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Abstract

Probe manipulators are a versatile addition to typical plasma edge diagnostics. Equipped with

material samples they allow for detailed investigation of plasma–wall interaction processes, such

as material erosion, deposition, or impurity transport pathways. Combined with electrical probes

a study of scrape-off layer and plasma edge density, temperature, and flow profiles as well as

magnetic topologies is possible. A mid-plane manipulator is already in operation on Wendelstein

7-X. A system in the divertor region is currently under development. In the present paper, we

discuss the critical issue of heat and power loads, power redistribution, and experimental access

to the complex magnetic topology of Wendelstein 7-X. All aforementioned aspects are of relevance

for the design and operation of a probe manipulator in a device like Wendelstein 7-X. A focus

is put on the topological region that is accessible for the different coil current configurations at

Wendelstein 7-X and the power load on the manipulator with respect to the resulting, different

magnetic configurations. The qualitative analysis of power loads on plasma facing components

is performed using a numerical tracer particle diffusion tool provided via the Wendelstein 7-X

Webservices.
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1. Introduction

In magnetically confined fusion devices, an ideal extension to the typical plasma edge

and material diagnostics is a probe manipulator in the plasma–wall interaction zone. Of

specific interest is the high-heat-flux divertor region due to its comparatively high particle

and energy fluence. An advantage of a manipulator is its capability for frequent exchange of

test samples. In the process of developing and testing new plasma facing materials, it allows:

firstly, multiple materials and designs to be tested during the same experimental campaign

without need to break the vacuum of the device; secondly, post-mortem analysis of samples

to be performed right after the related experiments, i.e. samples not getting contaminated

by other experimental conditions.

A comparable system was represented by the limiter lock at the Tokamak Experiment for

Technology-Oriented Research (TEXTOR) [1], which was a “test limiter manipulator”. It

demonstrated excellent performance: quick exchange of material samples and high diagnostic

coverage of the interaction zone. Besides material samples, a manipulator can be combined

with electrical probes for the study of local scrape-off layer (SOL), plasma edge profiles and

topologies. This provides further insight in the material exposed plasma.

A stellarator, such as Wendelstein 7-X, is geometrically more complex than a toroidal

symmetric tokamak (like TEXTOR). Various different magnetic configurations are available

in the former to change the location of the interaction zone. A toroidally varying cross-

section combined with a limited number of available ports for a manipulator system restrict

the accessible region. Furthermore, the plasma operation has to be guaranteed even without

a material sample installed on the manipulator, which makes a quickly exchangeable entire

divertor module like at ASDEX Upgrade [2] inappropriate.

Wendelstein 7-X [3] has an averaged major radius of 5.5 m and an averaged minor radius

of 0.55 m, resulting in a plasma volume of about 30 m3. The device is build out of five nearly

identical modules following the fivefold symmetry of the magnetic topology. It is designed

for 30 min continuous plasma operation with a cooled divertor allowing for a steady-state

heat flux of up to 10 MW m−2. Similarly, the divertor manipulator discussed here is foreseen

to be water cooled and allow for a steady-state heat flux of up to 10 MW m−2. The reader

is refereed to [3, figure 1] for a detailed overview of the geometrical layout of the device.

This article focuses on the key aspects during the design and operation of a manipulator
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system in terms of three-dimensional magnetic topology, particle and power load to plasma

facing components. Therefore, the questions we address when analysing three different

manipulator designs are: (a) can the material samples be placed such that they see an island

divertor-like magnetic topology? (b) Is the heat flux in the interaction region controllable

such that a limit in the order of 10 MW m−2 is not exceeded? (c) To what extent does the

total power load in the device get redistributed due to the insertion of a manipulator?

Two possible locations for a manipulator in the divertor region of Wendelstein 7-X are dis-

cussed. One already installed mid-plane manipulator system is analysed which also provides

access to the divertor island, but up-stream.

Section 2 gives an overview on the geometrical manipulator set-up. In section 3 the field

line tracing technique used for the analysis is introduced. The accessible topological region

for the different set-ups is compared in section 4. A study on the power load deposition onto

the manipulator heads and resulting power load re-distribution for divertor components are

presented in section 5. Finally, the aforementioned observations are summarized in section 6.

2. Manipulator location

A consequence of Wendelstein 7-X’ geometrical complexity is the limited space for ac-

cessing the divertor region by means of diagnostics. In addition, the permanent divertor

components should not be modified for operation safety reasons. The two possible ap-

proaches of installing a manipulator in the divertor region that could be identified are: (a)

accessing the divertor region through the pumping gap between the vertical and horizontal

divertor target (section 2.1), and (b) acting as an extension of the horizontal divertor tar-

get at the low-ι end (typical strike-line location, section 2.2). ι means here the rotational

transform of the magnetic field lines. With changing ι at the last closed flux surface (LCFS)

the strike position on the horizontal target shifts in toroidal direction. At low-ι (below 1) it

moves towards the front end of the horizontal target illustrated in figure 1.

2.1. Pumping gap

One option to enter the divertor region is through the pumping gap between the vertical

and horizontal divertor plates. This location gives direct access to the high-heat-flux region
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at Wendelstein 7-X and allows to choose a toroidal location at which an excellent diagnostic

coverage is provided via the installed endoscope and the attached diagnostics [4, section 2.2],

e.g. module 3 as used for the following analysis. The manipulator used within this design-

study is located slightly above the horizontal divertor plate with the ability to propagate

parallel to its surface in predominantly radial direction, see figure 1. Its probe heads can

have a vertical and toroidal extent of up to 3 cm × 15 cm and can be equipped with material

samples as well as electrical probes.

FIG. 1: Geometrical set-up of a divertor manipulator (blue) plunging into the plasma through

the pumping gap. Divertor tiles are displayed in orange and additional wall components in grey.

The black double-headed arrow indicates the movement direction of the manipulator. Here, the

manipulator at deepest penetration is shown to present its maximum range. The shape of the

probe head is not optimized for experimental use and acts as a placeholder for this study.
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2.2. Horizontal target extension

Another option to enter the divertor region is through a port located at the bottom of

the machine, toroidally in front of the low-ι end of the horizontal target, see figure 2. Here,

shown and analysed in module 2. It allows to move material samples from the shadowed

region upward into the plasma–wall interaction zone. Consequently, magnetic field lines

will have a similar incidence angle on the sample’s surface as on the horizontal target itself

which was optimized for minimum heat and particle load. In this set-up, only a fraction of

the typical divertor region (in radial direction) can be reached. Furthermore, the upward

movement of samples is linked to a movement radially inward. This is due to the available

port location which only allows a tilted insertion of the manipulator. The probe heads

can have a radial and toroidal extent of up to 28 cm × 6 cm and can also be equipped with

material samples and electrical probes.

Furthermore, the installation positions at the pumping gap and as a horizontal target

extension presented here vary in the toroidal location due to the current availability of ports

for implementing the system.

A drawback of the horizontal target extension is the need for setting up additional diag-

nostics at its location to observe and study the material exposure in real time. It cannot be

observed with the already designed high resolution divertor observation systems.

2.3. Mid-plane

In figure 3 the set-up of the already installed manipulator [5, 6] at the outer mid-plane

region in module 4 is illustrated. It is located in a tear-drop-like cross-section and allows

a nearly radial translation of probe heads for measurements, ranging from the far SOL up

to several centimetres inside the confined plasma region. Equipped with electrical probes,

the mid-plane manipulator can e.g. measure plasma properties inside the island chain [7].

Furthermore, material samples can be installed on the manipulator for plasma exposure with

a maximum probe radius of 12 cm.
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FIG. 2: Same as figure 1 but for a divertor manipulator plunging into the plasma through a port

in front of the low-ι end of the horizontal target.

3. Field line tracing technique and its extension to estimate power loads

The early design process of a manipulator system requires reliable but rapid feedback on

the magnetic topology, and heat and power load seen by the manipulator. More detailed,

but computationally costly, studies with code packages like the fluid edge plasma Monte-

Carlo code in three dimensions (EMC3) [8] coupled to a kinetic neutral particle model

EIRENE [9, 10] are part of a second stage, not covered within this work.

Here, a simple field line tracing technique is used. The location r = (R,ϕ, Z) of an
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FIG. 3: Same as figure 1 but for a mid-plane manipulator penetrating the plasma from the outboard

side.

individual magnetic field lines is described by

dR

dϕ
= R

BR

Bϕ

, (1)

dZ

dϕ
= R

BZ

Bϕ

. (2)

The three-dimensional magnetic field B = (BR, Bϕ, BZ) itself is obtained by solving the

Biot-Savart law for all electrical current carrying segments of the externally defined coil

configuration. This allows to visualize in a simple manner the magnetic topology present

in the region of interest. The connection length plots analysed in section 4 have been

produced by following magnetic field lines, started on a regular grid in an R-Z plane at a

fixed toroidal angle ϕ, in positive and negative toroidal direction until they intersect a wall

component. The connection length LC between the two intersection points is measured.
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Here, a maximum connection length LC,max needs to be assumed above which field lines

can be considered to have an infinite length. LC,max = 1 km appears sufficient for our

Wendelstein 7-X cases discussed. Doing this, one can easily distinguish between regions of

closed (LC = LC,max) and open (LC < LC,max) field lines. Furthermore, one can identify the

magnetic islands and the separatrix location. Although more time consuming, this method

brings advantages over a simple Poincaré plot as it allows to display the interaction region

between plasma and wall in a sufficient way: one can easily differentiate between regions

with and without plasma–wall contact, whereas a Poincaré plot only indicates the location

and width of a magnetic island, see also [11, section 3.2]. Figures in section 4 present both,

connection length plots and Poincaré plots, whereas the Poincaré plots are produced without

considering the divertor and wall components for providing a better representation of the

magnetic island location.

With a simple extension one can even use the field line tracing approach to calculate

rough estimates on heat transport from the confined region across the LCFS onto the plasma

facing components to deduce estimates of heat fluxes and power loads onto plasma facing

components. A simple illustration of the method is given if we consider tracer particles

to stream along the field lines. Such tracer particles carry a fraction of the total heating

power and receive perpendicular kicks while travelling to simulate cross field transport in

the plasma. In this simple model, tracer particles are started inside the LCFS and followed

along and with a random, “diffusion-like” walk across field lines towards the targets. Each

tracer particle carries a fraction of the total non-radiated heating power and is counted when

intersecting the wall component which results in an estimate for the heat flux distribution

to the plasma facing components. Effects arising from inertia terms, energy and momentum

losses, volumetric heat sources, etc. are neglected here. Comparison of results from this

model to full EMC3-EIRENE three-dimensional transport simulations, that account for the

effects missing here, show an overestimation by about a factor of three to five towards higher

heat fluxes predicted by the simple model. One consequence of missing physical effects in

the simple model. However, this accuracy is taken as sufficient for the elementary study

presented here.

Here, we use the implementation in the “Field Line Tracer” of the Wendelstein 7-X

Webservices [12]. This method has been applied earlier on Wendelstein 7-X for estimates of

heat load distribution on divertor plates [13], characterisation of its edge region [14], and,
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recently, for feasibility studies of the scraper elements [15].

The considered plasma parameters n, T in the SOL are taken as the averaged values

of an EMC3-EIRENE reference calculation with a heating power of 10 MW, an up-stream

density of 5 × 1019 m−3, and particle and heat diffusion coefficients of 1 m2 s−1 and 3 m2 s−1,

respectively. Consequently, for the simple model used here: total heating power P = 10 MW

is kept the same, the averaged temperature derives to T = 35 eV, and the averaged density

to n = 1.5 × 1019 m−3. The cross-field thermal diffusivity χ⊥ = 3 m2 s−1 is taken the same

as the heat diffusion coefficient. Details of further input quantities can be found in the

appendix.

4. Magnetic topology seen by manipulator

A comparison of the magnetic topology created by the various magnetic configurations

on Wendelstein 7-X reveals that very different plasma interaction zones can be reached by

the manipulator system. The naming of the magnetic coil current set-up follows the IPP-

Report by Andreeva [16]. We will only present selected magnetic configurations that are

representative at the three different manipulator locations for reasons of brevity.

4.1. Pumping gap

In the case of a manipulator in the pumping gap we can distinguish between two major

scenarios: the manipulator enters the island through (a) the separatrix or (b) opened region;

see figure 4.

The figure for the standard configuration (a) shown here is representative for most of the

reference configurations: high mirror, low mirror, inward shift, outward shift, low-ι, and to

some extent even low shear. As we will see below, the crossing of the island’s separatrix

before entering the region of interest is disadvantageous in terms of heat flux onto the

manipulator head. Only in the high-ι case (b) the manipulator can enter the island without

crossing its separatrix. By saying “separatrix”, we mean the line of very long field lines

defining the boundary of the island.

The low shear configuration is special as (due to the low shear) the island has a very small

width, smaller than the manipulator head itself, which makes it difficult to enter the divertor
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FIG. 4: Comparison of the magnetic topology as seen by a pumping gap manipulator in the case of

the standard (a) and high-ι (b) configuration. The colour code represents the connection length of

field lines at the various points in the poloidal cross-section shown. Solid lines indicate the location

of wall components (black) and the manipulator (magenta). A Poincaré plot is overlaid (blue dots)

to indicate the presumably island location if no wall components are present.

island in the low shear case. In case of the limiter configuration the manipulator would act

as the main limiter, assuming it survives the extreme power load without massively diluting

the plasma with impurities.

4.2. Horizontal target extension

Considering a manipulator as a horizontal target extension at the low-ι end, we can sep-

arate the magnetic configurations into four groups: the manipulator (1) intersects only the

interior of the island, (2) intersects the island and its separatrix, (3) intersects predominantly

the separatrix, and (4) acts as the main limiter.

In figure 5 examples from the first three groups (a to c) are presented. Here, the low
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FIG. 5: Same as figure 4 for the magnetic topology as seen by a manipulator acting as a horizontal

target extension in the low mirror (a), high mirror (b) and high-ι (c) configuration.

mirror case (a) is also representative for the standard configuration with the given shaping of

the probe head. A special shaping allowing for an intersection with the separatrix would also

enable the standard case to be listed in group (2). In contrast, the low mirror case shown

here will always only allow access to the interior of the island due to a wider opening of the

island. The high mirror configuration (b) is representative for the largest group (including

inward shift, low-ι, and also outward shift). Even with different shaping of the manipulator

head, an intersection with the separatrix is nearly inevitable. Only in the outward shift

configuration one may reach a situation as in group (1), if required. Following from the
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different tilting of the island in the high-ι configuration (c) predominantly the separatrix

will be intersected with the manipulator. Furthermore, the intersection happens very close

to the confined region of the plasma which bears a certain risk to damage the probe. Same

as above, in low shear and limiter configuration a manipulator at that location will act as

the main limiter.

4.3. Mid-plane

The installed mid-plane manipulator sees three different situations plus two limiter (like)

cases. Depending on the magnetic configuration the probe head is (i) near the x-point of

the island chain and needs to cross the separatrix to enter the island, (ii) near the o-point

of island, and (iii) penetrates through a full open cut island. Figure 6 illustrates all three

situations. Only in the low-ι configuration (a) situation (i) is present. The outward shift

configuration (b) is also representative for the standard and inward shift configuration. The

high-ι case (c) is representative for the low and high mirror configuration, as well. As before,

in the low shear and limiter configuration the manipulator can act as a main limiter, only.

5. Power load redistribution

The topological considerations above can give an overview of the reachable plasma zone

for each manipulator set-up and magnetic configuration. However, it does not provide

sufficient knowledge on the expected heat and power load onto the manipulator and the

power load redistribution on the permanently installed divertor elements due to the inserted

manipulator. Therefore, we make use of the model described in section 3 for estimates on

the expected power load on the plasma facing components.

5.1. Pumping gap

Comparing the estimated heat flux onto the plasma facing components in the standard

configuration with and without the manipulator inserted through the pumping gap (figure 7),

one can observe two crucial changes. First, the heat load on the horizontal target reduces

drastically when the manipulator is inserted. Second, the probe head of the manipulator
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FIG. 6: Same as figure 4 for the magnetic topology as seen by a manipulator located at the outer

mid-plane the low-ι (a), outward shift (b) and high-ι (c) configuration.

receives a heat flux higher than the acceptable level of about 10 MW m−2 for damage-less

operation. The most critical aspect in this manipulator set-up is the fact that leading edges

cannot be avoided and, therefore, the surface peak heat flux cannot be reduced by shaping

of the material samples. A peak heat flux of 100 MW m−2 on the horizontal surface of the

manipulator and on the order of 1 GW m−2 at the leading edges have been estimated. Even

when taking model uncertainties into account, this values are far above acceptable levels of

current plasma facing materials.

In the numeric approach used, the power load (integrated heat flux) on components is the

quantity known with highest accuracy. Therefore, we focus on comparisons of power loads

rather than heat loads in the following. Furthermore, the integrated quantity power load

per component is most usable for illustrating the comparisons of different configurations

and components and it provides the required information on whether a component will be

overloaded or not.

Figure 8 illustrates the differences in power load when inserting the pumping gap ma-
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FIG. 7: Heat flux estimates in the standard configuration without (left) and with (right) pumping

gap manipulator inserted into the divertor region. Here, only components that received heat load

are displayed; see section 2 for a complete wall model.
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FIG. 8: Power fraction fP on pumping gap manipulator is compared for different manipulator

positioning in the standard and high-ι configuration. A distance of 0 corresponds to the maximum

penetration depth of the manipulator. With increasing distance the manipulator is positioned less

deep in the plasma.

nipulator in a plasma confined by the standard and high-ι configuration. Power load is

represented as the fraction of total power P seen by the manipulator fP = Ptarget/P . The

position to which the manipulator is inserted is given as distance of manipulator tip from

the maximum penetration depth that is still technically feasible. It only serves as a reference
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to compare the two configurations at different plunge depth. Key differences to observe are

the increase to a power fraction of about 9 % several centimetres away from the maximum

insertion position and the steeper gradient in the standard configuration. Recalling our

observations in section 4.1, the difference shown here appears obvious. It is a direct conse-

quence from the fact that in the standard configuration the manipulator needs to cross the

separatrix before entering the island. While doing so it receives the major fraction of power

load and the interior of the island adds only a small fraction on top. In the high-ι configu-

ration the situation is reversed which explains why the power load peaks at a much deeper

position. Furthermore, the manipulator intersects the island to a much smaller fraction,

only.

Exclusively in high-ι configuration one could place material samples at an acceptable lo-

cation with power loads sufficient low for a steady-state exposure. However, a perpendicular

impact of field lines onto the manipulator head is unavoidable, independent of its shape.

(a) (b)

FIG. 9: Compares the change in power fraction on the target components for two different pene-

tration depths of the manipulator. Standard (a) and high-ι (b) configuration are displayed here.

Figure 9 compares the power load redistribution due to the intersecting manipulator for

a medium (10 cm) and full (0 cm) penetration in the case of the standard (a) and high-ι

(b) configuration. The reference case fP,ref is obtained without the manipulator. Divertor

targets are abbreviated using the following syntax #ab:

# Wendelstein 7-X module number,

a upper (u), or lower (l) divertor,

b vertical (v), or horizontal (h) target.
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Only targets seen by the perturbed island are displayed and its ordering along the x-axis

follows the helicity of the magnetic island starting from the manipulator location. Tiny

discontinuities of less than 0.2% seen in this and following comparisons of that type are a

consequence of the Monte-Carlo approach used for calculating the power distribution.

In most magnetic configurations at Wendelstein 7-X the five divertor islands are inde-

pendent, only in the high- and low-ι configurations one island exists. Consequently, the

intersected island connects to only four of the 20 divertor targets in case of the standard

configuration and to all 20 targets in the high-ι configuration. In standard configuration

we know from figure 7 already that the load in the same divertor module (3) gets strongly

reduced when inserting the manipulator. Figure 9 (a) confirms that the manipulator shad-

ows nearly all power flux to the lower horizontal divertor in the same module. A smaller

fraction (about 1 % of the total heating power) gets shadowed from the upper vertical target

in module 1. This effect is not only seen for the full penetration (0 cm) but also at a medium

penetration (10 cm); see discussion above. Again, the standard configuration is representa-

tive for majority of magnetic configurations. Only, depending on plasma shift, a stronger

power load reduction on upper vertical target in module 1 can be observed.

The results in the high-ι configuration differ. On the one hand, a significant reduction

of power load on the divertor targets is only seen when fully inserting the manipulator

(consistent with figure 8). On the other hand, the reduction appears at a remote location,

in module 4. Following the magnetic island, this is 4/5 turns apart from the interaction

region of the manipulator. When performing experiments with such a manipulator, one

needs to be aware of this property to have an additional control parameter for the power

load on the manipulator by viewing the remote locations.

One possibility to reduce heat loads onto the pumping gap manipulator is the design of a

new magnetic configuration which places the plasma strike-line smoothly on the horizontal

sample surface. However, this is on the one hand prone to inaccuracy due to plasma insta-

bilities and on the other hand significantly more difficult than the second option discussed

here which make use of exactly this property in a more protected area.
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FIG. 10: Same as figure 7, but in the low mirror configuration for the horizontal target extension

manipulator.

5.2. Horizontal target extension

Comparing the heat flux distribution on the horizontal target extension manipulator

(figure 10) with the pumping gap manipulator (figure 7) one can notice a much lower peak

heat flux on the probe head. Furthermore, the heat is distributed over a wider radial range

and leading edges are mostly avoided. Additional optimisation may be achieved via improved

shaping of the probe head. Furthermore, we can notice a much less perturbed heat flux on

the horizontal divertor target.

0 1 2 3 4 5 6 7 8
Distance max. penetration (cm)

0.00

0.05

0.10
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0.20

f P

Low mirror
High mirror
High-ι

FIG. 11: Same as figure 8 for the manipulator extending the horizontal target in the low mirror,

high mirror, and high-ι configuration.
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When analysing the power load on the manipulator for different penetration depth (fig-

ure 11), two major aspects can be observed: firstly, although the magnetic topologies of the

three cases compared are quite different the power fraction for different penetration depth

shows a similar trend (only at maximum penetration depth it diverges). Secondly, the gra-

dient (power fraction over penetration depth) is about a factor of five higher then in the case

of a pumping gap manipulator. The divergence at maximum penetration depth of the low

mirror configuration from the others results from the fact that the manipulator is already

intersecting the LCFS in that configurations and therefore receives an increased amount of

power load.

Based on this results the set-up appears very stable with respect to the predicted power

load on the probe head at different configurations. Only drawback is the steeper power

gradient. Ideally, it would be more flat to allow a finer adjustment of the received power

load. However, this aspect can be compensated with a precise positioning system for the

manipulator. Experimentally, one will insert the manipulator stepwise anyway.

(a) (b)

(c)

FIG. 12: Same as figure 9 for the low mirror (a), high mirror (b), and high-ι (c) configuration in

the case of a horizontal target extension manipulator.
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Comparing the heat load redistribution on the divertor targets (figure 12), one can ob-

serve in the mirror configuration a strong power load reduction at the horizontal (low mirror)

or vertical (high mirror) targets. Compared to the set-up with a manipulator in the pump-

ing gap a different island is intersected here, resulting in power load reduction on different

targets. The contrast between the low and high mirror configuration can be easily under-

stood when knowing that in each of the configurations only the horizontal or vertical targets

are attached. Consequently, the intersecting manipulator can only reduce the power load

on the horizontal or vertical targets. In the comparison with the pumping gap manipulator

we find that the power reduction appears more symmetric on all targets intersected by the

manipulator. A strong local effect like in the standard configuration with the manipulator in

the pumping gap cannot be observed. Comparing the insertion up to the maximum position

with a less deep insertion, one can notice a simple reduction of the redistributed power but

a similar ratio between different targets. In high-ι configuration a power reduction on all

lower horizontal targets can be observed where the total reduction is largest in the module

toroidally before the manipulator (same as in the case with the pumping gap manipulator)

and decreases when following the island in toroidal direction. Generally, we can conclude

that a horizontal target extension manipulator will cause a more symmetric power reduction

on the divertor plates than a pumping gap manipulator, which might be simpler to operate

with respect to real time power load control systems on the device.

With this set-up comparable heat fluxes to the real divertor plates are expected on the

exposed material samples, if the probe head is sufficiently shaped and its vertical height

carefully adjusted. The received heat and particle flux is to a certain extent controllable

via the vertical manipulator position which can be used for power load scans of the sample

materials.

5.3. Mid-plane

The mid-plane manipulator is designed to reach across the LCFS into the confined region

of the plasma. A consequence of the different magnetic configurations is the radial shift of

the LCFS at mid-plane. This leads to an intersection of the mid-plane manipulator with

the LCFS at different stroke depths, depending on the configuration. Obviously, the aspect

is reflected in the power fraction received by the probe head at different penetration depths
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and configurations; see figure 13. The grey vertical lines indicate the LCFS location along

the probe path.
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FIG. 13: Same as figure 8 for the mid-plane manipulator in the low-ι, outward shift, and high-ι

configuration. The grey lines indicate the rough LCFS location.

The graph demonstrates clearly that a maximum penetration of the mid-plane manipu-

lator is to no means foreseen for a standard plasma operation as the probe head would act

as the main limiter receiving all power. Equipped with Langmuir probes for plasma profile

measurements one ideally would like to quickly plunge shortly inside the LCFS. From fig-

ure 13 we know that such plunges need to be carefully adjusted as a similar plunge depth

results in very different power loads depending on the magnetic configuration. The power

gradient is even steeper than in the divertor manipulator set-ups. It varies slightly for

different magnetic configurations and is about a factor of eight to 13 higher than in the

manipulator set-up for the pumping gap. The mid-plane manipulator is designed for very

fast plunges and will remain in the plasma only for about 100 ms to avoid severe damage.

Typically, tungsten or molybdenum pins of electric probes require frequent exchange due to

the high chance for melting under these conditions.

It is interesting to know which parts of the divertor get shadowed due to the probe

measurements at mid-plane for cross-checks with different diagnostics at remote locations.

When inserting the probe head beyond the LCFS all divertor tiles will see a reduction of

power load. Keeping the manipulator only in the island results in a power load reduction

at connected targets, as before. Figure 14 focuses on the second case only. In all three

configurations we can observe that for the connected targets (island of low- and high-ι

configuration is predominantly attached to the horizontal targets) a power reduction can be
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(a) (b)

(c)

FIG. 14: Same as figure 9 for the low-ι (a), outward shift (b), and high-ι (c) configuration in the

case of the installed mid-plane manipulator.

observed. The high-ι configuration shows an about equal amount of reduction on all targets

(with some scatter). In the low-ι configuration one can notice a trend with the strongest

reduction closed to the manipulator. The outward shift configuration shows the strongest

reduction at a more remote location. This study makes clear that each case of interest need

to be analysed separately and no general statement can be concluded here for the mid-plane

manipulator. A detailed preparation for mid-plane probe experiments is needed to reduce

the risk of damage and an thermography viewing system at the probe location is advisable.

6. Conclusions

Comparing the two divertor manipulator concepts one can conclude that each of the two

does have different advantages over the other. Intersecting the divertor island from the

pumping gap provides a less steep gradient in power load than penetrating from the bottom

at the low-ι end of the horizontal target. However, due to a broader spread of the total
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power the manipulator acting as a horizontal target extension receives less heat flux and can

cover a wider spatial range whereas the pumping gap manipulator is prone to overheating.

The fact that three completely different magnetic topologies lead to a similar power load

on the horizontal target extension manipulator can be seen as an advantage. It allows for

a more direct comparison of effects due to the global change in magnetic topology while

having similar power load conditions on the divertor.

The pumping gap manipulator allows in most magnetic reference configurations to reach

near the divertor island centre which is excellent for the measurement of local plasma prop-

erties like electron temperature and density as well as streaming velocity near the divertor

target. These are important input information for detailed SOL analysis and modelling.

However, to measure these quantities the manipulator needs to be operated as a fast re-

ciprocating probe due to the extreme heat and power loads estimated to appear along the

probe path. Locating a manipulator at the low-ι end as a toroidal extension of the hori-

zontal target allows to reach at least six out of the nine magnetic reference configurations,

in a horizontal divertor like manner. However, the limited availability of ports results in

a geometrical restriction regarding the reachable region within the island. Only the outer

strike-line of the island can be intersected with the current design. Still, for a steady-state

exposure of materials this appears as the reasonable option.

In contrast to the divertor manipulator the mid-plane manipulator is located in a less

protected region. The power load gradient is about one order of magnitude steeper and

a steady-state operation near the LCFS is risking a quick overheating of the probe head.

Similar to the pumping gap manipulator the plasma intersection region varies a lot depending

on the magnetic configuration which need to be taken into account when operating the mid-

plane manipulator. Inserting the mid-plane manipulator far beyond the LCFS will result in

creating a main limiter with the probe.

This study summarises the properties of each set-up which need to be taken into account

when exposing material samples or measuring plasma properties by utilising one of the ma-

nipulators. Ideally, one would couple all three manipulators with a thermography protections

system that can control the quick retraction of the manipulators in case of overheating.

Overall, the manipulator designed as a horizontal target extension appears as the best

option – in addition to the already installed mid-plane manipulator – for steady-state ex-

posure of newly developed plasma facing components. Thanks to its movement capability
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directed towards the plasma core it allows a good control over particle and heat flux onto

the material samples which is an important aspect when studying materials and shapes for

future high-heat-flux divertor components.
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Further simulation set-up

The Wendelstein 7-X Webservices also provide a component and coil database that can

serve as an input for the field line tracing service. Furthermore, components are grouped to

assemblies and as part of the coil database full magnetic configurations are stored. In the

presented studies all relevant components have been considered (assembly IDs in brackets):

divertor units (2), baffle units (5), heat shields (6), toroidal closure units (7), full steel

panels for wall protection (8), full plasma vessel (9), and reduced steel panels without port

/ pumping slit protections (10). The magnetic configurations used all base on a vacuum

approximation using the ideal Kisslinger coils (configuration IDs in brackets): standard (0),

low-ι (3), high-ι (4), low mirror (5), high mirror (6), low shear (7), inward shift (8), outward

shift (9), limiter (10). The considered manipulator probe heads base on CAD models.
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