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Abstract

The paper addresses basic features of non-axisymmetric edge transport induced in
tokamaks by local limiters or external magnetic perturbations and in low-shear
stellarators by the presence of edge magnetic islands. 3D simulations and, if available for
comparison, experimental results are presented and discussed for three devices, ITER
during start-up operation, TEXTOR-DED and W7-AS, having edge topologies totally
different from each other. The modeling is performed with the EMC3/EIRENE code,
which treats self-consistently plasma, neutral and impurity transport in a general 3D
Scrape-Off Layer (SOL) with arbitrarily complex geometry of magnetic configuration
and plasma-facing components. Shown are code predictions of the power load on the
ITER start-up limiters as well as modeling results on the transport in the TEXTOR-DED
stochastic edge and on the physics of stable detachment in W7-AS. Experimental
observations confirming the code simulations are referenced for both TEXTOR-DED and
W7-AS, a direct comparison between modeling and experimental results is shown for
W7-AS.
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1. Introduction

In helical devices, SOLs are intrinsically three-dimensional (3D) because of their non-
axisymmetric magnetic field structure. Additionally for island divertors, toroidally
continuous recycling is impeded by technically unavoidable discretization of divertor
plates [1]. In standard tokamaks, a 3D SOL can be induced by local sources like gas-
injection or by non- axisymmetric installations like discrete limiters, as proposed for
ITER during the plasma start-up phase [2]. Axisymmetry is also violated by applying
external perturbation fields to tokamaks in order to provide an active control of the
plasma edge transport by magnetic ergodization, like in TEXTOR-DED [3,4] and TORE
SUPRA [5,6], or to mitigate the impact of large ELMs on the power exhaust like in DIII-
D[7,8]. In all these cases, the edge transport becomes 3D as well and SOL transport
models have to be upgraded to meet the increased dimensionality. Such 3D models are
needed for understanding and predicting the edge physics of plasma, neutrals and
impurities and for optimizing the plasma-facing components. For operating machines,
realistic 3D transport models can be used as complementary “ 3D numerical-diagnostic
tools” for the experiment, in view of the technical difficulty to provide sufficient
toroidally-resolved diagnostic data. ITER, TEXTOR-DED and W7-AS have been chosen
as examples because of their completely different topologies.

2. ITER

In ITER, axisymmetry is violated by discrete start-up limiters needed for protecting the
wall during the current ramp-up and ramp-down phases of a discharge. The size of the
limiters is bounded by port-accessibility and remote-handling constraints, which reduce
the total affordable limiter surface to a few % of the total plasma surface at the edge,
leading to high power loads on the limiters. These power loads have to be kept below the
technical limits for the envisaged plasma-facing materials, which range between 5 and 8
MW/m2.

The current design consists of two limiter modules located at opposite toroidal positions.
Their small size in the presence of a significant magnetic shear introduces a complex
pattern of open field lines having completely different connection lengths (Lc) ranging
from 250 m (several toroidal turns) to infinity [9]. This topology makes the limiter SOL
non-transparent to the adoption of simple transport models, which cannot replace a self-
consistent 3D numerical treatment in the assessment of non-axisymmetric effects. Such a
3D study [9] has been performed with the EMC3-EIRENE code [10,11] for three current
ramp-up plasma-equilibrium configurations, 2.5, 4.5 and 6.5 MA, selected from the so-
called ITER start-up scenario 2 [12]. The upstream parameters PSOL and nup are taken
from a core-transport analysis based on the ASTRA code [13]. The geometry of the
radial-poloidal domain of the limiter-SOL used in the simulations of the 6.5 MA case is
shown in Figs. 1 and the Lc distribution over this domain is plotted in Fig. 2. The Lc

picture exhibits a typical sequence of vertical stripes with small connection lengths
representing the flux tubes of the limiter shadow, where particles and power are lost to
the limiters on their shortest paths. A clear-cut distinction between small (Lc ≈ 250 m) and
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large (Lc ≥ 10 km) connection lengths is seen at the normalized radial positions 0.3, 0.55
and 0.7, where the respective main resonances q = 12/2, 13/2 and 14/2 reside.

The effective radial plasma transport is governed by a complex 3D interaction between
short and long flux tubes. Note that the vertical stripes with are about 3 m apart from each
other, whereas their radial extension, the SOL depth, is about 10 cm in the average. The
largest fraction of the power outflux from the core enters the SOL in the poloidal regions
of large Lc between the vertical stripes of small Lc. Its poloidal diffusion into the sink
regions of the limiter shadow is quite ineffective due to the large poloidal distances
between the stripes. This leads to a poloidal decoupling of all plasma parameters between
the open and shadowed regions, which is reflected by the poloidal modulation of Te in
Fig. 3. However, the code predicts that more than 95% of the power entering the SOL is
lost to the limiters, not to the wall, which is evidenced in Fig. 3 by the overall radial
decay of the temperature. This means that there is a transport channel, different from
poloidal diffusion, being responsible for the poloidal transfer of the power to the
shadowed regions. It can be shown that this channel is parallel heat conduction, coupled
with radial diffusion, in the radial layer between any two adjacent main resonances.

This power-loss channel to the short flux tubes limits the rise of the upstream plasma
parameters on the long flux tubes and explains why the power-load distribution on the
limiters is smooth (no hot spots!) and does not correlate with a strongly inhomogeneous
distribution of connection lengths over the limiters [9]. Fine structures in the Lc

distribution (Fig. 2) are also smoothed out by the cross-field heat transport across long
flux tubes.

The main effect of the long flux tubes is simply to increase the radial decay lengths of the
plasma parameters. This effect enlarges the power deposition area sufficiently to prevent
the predicted peak power load from exceeding the range of the engineering limit of 5 - 8
MW/m2 even in the worst case of the assumed highest density and lowest heat
conduction.

3. TEXTOR-DED

The Dynamic Ergodic Divertor (DED) has been installed in TEXTOR to improve the
power exhaust and particle control by providing an active control of the plasma edge [4].
A complex 3D stochastic region is generated by resonant magnetic perturbations
produced by helical conductors, installed on the inboard side of the vessel, having the
same pitch angle as the field lines of the q=3 magnetic surface [14]. The DED coils are
covered by a smooth surface of tiles acting as a target plate.

The computational domain for the plasma extends over the radial perturbation region of
interest, the inner boundary being a closed magnetic surface, the outer boundary a
magnetic surface of the non-perturbative case at the outermost position of the DED target
[15]. The standard operational mode is 12/4. The corresponding DED current (IDED)
generates a sequence of resonances with poloidal numbers 9 to 14. Radially outwards the
island chains break up and form an extended radial stochastic region of about 5 cm up to
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the target (Fig. 4). The distribution of connection lengths shows a typical “finger” pattern
formed by the remnant legs of the broken islands (Fig. 5). In the present example, IDED =
13.5 kA has been chosen, which is close to the max. value of 15 kA. Generally higher
IDED generate larger islands, larger island remnants and larger stochastic regions.

In the non-perturbative case, the flux surfaces are intact and the plasma parameters are
poloidally smooth up to the DED target, which acts as a limiter. With the DED currents
switched on in the EMC3 simulations, the plasma parameters follow the poloidal
modulation of the connection length distribution, reflecting the dominant role of the
parallel transport [15, 16]. At the very edge, the strong distortion of the field lines due to
the near-coil field modulation generates significant radial field components leading to an
enhancement of the effective radial heat transport near the target (Fig. 6). This in turn
implies a drop of the local Te gradients, with a consequent reduction of the temperature in
the whole edge region. These code predictions have been confirmed qualitatively by the
experiment [17]. The main energy outflow is channelled to the edge by long flux tubes,
but near the target a certain fraction of the power is transferred by cross-field transport
from the poloidally narrowing fingers of the long flux tube to the poloidally expanding
regions of the short flux tubes. This fraction depends sensitively on the magnetic field
topology and the chosen cross-field transport coefficients.

The predicted footprints of the particle deposition on the target is typically characterized
by four stripes reflecting the poloidal number of the main resonance and the field
modulation in the laminar zone. These code simulations have also been confirmed by the
experiment, specifically by target-viewing 2D Hα diagnostic data [17].

4. W7-AS

The third example is concerned with the island divertor of W7-AS. Here, an intrinsically
3D SOL is generated by 10 up/down symmetric divertor targets and by a chain of large
magnetic islands. The targets introduce periodic localized recycling zones and the
toroidal variation of the island shape inhomogeneous radial transport fluxes. Both effects
lead to a toroidal modulation of the plasma parameters along the islands, which cannot be
smoothed out by parallel heat conduction [18].

Dedicated experimental and modelling investigations conducted in the past few years
have clarified several essential features of the W7-AS island divertor physics [19,20].
Here, only the detachment issue is mentioned, which has been covered in the last phase of
the W7-AS operation.

After the discovery of the HDH regime [21], partial stable detachment with very high
separatrix densities and more than 90% of the SOL power being radiated at the edge has
been achieved in the W7-AS island divertor. Energy detachment sets in when the
impurity radiation capability at the target exceeds the SOL input power [18]. Then, the
radiation layer lifts from the target and moves towards the X-point located in front of the
target. The detachment becomes stable only if power transport and radiation are in
balance at a position inside the island SOL. Both experiment and modeling have shown
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that this balance can only be established in a divertor geometry having large plasma-to-
core distances and small connection lengths [22,23]. In these cases, the modeling predicts
the formation, at detachment conditions, of a carbon radiation belt inside the islands at
the HFS. On the other hand, the radiation-free power channel at the LFS maintains a
warm divertor region, which sustains the recycling process and causes a local peak of the
power load on the target (Fig. 7). This hot spot, which has been detected by target
thermography, prevents the establishment of a complete stable detachment in W7-AS.

5. Conclusion

Three devices with strongly different non-axisymmetric SOL topologies and magnetic
field structures have been selected to demonstrate the need and relevance of realistic 3D
transport modeling for understanding the physics of 3D SOL plasma transport. In
particular, the two presented tokamak examples show that a release of the axisymmery
constraint by small material or magnetic perturbations may totally alter the transport
characteristics of standard tokamaks. The EMC3-EIRENE code has been used to simulate
self-consistently the plasma and neutral transport processes, with impurity transport being
included whenever relevant (e.g. detachment in W7-AS). Major predictions have been
confirmed by the experiments. For complex 3D topologies, physical averaging
prescriptions capable of reducing the dimensionality of the transport processes in
numerical models are presently not available. However, given the large computational
effort required by full 3D simulations, simplified 1D radial models using free parameters
fitted to the results of self-consistent 3D simulations may be attractive e.g. for
highlighting global transport effects in the SOL or for improving the efficiency of large-
scale design-optimization studies.
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Figure captions

Fig. 1: Computational domain (dashed lines) used in the EMC3-EIRENE code for the
            plasma-transport simulations in the 6.5 MA start-up limiter configuration of
            ITER.

Fig. 2: Distribution of connection lengths over the plasma computational domain.

Fig. 3: Te distribution over the computational domain for the 6.5 MA configuration.
            PSOL = 6 MW, nup = 0.54 x 1019 m-3, D⊥  = 0.4 m2/s, χ⊥  = 1.6 m2/s. The fine
            structure of connection lengths shown in Fig. 2 is not reflected by Te except for
            the limiter shadow region induced by the main resonance.

Fig. 4: Poincaré plot of the TEXTOR-DED edge region, standard 12/4 mode, for a
            perturbation current of 13.5 kA. Plasma current = 400 kA, PSOL = 600 kW, βpol =
            0.23. Obtained by field-line tracing (Gourdon code).

Fig. 5: Distribution of connection lengths over the plasma computational domain as
           obtained by field-line tracing (Gourdon code) . The red regions represent closed
           flux surfaces and islands.

Fig. 6: Radial profile of the effective radial heat transport coefficient, normalized to that
           of the unperturbed configuration.

Fig. 7: Typical distribution of carbon radiation and hydrogen ionization in a stable partial
           detachment for the W7-AS standard divertor configuration. PSOL= 0.8 MW, nup =
           5.5 x 1019 m-3, D= 0.5 m2/s, χ=3D. A hot spot on the target is detected by
           thermography in agreement with code results. It originates from a radiation-free
           power channel on the LFS, as shown by the simulations.
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                                                       Fig. 2
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                                                    Fig. 3
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   Fig. 4
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  Fig. 5

Lc
 (

 k
m

 )

r 
(c

m
)

0

≥ 1

0 360

40

50

pol. angle (deg) 

DED target



                                                                                                                                        13

                Fig. 6
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                                                     Fig. 7
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