
T. Sunn Pedersen et al. 

 

 

1 

FIRST DIVERTOR PHYSICS STUDIES IN WENDELSTEIN 7-X 

  

 

 

T. Sunn Pedersen
1,2

, R. König
1
, M. Jakubowski

1,17
, M. Krychowiak

1
, D. Gradic

1
, C. Killer

1
, 

H. Niemann
1
, T. Szepesi

6
, U. Wenzel

1
, A. Ali

1
, G. Anda

6
, J. Baldzuhn

1
, T. Barbui

5
, C. 

Biedermann
1
, B. D. Blackwell

3
, H.-S. Bosch

1
, S. Bozhenkov

1
, R. Brakel

1
, S. Brezinsek

4
, J. 

Cai
4
, B. Cannas

18
, J.W. Coenen

4
, J. Cosfeld

4
, A. Dinklage

1
, T. Dittmar

4
, P. Drewelow

1
, P. 

Drews
4
, D. Dunai

6
, F. Effenberg

5
, M. Endler

1
, Y. Feng

1
, J. Fellinger

1
, O. Ford

1
, H. Frerichs

5
, 

G. Fuchert
1
, Y. Gao

4
, J. Geiger

1
, A. Goriaev

13,14
, K. Hammond

1
, J. Harris

9
, D. Hathiramani

1
, 

M. Henkel
4
, Ye. O. Kazakov

13
, A. Kirschner

4
, A. Knieps

4
, M. Kobayashi

11
; G. Kocsis

6
, P. 

Kornejew
1
, T. Kremeyer

5
, S. Lazerzon

7
, A. LeViness

7
,  C. Li

4
, Y. Li

4
, Y. Liang

4
, S. Liu

4
, J. 

Lore
9
, S. Masuzaki

11
, V. Moncada

15
 , O. Neubauer

4
, T. T. Ngo

16
, J. Oelmann

4
, M. Otte

1
, V. 

Perseo
1
, F. Pisano

8
, A. Puig Sitjes

1
, M. Rack

4
, M. Rasinski

4
, J. Romazanov

4
, L. 

Rudischhauser
1
, G. Schlisio

1
, J.C. Schmitt

7
, O. Schmitz

5
, B. Schweer

4
, S. Sereda

4
, M. 

Sleczka
17

, Y. Suzuki
11

, M. Vecsei
6
, E. Wang

4
, T. Wauters

13
, S. Wiesen

4
, V. Winters

5
, , G. A. 

Wurden
10

, D. Zhang
1
, S. Zoletnik

6
, and the W7-X Team

1
   

 
1 
Max-Planck-Institut für Plasmaphysik, Greifswald, Germany 

2 
University of Greifswald, Greifswald, Germany 

3 
Australian National University, Canberra, Australia 

4 
Forschungszentrum Jülich, Jülich, Germany 

5
 University of Wisconsin, Madison, WI, USA 

6 
Wigner Research Center for Physics, Budapest, Hungary 

7 
Princeton Plasma Physics Laboratory, Princeton, NJ, USA 

8 
University of Cagliari, Italy 

9 
Oak Ridge National Laboratory, Oak Ridge, TN, USA 

10 
Los Alamos National Laboratory, Los Alamos, NM, USA 

11 
National Institute for Fusion Science, Toki, Japan 

12 
Auburn University, Auburn, AL, USA 

13
 Laboratory for Plasma Physics, LPP-ERM/KMS, TEC Partner, Brussels, Belgium 

14
 Department of Applied Physics, Ghent University, Belgium 

15
 Thermadiag, ZA Le Pontet, Meyreuil,France. 

16
 CEA, IRFM, Saint Paul-lez-Durance, France 

17
 University of Szczecin, Szczecin, Poland 

18
 University of Cagliari, CA, Italy 

 

 
Abstract 

The Wendelstein 7-X (W7-X) optimized stellarator fusion experiment, which went into operation in 2015, has been 

operating since 2017 with an un-cooled modular graphite divertor. This allowed first divertor physics studies to be 

performed at pulse energies up to 80 MJ, as opposed to 4 MJ in the first operation phase, where five inboard limiters were 

installed instead of a divertor. This, and a number of other upgrades to the device capabilities, allowed extension into 

regimes of higher plasma density, heating power, and performance overall, e.g. setting a new stellarator world record triple 

product. The paper focuses on the first physics studies of how the island divertor works. The plasma heat loads arrive to a 

very high degree on the divertor plates, with only minor heat loads seen on other components, in particular baffle structures 

built in to aid neutral compression. The strike line shapes and locations change significantly from one magnetic 

configuration to another, in very much the same way that codes had predicted they would. Strike-line widths are as large as 

10 cm, and the wetted areas also large, up to about 1.5 m
2
, which bodes well for future operation phases. Peak local heat 

loads onto the divertor were in general benign and project below the 10 MW/m
2
 limit of the future water-cooled divertor 

when operated with 10 MW of heating power, with the exception of low-density attached operation in the high-iota 
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2.1. Divertor heat load patterns 

At low to medium densities (ne up to about 4*10
19

 m
-3

), the plasmas were attached. More 

than 95% of the heat loads exiting the scrape-off layer (SOL) landed on the 10 divertor 

plates. The power load distribution on the divertor surface is determined by the intersection 

of the island chain forming the island divertor with the divertor target plates, and therefore 

the 3D strike-line geometry strongly depends on the chosen magnetic configuration. 

Application of error field correction brings the measured strike line geometry into good 

agreement with numerical predictions [7, 8].   An example for the standard configuration is 

shown in Fig. 2. It shows the heat flux distribution measured on the surface of the lower 

divertor in module 2. On W7-X, the divertor surface temperatures are measured by 10 IR 

cameras (one for each divertor unit) detecting in the IR wavelength ranges of either 8-10 m 

or 3-5 m. The heat flux is then determined with the THEODOR code [9] by solving a two-

dimensional heat diffusion equation for the bulk of the tile with the surface temperature time 

evolution as the input. 

(a)  

(b)  

Figure 2. (a) Heat flux density measured in one out of ten divertors of W7-X in so-called standard configuration. Two strike 

lines are visible on the horizontal (lower) and vertical (upper) target modules.(b)Calculated magnetic footprint plot for 

standard configuration  showing structure of magnetic field lines intersecting divertor target plates. Two strike lines are 

formed by field lines with connection length of a few hundred meters.  

The position of a strike line is primarily defined by the intersection of target plates with large 

edge magnetic islands. The distribution of the heat flux within the strike line and its shape 

depends on several factors, e.g. field line connection length, plasma density and power 

entering the scrape-off layer.  An example of the effects of plasma density on the strike line 

shape is shown in Figure 3, where the peaking factor of the strike line is plotted against the 

plasma line integrated density measured by interferometry. The peaking factor is defined as 

follows: A local peaking factor is determined by going along a line perpendicular to the strike 

line itself, taking the ratio of the largest measured heat flux along the line, to the average heat 

flux in the wetted region. The wetted region is defined as that with heat loads above 

approximately 0.15-0.2 MW/m
2
, roughly the detection limit of the infrared observation 
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system. These local peaking factors are then averaged over the full strike line to yield the 

overall peaking factor shown in the Figure.  Additionally, the input power for each discharge 

is shown in the plot as the color of each dot. Increasing the density leads to smaller peaking 

factor, indicating that the power reaching the divertor is spread more uniformly on its surface. 

As W7-X aims to operate at very high densities (ne>10
20

 m
-3

), this is a beneficial trend in 

terms of the safety of the plasma facing components. Interestingly, increasing the input power 

(and by that increasing the power entering into the SOL, PSOL) also appears to result in a 

lower peaking factor. This suggests that increasing PSOL leads to more efficient spreading of 

the power loads. More information about the upstream SOL parameters and their dependence 

on heating power and density can be found in [10]. 

An important parameter in connection with power load spreading is the exponential power 

fall-off length in the radial direction at the outboard midplane, q. As reported elsewhere [10] 

q values have been measured at the outboard midplane with reciprocating Langmuir probes, 

and are typically 9-14 mm for attached divertor operation. This means that q in the island 

divertor does not directly fit the Eich-type scaling of tokamaks, which is usually based on 

divertor heat load measurements mapped back along the magnetic field to the outboard 

midplane [11]: 

 

q, Eich [mm]=0.63 * Bpa
-1.19

  Eq. 1 

 

Here Bpa is the poloidal magnetic field in Tesla at the outboard midplane. In W7-X, Bpa is 

about 0.22 T, yielding a predicted q, Eich = 3.8 mm, about three times smaller than the actual 

measured values. The much wider SOL is an encouraging observation but should not be 

taken as the final result on this issue. In particular, Eq. 1 is for tokamak H-modes, and a clear 

tokamak-like H-mode has not yet been identified in W7-X.  

It is also not clear yet to what degree our results are consistent with the fundamental 

assumptions of the heuristic model of Goldston [12] which imply that q is proportional to 

the scrape-off layer connection length Lc. In the stellarator island divertor the poloidal B-

field, Bp, is not inversely proportional to the SOL connection length, Lc. Lc depends primarily 

on the magnetic shear, and not on the magnitude of Bpa, and Lc can be made very large in 

W7-X, of order 100-400 m, since it is a low-shear stellarator [13]. The experimental 

relationship between Lc and q are currently being analyzed, and first indications are that a 

linearly proportional relationship between q and the connection length Lc  (which has a 1/Bpa 

scaling in the tokamak x-point divertor but not in the stellarator island divertor) is not 

reproduced: q does continue to grow with Lc but slower than linearly.  

A large q is a positive result for divertor operation, and an independence of q from Bp could 

be of significant importance.  It is known in both stellarators and tokamaks that global energy 

confinement scales close to linearly with Bp.  A decoupling would mean that benign attached 

divertor heat loads can be combined with good core confinement in the stellarator island 

divertor. It is a challenge in standard x-point divertor tokamaks to combine the best core 

confinement performance with benign divertor heat loads, partly due to the tight coupling 

through Bp. More details on W7-X divertor power loads are given in [14]. 
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Figure 10: An example of detachment after boronization. Note that the x-axis is zoomed in to show the details of the 

detachment: The heat flux reduces by a factor of at least five for a 20% increase in line-integrated plasma density (left). The 

subdivertor neutral pressure shows a more or less proportional increase, but importantly, is an order of magnitude higher 

than for the detachment experiments before boronization (Section 4). 

5.5. Heuristic explanation for the differences in the neutral compression of detached 
discharges before and after boronization 

 
Figure 11: We illustrate here our hypothesis for the large difference in divertor neutral compression between the pre-

boronization detachment (left) and post-boronization detachment (right). At higher heating power and reduced C- and O-

radiation, the plasma more fully “plugs” the divertor and allows a better neutral compression. Also, the neutral source 

(presumably due to charge exchange) would be distributed rather evenly on the magnetic surface before boronization, 

whereas after, the neutral source would be more concentrated in the divertor region itself, and could include three-body 

recombination in this case. The sketched colors are meant to illustrate hot core plasma (yellow), cooler edge plasma 

(orange) and rather cold outer edge plasma (red). 

 

We present here potential explanations for the large difference between the neutral 

compression ratios of the two kinds of detachment observed, illustrated in Figure 11. First, 

we note that the low-power, low-neutral-compression detachment was observed much more 

readily before boronization than after, and that the higher-power, high-neutral-compression 

detachment was only observed after boronisation. This suggests that the low-power 

detachment is directly related to oxygen and carbon radiation. At lower heating powers 

before boronization, a distributed edge radiating mantle of hydrogen, carbon and oxygen 

could dissipate the particle energy. The edge island structure would not be sufficiently filled 

with plasma to re-ionize neutrals that move along the divertor baffle structures. That is, the 

plasma would not fill and plug the divertor fully. Another reason why the neutral 

compression is low could be that the source of neutrals is due to neutralization in the whole 

outer mantle, overall in the device, ie. not as concentrated in the divertor region as expected. 

After boronization, at higher hydrogen densities and heating powers, and with the strongly 

reduced carbon and oxygen content, the outflowing core plasma fills the island structure and 

“plugs” the divertor better, preventing neutrals from leaving the divertor region by re-

ionizing them and dragging them back into the divertor region. A recombination zone can in 

this case develop in the divertor region, presumably close to the divertor plates.  

At this point, there is only preliminary evidence for this physical picture, but also no evidence 

clearly against it. We show in Figure 12 an example of preliminary evidence -  visible light 

images for the two different types of detachment taken with one of the EDICAM cameras of 

the video surveillance system [28]. Figure 13a and b show the pre-boronization and post-

boronization pictures respectively.  
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Figure 12. Visible radiation from the plasma edge from the EDICAM video diagnostic system on W7-X. Left (a): Shot 

20171109045 at t=2.50 s (pre-boronization detachment). Middle (b): Shot 20180814024 t=7.62 s (post-boronization 

detachment). Right (c): The two photos added in separate colour channels (red: pre-boronization, green: post-boronization). 

The pre-boronization detachment shows a more poloidally distributed radiation, and also radiation slightly deeper inside. 

One particularly clear example of the latter is shown as an insert magnified 3 times at the bottom right of the figure.  

 

The more poloidally distributed radiation for pre-boronization is visible by comparison 

between Fig 12a and 12b, consistent with the radiating mantle hypothesis. The minor-radial 

location of the radiation zone, and the difference in divertor plugging, which is what is 

illustrated in the cartoons in Fig 11, is not obvious. It can only be seen in Figure 12c, which 

combines the two images a and b, by assigning separate colour channels to the two images, 

red and green: Red indicates where the radiation is stronger in the pre-boronization picture, 

and green where the radiation is stronger in the post-boronization picture, and yellow 

indicates where both radiate with about the same intensity. A tendency for a red colour 

deeper inside, towards the core plasma region, and the green colour further outside can be 

seen, in particular at the tangential view areas, where the line-integrating nature of the 

measurement combined with the three-dimensional geometry makes this comparison less 

difficult. One such area is zoomed in for clarity, at the bottom right part of the figure. This 

lends some credibility to the divertor-plugging hypothesis. The colour picture also visualizes 

other differences, to be analysed in future work. Future work will also aim to clarify the 

validity of these two proposed hypotheses (both of which could be at play simultaneously), as 

well as the origins of the recycling neutrals in the main chamber. 

 

 

5.6. Summary 

First operation with an island divertor in W7-X has brought many encouraging results. The 

heat loads generally appeared as expected, and for high-density hydrogen plasmas, stable 

heat-flux detachment was achieved under several conditions. The heat flux reduction was at 

least a factor of 10, and was characterized by a significant drop in target electron temperature 

and no large increases in the target densities, unlike typical tokamak-detachment cases. 

Likely related to this lack of density increase, the detachment observed in OP1.2a was 

characterized by only a modest neutral compression ratio of about 7. 

High-density operation was challenging in hydrogen plasmas throughout OP1.2a but was 

achieved successfully after the first boronization in OP1.2b. This also led to detachment with 

a much higher neutral compression, about 30. Two potential explanations for the differences 
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in the neutral compression ratio for these two detachment regimes were proposed, one related 

to plugging efficiency, the other that the pre-boronization detachment is more akin to a 

radiating mantle than a classical tokamak divertor detachment. 
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