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INTRODUCTION

Stellarators are an attractive option to confine high temperature plasmas with the ultimate goal to produce fusion energy under stationary conditions. They generate the entire confining magnetic field from external coils [START_REF] Spitzer | The stellarator concept[END_REF], [START_REF] Boozer | What is a stellarator[END_REF]. No internal plasma current is required to sustain the confinement which is in contrast to tokamaks -the presently leading concept of magnetically confined fusion energy. However, so far stellarators suffered from large losses of particles due to alterations of the magnetic field structure along their flight path which allow them to escape. These so-called neoclassical losses where so large, that the stellarator device was about 20 years ago not capable to confine these particles not anywhere nearly as good as a tokamak. An pioneering experiment at the University of Wisconsin Madison, however, showed that it is possible to optimize the magnetic field of a stellarator such, that these losses are suppressed and good confinement can be achieved. This demonstration experiment is the Helically Symmetric Experiment (HSX) [START_REF] Anderson | The Helically Symmetric Experiment (HSX), Goals, Design and Status[END_REF] in the department for Electrical and Computer Engineering. Based on the seminal findings on this device and enabled by large steps in super-computing capabilities in the past two decades it was possible to optimize stellarators in the phase space of thermal and fast particles which a fusion device has to confine. The most advanced product of this achievement in stellarator science is the Wendelstein 7-X (W7-X) stellarator, located in Greifswald, Germany. This brand new device recently finished its initial commissioning and the first plasma experiment operation phase with great success. Plasmas with densities in the typical range of nowadays tokamak experiment (2.0 -4.0 • 10 19 m -3 at enormous electron temperatures of T e =8-10 keV and ion temperature of T i =1.0-2.0 keV have been demonstrated which provide initial evidence that the expectations for the plasma confinement are even exceeeded by the optimization of the device.

The aim of the project W7-X is to demonstrate steadystate operation and the reactor potential of the superior stellarator concept for a future fusion power plant [START_REF] Et | A stellarator reactor based on the optimization criteria of Wendelstein 7-X[END_REF], [START_REF] Nuehrenberg | Overview on Wendelstein 7-X theory[END_REF]. The plasma in the pentagon shaped torus has a major radius of R=5.5m, a minor radius of < r >=0.55m. It is confined by a 2.5T on axis magnetic field exclusively generated by 70 external superconducting coils whithout the need for net toroidal currents causing concerning types of disruptions in tokamaks. A combined heating system of electron cyclotron resonance heating (ECRH), neutral beam injection (NBI) and ion cyclotron resonance heating (ICRH) will allow for generation of a heating power of in total 20MW for plasmas of densities in the order of 10 20 m -3 , with ultimately quasi-stationary discharge durations of up to 30 minutes.

The achievement of good plasma core confinement alone, however, is not sufficient to demonstrate a feasible reactor concept. The helium ash which is produced by the nuclear fusion reaction D + T → He + n + 17.4MeV needs to be exhausted from the plasma core to avoid dilution of the fusion fuel. For this, the helium has to be channeled out of the confined plasma and needs to be neutralized to pump it away. This happens on solid material surfaces and hence it is unavoidable that an interaction between the plasma surrounding the high performance core and dedicated plasma facing material areas occurs. To realize a feasible reactor device, the plasma material interaction which happens in the exhaust device as well as in the overall vacuum vessel walls defines the level of impurities which can penetrate into the plasma and the level of material erosion defines the actual economical viability of fusion. Therefore, the challenge to realize a feasible plasma material interface is a key question on the route to find out a feasible design for a fusion reactor. Plasma core and plasma edge as well as the plasma material interaction have to work in concert, which represent a multi-scale, multi-species and highly non-linear scientific challenge. The work presented here tackles essential questions on how the plasma edge can be taimed to protect the plasma material interface.

While good magnetic flux surfaces are established and essential for good plasma confinement in the plasma core, the 3-D boundary which defines the plasma material interaction features a complex magnetic topology with magnetic islands and stochastic magnetic field line domains. To start the dveice, a simplified magnetic edge configuration was choosen, defined by five distinct graphite limiters which separate the plasma from the material walls in the device [START_REF] Bozhenkov | Limiter for the early operation phase of W7-X[END_REF], [START_REF] Pedersen | Plans for first plasma operation of Wendelstein 7-X[END_REF]. A magnetic configuration was chosen that guarantees nested, closed magnetic surfaces without large island chains or stochastic regions in the boundary. We report in this paper about preparatory numerical studies with a 3-D plasma transport code which takes into account the plasma wall interaction with a sophisticated Monte-Carlo neutral particle modeling.

During the first operational phase of W7-X relevant insights into the edge physics were obtained and initial tests of a promising means for mitigation of heat loads onto plasma facing components were performed. The idea is to use impurities which are released into the plasma edge either due to sputtering in the frame of plasma surface interaction or by external seeding [START_REF] Samm | Radiative edges under control by impurity fluxes[END_REF]. Those can act as local energy loss channels by isotropic line radiation. According to promising modeling predictions it was decided to extend the gas injection system for the later island divertor phase and to proceed with controlled radiation cooling experiments. The plasma edge transport and the feasibility of radiative edge cooling with intrinsic and externally seeded impurities is studied with the fully 3-D coupled plasma fluid and kinetic neutral edge transport Monte-Carlo Code EMC3-Eirene [START_REF] Feng | 3D fluid modelling of the edge plasma by means of a Monte Carlo technique[END_REF] for W7-X startup plasmas [START_REF] Pedersen | Plans for first plasma operation of Wendelstein 7-X[END_REF], [START_REF] Effenberg | Numerical investigation of edge transport and limiter heat loads in Wendelstein 7-X startup plasmas[END_REF], [START_REF] Feng | Neutral transport behavior expected for the first limiter plasmas in W7-X[END_REF]. Experiments were defined and recently performed according to the simulation results and a first analysis reveals a qualitative agreement of a lot of the predicted effects with respect to the plasma transport, plasma wall interaction and radiative edge cooling.

TOPOLOGICAL IMPACT ON PLASMA EDGE TRANSPORT

First, a topology analysis is performed. The plot shown in figure 1 is a mapping of magnetic field lines which were traced around the torus and marked at their intersection point with the one plane shown. This is called Poincare plot and is a well known technqiue to visualize phase space behavior in nonlinear dynamic systems for instance. This plot represents the full magnetic vacuum field at one of the five bean shaped symmetry cross sections where the limiters are located. It shows for this configuration almost closed magnetic flux surfaces in the boundary. In the core domain the 5/6 resonances appear as magnetic islands. Once the limiters intersect the field lines in the boundary rather the target-to-target connection lengths (L C ) are considered, because they define the important parallel length scales for the plasma edge transport. The pattern in the L C distribution in figure 1b corresponds to three types of helical magnetic flux tubes of different lengths. The two shorter ones have a length of L C ≈36m and L C ≈43m, the long one has a length of L C ≈79m, corresponding to 1, 1.2 and 2.2 toroidal that a field line can perform between two limiters.

Plasma transport simulations were performed for this limiter startup scenario with EMC3-Eirene for different input parameters and boundary conditions, such as last closed flux surface density, heating power or perpendicular anomalous transport coefficients for particles (D ⊥ ) and heat (χ ⊥,e,i ). It turns out, that the edge plasma parameters are correlated to L C , featuring e.g. pressure maxima and minima and a flow structure according to the connection length distribution. The different parallel transport length scales lead to different perpendicular to parallel transport ratios. The longer helical flux tubes receive more heat and particles due by anomalous perpendicular transport, while fast parallel losses to the limiters dominate in the short flux tubes.

INVESTIGATION OF LIMITER HEAT LOADS

The deposition of the parallel heat flux q || onto the limiters is calculated with EMC3-Eirene for the various plasma transport conditions. The deposition patterns are mainly a result of the combined effects of the exponential decay of q || , the target geometry and the parallel to perpendicular transport ratio. In figure 2 an overview of the deposition is provided. In figure 2a the evolution of the deposited heat loads with varying last closed flux surface density at fixed input power of 4MW and spatially constant anomalous perpendicular transport co- The strong correlation between topology, plasma edge transport and plasma surface interaction revealed and investigated numerically with EMC3-Eirene is studied with experimental diagnostics as well, in particular with IR camera observations of the limiters. In figure 3 a comparison is shown for the measured heat flux distribution and predictions from ECM3-Eirene modeling related to a change of the magnetic field configuration (ι-scan) during the initial operation phase. The topology related change in the distribution of the modeled deposited heat fluxes was very clearly confirmed by the IR limiter observation [START_REF] Wurden | Limiter heat and particle flux measurements at W7-X[END_REF].

IMPACT OF RADIATIVE EDGE COOLING

The limiters act as main recycling and impurity sources. The release of intrinsic Carbon is modeled assuming a sputtering yield of 0.02, that is an impurity influx of 2% of the recycling flux is generated. It has been shown that these intrinsic impurities do not cause significant power losses [START_REF] Effenberg | Numerical investigation of edge transport and limiter heat loads in Wendelstein 7-X startup plasmas[END_REF]. Therefore additional Nitrogen and Neon seeding rates are calculated by EMC3-Eirene in order to radiate a significant fraction of 40% of the input power. The impurity radiation distribution is shown in figure 4. The radiation is helically localized due to the topology. The puff rates for Neon and Nitrogen are taken and applied in radiation cooling experi- 

CONCLUSIONS

W7-X is the most advanced stellarator to demonstrate stationary operation and the nuclear fusion reactor feasibility. Significant insights into the 3-D edge physics of W7-X are obtained based on numerical simulations of the plasma transport and plasma wall interaction with EMC3-Eirene for the startup scenario. Experiments were defined and carried out showing a good agreement with the predictions, e.g. the correlation between magnetic topology edge transport. In particular the correlation of the limiter heat loads with the topology could already be confirmed qualitatively by IR camera observations. Radiation cooling as a means for heat load mitigation onto the limiters as main plasma facing components and reactor walls was found to be feasible according to the modeling. Experimental observations confirm promising mitigation effects. The effectiveness of this edge cooling technique during the experiments and the impact on the performance of the discharges need further investigation.
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 1 Fig. 1. Magnetic topology of the limiter configuration: (a) vacuum Poincare plot and (b) target to target connection length (L C ) profile caused by the limiters. efficient D ⊥ =1m 2 s -1 is shown. The heat loads are compared with the connection length footprint in figure 2c. The 2-D distribution shows a clear widening and decreasing of the peak heat loads with either increasing density or increasing perpendicular transport. This is clearly seen in the 1-D surface scans performed at a height of Z=-0.2m in 2d and e. The maximum heat peak loads occure in the long connection length domain closest to the last closed flux surface. Rising the density or the perpendicular fueling correspond both to an increase of the perpendicular to parallel transport ratio. In case of very hight perpendicular transport the fuelling capacity of the helical flux tubes is exceeded and the topology impact is less effective and the strong outward directed transport widens and smooths the heat flux distribution. These mechanisms can already help to avoid critical local hot spots.The strong correlation between topology, plasma edge transport and plasma surface interaction revealed and investigated numerically with EMC3-Eirene is studied with experimental diagnostics as well, in particular with IR camera observations of the limiters. In figure3a comparison is shown for the measured heat flux distribution and predictions from ECM3-Eirene modeling related to a change of the magnetic field configuration (ι-scan) during the initial operation phase. The topology related change in the distribution of the modeled deposited heat fluxes was very clearly confirmed by the IR limiter observation[START_REF] Wurden | Limiter heat and particle flux measurements at W7-X[END_REF].
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 23 Fig. 2. Modeling of limiter heat loads with EMC3-Eirene: (a) density scab at fixed input power of 4MW and perpendicular transport coefficients D ⊥ =1m 2 s -1 , (b) diffusion scan at a fixed input power of 2MW and a density of 9•10 18 m -3 , (c) L C footprint, (d) 1-D limiter heat load and L C surface profile for density scan, (e) 1-D limiter heat load and L C surface profile for diffusion scan including results for a case with 4MW input power.

Fig. 4 .

 4 Fig. 4. Modeling of radiative edge cooling by intrinsic Carbon and seeded Nitrogen and Neon and experimental verification of heat load drop by IR camera observation.
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