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Abstract

The paper presents experimental observations and simulations for the effects of
toroidal plasma current on divertor power depositions on W7-X. With increasing
toroidal current accompanying changes in the island geometry result in a sweep
of the strike line and a redistribution of the heat flux footprints. Good agreement
between experiments, which partly used electron cyclotron current drive to generate
an additional toroidal current contribution, and modelling using field line tracing in
vacuum magnetic fields including an ad-hoc toroidal current on the magnetic axis
is found for both standard and low-iota magnetic configurations.
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1 Introduction

The main goal of the stellarator Wendelstein 7-X (W7-X) is to show that stellarators
can be a viable concept for a steady-state operating fusion reactor. For this reason, the
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magnetic field configuration was developed in an optimization process to mitigate the
main deficiencies of classical stellarator configurations. The resulting HELIAS-concept
improves the equilibrium and stability properties, reduces neoclassical transport in the
long-mean-free-path regime as well as the bootstrap current and enhances fast particle
confinement at high plasma-3. The resulting magnetic configuration has five field periods
with an aspect ratio of about 11 (major radius R = 5.5 m, minor radius a = 0.5m). The
standard magnetic configuration has a rotational transform ¢ just below 1 with a low pos-
itive shear in order to avoid neighboring major natural resonances in the profile. The coil
system consists of 50 non-planar coils (5 coil types per half-period due to periodicity and
stellarator-symmetry) and 20 planar coils (2 coil types per half-period) for additional flex-
ibility as needed to change ¢ at the boundary of the vacuum configurations. For example,
the so-called standard configuration has a boundary-+ value of 1, which is accompanied
by the 5/5-island chain forming the plasma limiting separatrix, and the non-planar coils
carry all the same current while the planar coils have none. With appropriate currents
in the planar coils an additional toroidal field can be generated to lower the ¢value so
that the 5/6-resonance appears at the configuration boundary with the corresponding
5/6-island chain, the so-called low-iota configuration. Figure 1 shows magnetic geome-
tries of the boundary islands in standard and low iota magnetic configurations. It should
be noted that due to the periodicity the 5/5 island chain consists of 5 separate islands
while the 5/6-island chain is a single island winding around helically.

Apart from the necessary improvements of stellarator core plasma properties, a fu-
sion reactor needs a particle and energy exhaust concept. For W7-X with its low-shear
+-profile, the island divertor concept, which was tested successfully in W7-AS for the
first time, has been chosen. It uses the naturally occurring 5/5-island chain as interac-
tion topology with the divertor targets. For quasi-steady-state operation (1800s pulses
are envisioned) a fully cooled High-Heat-Flux (HHF-) divertor capable of withstanding
10 MW m~2 has been designed and is currently installed to be used from 2021 on. In two
prior operational phases in 2017/18, OP1.2a and OP1.2b (OP abbreviating Operational
Phase), an uncooled Test-Divertor-Unit (TDU) with the same geometry has been used in
order to gain experience in machine operation and to explore plasma scenarios without
the risk connected with water-cooled components in the vacuum vessel.

Although the target magnetic configuration in the optimization process of W7-X aimed
at small bootstrap currents, this is generally not fully realized in all magnetic configu-
rations and plasma scenarios. Due to the small shear in the ¢-profile, even rather small
toroidal currents of a few kAs to a few tens of kAs lead to a considerable radial displace-
ment of the boundary islands and thus change the interaction patterns of the magnetic field
topology with the divertor components, i.e. the strike line patterns. Therefore, strike-line
control, being one of the most important and challenging tasks for steady-state operation
in any fusion device, shows to be an equally crucial task in a device with complex 3D
magnetic topology at the plasma boundary like in Wendelstein 7-X (W7-X) [1, 2, 3].

In principle, a toroidal plasma current I, is not favourable for low-shear stellarators,
where the entire confining vacuum magnetic field is generated by external coils only,
and where the low-shear ¢-profile is sensitive to small plasma currents. Thus, additional
internal plasma currents can alter the anticipated magnetic structure and may lead to
unfavourable modifications. I, can arise as consequence of the intrinsic bootstrap current
Lyse, but also by any additional externally driven current I (e.g. electron cyclotron
current drive (ECCD) [4]) and the transiently appearing plasma shielding currents Iyq.
W7-X has no transformer to drive an ohmic current. The amplitude and radial profile of



I« depend largely on the experimental parameters, e.g. magnetic configurations, heating
power and plasma density. [ is a toroidal net current and is predicted in W7-X to reach
values of up to tens of kA for high-performance plasma discharges [5, 6] depending on the
specific experimental scenario. The dependence of the bootstrap current on the magnetic
configuration has been identified in a magnetic configuration scan discussed in [7]. The
evolution of the toroidal current and the effect on the heat flux profile for the mimic
configurations are shown in [8].

We are mainly concerned with the last one which determines the changes of the mag-
netic field at the plasma boundary, i.e. the radial position of the boundary islands for
divertor interaction. This results in a ramp-up of the net I, until a saturation at the
amplitude of Iy, + Ioy is reached:

[tor = Ibsc + Iext + [sld = (Ibsc + Iext)(]- - eXp<_tR/L))

In W7-X, a positive [, will increase ¢, and move the boundary island chains towards
the magnetic axis due to the positive shear at the plasma boundary. With the evolution
of I, during plasma operation, a change of strike-line locations is predicted depending
on the magnetic configuration. Such strike line movements have been seen in plasma
discharges throughout the divertor operation campaign OP1.2.

The experimental assessment of these effects uses quite different diagnostic capabil-
ities of W7-X. [;, is measured experimentally by the in-vessel Rogowski coil encircling
the plasma volume in W7-X [9; 10] to an accuracy in the range of several Amperes. The
assessment of the interactions between the three dimensional (3D) magnetic island chains
and the divertor plates, which results in toroidally asymmetric but stellarator-symmetric
power loads [11], requires a complete coverage of plasma facing component by real-time
video diagnostics, which is also necessary for safe operation. Ten infrared (IR) thermo-
graphic systems with wide-angle optics were installed to monitor the surface temperature
on the carbon divertor plates in all the ten half modules in the machine [12, 13, 14, 15].
First characterizations of the thermal footprints on the target have been in good agree-
ment with results from field line tracing (FLT) for different vacuum magnetic configura-
tions [16, 17], which give confidence in using these tools in the current assessment. The
methods to quantitatively analyze and visualize the heat loads on the TDUs measured
by IR cameras as well as to compare with diffusive FLT-results have been introduced
in [18] and are used throughout this paper. To investigate the correlation between the
experimental divertor thermal footprints and the measured I, simulation results are
used which are obtained with a field line tracer [19] available as web-service at IPP.

In section 2, a typical freely-evolving [, program in the standard magnetic configu-
ration of W7-X will be investigated and a quantitative analysis of the strike-line patterns
on the divertor target plates is performed. Corresponding simulations will be shown and
compared with experimental results in section 3. In section 4, the same comparisons are
done in the low-iota configuration which confirm the effects of I, seen in the previous
section. Finally, in section 5, we will show results from dedicated ECCD experiments
suggesting it to be one possible candidate for a dynamic control of I, in the future.



2 Experimental observations in the standard mag-
netic configuration

The standard reference magnetic configuration was one of the most used magnetic con-
figurations for divertor studies at ¢, = 1 with the 5/5 boundary island chain limiting
the plasma. Because of the sensitivity of this configuration to the 1/l-error fields the
additional so-called trim coils were used to compensate the major part of this error field
component [20, 21]. However, a small part of the error field, a 2/2-component, remained.
Thus, this configuration does not show perfect periodicity and the integral power deposi-
tion compared among machine modules is not completely symmetrized. But the general
behavior of the strike-line dynamics with evolving I, observed during experiments is
quantitatively the same across modules.

To study the effect of I;,, on the strike-line movement we used discharges performed for
bootstrap current investigations. A typical bootstrap current program (20171108.040) was
operated with helium plasma and ECRH heating power Prcry of 3.6 MW. An overview
of the discharge parameters can be seen in figure 2. The measured [;,, ramps up to ~ 6 kA
within 10s. The intermittent spikes in the Pgcry are due to a gyrotron operated in blip
mode for the measurement of collective Thomson scattering. The discharge has only a
pre-fill of the helium gas and no further gas feed, which causes a continuous drop of the
line integrated electron density [ n.dl from 3.9 x 10 to 3 x 10 m~2 through pumping.
During the operation of this discharge, both strike lines on the horizontal and vertical
targets were observed to move away from the pumping gap. In order to quantitatively
determine the relation between the strike-line motion and the increasing I, a series of
detailed analysis based on the thermographic method developed in [18] are performed
here.

The visualized footprints of the heat fluxes on the upper divertor target plate in module
5 (bu) at 1s (Iyor = 1kA) and at 9s ([ = 5.5kA) are shown in figure 3. Compared with
the 1 kA case, the strike lines of the 5.5 kA are, on both the horizontal and vertical targets,
shifted further away from the pumping gap. In the lower part of figure 3 we marked target
fingers which had been installed for plasma-wall-interaction (PWI) studies. The calculated
heat fluxes for these fingers are arbitrary due to the complex surface layers which have
been prepared intentionally on the marker tiles for material studies. But the temperature
measurements for these fingers are valid, which will be shown in section 3. The indices of
the fingers are counted starting from the low-iota end of the divertor (left in the figure)
with the target finger 0 (e.g. buh_1.11 means module 5, upper horizontal target, low-iota
part, finger 11). The low-iota part of the TDU is the region, where most power loads
will be deposited in a low iota magnetic configuration (area shown in [18]. The hot spot
marked in the figure is considered to be caused by particle drifts [22], because it is up-
down asymmetric and the asymmetry reverses in experiments with reversed field. This
effect is out of the scope of this paper. The influence of the PWI fingers and of the hot
spot on the heat flux distributions is excluded from the analysis in this paper since we
are aiming to understand only the I, effect.

The redistribution of the 3D heat fluxes by I, can be seen in figure 3. With I,
increasing from 1kA to 5.5kA, more power is deposited onto the vertical target, while
less power reaches the horizontal target. To more clearly show the movements of the heat
fluxes of the main strike lines (avoiding the PWI elements and hot spot), two fingers are
used for a detailed analysis (5uh_1_11 for the upper, horizontal, low-iota part of the divertor
and 5uv_06 for the upper, vertical target as marked in figure 3). The peak heat flux ¢, on



the finger of the horizontal target 5uh_1_11 decreases from 1.4 MW m~2 to 0.75 MW m—2,
while the peak heat flux ¢, of the vertical target finger 5uv_06 increases from 1.1 MW m—2
to 1.6 MW m~2. This results in an increased ratio of ¢, to q, by a factor of 2.7. This
redistribution of heat fluxes is due to the geometric effect of the movement of the divertor
intersecting island by the increasing Ii,,, which can be reproduced by simulations (see
section 3).

The movement of the strike lines is rather homogeneous toroidally over time, as shown
in figure 4. For each finger, multiple profiles along the poloidal length of the finger are
interpolated from experimental data for heat flux calculations [18]. Here, the peaks of
these heat flux profiles on the low-iota part of the horizontal target are plotted for different
time points in the discharge. The corresponding toroidal angle for each radial profile is
calculated for a better comparison with simulation result. The location in the figure is
defined as the distance from the edge of each finger at the pumping gap. Based on this
observation, it seems to be feasible to represent the strike-line motions as a whole using
one specific finger only. In order to correlate quantitatively the strike-line movement with
the changes in I, with a better statistic, 15 lines of the heat flux profiles within finger
buh 111 ( with the central line of the finger at toroidal angle ¢ = —60°) are averaged.
In figure 5 the time evolution of the heat flux shows a continuous movement of the strike
line (maximum position of heat flux) outward with increasing I, as well as a decrease
of the amplitude of the heat flux.

To locate the peak of the heat flux of the strike line accurately, a polynomial least
square fitting procedure has been performed to all averaged heat flux profiles of the finger
between 1s and 9s of this discharge. Figure 6 shows an example of ten profiles with peak
locations derived from the polynomial fits marked with crosses. As already described,
we see that the strike line moves outward with time, the peak heat flux reduces and the
wetted area broadens. A plot of the peak locations against [y, is presented in figure 7,
where the data points are collected from 875 frames captured by the IR camera in this
discharge. The strike line moves almost linearly with I, with an average ratio of distance
to Loy of ~ 9mmkA ="

3 Simulations compared with experiments in stan-
dard magnetic configuration

The simulations performed in this paper use field line tracing (FLT) in the vacuum mag-
netic field provided at IPP as a web-service and approximate the additional I, with a
current filament along the magnetic axis. This approximation serves well for the com-
parison with experiments at low plasma-8 and with limited values of Iy, (< 10kA at
By = 2.5T and volume-averaged f-values < 1% in OP1.2). Preliminary transport analy-
sis using the NT'SS-code [23] also shows that the bootstrap current as well as the shielding
currents are, due to the peaked electron temperature profiles, more centrally distributed,
thus justifying our approach. However, for simulations with higher I, or higher S-values,
comprehensive equilibrium fields [24, 25, 26] need to be used as they are provided by
the VMEC/EXTENDER-approach [5, 6] or by 3D-equilibrium codes like HINT [27, 28],
PIES [25], SIESTA [29] or SPEC [30].

Figure 8 shows simulations of the wall to wall connection length (L.) of magnetic field
lines in the poloidal cross section at ¢ = —60° with different I,,. The increasing I,
moves the boundary island chain towards the magnetic axis, and as a result, shifts the



strike lines away from the pumping gap. With the movement of the magnetic island,
the region of the island around the island-O-point with L. > 1km becomes larger, since
more flux surfaces of the island are no longer intersected by divertor components as I,
increases.

For a quantitative comparison with the experimental results, the L. profiles for the
same finger having been analyzed in section 2 (5uh_1.11) are averaged for different Iy,-
values and this L.-evolution is shown in figure 9. The peak locations of L. are used as
representative for the simulated strike-line locations although its profiles differ consider-
ably from the experimentally measured heat flux profiles due to heat diffusive transport.
The strike line moves away from the pumping gap with increasing I, reflecting the exper-
imental results. Additionally, the value of L. increases from ~ 580 m to ~ 780 m with an
increase of I;,, from 0kA to 6 kA. The larger values of L. are consistent with the broader
strike-line width or wetted area on the divertor plate [16]. This is the main reason for
the broadening of the experimental heat flux profiles over time seen in figure 6. The
simulated and the experimental strike-line locations are compared in figure 7. The rea-
sonable agreement between the results from experiment and from simulation strengthens
the interpretation of the strike-line motion via the I -effect.

More sophisticated simulations are required to better understand the redistribution
of thermal loads by changes of Ii,,. In a first but simple approach we use FLT with a
diffusion ansatz [19] to simulate plasma transport effects. For this purpose test particles
are placed initially inside the last closed flux surface but in its vicinity. They are generated
by five FLT-runs to preserve the five fold periodicity of the W7-X magnetic field starting
from different periods of the machine to ensure the toroidally symmetric distribution. The
diffusion process is performed with a perpendicular diffusion coefficient D, = 1m?s™! | a
mean free path parameter A = 0.1m, and a velocity v = 2 x 10 ms~! which corresponds
to a magnetic diffusion coefficient D,, = 2 x 107 m?s as defined in [31]. A scan of these
input parameters has been performed earlier aiming for a best fit between simulated and
experimental strike-line widths as shown in figure 10 and as had been suggested in [31].
The test particles are traced until hitting a component where they are recorded as seen
in figure 11 which compares the results of this “diffusive” FLT of the 1 and the 5.5 kA
cases. The simulations show the strike lines to be further away from the pumping gap
with larger Ii,., which is consistent with the experimental observations.

Due to the symmetry of the divertor (5-fold periodicity and stellarator-symmetry)
the resulting test particle distributions of the ten half modules can be merged into one
improving the statistics. For the calculation of the heat fluxes on the TDU, we assume
a total power of 1.2 MW is equally distributed to the ~ 75000 test particles, which have
been traced to intersect with the TDU. This assumed power shared by the test particles
has been determined by fitting the simulated heat flux amplitudes to the experimental
ones. With the same method as described in [18], the simulated distribution of the
heat fluxes on the target plates are visualized as shown in figure 12. Compared with
the experimental results in figure 3, the simulations qualitatively reproduce the thermal
footprints in terms of the strike-line movements and the increased ratio of ¢, to gy, caused
by the increasing I,,. However, the model of “diffusive FLTs” does not account for particle
drifts nor for local plasma radiation, so that a perfect match with the experimental heat
flux distributions is not to be expected.

An interesting feature in the simulations is the appearance of the second strike line on
the horizontal target, which is also observed in the experiment as shown in the 5.5 kA case
in figure 3. By splitting up the test particles intersecting the TDU based on the direction



of the tracing, forward being the same direction as the toroidal field and backward being
the counter-direction, one can distinguish the corresponding footprints of co- and counter-
flow test particles as shown at the bottom of figure 12 for 5.5kA case. The simulation
suggests that the second strike line is caused by plasma flowing in the opposite toroidal
direction compared to the plasma causing the main strike line. With respect to the heat
flux on the vertical target, the counter flowing plasma also contributes to the additional
heat load. To better understand this phenomena, figure 13 shows a plot of L. for the
case with I, = 5.5kA at a toroidal angle of ¢ = —68°. The toroidal angle has been
chosen according to the divertor finger (5uh_1.25) which is marked in figure 3, where
a footprint of the second strike line is expected to appear. The poloidal cross section
shows that the upper island is only barely intersected by the horizontal target, i.e. the
island chain is almost lifted off from the divertor plate with the increasing ;... Compared
with ¢ = —60° (figure 8 with 5500 A), at ¢ = —68° the main strike line of the upper
island is even closer to the pumping gap, and no intersection exists between the vertical
target and the inboard island. These toroidal variations are due to the complex interplay
between 3D magnetic configuration and divertor geometry in W7-X, and are consistent
with experimental observations in figure 3, where toroidal asymmetric power distributions
on the targets are demonstrated. Moreover cross field transport can deposit heat loads
on the horizontal target from the outboard leg of the island with L. ~ 500 m forming the
second strike line. Plasma flowing on this leg is no longer intersected by other in-vessel
components as the island chains move towards the magnetic axis. This second strike line
generated by the counter flow could be confirmed directly in experimental observations.
Figure 14 shows the distribution of the temperature rise on the surface of a PWI finger
(5uh_1-19) from the beginning of the discharge to 9s (5.5 kA case). A small misalignment
during the installation of this finger makes this finger stick out slightly between the
neighboring ones generating leading edges on both sides [32]. Thus, this finger is capable
to visualize flow coming from both directions. The opposite directions of the temperature
gradients seen for the main strike line and the second one on this finger confirms the
simulation results.

While the second strike line is clearly visible in the plot of the test particles hitting
the divertor targets (lowest sub-figure in figure 12), the heat flux calculated from the
simulation (middle sub-figure in figure 12) shows the second stripe less prominently when
compared with the experimental results. Figure 10 shows a quantitative comparison for
the two different fingers (5uh_1.11 and 5uh_1.25) with I, of 1 and 5.5kA. The locations
of the maxima and the peak amplitudes agree rather well, however, differences can also be
observed, especially for the second strike line in the 5.5 kA-case which is barely identifiable
in the simulations. Also for finger 5uh_1.11 at 5.5kA, the experimental result shows a
larger decay length than the simulation. This is due to the merging of the second strike
line with the main strike line at ¢ = —60° which is also seen in the experimental map of
the heat flux in figure 3. Although the second strike line in the plot of the test particle
simulation (blue dots in fig. 11) extends to ¢ = —60°, there are so few points hitting the
divertor targets that they only contribute negligibly to the amplitude of the simulated
heat flux at 5uh_1_11 compared with the experimental results. Also for the finger 5uh_1_25
at 5.5 kA at the local position of 0.25m on the finger, the experimental heat flux profile
shows a secondary peak with a heat flux of 0.23 MW m~2, while in the simulation there
are only 0.1 MW m~2 seen. The main reason for these differences is considered to be the
particle drifts, i.e. E x B and/or B x VB, which are not included in the simulation. The
simulation presented here uses only an isotropic diffusion coefficient D, , while in reality



particle drifts add convection patterns to the edge transport, such that the second leg of
the island can get more loads. An upgraded version of the comprehensive edge simulation
code EMC3-EIRENE [33, 34] is foreseen to incorporate drifts to quantitatively understand
this effect in the future [35].

4 Experimental results and simulations in the low-
iota configuration

The boundary topology of the low-iota configuration is formed by the island of the 5/6-
resonance in the ¢ profile. In contrast to the five separate islands of the standard configu-
ration, the 5/6-island is one flux tube, i.e. all six islands appearing in the Poincaré plot of
a poloidal cross section are connected helically. Also the radial width of the 5/6-islands is
smaller than the one of the 5/5-islands and due to the higher poloidal mode number, the
poloidal extent of the island and therefore the strike-line distribution is different which is
also connected to the different ¢,-value. Calculations of L, for 1 and for 3kA at the cross
section at ¢ = 80° are compared in figure 15 and exemplify the radial displacement of the
island and the corresponding movement of the strike line. Compared with the standard
configuration, the outboard-side leg of the island is intersecting the target plate. With
the island moving towards the magnetic axis with increasing I, the strike line is shifting
towards the pumping gap on the horizontal target.

We apply the same strike line analysis of the previous sections to both experimental
and simulation data for a typical low-iota configuration discharge (XP:20180829_009) with
Pecru = 5MW and [ nedl = 2.4 x 101 m~2. The thermal footprint of the strike line on
the divertor is shown in figure 16 for overview purposes, and we marked the finger 2uh_1.16
at ¢ = 80° used for the detailed analysis. In this discharge I, ramps up to 3kA, which
leads to a slight inward shift of the strike line which is seen in figure 17, where we show
the time evolution of the averaged heat flux of the chosen divertor target finger as well
as the time traces of I, and of the ECRH-power. Since the boundary topology of this
configuration is not sensitive to error fields, we can compare the experimental results of all
available IR cameras for this discharge more confidently. Figure 18 shows the strike-line
locations at the identical positions of the fingers (XXh_1.16) in each half module plotted
against Ii... Due to particle drift effects, the locations of the experimental strike lines on
all the upper targets are displaced further out by ~ 3 cm compared to the lower targets.
The maxima of the simulated heat fluxes are located between the experimental results.
There are two deviations in the movement of the strike-line of divertor module 5uh which
is due to the perturbation in the downstream heat fluxes by the deep plunges of the
multi-purpose manipulator probe [36] at an upstream position. Overall, a quantitative
agreement between the simulated and experimental strike-line movements against I, for
the low-iota configuration is found.

5 ECCD effects on [,

Dedicated ECCD programs had been performed to modify the Ii,,. Figure 19 shows the
time evolution of the averaged heat flux on finger 5uh_1_11 for a discharge without ECCD
(20170927_028 (top)), a counter-ECCD discharge 030 (middle) and co-ECCD discharge
042 (bottom) in standard magnetic configuration. To clarify the notation, co-ECCD
increases ¢,, while counter-ECCD decreases ¢,. In the no-ECCD case [i,, ramps up to

8



1kA, while for co-ECCD 4KkA are reached finally and in the counter-ECCD case Iio,
decreases to a slightly negative value. In the co-ECCD example, the toroidal current
driven in the core is changing the ¢ profile in the confined region, which leads to magneto-
hydro-dynamic (MHD) instabilities [2] affecting the confinement and generally clearly seen
in the electron temperature measurements by ECE. The Co-ECCD-case in figure 19 shows
three of these fast events which deposit also a large amount of heat flux after 1.25s on the
divertor and which are correlated with fast crashes of the electron temperature in the core.
The strike-line movement with [, in these scenarios is plotted in figure 20. It is clear that
despite the fast events (marked in the figure), the strike line movement correlates well
with Iio, almost linearly with an averaged displacement to I, ratio of ~ 10mmkA~=1. A
discussion of these MHD instabilities is out of the scope of this paper. We note that the
ECCD discharges used different trim coil [37] settings for error field correction compared
with program 20171108_040 shown in section 2 with the freely evolving bootstrap current.
Therefore, a direct comparison of the strike-line locations between them is not possible.

6 Conclusion and discussion

The effects of a toroidal plasma current on the power deposition on the divertor of W7-
X has been studied in this paper. First, simulations and experimental measurements
are compared in a typical discharge in the standard magnetic configuration with I,
ramping up to 6 kA. The strike-line movement has been found to be consistent with field
line diffusion simulations using the vacuum field and approximating the effect of I, by
adding the toroidal current as a filament current on the magnetic axis. At the toroidal
angle of » = —60°, the strike line has been studied in more detail and has been observed to
move almost linearly with the ratio of the average movement to Iy, by about ~ 9 mm/kA.
Also, with increasing I, the vertical target is observed to receive more heat load than the
horizontal target. All in all, the simulated divertor heat fluxes show qualitative agreement
with the experimental results. We also observe the appearance of a second strike line,
which is also seen in simulations. The simulations show that this is due to the heat
transport from the outboard leg of the island, which is no longer shielded by other in-
vessel components as the island chains moves towards the magnetic axis with increasing
L. The observed reduction of the peak heat flux as well as the broadening of the heat flux
profile on the horizontal target is mainly caused by the modified geometry of the island
with increasing Ii,,. On the other hand, in the low-iota magnetic configuration, an inward
shift of the strike lines with increasing I, is observed. This is consistent with simulations
which show that the visible stike line is the outboard leg of the target intersecting island
and the island displacement towards the magnetic axis moves the strike line to the inboard
side. Experiments dedicated to electron cyclotron current drive (ECCD) have also been
used for investigations of the strike line movements. I;,, being modified by ECCD shows
the same strike line changes as the experiments with the freely evolving current. This
suggests that ECCD may be a possible candidate for the strike-line control in the future.

We note, that there are several limitations of the simulation that have to be discussed.
First, the method applied in the paper to use a helical current filament on the axis to-
gether with the vacuum fields is not applicable for larger values of I;,, > 10kA. This
is due to the modifications of ¢ profile which becomes particularly important for larger
toroidal currents when island chains can appear further out in the confinement volume
due to low order rational values. For such cases, equilibrium calculation codes such as
VMEC [38] which excludes the existence of islands in the equilibrium region, or more ad-



vanced codes allowing for their existence like PIES [39, 25|, HINT [40, 27, 28], SIESTA [29]
or SPEC [30] have to be used for the simulation with higher [i,,. In such cases complete
limiter configuration can develop, since the further increase of ¢, will move the islands so
far inwards into the plasma that they intersect with the divertor and good flux surfaces
can enclose them. Second, particle drifts have not been included in the simulations and
they are considered to be the main reason for the differences between the simulated and
experimental divertor thermal footprints on the divertor plates (e.g. the hot spot and the
less populated second strike line). Moreover, while the low-iota magnetic configuration
is not sensitive to error fields like the n/m = 1/1, the residual error fields have to be
understood before simulations in the standard magnetic configuration with + = 1 at the
boundary can be compared with experiments on all the divertor targets. Finally, a more
complete treatment of the SOL-transport will be needed to understand the details of the
experiments. This will need simulations with SOL-transport codes like EMC3-EIRENE
which also consider impurity and neutral transport, which is foreseen for the future.
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Figure 2: Overview of discharge 20171108_040. (a) The ECRH heating and radiation
power. (b) The line integrated electron density measured by interferometer and diamag-
netic energy by diamagnetic loop. (c) Ii,, measured by in-vessel Rogowski coil.

14



20171108_040_5u_1 s (1 kA)

1.0

Length [m]

Length [m]

0
Length [m]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Heat Flux [MW/m?]

Figure 3: The heat flux distributions on the 5u divertor targets for discharge 20171108_040
at 1kA (top) and at 5.5kA (bottom). The indices of specific divertor elements (fingers) are
marked for later analysis. The outer edge of the appeared second strike line is indicated
by dashed line in the bottom sub-figure.
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20171108 040 strike-line location over time
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Figure 4: Temporal evolution of the strike-line location on the low-iota part of 5uh target.
The y ordinate is the target coordinate of the local finger, while the x abscissa is the
toroidal angle of the local strike line with ® = —54° from the lower iota end. The toroidal
range for finger 5uh_1.11 is marked with dashed vertical lines.
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Figure 5: The time evolution of the averaged heat flux of finger 5uh_1_11 (bottom), ECRH
heating power and I, (top).
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Figure 6: Ten averaged heat flux profiles of finger Huh_1.11 from 1 to 10s. The experi-
mental results are in dots, which are fitted with polynomial least square curve to locate
the peak position (marked by a cross). The colorbar indicate the moments of the profiles.
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mental data, which are fitted as dashed line to show the trend.
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Figure 8: The L. plots with I, of 1, 3.25, 5.5kA at toroidal angle of ¢ = —60° for

standard configuration.

The green solid arrows indicate the shift of magnetic islands

towards magnetic axis with increasing I, while the blue dashed arrows show the resulting

movement of the strike-lines.
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Figure 9: The L. profiles at finger 5uh_1_11 with different [, from —2 kA to 6 kA indicated
by colorbar.
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Figure 10: Comparison of experimental and simulated heat flux profiles with I, of 1kA
and 5.5 kA for fingers 5uh_1_11 (top) and 5uh_1.25 (bottom). The positions of the fingers
in the divertor are marked in figure 3.
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Figure 11: The resulting test particles on the divertor plates with diffusive FLT's including
Loy of 1 (red) and 5.5kA (blue).
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Simulation with 1kA
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Figure 12: The simulated heat flux on the divertor plate with I, of 1kA (top) and 5.5 kA
(middle), as well as the intersection points plot for 5.5kA case.
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Figure 13: The L. plots with I;,, = 5.5kA at toroidal angle of ¢ = —68° for standard
configuration. The red arrow indicates the heat transport for the main strike line, while
the blue shows the second strike line.
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Figure 14: Distribution of the temperature rise on divertor finger 5uh_1.19 at 9s (i, =
5.5kA). The main strike line and the second one are marked with red and blue arrows
and labels, respectively.
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Low iota configuration at ®=80°
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Figure 15: The L. plots with I, of 1kA and 3kA at toroidal angle of ¢ = 80° for low-iota
configuration.
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Figure 16: The divertor heat flux for discharge 20180829_009 on module 2 upper horizontal
target at 1s (1kA). Finger 2uh_1.16 at toroidal angle ¢ = 80° is marked for other analyses.
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Figure 17: The time evolution of averaged heat flux of finger 2uh_1_16.
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Figure 19: The time evolution of averaged heat flux of finger 5uh_1.11 for no ECCD
discharge 20170927028 (top), counter-ECCD discharge 20170927_030 (middle) and co-
ECCD discharge 20170927042 (bottom).
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Figure 20: The strike line movement with [i,, under no ECCD (blue), counter-ECCD
(orange) and co-ECCD (green) cases.
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