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Experiments were performed in short pulse operation (OP1.2) on the Wendelstein 7-X (W7-X)
stellarator using a set of five magnetic configurations that were designed to mimic the topology and
resultant divertor fluxes of a high-power long-pulse scenario that is predicted to cause component
overload. These experiments demonstrated the capability of edge transport simulations to accurately
predict the location and relative magnitude of wetted areas on divertor and baffle components, as
well as the ability to mimic the effects of otherwise inaccessible operational conditions (toroidal
current, significant β) using the magnetic coil set. The overload scenario is predicted to occur in
the actively cooled divertor operational phase (OP2) of W7-X, in configurations where the toroidal
current is evolution (over „ 100 s) causes the edges of the primary divertor components along the
pumping gap to receive a load in excess the of the 5MW/m2 rating. The pulse length and energy
input limitations of the nonactively–cooled operational phases of W7-X prohibit direct access to
the overload scenario. To validate the predictions of the heat flux patterns and magnitude, and
to establish baseline measurements for comparison before two scraper element components are
installed, a set of five configurations were designed to mimic the effects of finite plasma β and
toroidal current on the magnetic topology and flux patterns. The mimic configurations correspond
to five values of the OP2 net toroidal current as it evolves from 0 to 43 kA, including the peak
overload case of 224 kA. Measurements of the divertor heat fluxes, Hα emission, and neutral
pressure were obtained in each configuration with 2 MW of input power and hydrogen and helium
as working gasses. In the steady-state and peak overload mimic configurations, density and power
scans were performed. The heat flux patterns are well described by predictions from both field-line
diffusion and higher fidelity EMC3-EIRENE simulations, indicating that the approach of mimicking
inaccessible OP2 configurations is successful and that rapid diffusion-type calculations are valid for
approximating fluxes. These results improve confidence in the predictions for advanced operation
of W7-X, and more broadly, in the ability to predict the heat flux patterns in stellarator divertors.
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Abstract 

Experiments were performed during the operational phase (OP) 1.2a of W7-X to verify predictions of potential 

overload conditions corresponding to certain high-power long-pulse OP2 scenarios. Heat flux measurements were obtained 

in a series of magnetic configurations designed to mimic the magnetic topology evolution caused by net toroidal current and 

beta, which is not directly accessible in OP1.2. The measured heat fluxes are compared to field line diffusion calculations 

used to design the scraper element, which provides one potential solution to the overload issue by intercepting heat flux that 

would otherwise be incident on low-rated divertor edges. The experimental flux patterns are qualitatively reproduced by the 

simulations in position and magnitude for ad-hoc cross-field diffusivities near the value used to design the scraper element. 

However, some important differences including an anomalous shift towards the pumping gap and low-rated components is 

observed.  

1. INTRODUCTION 

The ‘scraper element’ is a component of the W7-X divertor intended to protect other components from overload 

in certain scenarios with significant toroidal current [1,2]. The overload scenario is predicted to occur in the 

upcoming operational phase 2 (OP2, scheduled to begin in 2020), in which actively-cooled divertor components 

will allow for pulse lengths up to 30 minutes with 10 MW of input power. Under these conditions transport 
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simulations of the standard configuration (with an edge 5/5 island chain) with 7 MW of input power yield a 

steady-state toroidal current of ~40 kA, which evolves over ~100 seconds [3] and changes the topology of the 

magnetic field, primarily by increasing the rotational transform at the plasma edge. The exhaust solution in W7-

X is an island divertor where the edge island chain is intersected by the divertor components, ideally yielding 

helical ‘stripes’ of deposited heat and particle fluxes on the divertor allowing for power removal and efficient 

neutral pumping. Increasing the edge transform causes the 5/5 island to move inwards towards the axis, shifting 

the deposited flux patterns and ultimately resulting in a limited configuration. In addition, plasma pressure (<β> 

~ 3% in this scenario) causes the island width to increase and the Shafranov shift can cause low-rated baffle 

components to receive a convective load. To compensate for these effects, a new magnetic configuration was 

developed with a reduced vacuum transform and an inward shift which then results in the desired edge 

transform and reduced baffle loads in steady-state [3]. However, at intermediate levels of net toroidal current 

(~22-32 kA) the edges of the ‘horizontal target’ (and to a lesser degree the ‘vertical target’) are predicted to 

receive fluxes in excess of the 5 MW/m2 rating. A poloidal shift of the strike lines due to evolving toroidal 

current has already been observed in W7-X [4]. Figure 1 shows the main components of a W7-X divertor 

module. The overload cases occur at approximately 40 seconds into the discharge as the magnetic topology 

transitions from limited to island diverted. The scraper element was designed as a passive solution to this issue 

by intercepting flux to the overloaded areas, without exceeding its own 20 MW/m2 rating. This OP2 scenario 

with predicted overload is referred to as the scraper element reference scenario (SE-RS). Other potential 

solutions to this scenario include active control of edge transform using the planar coil set, electron cyclotron 

current drive to counteract the bootstrap current, or to accelerate the evolution while the injected power is low 

[5,6], and derating the input power. The transport simulations used to determine the SE-RS use a relatively 

simple model for anomalous transport [6], which must be validated against W7-X experimental data. Deviations 

from the assumed scaling will modify the predicted pressure and bootstrap current profiles. 

 

FIG. 1. Components of a W7-X divertor module including the scraper element. 

The introduction of a new divertor component to W7-X yields potential deleterious effects and significant 

challenges, not the least of which is the cost of design, manufacturing, and installation. The scraper element was 

designed after the other divertor components were finalized, and the physics and engineering optimization 

procedure [1] included avoiding changes to the existing divertor, baffle, and vessel protection elements. The 

cooled twisted-tape monoblock design restricted the ‘poloidal’ curvature of the element. As a result of these 

constraints, the scraper element receives flux in the steady-state SE-RS, instead of only being loaded during the 

overload phase. Any new wetted component results in an additional source of recycled and sputtered particles, 

however the scraper element is in an unbaffled region, such that recycled neutrals are not preferentially directed 

towards the pump. The removal of flux from the target edges in steady-state further reduces the neutral flux into 

the pumping gap. The low rating on the edge of the horizontal and vertical targets (where the cooling channel 

makes a U-bend [7]) exacerbates the pumping problem, as wetting the area directly adjacent to the pump should 

maximize the plenum pressure [8]. This makes the relative decrease in the pumping efficiency due to the scraper 

element (~50% during overload and ~25% in steady-state [9]) seem especially large, however the reference 

plenum pressures should be compared to a derated SE-RS that does not cause overload.   

Experiments are required to assess the key physics aspects of the scraper element [2]. This includes protection 

of the target edges, the load onto the scraper element, lack of interference with other reference scenarios, and the 

impact on fuelling and pumping. The SE-RS is not directly accessible in the early operational phases of W7-X 

(OP1.2) due to limits on the injected power and pulse length. To overcome this, a set of new magnetic 
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configurations were developed to approximately reproduce the important features in the deposited flux to the 

target edges and the scraper element [10]. These ‘mimic configurations’ use the planar coil set to control the 

edge transform and the control coils to adjust the edge island size, to mimic the effect of a net toroidal current 

and plasma beta, respectively. Five mimic configurations were developed corresponding to different time points 

in the SE-RS, which are labelled by the net toroidal current: {0, 11, 22, 32, 43} kA. The same five time points 

were also used in the design of the scraper element [1].  

The remainder of the paper describes results from OP1.2a and is organized as follows. The experimental setup 

of the mimic configurations and an analysis of the measured heat flux data is given in Section 2. The 

experimental results are compared to field line diffusion calculations in Section 3. Finally, conclusions are given 

in Section 4. 

2. EXPERIMENTAL SETUP 

Experiments were performed during the first portion of OP1.2 without any scraper elements installed (OP1.2a). 

The goal of these experiments was to obtain data in each of the five mimic magnetic configurations to compare 

the measured flux patterns to predictions and validate the approach of using the W7-X coil set to mimic 

otherwise inaccessible OP2-like conditions. Two test divertor unit (TDU, non-actively cooled) scraper elements 

were installed before OP1.2b, allowing for experiments to confirm the target edge protection and assess the 

impact of the scraper element on fuelling and pumping. A technical issue with neutral gas manometers during 

OP1.2a, as well as the significant change in plasma conditions due to OP1.2b boronization prevent a direct 

comparison of neutral pressures between the campaigns. The installation of two (out of ten) TDU scraper 

elements will allow for comparisons between modules to quantify the effects.  

The experiment performed during OP1.2a operated in the five mimic configurations, as described in Table 1. 

The winding currents are listed in amps for the modular coils (I1-I5, 108 windings), planar coils (IA,IB, 36 

windings), and control coils (IC1, IC2, 8 windings). The trim coil set was not used, and the polarity of the control 

coils is such that the edge island size is increased in a stellarator symmetric manner. The 0kA and 43kA 

configurations are the OP2 SE-RS startup and steady-state cases, with 22kA and 32kA resulting in overloaded 

elements.  

TABLE 1. COIL CURRENTS FOR THE MIMIC CONFIGURATIONS USED IN OP1.2A. 

Label Configuration  I1 I2 I3 I4 I5 IA IB IC1 IC2 

0kA EES+252 12022 11897 12148 13399 13524 8212 -3005 2500 -2500 

11kA EFS+252 12129 12002 12255 13519 13645 7391 -3980 2500 -2500 

22kA EGS+252 12243 12116 12371 13646 13774 6504 -4973 2500 -2500 

32kA EGS001+252 12359 12230 12487 13775 13904 5600 -5987 2500 -2500 

43kA FHS+252 12477 12347 12607 13907 14037 4679 -7019 2500 -2500 

 

Figure 2 shows Poincare plots and plasma facing components at a toroidal angle of φ=1.75°, which is the 

location of the large edge overload at 22kA, for the mimic configurations (a-e) and the corresponding SE-RS 

configurations (f-j). The field lines are followed in vacuum for the mimic configurations, while in the SE-RS 

cases the magnetic field is calculated from VMEC [11,12] and EXTENDER [13] using the ‘alternate’ 

formulation (see Refs. [3,2,13] for discussion of the field extension and the impact on heat transport 

simulations). The mimic configurations are qualitatively different in the shape of the 5/5 island chain, however 

the position of the island relative to the target plates (and the scraper element) produces similar flux patterns as 

compared to the SE-RS configurations.  
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FIG. 2. Poincare plots at φ=1.75° for the mimic configurations (a-e) corresponding to the OP2 SE-RS configurations (f-j). 

Symbols in (a-e) indicate position of experimental heat flux peak (green circle) and half-width (red cross, purple triangle). 

Figure 3 shows the time history of a hydrogen plasma with 2 MW of ECRH input power in each mimic 

configuration. The target average density ∫𝑛𝑒𝑑𝑙/ ∫𝑑𝑙 was 1.2∙1019 m-3, although some variation due to 

intermittent gas puff and varying wall conditions can be seen. The OP1.2a campaign largely used helium 

‘cleanup’ plasmas for wall conditioning; boronization in OP1.2b has resulted in improved conditions. 

 

FIG. 3. Time history of a) input power, b) average electron density, and c) stored energy for a hydrogen plasma in each 

mimic magnetic configuration.  

Figure 4 shows experimental heat fluxes as measured via infrared cameras taken from the time window 3000-

3100 ms. The camera images are mapped to a scene model [14] for the horizontal target, vertical target, and 

‘bafhormid’ components (the latter is a low rated divertor component that connects the horizontal target and the 

‘high iota tail’, see Fig. 1). The flux patterns on the horizontal target show the transition from a limited (wide 

‘blob’) to an island diverted topology (well defined ‘stripe’). At 22kA the peak heat flux is on the very edge of 

the horizontal target and can also be observed on shielding components inside the pumping gap (not shown). 

This is consistent with predictions of fluxes onto the sides of the horizontal target inside the pumping gap by 

DIV3D [1], which are particularly undesirable due to the low rating of this region and the higher incident angle 

of the magnetic field. The 32kA configuration is an overload scenario for OP2 components, where the wetted 

area on the horizontal target is over the low rated region.  
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FIG. 4. Experimental heat fluxes to the vertical and horizontal targets and bafhormid in a) 0kA, b) 11kA [upper colorbar], 

c) 22kA, d) 32kA, and e) 43kA [lower color bar] mimic configurations with 2MW of input power.  

Two toroidal angles of interest are labeled and indicated by black lines in Fig. 4a. The maximum edge load in 

the 22kA configuration (Fig. 4c) occurs near φ=1.75°, while φ=16.75° is the position of the prominent flux 

feature at 0kA (Fig. 4a). Radial profiles of heat flux at these toroidal angles are shown in Figure 5. For each 

experimental profile the position on the horizontal target of the peak heat flux (green circle) as well as the half-

width (red cross, purple triangle) has been marked in the Poincare plots in Figure 1 (φ=1.75°) and Figure 6 

(φ=16.75°). From this information the flux patterns in Fig. 4 can be largely explained. At φ=1.75° the 0kA 

configuration has two small peaks on the horizontal target (both shown in Fig. 2a) on either side of the 5/5 

island chain as the field angle of the last closed flux surface (LCFS) is very grazing. The LCFS is defined by 

either the first closed surface intercepting a component, or the last field line that traces out a 2D line in the 

Poincare plot. The vertical target is not wetted as it intersects closed surfaces beyond the LCFS. At φ=16.75° the 

angle in the poloidal plane is greater, and a single peak of higher flux is observed. As the 5/5 island chain moves 

inward with increasing edge transform (larger mimicked toroidal current) the x-point of the 5/5 island chain 

approaches the edge of the horizontal target at φ=1.75° resulting in a large flux. At the same time, the flux at 

φ=16.75° decreases as the distance to the LFCS increases. As will be discussed below, at 22kA the flux at 

φ=16.75° can be expected to increase with increasing cross-field transport as there is not a direct intersection 

with the LCFS (or the near-LCFS island separatrix remnants) and the region is only wetted via diffusion. 

Finally, in the 32kA and 43kA configurations the island chain has the proper position relative to the target plate 

and the stripe pattern is formed by open field lines with heat diffusion through the x-point region.   

 

  

FIG. 5. Profiles of experimental heat flux at a) φ=1.75° and b) φ=16.75° corresponding to the mimic configurations shown 

in Fig. 4. 
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FIG. 6. Poincare plots at φ=16.75° for the a) 0kA, b) 11kA, c) 22kA, d) 32kA, and e) 43kA mimic configurations. Symbols in 

indicate position of experimental heat flux peak (green circle) and half-width (red cross, purple triangle). 

3. COMPARISON TO FIELD LINE DIFFUSION CALCULATIONS 

The good correspondence between the measured heat fluxes and the Poincare plots indicate that the W7-X 

magnetic field is reasonably close to the ideal (no error field) stellarator symmetric magnetic field topology 

[15,16]. This correspondence can be further explored by comparing the fluxes to a simple field line diffusion 

model as implemented in the DIV3D code [1], which was used to design the scraper element and is similar to 

methods used to design the other W7-X divertor components. In the DIV3D model, field lines are traced 

initiating randomly from a closed flux surface inside the LCFS using a provided magnetic field description. At 

each step Δ|| along the line when integrating the field line differential equations, a cross-field displacement Δ⊥

with random azimuthal angle is applied corresponding to a ‘magnetic diffusivity’ 𝐷𝑚 = Δ⊥
2 /Δ||. Each field line 

is assigned an equal fraction of the power crossing the closed surface and followed forwards and backwards 

with diffusion until it intersects a plasma facing component. A heat flux is calculated by dividing the 

components into bins and dividing the number of intersections by the bin area. This model essentially assumes 

the parallel plasma transport is convective and does not account for volumetric losses. The magnetic diffusivity 

can be related to plasma parameters as Dm=D⊥/vth, with vth the thermal velocity. The value used when 

designing the scraper element is Dm=3.155∙10-6 m2/m, which could correspond to D⊥= 3 m2/s and Te = 5 eV, 

although caution should be used when assigning physical significance to these values. The design point was 

chosen to reproduce measured heat flux widths from the W7-AS stellarator.  

Comparing the fluxes from DIV3D to experimental data can be used to determine the best diffusivity to make 

predictions for OP1.2 and OP2 scenarios and determine if a simple diffusive model is sufficient or if higher 

fidelity simulations are required. Figure 7 shows heat fluxes calculated using DIV3D using 2 MW of input 

power for three values of magnetic diffusivity in the 43kA (a-c) and 22kA (d-f) mimic configurations. 

Qualitatively, the patterns are similar, however some differences can be observed from the images. The 

additional ‘stripe’ seen in the experimental data along the bafhormid for the 43kA configuration (Fig. 4e) is not 

observed in the DIV3D simulations (Fig. 7a-c). The peak flux in the 22kA configuration is closer to the edge in 

the experimental data than in DIV3D.  

 

FIG. 7. Heat fluxes calculated by DIV3D for 2MW of input power for the 43kA (a-c) and 22kA mimic configuration for (a,d) 

Dm=1∙10-6 m2/m, (b,e) Dm=3∙10-6 m2/m, and (c,f) Dm=6∙10-6 m2/m.  



J.D. Lore et al 

 
7 

The heat fluxes from experiment and DIV3D for several values of Dm on the horizontal target at φ=1.75° and 

φ=16.75° are shown in Fig. 8. At φ=1.75° (Fig. 8a,c) and at φ=16.75° in the 43kA configuration (Fig. 8b) the 

DIV3D results show the expected trends for a scrape off layer plasma intersecting a plate. As the cross-field 

diffusion increases the peak heat flux decreases and the wetted area (or profile width) increases. In the 22kA 

configuration at φ=16.75° the (relatively small magnitude) flux increases with increasing cross-field diffusion. 

This occurs because this region is only in close proximity to the LCFS, and sufficient cross-field diffusion is 

required to wet it, see Fig. 6c. Some other general trends can be taken from Fig. 8. The poloidal position of the 

experimental flux at φ=16.75° agrees fairly well with DIV3D, however at φ=1.75° the experimental flux is 

shifted towards the pumping gap. This is particularly evident in the 22kA comparison (Fig. 8c), where the 

experimental flux increases monotonically to the pumping gap, while the DIV3D fluxes begin to decrease near 

the gap. This is potentially dangerous, as the DIV3D calculations already predict significant fluxes onto the 

target sides inside the pumping gap and a further shift in this direction could cause loading on low-rated 

components in the gap. Across the comparison no single value of Dm reproduces the magnitude and width in all 

cases, however the agreement for Dm~2∙10-6 m2/m is reasonable in magnitude and position, particularly when 

considering the fidelity of the model and the low computational requirements.  

 

FIG. 8. Heat fluxes calculated from experiment (black symbols) and DIV3D for 2MW of input power and (blue) Dm=1∙10-6 

m2/m, (orange) Dm=2∙10-6 m2/m, (purple) Dm=3∙10-6 m2/m and (green) Dm=6∙10-6 m2/m in (a,b) the 43kA configuration and 

(c,d) the 22kA configuration. Panels (a,c) are at φ=1.75° and (b,d) at φ=16.75°. 

4. CONCLUSIONS 

Magnetic configurations developed to simulate magnetic topology changes corresponding to OP2 plasma 

scenarios were successfully used to mimic these effects using the W7-X coil set. The plasma was adjusted from 

limited to island diverted over a series of discharges, including the 22kA mimic case with large heat fluxes at 

the edge of the horizontal target and into the pumping gap. These results suggest that a similar evolution due to 

net toroidal current and beta in OP2 will result in unacceptable fluxes, requiring mitigation or avoidance. 

Similar experiments will be performed in OP1.2b to confirm the predicted flux patterns onto two installed 

scraper elements [17], and the protection of the relevant divertor components.  

 

The measured flux patterns are largely as expected from inspection of the field topology, e.g., using Poincare 

plots and field line tracing, indicating that the magnetic field is reasonably close to the ideal one. The flux 

patterns are approximately reproduced in magnitude and position from field line diffusion calculations using 

DIV3D for a range of diffusivities close to that used to design the scraper element. However, unexpected 

wetting of the bafhormid at 43kA and an apparent radial shift towards the pumping gap for toroidal angles near 

0° are observed. In addition, a single value of magnetic diffusivity was not sufficient to describe the measured 

fluxes. Further comparisons with higher fidelity simulations such as EMC3-EIRENE [18,19], and experimental 

scans of collisionality via power and density scans may inform the best diffusivity to use to model future W7-X 

experiments. EMC3-EIRENE simulations will also allow for a comparison with the particle fluxes, as inferred 

from filtered camera (e.g., H-alpha) measurements.  
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