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Abstract 

Controlling the heat and particle fluxes in the plasma edge and on the plasma facing components is 

important for the safe and effective operation of every magnetically confined fusion device. This 

was attempted on Wendelstein 7-X (W7-X) in the first operational campaign, with the modification 

of the magnetic topology by use of the trim coils and tuning the field coil currents, commonly 

named iota scan. Ideally, the heat loads on the five limiters are equal. However, they differ between 

each limiter and are non-uniform, due to the (relatively small) error fields caused by the 

misalignment of the limiters or intrinsic error fields. It is therefore necessary to study the influence 

of topology changes on the transport of heat and particles in the plasma edge caused by the 

application of error fields and the change of the magnetic configuration. In this paper the up-stream 

measurements conducted with the combined probe are compared to the downstream measurements 

with the DIAS infrared camera on the limiter. 
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1 Introduction 

The limiter configuration of the first operational campaign of Wendelstein 7-X (W7-X) featured a 

five-fold symmetric limiter configuration. Ideally, those limiters would experience the same heat 

loads, but due to an intrinsic error field a considerable asymmetry between the modules was 

observed [1] [2]. In conjunction with the multi-purpose manipulator, the combined probe has been 

installed [3] [4], with it measurements of the electron temperature and density have been carried out 

on W7-X in the first experimental campaign. The electron temperature and density profiles obtained 

by these measurements [5] are used to calculate the radial heat flux profiles. The influence of the 

magnetic topology on the radial transport of heat and particles can therefore be studied in respect to 



the modification of the magnetic topology of the iota scan. These up-stream profiles of the measured 

temperature, density and the corresponding calculated heat and particle fluxes, can be compared to 

the downstream measurements of the heat and particle fluxes on the corresponding limiters 

measured with the DIAS camera [6] and the modelling from EMC3-EIRENE [7][8]. The 

comparison with the modelling in [8] shows that the measured and modelled electron temperature 

and density profiles are in good agreement. Hence, the ion temperature profile from the modelling 

will be used in the following calculations, since the diagnostic coverage of the ion temperature in 

the plasma edge was still poor in the first operational phase. A direct calculation of the heat fluxes 

on the limiter was conducted in [9]. Figure 1 shows the position of the manipulator in the mid-plane 

of module 4 and the field of view of the DIAS camera in module 5. This presents an opportunity to 

compare the two edge plasma diagnostics. 

 

 

 

Figure 1. Position of the manipulator in module 4 and of DIAS camera in Module 5 

 

2 Experimental setup 

The multi-purpose manipulator (MPM), position indicated in figure 1, was installed on the outboard 

side of the vacuum vessel on W7-X in 2015 and commissioned in early February 2016 [2] [3]. The 

manipulator allows both measurements in a static position to observe fluctuation and a fast 

movement for obtaining profiles. It is located in the mid-plane of module four at the AEK40 flange 

at the toroidal position (𝜑 = 200.7°). It is able to plunge 35 𝑐𝑚 into the vacuum vessel.  The first 

diagnostic to be used was the so-called combined probe, which includes among other diagnostics 

five Langmuir probe pins [10] used in a triple probe configuration.  

For the down-stream measurements the DIAS camera was used. The DIAS camera is a 

micro-bolometer with 8-14µm wave length range, 50 Hz time and about 5 mm spatial resolution. 

The THEODOR code [11] was used to calculate the heat flux on the limiters based on measured 

temperatures. The resulting heat flux values has an estimated error of about 0.2 𝑀𝑊/𝑚2. 



The measurements conducted as part of the iota scan will be discussed in the following. The 

rotational transform was scanned by tuning the planar coils A and according to table 1. 

Scenario # Index 𝐼𝐴 𝑐𝑜𝑖𝑙 (A) 𝐼𝐵 𝑐𝑜𝑖𝑙 (A) 

20160309013 J configuration 4824 4824 

20160309032 Iota index 13 4844 0 

 

Table 1 overview of the discharge number, configurations and coil currents used in the comparison 

 

It is expected that the higher iota configurations experience an inwards shift of the 5/6 island chain 

located past the last closed flux surface, while the 5/5 island moves closer towards the last closed 

flux surface from the scrape off layer. It is not possible for the probe to measure the 5/6 island 

chain directly and the 5/5 island chain is supposed to be cut off by the limiter. 

In figure 2 the two profiles of the electron temperature and density are shown for the J and the higher 

iota configuration, one can see that the shift of the magnetic axis. The 5/5 island is also visible for 

the higher iota case. The measurements were performed at the same ECRH heating of 2 𝑀𝑊. 

 

 

Figure 2 Shift of the electron temperature and density profiles for the J and iota index 13 

configuration 

 

 

3 Mapping of the manipulator on the limiters 

The manipulator measurements were conducted in the mid-plane of module 4, while the DIAS 

camera is monitoring the left side of the limiter in module 5. As mentioned, due to error fields 

present in the machine an asymmetry of the heat load distribution was observed with 

thermo-couples on the limiters [1]. 

One can deduce from [1] that limiter 1 experienced the highest heat flux and limiter 3 the lowest, 

while the limiters 2, 4 and 5 can be assumed to have similar heat fluxes. The field line tracing web 

tool supplied by the Max Planck institute [12] was used to trace the field lines from the position of 

the combined probe to the corresponding wall elements. It is found that the combined probe 

connects to limiter 1 and 2. For the comparison of the heat fluxes it is assumed that limiter 2 and 5 

experience similar heat loads. Therefore, the footprint of the probe on limiter 2 could be projected 



on limiter 5. In this way the up-stream heat flux calculated from the combined probe data can be 

mapped on the existing limiter measurements.  

 

Figure 3 heat flux on limiter 5 measured with the DIAS camera, with the footprint of the combined 

probe in red crosses 

Figure 3 shows the down-stream heat fluxes measured by the DIAS camera and the probe’s footprint. 

The down-stream heat fluxes had to be converted by taking the incidence angle of the field lines into 

account [9]: 

𝑞|| =
qlimiter

sin(α)
 , 

with α as the incidence angle of the field lines on the limiter and qlimiter as the heat flux measured 

with the DIAS camera. The up-stream heat flux profile is calculated using the electron density and 

temperature profile and the resulting ion sound speed. In addition the ion temperature from the 

EMC3-EIRENE modelling, shown in figure 4 is used for: 

 

𝑞𝑝𝑟𝑜𝑏𝑒 = 𝑛𝑒𝑐𝑠(𝑇𝑒 + 𝑇𝑖), 

 

with 𝑛𝑒 as the electron density, while assuming quasi neutrality and 𝑐𝑠 as the ion sound speed. 

The considerably higher ion temperature in the edge has to be taken into account to attain a realistic 

heat flux profile for the up-stream measurements. 



Thereby it is possible to compare the parallel heat fluxes. The footprint of the combined probe for 

limiter 1 is on the side of the limiter that is outside of the DIAS camera’s field of view, therefore the 

comparison in this paper is done for the measurements of limiter 2 and 5.  

In the following the projection of limiter 2 on limiter 5 will be called the forward direction of the 

field line tracing and the projection of limiter 1 on limiter 5 the backward direction. 

 

 

 

Figure 4 electron temperature measured with the combined probe and ion temperature simulated 

with EMC3 EIRENE modelling 

 



Figure 5 comparison of the heat flux form the combined probe (up-stream) and the DIAS camera 

(down-stream) 

 

It should be noted here that the measurement for this configuration was conducted in the far scrape 

off layer where the errors of both measurements are quite large. One can see that the down-stream 

measurements do not change considerably with the iota scan, the up-stream values on the other hand 

do. It should be noted that as part of the iota scan the magnetic axis was shifted inwards for higher 

iota configurations as shown in figure 5. For the J-configuration the up-stream values are larger than 

the downstream measurements, for the higher iota case both heat flux are comparable within the 

errors. The measurements with the combined probe were conducted in the scrape off layer outside 

of the last closed flux surface only for technical reasons. More interesting results are expected in the 

next operation phase where the probe plunges deeper into the plasma. The modelling from 

EMC3-EIRENE, using the combined probes measurements as input data, can supply also the heat 

fluxes at any given position in the device. When radiative and other effects are taken into account, 

the calculation is computationally costly. Using the mapping of the field lines to directly compare 

the two diagnostics in two different positions represents a fast, although incomplete alternative, as it 

does not take additional effects like radiative losses into account.  

 

4 Effect of the iota scan on the heat flux distribution 

 

Figure 6 shift of the footprint of the combined probe mapped on the limiter in forward direction, 

black: limiter J-configuration, red: iota index 13 configuration 



 

In figure 6 the footprint in the forward direction is shown for the limiter J-configuration and for the 

iota index 13 configuration. One can see that while the pattern changes from a single line to two 

fingers, the distance to the area of the highest heat flux, indicated by the yellow line, does not 

change significantly. Therefore, the down-stream heat loads do not change for the two different 

configurations. Figure 7 shows the footprint in the backward direction, here again the single line is 

branched off into two fingers, but the distance to the strike line increases and thereby the range of 

the probe experiences a decreased up-stream heat flux. 

 

 

Figure 7 shift of the footprint of the combined probe mapped on the limiter in backward direction, 

black: limiter J-configuration, red: iota index 13 configuration 

5 Discussion and conclusion 

Mapping the position of the combined probe to the limiters, assuming similar heat loads between 

certain limiters, allowed for a comparison of the up and down-stream heat fluxes. This comparison 

showed that the up-stream heat fluxes are as expected higher than the down-stream measurements 

on the limiter. This is found for the J-configuration and within the error range for the iota index 13 

configuration. For a more complete analysis it is necessary to take additional effects like radiative 

and frictional losses into account. Also it became apparent that additional data on the ion 

temperature is necessary to get a reasonable estimate for the up-stream heat fluxes. Data supplied 

from EMC3-EIRENE showed that the ion temperature in the edge is about a factor of two bigger 

than the electron temperature, which constitutes a huge contribution to the estimated overall heat 



flux. The iota scan and said mapping show how the heat fluxes on limiter 1 are reduced while the 

corresponding heat flux on limiter 2 remains largely unchanged with increasing iota. For the second 

operational campaign an upgrade for the combined probe is planned, which will feature an ion 

sensitive probe, to simultaneously measure the ion temperature in addition to the Langmuir probes 

measurements for the electron temperature. 
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