the magnetic footprints
on the divertor plates and the structure of so-called
stable and unstable manifolds of field lines of the
outermost resonance magnetic island. The finger
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structures are formed near these manifolds and
contain field lines with long connections lengths.

It is known that the onset of chaotic field lines
appears near the separatrix in the presence of non-
axisymmetric magnetic perturbations which splits
stable and unstable manifolds of the separatrix. The
transversal intersections of these manifolds create
an infinite number of unstable periodic fixed points
[6,7]. Such a complicated structure called a homo-
clinic (heteroclinic) tangle is a signature of a chaotic
motion. The described heteroclinic tangles appear
also for the magnetic field lines in the ergodic layer
of the plasma. They are the mechanism for non-diffu-
sive transport towards the target plates [6,8]. Their
structure determines the particle and heat deposition
pattern on the divertor plates since electrons and ions
predominantly follow magnetic field lines.

2. Dependence of the strike zone on the edge
safety factor

Regular patterns of the heat deposition, which
are formed by the fingers and adjacent to the flux
tubes formed by field lines with short connection
lengths can be seen on Fig. 1. The image presents
the temperature distribution over the divertor target
plates (visible as a false-color scale) with the DED
operating in the 6/2 mode. It is visible that the
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Fig. 1. The temperature distribution over the DED target plates in Celsius centigrade. The image of the curved and oblique surface is
corrected with LEOPOLD [12], such that the tiles form a regular pattern. The yellow (m/n = 6/2) and green (m/n = 12/4) rectangles
indicate the areas, where the heat flux density is evaluated with the THEODOR code.
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helical heating stripe has a slight slope from the bot-
tom left to the right; the stripe follows the direction
of the DED coils behind the target plates. The color
represents the temperature as indicated by the color
bar on the right-hand side. Unfortunately, the tiles
are not ideally mounted and, as a result, the pro-
truding edges of the graphite tiles receive an
enhanced heat flux.

Each pair of ‘power-stripes’ contains a colder
region in between. At the lower degree of ergodiza-
tion these pairs merge together. The relation of the
target surface temperature distribution to the struc-
ture of the magnetic field and thermographic setup
has been discussed in [5]. Here, it is important to
mention, that the energetic electrons, which follow
magnetic field lines are directed from the ergodic
layer towards the plasma boundary along the fin-
gers. Part of the heat and particles is transferred
to the adjacent flux tubes of the laminar zone by
perpendicular transport, but still a large fraction
of the energy is deposited on divertor target plates
via stochastic field lines forming the fingers [9,10].
The comparison of the heat flux density structure
and the distribution of the field line connection
lengths shows, that most of the energy reaches
target plates via the field lines with short connection
lengths. However the maximum of the heat flux den-
sity falls into region, where the stochastic field lines
intersect with the divertor surface, due to the fact
that the most energetic particles hit the target plates
at those places. The structure of the resulting heat
flux pattern as discussed in [5] is defined by the field
lines with short and long connection length.

As stated above, the magnetic perturbation cre-
ated by the DED consists of several Fourier compo-
nents. The maximum of the ergodization is reached,
when the pitch of the field lines on a given magnetic
flux surfaces matches the helicity of the Fourier
component of the perturbation. Thus the structure
of the perturbed volume strongly depends on the
quantities, which modify plasma magnetic equilib-
rium, i.e., edge safety factor or poloidal beta. The
safety factor profile defines which resonant mag-
netic surfaces are within the bulk plasma and their
distance from the source of the perturbation. In
order to see how, the heat flux pattern depends on
the magnetic equilibrium the experiments have been
performed in all three configurations of the DED,
where the plasma current was ramped up (or down)
in order to vary the edge safety factor. The heat flux
density was time resolved using the THEODOR
code [11] at the areas marked with yellow and green

rectangles in Fig. 1. The results are shown in Fig. 2:
the heat flux density is presented as a function of the
edge safety factor (the abscissa) and poloidal angle
along the tiles (the ordinate). At first the experi-
ments in the 12/4 mode were performed, one of
the results is presented in Fig. 2(a). Here the edge
safety factor has been varied in the range of
(¢a = 5.0 — g, = 2.4). It is found that the structure
of the strike zones is strongly correlated to the value
of the edge safety factor. The general tendency is
that the strike zone splits, if ¢, < 3.25. However,
one can identify substructures, which can be attrib-
uted to a certain range of the edge safety factor, i.c.,
they appear at ¢g,; and disappear at ¢,». One should
notice the slight asymmetry between the top and
bottom structures. Each of the substructures disap-
pears, when the ¢, is close to the rational value. It
would indicate that the topology of the footprints
is defined by the outermost resonant flux surface.
The variation of the structures is strongest for
ga < 16/4, i.e., where the effect of the magnetic per-
turbation on the field lines is strongest. Characteris-
tic is that the substructures are overlapping, i.e., the
new one appears, while the previous is still present.

To prove the resonant nature of the heat flux
pattern evolution with changing plasma current the
experiments have been performed in other configu-
rations, e.g. in 3/1 and 6/2 mode. It has been found
that the behavior of the heat flux density patterns is
similar to these in 12/4. However due to different
shape of the perturbation spectrum, there are fewer
substructures within each of the stripes. An example
for the base mode 6/2 is shown in Fig. 2(b). The var-
iation of the heat flux density with ¢, during the dis-
charge #99443 is shown in Fig. 2(b). Here variation
of the edge safety factor was in the range of
(¢a=3.1 > ¢g,~5.0). As expected the number of
the substructures appearing within the stripe is
reduced. Again the structures are correlated with
¢a ~ m/n. The dependence of the footprint topology
on the resonant flux surfaces is clearly visible. The
substructures can be attributed to a certain reso-
nances as indicated on the graph. As it will be shown
in the next section, crucial for the heat flux pattern
formation is the topology of the stable and unstable
manifolds of the given island chain.

3. Formation of the fingers by stable and unstable
manifolds

A periodic fixed point with period n can be
followed using the Hamiltonian formalism and
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Fig. 2. Heat flux to the divertor target plates as a function of the edge safety factor and the poloidal angle: (a) in the 12/4 mode; (b) in the

6/2 mode.

mapping methods (see, e.g., [2,7,8]). There are two
types of the fixed points: elliptic and hyperbolic
ones. As discussed above, the chaos in fusion plas-
mas arises around the hyperbolic fixed points. A
field line close to the hyperbolic point will follow a
hyperbolic orbit away from the fixed point. An
unstable manifold of a hyperbolic fixed point is
defined as the set of points which converge under
the map towards the fixed points for n — —co. A

stable manifold is the unstable manifold of the
inverse map, i.e. it converges towards the fixed
points for n — +oo. The method of calculating the
trajectories of the (un)stable manifolds of the fixed
points has been discussed in [7].

The sketch of the trajectories of the stable and
unstable manifolds is shown in Fig. 3. Manifolds
start to oscillate when approaching the hyperbolic
fixed points and intersect each other infinite times.
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Fig. 3. The sketch presenting the intersections of the stable and
unstable manifolds of two different resonances. Stable manifolds
are plotted with solid lines, the unstable ones with dashed lines.

The magnetic flux enclosed by the intersections of
the manifolds is preserved. However due to increas-
ing amplitude of the oscillations the areas are get-
ting long and thin. This results in enhancing of the
chaotic behavior of the field lines. In Fig. 3 a field
line, marked as a red circle, iterates from position
1-10. Close to the hyperbolic points the amplitudes
of the oscillations are large enough to intersect the
manifolds of the neighboring resonances resulting
in the transport of the magnetic flux from the one
resonance to the other. In Fig. 3 it happens at fifth
iteration of the field line.

The DED creates an open chaotic system, there-
fore the stable and unstable manifolds have large
influence on the target patterns. It has been shown
[7], that the finger structure is constrained to the tra-
jectories of the stable and unstable manifolds of
the outermost island chain. To show the relation
of the manifolds and the heat deposition patterns
the calculations for the discharge presented in
Fig. 2(a) has been performed using a method dis-
cussed in [7]. In Fig. 4 the paths of the manifolds
calculated for ¢, =3.03 are presented. They are
overlaid with the corresponding Poincaré plot. The
abscissa represents the poloidal angle 6 and the
ordinate — minor radius r. The divertor target plates
are localized at minor radius of 47.7 cm and poloid-
aly in the range of 150° < 0 < 210°. The (un)stable
manifold oscillates around island until it is strongly
deflected by the near field of the DED towards the
target plates. The dominance of the 10/4 resonance
can be concluded from the behavior of the mani-

folds. The manifolds of the 9/4 resonance oscillate
around their fixed points until the oscillations are
large enough to intersect 10/4 island chain and hit
the target plates. The position of the intersection
is therefore defined by the 10/4 island chain. One
should note that the rational surfaces 11/4 and 12/
4 are still existing inside the plasma volume, how-
ever the near field of the DED destroyed them com-
pletely. For the slightly lower ¢, 10/4 island chain
would be shifted outwards, closer to the DED coils
and destroyed as well. Then the 9/4 island chain
would become dominant. The modification of the
magnetic structure with variation of the edge safety
factor is presented in Fig. 4(b). The graph shows the
dependence of the magnetic footprints on the edge
safety factor (the abscissa) and the poloidal angle

Fig. 4. Calculated topology of the (un)stable manifolds for the
case of the DED (#95952): (a) the stable (red) and unstable (blue)
manifolds of the outermost existing island chain (m/n = 9/4); (b)
the structure of the magnetic footprints as a function of the edge
safety factor ¢ and poloidal angle 6. The color scale refers to the
connection length of the magnetic field lines expressed in toroidal
turns.
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(the ordinate). The colors correspond to different
connection lengths of the field lines expressed in
toroidal revolutions around the torus, e.g., dark
red structures represent the field lines intersecting
the divertor surface after 10 toroidal turns. The
calculations are held for a set of parameters from
Fig. 2(a). In order to show details of the structures,
the edge safety factor is varied from ¢, =3.5 to
¢.=2.7. The variation of the magnetic footprints
resembles the changes in the heat flux pattern pre-
sented in Fig. 2(a). One can clearly identify three
substructures corresponding to three different reso-
nances. Each of the structures forms a c-like shape.
The calculations allow to identify dominant reso-
nances forming each of them. They are correspond-
ingly 11/4, 10/4 and 9/4. The intersections of the
stable and unstable manifolds (marked with black
dots — for unstable manifolds and with white — for
the stable ones) fall within the areas of the longest
connection length. One should note that the inner
branches are not present in the heat flux pattern in
Fig. 2(a). Most likely these inner branches are cre-
ated by the field lines with shallower penctration
after first few toroidal revolutions.

4. Summary

The heat flux pattern of the fusion devices with
the stochastic edge are defined by the stable and
unstable manifolds of the homo- and heteroclinic
tangles. These structures have been observed by
measurements of heat deposition patterns on the
divertor target plates at TEXTOR. In the case of

the DED the manifolds form a ‘skeleton’ for the fin-
gers structure and the laminar zone. The position of
the strike zone is influenced by the outermost dom-
inant island chain.
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