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Abstract 

W7-X in its recent campaign with an uncooled fine-grain graphite divertor investigated for the first time in full detail 

a concept of an island divertor, which uses intrinsic large, low resonance island chains at the plasma edge to form heat 

and particle exhaust channels. The measured strike line width is of up to 11 centimeters with its 3D geometry strongly 

depending on the magnetic configuration. We observe significant increase of wetted area (strike line width) with the 

magnetic field line connection length as well as plasma density and input power.  

1. INTRODUCTION 

Many present and future large magnetic fusion experiments need to consider the 3D topology of the 

heat and particle exhaust. In tokamaks (including ITER and DEMO) resonant (and non-resonant) 

magnetic perturbations form a tool to mitigate type-I ELMs, which results in 3D heat and particle fluxes 

towards plasma facing components [1]. In stellarators (i.e. Wendelstein 7-X) and heliotrons (e.g. Large 

Helical Device), the stochastic nature of the edge is very often a consequence of 3D magnetic 

equilibrium and the degree of stochastization is externally controllable, e.g. by adjusting plasma beta. 

In both cases the scrape-off layer forms heterogeneous three-dimensional (3D) structures of field lines 

with different connection lengths [2]. A key question to future and present devices is in how far in the 

presence of 3D boundary affects the plasma-wall interaction with the toroidal symmetry not preserved 

anymore. 

Wendelstein 7-X (W7-X), a large superconducting stellarator with steady-state heating capabilities of 

up to 8 MW, aims to demonstrate its reactor relevance [3] with 3D power fluxes distribution of up to 

10 MW/m2 and discharge duration up to 30 minutes. After its initial campaign with a set of 5 graphite 

limiters [4], the next campaign aimed to investigate in full detail a concept of an island divertor which 

was pioneered on the predecessor experiment W7-AS [5]. Therefore, following the machine symmetry 

10 uncooled fine-grain graphite divertor units were installed in the vessel. The concept of island divertor 

uses intrinsic large, low resonance island chains at the plasma edge to form heat and particle exhaust 

channels [6]. In Figure 1 a set of Poincaré plots is visualizing an evolution of 5/5 island chain with 

increasing toroidal angle  from -18° to  24°, a distance covering a single divertor unit. Heat and 

particles leaving core plasma enter the plasma boundary formed by larger islands by diffusing inside 

the island chain as well as across the x-points to the scrape-off layer formed outside the island chain. 

As the parallel transport (𝑄||, Γ||) is orders of magnitude higher than the perpendicular transport (𝑄⊥, Γ⊥) 

the plasma heat and particles reach the divertor surface forming strike lines similar to tokamaks. There 

are however, two major differences: (a) the topology of magnetic fields in the edge is three-dimensional, 

thus the power loads distribution varies along the strike line; (b) The connection length (Lc) of magnetic 

fields lines is longer than in a typical tokamak, thus strike line width is wider. In the case of so-called 

standard magnetic configuration (see Figure 1), the horizontal and vertical target plates are each 

intersected within the toroidal range (-18° <  < -2°) by one of the five edge islands; therefore, one 

strike line is expected on each plate. In the middle part (so-called horizontal baffle target marked with 
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1 The full list of W7-X team members is given in R. Wolf, et al. [16] 
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TM5h – TM6h) we expect very low power loads as this part is retracted from the plasma. In the high-

iota part (TM7-9h, 10°<  < 24°) island intersect the divertor only in the TM7h and only there heat flux 

should reach the divertor surface.  

 

 

Figure 1. Poincaré plots showing how the strike line is formed by the large islands at the plasma boundary of W7-X. Each 

Poincaré plot corresponds to different toroidal angle () indicated as a red line on the divertor surface. 

  

2.  STRIKE LINE PATTERN 

 In steady state operation, assumptions 

that power loads follow the symmetry of 

the device ad-hoc after installation cannot 

be made. Therefore, 10 high-resolution 

infrared systems are installed [7] to 

monitor the heat and particle fluxes over 

the whole divertor surface consisting of 5 

upper and 5 lower divertors each equipped 

with a horizontal and a vertical target. It 

provides unique opportunity to investigate 

complete heat and particle fluxes as well 

as local effects of leading edges and error 

fields.  The distribution of divertor surface 

temperature during a typical standard 

configuration discharge is presented in 

Figure 2. The additional hot spots on the 

Figure 2. Surface temperature distribution measured by a 

thermographic diagnostic. Data is overlaid with a CAD model of 

the vessel and plasma facing components 
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inner wall do not represent real power loads, but are caused by reflections on the carbon surface. The 

infrared image is overlaid with the CAD model of plasma facing components. 

Two elongated strike lines are formed on the horizontal and 

vertical targets. The distribution of power loads is varying 

along the strike line as expected from magnetic field 

topology (see Figure 1). The main reason is the variation of 

the magnetic topology as discussed below. Additionally, 

some leading edges are present, which result from slight 

misalignment of the individual fingers forming divertor 

target modules. We also observe some power loads in the 

area of horizontal target baffle, which are typically up to 

1 MW/m2. 

 The distribution of heat and particle loads depends strongly 

on the magnetic configuration. Wendelstein 7-X is quite 

flexible in respect of edge   - which defines island chain 

(a) low-iota configuration 

 
(b) standard configuration 

 
(c) high-iota configuration 

 

 
 

Figure 4. Strike line pattern at W7-X is defined through an island chain intersecting divertor target plates. Depending 

on the topology of the edge island a different magnetic footprint will be created on the divertor surface (left hand 

side). This is represented as a connection length plot of magnetic field lines. Colors denote connection length Lc in 

[m]. Resulting (measured by thermography) power load distribution pattern is shown on the right hand side.  

 

Figure 3. Three different profiles of the 

rotational transform defining three different 

magnetic configurations: low-iota with 5/6 

island chain, standard with 5/5 island chain 

and high iota with 5/4 island chain. 
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forming the divertor topology. Depending on the edge iota we can realize different magnetic 

configurations, which have different properties both in core plasmas as well as in the edge. Three 

examples of so-called magnetic footprint plot [8], which shows a distribution of the connection length 

of the field lines intersecting divertor target plates, are shown in Figure 4. Each case represents different 

magnetic configuration, i.e. different - profile (see Figure 3). For each case a distribution of field line 

connection length varies with toroidal angle, which is caused by helical rotation of the island with 

increasing toroidal angle and the shape of the divertor surface. As a result, heat flux density distribution 

is also varying with the toroidal angle. 

 Depending on the configuration, we get rather different distribution of the power loads, which is a 

result of a different island chain interacting with the divertor surface: 5/6 for low iota configuration, 5/5 

in standard configuration and 5/4 in high iota configuration. Not only the distribution of the power load 

is different, but also spread of the heat flux on the divertor surface strongly depends on the magnetic 

configuration, i.e. on the connection length of the magnetic field lines. In Table 1 an overview of wetted 

areas is presented for three configurations from Figure 4. In the case of three-dimensional power loads 

distribution in W7-X the well-known definition of the wetted area from tokamaks is no longer 

applicable [1], instead we use a definition adapted to W7-X [9] 

𝐴wet = ∑ ∑ ∫
∫ 𝑞𝑖(𝑠1,𝑠2)𝑑𝑠1𝑠1

max(𝑞𝑖(𝑠1))
𝑑𝑠2𝑠2

#fingers
𝑖=1

#divertors
𝑗=1 . 

Wetted area is calculated for each finger forming divertor target modules separately and summed over 

all fingers, where for a given configuration power loads are measured. This value is calculated for each 

divertor and the total wetted area is calculated by summing up values for all 10 divertors. As the average 

connection length of the field lines in the scrape-off layer is much longer than in tokamaks of similar 

plasma volume, the resulting spread of the power loads on the divertor surface is more efficient. We 

have measured a strike line width at the target plates of the order of up to 11 centimetres and wetted 

area above 1.5 m2 [10] in standard configuration and even of up to 1.9 m2 in low iota configuration. The 

values increase significantly with the mean connection length. In high iota configuration the maximal 

measured wetted area is 𝐴𝑤𝑒𝑡 = 0.6 m2 (and does not vary too strong with the input power and plasma 

density). In the case of standard configuration, the wetted area is ca. 2.5x larger than in the high-iota 

configuration. The largest wetted area has been measured in low iota configuration, which also shows 

longest mean and max connection length of the field lines intersecting divertor target plates.  

 

Table 1. Overview of the connection length and the maximal measured wetted area. The wetted area is calculated for each 

divertor individually and summed over 10 divertor units.  

Configuration Mean (max) connection 

length [m][11] 

Max. wetted area 

[m2] [9] 

low-iota 320 (938) 1.9 

standard 283 (635) 1.8 

high-iota 149 (418) 0.6 
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3. SYMMETRY OF POWER LOADS 

The possible disadvantage of an island divertor is its sensitivity to external error fields and inaccuracies 

in installation of plasma-facing components. The configurations, which use magnetic flux surfaces with 

edge iota of 1 to form the island divertor are particularly sensitive to the external error fields. In the 

standard configuration error fields estimated with the help of flux surface measurements [12] show 

significant values for n/m = 1/1 and 2/2 error fields. In the first case relative strength and phase of the 

error field is 𝑏11 = (0.55 ± 0.25) ⋅ 10−4, 𝛼11 ≈ 120°, in the latter 𝑏22 = (0.6 ± 0.2) ⋅ 10−4, 𝛼22 ≈

265°. Both components contribute to the error fields are affecting the distribution of the power loads. 

In  Figure 5 a surface temperature  for 9 out of 10 divertors is shown during a discharge with uncorrected 

(left) and corrected n= 1 (right) error field. In the case of no-correction a lower divertor in module 1 

(1L) gets almost no heat loads, whereas divertor 4L gets on average more than others. If we define an 

asymmetry of the power loads by pixel-wise comparison of all 10 divertors and calculated mean 

standard deviation we get about 46% asymmetry for all 10 divertors. Applying n=1 correction reduces 

this number to 27%. The correction is done with help of a set of 5 trim coils energized with relatively 

low currents of ca. 100 A [13]. Qualitative comparison of the infrared images from 9 divertors shows 

more equal distribution of the power loads. Nevertheless, there are still remaining differences in the 

heat distribution coming most likely from n=2 error field. The compensation of the n= 2 error field 

requires use of so-called control coils, which are built at W7-X for strike line control. 

 

4. POWER DETACHMENT 

In spite of asymmetries detected in the attached plasmas a stable (several seconds) almost complete 

power detachment across all 10 discrete island divertor modules has been observed in hydrogen pellets 

fueled plasmas. In Figure 6several time traces of plasma parameters are presented for a discharge with 

power detachment lasting for 2 s until the end of discharge. It is initiated by increase of plasma density 

due to hydrogen pellets (at around t=2.5 s), which leads to increase of radiated power. Due to radiated 

power reaching almost 100% of input power (see top graph in Figure 6) a so-called power starvation 

regime has been triggered in front of divertor target plates, i.e. there is almost no power transport in the 

SOL. The reason for that is following - during the power detached phase, a highly radiative layer is 

formed near the separatrix. The total radiation fraction measured with the bolometers is close to 100% 

during this phase. Interestingly the power detachment has rather weak effect on the diamagnetic energy 

Wdia and the confinement time, both are only slightly reduced [14]. At the same time all 10 infrared 

cameras observe the heat flux to the divertor surface reduced by an order of magnitude from ca 3 

Figure 5. Surface temperatures measured at 9 out of 10 divertors in the case of standard geometry and uncorrected n=1 

error field (left) and minimized n=1 error field (right). Number at the bottom or top of the image indicates module, U 

stands for upper divertor, L for lower divertor. 



 EX/P8-16 

  
 

 
 

MW/m2 (depending on the divertor due to asymmetry of the 

power loads) to ca. 0.3 MW/m2. Figure 7 shows a 

distribution of the power loads on a single divertor during 

the discharge #20171109.045 at t = 0.17 s (attached phase) 

and t = 2.73 (power detached phase). The loads are so low 

that strike line is almost not recognizable in the image. Time 

traces of heat flux density across the dashed red line in 

Figure 7(a) are presented for 6 out of 10 divertors in Figure 

7(c). The abscissa represents time from the beginning of the 

discharge, the ordinate spatial coordinate across the divertor 

target module. Color scale shows local heat flux density in 

MW/m2. Consistent with radiated power in Figure 6 

approaching almost 100% at t = 2 s all divertors show 

decrease of power loads to barely measurable values. One 

should mention that the scenario presented here is at low 

edge density, therefore it is not yet a divertor detachment as 

expected in [15] with high recycling in the divertor area and high sub-divertor pressures. Nevertheless, 

it is interesting that a scenario with very high radiation in the edge can be sustained stable over several 

seconds.  

 

Figure 7. Heat flux on a divertor module before (a) and after (b) power detachment. The time evolution of detachment is shown 

for a section (indicated by the red dashed line in (a)), both for the upper divertor (left column in (c)) and the lower divertor 

(right c). 

5. CHANGES WITH POWER AND DENSITY 

In low-iota configuration, where the connection length to the target from the X-point is particularly 

long we see a strong dependence of wetted area on plasma density and weaker on input power. Two 

graphs showing the strike line width measured across the divertor target module at three different 

densities and input power of ca. 5 MW are shown in Figure 8. Left graph shows heat flux density 

profiles on the upper divertor, the right one on the lower divertor. Both divertors show significant 

spread of power loads with increasing density and associated reduction of peak heat flux density from 

ca. 3 MW/m2 on both divertors at ne = 2.4e19 m-3 to ca. 1.0 MW/m2 on lower divertor and ca. 0.7 MW 

MW/m2 on upper divertor. Also the location of the peak heat loads is different depending on density. 

In fact this phenomenon has been observed also in other magnetic configurations and it suggests that 

Figure 6. Time traces of W7-X discharge with 

pellets inducing power detachment 
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heat transport in SOL is diffusive as the perpendicular diffusion coefficient depends on edge plasma 

density. The Lanmguir probe data was used as well to deduce the power flux to the divertor (see Figure 

8 left). The plasma parameters are calculated with the following assumptions: SOL contains only 

hydrogen plasma with Zeff = 1, 𝑇i ≪ 𝑇e, the scrape-off layer heat transmission coefficient is 3. At low 

density these assumptions lead to overestimation of the heat flux density reaching the target at the 

strike line. With increasing density the agreement between heat flux density deduced from the IR 

cameras and the Lanmguir probes shows very good quantitative agreement. This of course indicated 

that the plasma parameters vary with the plasma density. 

 

Figure 8. Heat flux density profiles measured by IR diagnostics (–) for low-iota configuration, upper divertor has also data 

from Langmuir probes (--). The spatial coordinate s is a distance from the pumping gap between horizontal and vertical target. 

 
SUMMARY 

Wendelstein 7-X in the initial divertor campaign showed very promising results in respect to divertor 

power loads. Although the three-dimensional structure of the plasma boundary results in more 

complicated distribution of the power loads on the divertor surface, long connection length of field 

lines in SOL results in wetted areas larger than in tokamaks of similar plasma volume. In the standard 

configuration distribution of energy deposited among the divertors is to some degree asymmetric due 

to n=1 and n= 2 error fields, however they can be minimized with a little effort thanks to existing 

correction coils at W7-X (trim and control coils). Additionally the spread of the heat on the divertor 

increases with increasing plasma density and input power, which is very promising for high 

performance scenarios and possible future reactor based on the concept behind Wendelstein 7-X. 
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