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Abstract

The effect of magnetic islands on plasma flow and turbulence has been experimentally
investigated in the stellarator W7-X. Magnetic configurations with the 5/5 magnetic island
positioned at the plasma edge, inside the last closed flux surface, are studied. The main
diagnostic used in the present work is a V-band Doppler reflectometer that allows the
measurement of the perpendicular plasma flow and density fluctuations with good spatial
resolution. A characteristic signature of the 5/5 magnetic island is clearly detected in the
perpendicular flow profile. The comparison of the experimental flow and the neoclassically
driven E x B flow indicates that the island contribution to the flow is maximum at the island
boundaries and close to zero at the island O-point. Besides, a reduction in the density
fluctuation level is found nearby the island O-point. The similarities between these
observations and those found in other devices and in gyrokinetic simulations are discussed.
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1. Introduction

The effect of magnetic islands on plasma confinement and
transport has been studied during the last decades in different
fusion devices [1-8]. Magnetic islands placed in the confine-
mentregion may cause confinement degradation in the absence
of magnetic shear [1, 2, 5, 8]; with finite magnetic shear how-
ever, magnetic islands have been found to ease the formation
of internal transport barriers both, in tokamaks and in helical
devices [9—-14], and the transition to high confinement mode

* See Klinger et al 2019 (https://doi.org/10.1088/1741-4326/ab03a7) for the

W7-X Team.
* Author to whom any correspondence should be addressed.

(H-mode) in helical devices [15—18]. These results have been
interpreted in terms of local changes in the perpendicular flow
velocity associated to magnetic islands which may result in a
reduction of plasma turbulence [19, 20].

Pioneering experiments carried out in LHD with a static
1/1 magnetic island produced by external perturbation coils
have shown how the poloidal flow velocity behaves inside
the magnetic island and how it depends on the island width
[6]. The flow shows a perturbation that is radially symmet-
ric across the magnetic island in cases of small islands but
becomes asymmetric and the flow sign reverses at the O-
point creating a vortex-like structure when the island width is
large. Similar experiments have been performed in J-TEXT
[21] and in KSTAR [22], where the multi-scale interaction



between plasma flow and fluctuations were measured nearby
static magnetic islands driven by resonant magnetic pertur-
bations. The plasma flow increases at the island boundaries
while the density fluctuations drop inside the magnetic island
and increase at the island boundaries. Besides, in J-TEXT
[21], the flow is enhanced at the outer island boundary when
the magnetic island approaches the last closed flux surface
(LCFES). In TJ-1II, the effect of magnetic islands on perpendicu-
lar plasma flow and turbulence has been experimentally inves-
tigated in dynamic magnetic configuration scans [23, 24]. As
in previous experiments, the perturbation in the flow changes
with the island size and has an impact in the density fluctua-
tions inside the magnetic island. In DIII-D, a reduction in the
density fluctuations associated to large magnetic islands has
been also measured in the plasma core [25]. Differences in the
perpendicular flow measured across the island O-point and the
island X-point have been found in HL-2A [26], with stronger
flow-shear at the island boundaries at the O-point and a nearly
flat flow profile at the X-point. This difference has been also
studied theoretically [27] showing that the flow-shearing near
the X-point is important for the turbulence penetration into
the island. Such a turbulence spreading into the island has
been demonstrated experimentally in several devices: DIII-D
[28], HL-2A [29], and KSTAR [30]. Finally, gyrokinetic sim-
ulations have been also performed to address this topic [31].
The effect of a static magnetic island on plasma flows, tur-
bulence and transport has been studied as well as the scaling
of these effects with the island width. Besides, the effect of a
radial asymmetry of the magnetic island on flows and turbu-
lence is described. The simulations show similarities with the
experimental findings and can be considered as a guideline to
interpret the latter.

The optimised, superconducting stellarator W7-X offers
the possibility to explore different magnetic configurations
[32]. Depending on the magnetic configuration, natural mag-
netic islands form at the plasma boundary which are inter-
sected with the divertor target plates forming an island-divertor
with X-points running around helically [33]. In general, island
divertor operation is possible in configurations with edge rota-
tional transform equal to 5/m withm = 4,5 or 6. In the present
experiments, however, limiter magnetic configurations with
edge rotational transform slightly above one are studied. In
these configurations the 5/5 magnetic island c hain forms at
the plasma edge inside the LCFS. Details on the technical
realization and on the confinement and equilibrium properties
of the magnetic configuration scans are reported in [34-36].
Besides, island localized MHD-activity is described in
[34, 37, 38]. The present work reports radially-resolved mea-
surements of perpendicular plasma flow and density fluctua-
tions by Doppler reflectometry (DR) and discuss their inter-
action across the 5/5 magnetic island at the plasma edge of
W7-X. These results extent previous knowledge on the link
between magnetic islands and transport barriers through the
formation of sheared-flow layers with reduced turbulence, and
may also help in the understanding of the influence of magnetic
islands on the scrape-off layer (SOL) transport and eventually
on the divertor properties [39, 40].

The remainder of the paper is organised as follows. The
experimental set-up is described in section 2 and the experi-
mental results are shown in section 3. Finally, the summary
and discussion are included in section 4.

2. Experimental set-up

W7-X is an optimised superconducting stellarator with major
radius R = 5.5 m, minor radius a = 0.5 m and magnetic field
on axis By = 2.5 T [41, 42]. W7-X, being equipped with
50 non-planar and 20 planar superconducting coils, offers
the possibility to explore different magnetic configurations
[32]. In general, W7-X operates with an island divertor com-
patible magnetic field structure which is possible in config-
urations with edge rotational transform equal to 5/6 (low
iota), 5/5 (standard) and 5/4 (high iota configuration) [33]. In
this work, however, limiter configurations with intermediate
rotational transform values between the high iota and the stan-
dard configurations are studied. They are called limiter config-
urations because the LCFS is determined by the intersection
of field lines of nested flux surfaces by the target plates of the
divertor which acts as a limiter. In these cases, the 5/5 magnetic
island is located at the plasma edge inside the LCFS. The plas-
mas are created and heated by ECH 2nd harmonic at 140 GHz.
The ECH system [43] consists of 10 long-pulse gyrotrons with
a power per gyrotron of up to 0.8 MW.

The main experimental results presented in this work have
been obtained using DR. A V-band (50-75 GHz) DR system
working in O-mode polarization has been used to measure
density fluctuations and their perpendicular rotation veloc-
ity, u, [44, 45]. The reflectometer front end, installed at port
AEAZ2I (toroidal angle ¢ = 72°), uses a single antenna and a
set of mirrors for launching and receiving the signal at fixed
probing beam angle of a = 18° [46]. Under these conditions,
perpendicular wave-numbers of the turbulence in the range
k, ~7—10 cm~! are measured at the accessible local den-
sities in the range from 2.8 to 6.3 x 10'> m~3. In the present
experiments, the corresponding normalized wave-numbers
vary from k, p; ~ 0.3 at the plasma edge to 1 at the plasma
core. During each experimental program, the frequency of
the reflectometer is scanned in a hopping mode from 50 to
75 GHz, typically in steps of 1 GHz, 10 ms long. Thus,
every 250 ms a complete scan is performed. For each prob-
ing frequency, the corresponding radial position, p, and per-
pendicular wave-number, k| , are calculated using the 3D ray-
tracing code TRAVIS [47] with the density profile measured
by the Thomson Scattering diagnostic [48] and the magnetic
configuration provided by a VMEC-equilibrium calculation.
VMEC assumes nested flux surfaces and is therefore no able
to properly reflect the existence of the internal 5/5 magnetic
islands. However, as shown below, this limitation is prop-
erly considered in our evaluation and interpretation of the
data. To estimate uncertainties, a bundle of rays are consid-
ered to reflect the trajectories of the 1/e-amplitude of the DR
probing beam. The radial positions of reflection and local inci-
dent wave numbers of these rays are used to estimate errors in
pand k.
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Figure 1. Vacuum rotational transform profiles of three magnetic configurations: FQM, FOM and FMM (a), and the corresponding electron
density and temperature profiles (b) and (c) measured by the Thomson scattering diagnostic; these profiles result from the fit to the
experimental values whose dispersion is indicated by some representative error bars.

The perpendicular rotation velocity of the plasma turbu-
lence measured by DR is a composition of both the plasma
E x B velocity and the intrinsic phase velocity of the den-
sity fluctuations: u; = vgxp + vph. In cases in which the
condition vgxp > vpn holds, E, can be obtained directly
from the perpendicular rotation velocity as E; = u, - B. In
the present experiments, only the u, profiles are discussed.
Regarding the density fluctuations, the power of the back-
scattered DR signal, S, is the relevant quantity proportional
to |5n\2. It has to be noted that, in general, a microwave gen-
erator working with variable frequency produces a different
power output at each frequency. Besides, the transmitted power
through the transmission line may also depend on the fre-
quency. Therefore, for a proper comparison of the fluctuations
measured at different frequencies, a power calibration of the
DR is indispensable [45].

3. Experimental results

Magnetic configuration scan experiments have been per-
formed in W7-X during the 2018 experimental campaign to
study the impact of the rotational transform on plasma con-
finement [34, 35]. An increase of the plasma energy content
and confinement time was found at intermediate limiter con-
figurations between the high iota and the standard magnetic
configurations. These intermediate limiter configurations have
the 5/5 magnetic island located at the plasma edge nearby
p ~ 0.6-0.8 [35]. During these experiments, DR measure-
ments have been carried out to characterise the perpendicular
plasma flow and density fluctuations.

3.1. Magnetic configuration scan

Three magnetic configurations are explored with edge rota-
tional transform equal to 1.15, 1.10 and 1.05, named FQMO001,
FOMO003 and FMMO002, respectively. For simplicity, however,
in the remainder of the article the configuration type names
FQM, FOM, and FMM will be used to refer to these partic-
ular configurations. In these experiments, plasmas are heated
with Ppcpp = 4 MW and the line integrated density is kept con-
stant along each experimental program at values within the

range n, ~ 6.5-7.0 x 10" m~2. The rotational transform pro-
files of the three magnetic configurations and the correspond-
ing electron density and temperature profiles measured by the
Thomson scattering diagnostic [48] are shown in figure 1. No
pronounced differences are found in the electron density and
temperature profiles when the three magnetic configurations
are compared. Note, that no clear flattening associated to the
magnetic island is observed neither in density nor in tem-
perature profiles. This is expected as the Thomson scattering
diagnostic line of sight crosses the 5/5 magnetic island near
the X-point [48]. Thus, a flattening in the pressure profiles,
as expected at the O-point if the parallel transport inside the
island dominates over the cross-field transport [31], cannot be
completely ruled out.

The DR results obtained in the three configurations are
shown in figure 2. The radial profiles of the perpendicu-
lar plasma flow (in red) and density fluctuations (in blue),
measured in the three magnetic configurations, are shown in
figures 2(a) (FQM), 2(b) (FOM), and 2(c) (FMM). For each
experimental program, the profiles measured at different time
intervals are represented (using different symbols) showing
the reproducibility of the measurements during the stationary
phase of the discharges. As described in [37], in the FMM con-
figuration, the so-called island localized modes (ILMs) appear
as crashes in the Rogowski coil signals. Each crash has a
time duration of about 1-3 milliseconds and produces small
drop of the total plasma energy. DR detects these events as
spikes in the spectrogram during which the Doppler peak is
disturbed. Therefore, in the analysis of the DR data presented
in this paper, time slices corresponding to the crashes have
been thoroughly avoided.

At first sight, the perpendicular flow profiles measured in
configurations FQM (figure 2(a)) and FOM (figure 2(b)) do
not show any marked peculiarity and resemble those measured
in usual island divertor configurations [44]. In the FMM con-
figuration, however, a very remarkable pattern appears in the
flow profile (figure 2(c)) showing a W-shape in the radial range
p ~ 0.70-0.95.

The W-shape pattern in the plasma flow found in the FMM
configuration may be associated to the 5/5 magnetic island;
this pattern, however, is absent in the FQM and FOM configu-
rations despite the proximity of the three rotational transform
profiles. In all three cases, the radial position at which the 5/5
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Figure 2. Radial profiles of perpendicular plasma flow (in reddish
colors) and density fluctuations (in blueish colors) measured by DR
in three magnetic configurations: FQM (a), FOM (b) and FMM (c¢).
Different symbols and color variations are used for the different time
intervals within each experimental program. Vertical green lines
indicate the DR measurement points closer to the island boundaries
(dashed lines) and to the island O-point (dashed and dotted line) as
obtained from the Poincaré plots. Refer to the text for more details.

magnetic island is expected falls within the radial range cov-
ered by the DR measurements. In order to clarify this apparent
controversial result, the Poincaré plots for the three config-
urations have been obtained from field line tracing calcula-
tions [49]. They are shown in figure 3, where the solid green

line denotes the LCFS. The 5/5 island chain is visible inside
the LCFS in the three configurations, gradually becoming
wider while moving to the plasma boundary from FQM to
FMM configurations (from left to right). It is worth noting
that it is in the latter, i.e. in FMM, where a better plasma
confinement has been found [35, 36].

The field line calculations are based on the coil currents for
the ideal configuration and take into account the adjustment of
the current of the planar coils. This adjustment compensates
for the iota change consequence of the deformation of the coil
geometry due to the electromagnetic forces of the charged coils
[35]. The possible effect of the plasma current on the mag-
netic topology has been neglected in the calculations because
in these experimental programs the net plasma current stays at
very low values, below 1 kA, all along the plasma discharges.

In order to estimate the relative position of the DR mea-
surements—calculated assuming nested flux surfaces—with
respect to the magnetic island, the DR (x, y, z)-positions
are mapped into the Poincaré plot. The (red and blue) dots
shown in figure 3 represent the DR measurement points.
This procedure is used as a guideline in the interpretation of
the DR measurements, i.e. to know whether the measurements
points are crossing the magnetic island and how close to the
O-point. The blue dots represent the DR measurement points
located at the 5/5 magnetic island in each magnetic configura-
tion. Clear differences are found when the first two configura-
tions (FQM and FOM) are compared to the third one (FMM).
In the first cases only two/three DR probing frequencies mea-
sure in the 5/5 island region while in the latter, a large number
of DR probing frequencies do, crossing the island much closer
to the O-point than in the other two configurations. As a result,
the flow structure across the magnetic island can be clearly
measured only in the FMM configuration. From the Poincaré
plots, the DR measurement points closer to the island bound-
aries and closer to the island O-point have been identified and
have been represented in figure 2 as vertical green lines. In
the FMM configuration (figure 2(c)), a rather good matching
is found between the island region and the W-shape pattern
in the perpendicular plasma flow. From the Poincaré plot, the
estimated island full-width in this case is A ~ 4 cm. In the
FQM and FOM configurations, the few DR probing frequen-
cies measuring in the 5/5 island region show a slight modifi-
cation in the perpendicular plasma flow (figures 2(a) and (b)),
which is almost within the error bars.

Regarding the density fluctuations (shown in blue in
figure 2), similar profiles are found in the three magnetic con-
figurations. In all three cases, two radial zones can be distin-
guished, an external region with high fluctuation level, and an
internal one toward the plasma core where the fluctuation level
drops. A closer comparison, however, reveals some differences
which may be linked to the 5/5 magnetic island. This com-
parison is shown in figure 4(a), where the density fluctuations
measured in the three configurations are displayed in a single
plot. The radial zone, where the fluctuation level drops, moves
radially outwards from FQM to FMM configurations as the 5/5
island chain does. Thus, in the intermediate region between
p ~ 0.5-0.7, the density fluctuation level changes with the
magnetic configuration, decreasing from FQM to FMM, which
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Figure 3. Poincaré plots calculated for the experimental programs shown in figure 2, in the magnetic configurations FQM (left), FOM
(center) and FMM (right). The 5/5 island chain is visible in the three configurations inside the LCFS (shown in green). The red and blue dots

represent the DR measurements points.

could be the reason for the observed increasing trend in plasma
confinement reported in [34—36]. The change in the fluctua-
tion level profile with the magnetic configuration can hardly
be explained on the basis of local gradients in the plasma, as
they remain almost unchanged (as shown in figure 1). Thus,
to investigate the possible relation between the reduction in
the turbulence and the flow-shear developed associated to the
magnetic island, the flow-shearing is calculated and is shown
in figure 4(b) for the three magnetic configurations. A rather
flat shearing rate profile is obtained in the FQM configuration
(shown in blue), while a local maximum (in absolute value) is
found at p ~ 0.62-0.65 in the FOM configuration (in green),
which increases and moves toward p ~ 0.7-0.72 in the FMM

configuration (in red). This result suggests an interpretation in
terms of the combined effect of the flow-shearing and the radial
spreading of turbulence: as the shearing increases, reduces the
turbulence spreading from the plasma edge to the core. The
present experimental results resemble some experimental and
simulation results [50, 51] where the key quantity to the control
of turbulence spreading was found to be the flow-shearing rate.
Finally, in the FMM configuration the fluctuation level shows
a slight modulation within the island region with a local mini-
mum nearby the island O-point (p ~ 0.83). Concomitant with
this reduction a maximum in the flow-shearing is also detected
(at p ~ 0.86). This observation will be further discussed in the
next section.
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Figure 4. Radial profiles of density fluctuations (a) and flow-shearing (b) measured by DR in the three magnetic configurations; same

experimental programs as shown in figure 2.

3.2. Heating power scan

The impact of the ECH heating power has been studied
in the FMM configuration by reducing the power up to
Prcy = 2 MW while keeping the plasma density constant at
ne = 6.5 x 10" m~2. The radial profiles of the perpendicular
plasma flow (in red) and density fluctuations (in blue) mea-
sured by DR are shown in figure 5. As in previous cases, the
DR measurement points closer to the island boundaries and to
the island O-point have been identified in the Poincaré plot and
represented in figure 5 as vertical green lines. It is worth men-
tioning that the island width estimated from the Poincaré plot
(A ~ 4 cm) does not change as it only depends on the spe-
cific magnetic configuration. Some clear differences are found
when these results are compared with those obtained in the
plasma heated with Pgcy = 4 MW (shown in figure 2(c)). In
the 5/5 island region, the W-shape pattern in the perpendicular
plasma flow is also visible but in this case it shows an asymme-
try, the flow at the outer island boundary being more intense
than that measured at the inner island boundary. Regarding
the density fluctuations, a clear variation is visible within the
island region with a minimum in the fluctuation level nearby
the island O-point. As already pointed out, the same pattern is
also visible in the plasma heated at Pgcy = 4 MW but less pro-
nounced (figure 2(c) and red symbols in figure 4). The notable
minimum in the fluctuation level nearby the island O-point in
the 2 MW case may be a consequence of the stronger flow-
shear developed between the outer island boundary and the
island O-point. In addition, some differences are also found in
the plasma bulk, p < 0.7, where both the plasma flow and the
density fluctuations decrease as the heating power is reduced.

3.3. Comparison with neoclassical E x B flow

In order to estimate the island contribution to the plasma
flow, the perpendicular flow profile measured by DR has been
compared with the neoclassical E x B flow. To that end, the
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Figure 5. Radial profiles of perpendicular plasma flow (in reddish
colors) and density fluctuations (in blueish colors) measured by DR
in the FMM magnetic configuration with Pgcy = 2 MW. Different
symbols and color variations are used for the different time intervals.
Vertical green lines indicate the DR measurement points closer to
the island boundaries (dashed lines) and to the island O-point
(dashed and dotted line) as obtained from the Poincaré plots.

neoclassical radial electric field, Ef’c, is calculated using the
neoclassical codes drift kinetic equation solver [52] and kinetic
orbit-averaging solver for stellarators [53, 54]. These calcula-
tions consider nested flux surfaces and do not take into account
the magnetic island. The local E x B flow is obtained consid-
ering the neoclassical ENC, the flux compression at the DR
measurement region, |Vr|, and the local magnetic field, B,
as: vgxp = ENC|Vr|/B. Two scenarios, previously discussed,
have been selected: both are in the FMM configuration with the
same plasma density (6.5 x 10' m~?) having different ECH
heating power (4 and 2 MW). The result is shown in figure 6:
the symbols represent the perpendicular flow measured by DR
and the broken gray line shows the neoclassical £ X B flow.
While outside the island region (p < 0.75), the perpendicular
flow measured by DR and the neoclassical E x B flow show a
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Figure 6. Radial profiles of the perpendicular plasma flow measured by DR (symbols) and of the neoclassical E x B flow (gray broken line)
calculated considering the neoclassical E; profile and the flux compression and magnetic field at the DR measurement region.

rather good agreement, in the island zone the profiles deviate
from each other in the two plasma scenarios. The difference
between the flow profiles may be considered as an estimation
of the island contribution to the plasma flow which is maxi-
mum at the island boundaries and close to zero at the island
O-point. In the plasma heated with Pgcy = 4 MW, the island
contribution to the flow is rather similar at the inner and outer
island boundaries; in the Pgcy = 2 MW case, however, the
island contribution to the flow is twice as large at the outer
island boundary, closer to the plasma edge, than at the inner
island boundary.

4. Summary and discussion

The effect of the 5/5 magnetic island on plasma flow and tur-
bulence has been experimentally investigated in the stellarator
W7-X using a DR diagnostic. The plasma flow profile mea-
sured in the FMM magnetic configuration (edge rotational
transform equal to 1.05) shows a remarkable W-shape pat-
tern in the radial range p ~ 0.70-0.95. Poincar¢ plots obtained
from field line tracing calculations reveal a rather good match-
ing between the location of the W-shape flow pattern and the
5/5 magnetic island region. These results show that the island
contribution to the plasma flow, estimated as the difference
between the experimental flow profile and the neoclassical
E x B flow profile, is maximum at the island boundaries and
close to zero at the island O-point. This result resembles the
flow profile measured across the 1/1 magnetic island in LHD
plasmas when the island width does not exceed a critical value
(15%—-20% of the minor radius) [6]. Similarly, gyrokinetic
simulations show that the island contribution to the flow is
localised at the island boundaries when the island width is
below a threshold [31]. These simulations also show that above

this threshold, the flow reverses on one side of the island and a
vortex-like flow develops around the island O-point. The onset
of the vortex-like flow occurs simultaneously with the flatten-
ing of the temperature profile. This vortex-like flow, found in
LHD [6] and TJ-II [24] for large islands, is not observed in
the present W7-X experiments which may indicate that the
island width does not exceed the threshold for the onset of the
vortex-like flow and temperature flattening.

Two radial zones can be distinguished in the density fluc-
tuation profile, an external region with high fluctuation level,
and an internal one toward the plasma core where the fluctu-
ation level drops. The radial position where the drop in the
fluctuations is detected moves as the magnetic island position
changes. This result, which can hardly be explained on the
basis of local gradients in the plasma, could be linked to the
increase in the flow-shearing detected nearby the inner island
boundary which may reduce the turbulence spreading from the
plasma edge toward the core.

The results reported in the present work also show that the
island contribution to the flow becomes asymmetric in plas-
mas heated with lower ECH power (2 MW instead of 4 MW
for the same plasma density 7, ~ 6.5 x 10" m~2). The island
contribution to the flow in this case is twice as large at the outer
island boundary than at the inner island boundary. In this case,
the density fluctuation level shows a pronounced minimum
nearby the island O-point. These results resemble those found
in J-TEXT [21], where the flow is enhanced at the outer island
boundary when the magnetic island approaches the LCFS, and
the density fluctuations drop inside the magnetic island. Such
an asymmetric flow is also found in gyrokinetic simulations
when a radially asymmetric magnetic island is considered [31].
Stronger flow and flow shear at the outer island boundary, as
found in the present experiments, are obtained for a magnetic
island with higher curvature at the outer island boundary. It
has to be noted that, in these experiments, we do not have



any experimental evidence of asymmetric magnetic islands as
found in other devices [55, 56]. Moreover, the reason why
the island geometry could be different in the 2 MW and in
the 4 MW heated plasmas is unknown. We point to the island
geometry effect as a possible explanation due to the similari-
ties between our measurements and the GK simulation results.
In the simulations, the authors also stress that the asymmetric
flow shear reduces turbulence penetration into the island on
the side where the shear is increased. This could explain the
minimum in the density fluctuation level measured nearby the
island O-point, which is more pronounced in the plasma heated
with 2 MW showing a higher flow shear. This minimum, how-
ever, could be also consequence of a flattening in the plasma
profiles at the O-point, which, as already mentioned, cannot be
ruled out in the present experiments.

In summary, magnetic configuration s cans p erformed at
W7-X show modifications o f t he p lasma fl ow an d density
fluctuations a ssociated to the 5/5 m agneticislandin a lim-
iter magnetic configuration with ¢ = 1 located at the plasma
edge but inside the confinement region (at p ~ 0.8). The 5/5
magnetic island modifies the local fl ow, in creases th e flow-
shear and produces a reduction in the density fluctuation level.
The island contribution to the plasma flow is maximum at the
island boundaries and close to zero at the island O-point. This
contribution becomes asymmetric at low ECH heating power,
with stronger flow and flow shear at the outer island bound-
ary. Density fluctuations show a 1ocal minimum nearby the
island O-point, more pronounced in the case with higher flow
shear. Besides, the radial region, where the density fluctuations
drop, shifts with the radial position of the island. W7-X results
show similarities with results found in other devices and in GK
simulations. The comparison with the latter suggest that in the
present experiments, the 5/5 island width does not exceed the
threshold found in the simulations for the onset of the vortex-
like flow and temperature flattening. Besides, the asymmetric
island contribution to the flow found at low ECH power may
be explained by GK simulation results for radially asymmet-
ric magnetic island with higher curvature at the outer island
boundary.

Acknowledgments

The authors acknowledge the entire W7-X team for their
support. This work has been partially funded by the Spanish
Ministry of Science and Innovation under Contract
No.FIS2017-88892-P and by the Comunidad de Madrid
under project 2017-T1/AMB-5625. This work has been car-
ried out within the framework of the EUROfusion Consortium
and has received funding from the Euratom research and
training programme 2014-2018 and 2019-2020 under Grant
Agreement No. 633053. The views and opinions expressed
herein do not necessarily reflectt hose o ft he European
Commission.

ORCID iDs

T. Estrada
D. Carralero
J.L Velasco
C. Killer

T. Andreeva
J. Geiger

https://orcid.org/0000-0001-6205-2656
https://orcid.org/0000-0002-7824-3307
https://orcid.org/0000-0001-8510-1422
https://orcid.org/0000-0001-7747-3066
https://orcid.org/0000-0003-2390-4240
https://orcid.org/0000-0003-4268-7480

A. Kriamer-Flecken https://orcid.org/0000-0003-4146-
5085
G.A. Wurden ¥ https://orcid.org/0000-0003-2991-1484

M. Beurskens
S. Bozhenkov

https://orcid.org/0000-0002-3354-0279
https://orcid.org/0000-0003-4289-3532

References

[1] Erckmann V., Janzen G., Kasparek W., Miiller G., Schiiller
P.G., Schworer K., Thumm M. and Wilhelm R. 1985 Fusion
Technol. 7275

[2] Renner H. et al 1989 Plasma Phys. Control. Fusion 31 1579

[3] Lopes-Cardozo N.J. et al 1997 Plasma Phys. Control. Fusion
39 B303

[4] Shaing K.C. 2001 Phys. Rev. Lett. 87 245003

[5] Brakel R. 2002 Nucl. Fusion 42 903

[6] Ida K. et al 2001 Phys. Rev. Lett. 88 015002

[7] Harris J.H. 2004 Plasma Phys. Control. Fusion 46 B77

[8] Ascasibar E. et al 2008 Plasma Fusion Res. 3 S1004

[9] Joffrin E. et al 2003 Nucl. Fusion 43 1167

[10] Austin M.E. ef al 2006 Phys. Plasmas 13 082502

[11] Estrada T. et al 2004 Plasma Phys. Control. Fusion 46 277

[12] Castejon F., Lopez-Bruna D., Estrada T., Ascasibar E., Zurro B.
and Baciero A. 2004 Nucl. Fusion 44 593

[13] Estrada T. et al 2007 Nucl. Fusion 47 305

[14] Narushima Y. et al 2011 Nucl. Fusion 51 083030

[15] Hirsch M. et al 2008 Plasma Phys. Control. Fusion 50 053001

[16] Sano F. et al 2005 Nucl. Fusion 45 1557

[17] Estrada T. et al 2009 Plasma Phys. Control. Fusion 51 124015

[18] Estrada T., Hidalgo C., Happel T. and Diamond P.H. 2011 Phys.
Rev. Lett. 107 245004

[19] Hidalgo C. et al 2000 Plasma Phys. Control. Fusion 42
Al153

[20] Garcia L., Carreras B.A., Lynch V.E., Pedrosa M.A. and Hidalgo
C. 2001 Phys. Plasmas 8 4111

[21] Zhao K.J. et al 2015 Nucl. Fusion 55 073022

[22] Choi M.J. et al 2017 Nucl. Fusion 57 126058

[23] Bondarenko O. er al 2010 Contrib. Plasma Phys. 50 605

[24] Estrada T., Ascasibar E., Blanco E., Cappa A., Hidalgo C.,
Ida K., Lépez-Fraguas A. and van Milligen B.P. 2016 Nucl.
Fusion 56 026011

[25] Bardéczi L., Rhodes T.L., Carter T.A., Bafién Navarro A.,
Peebles W.A., Jenko F. and McKee G. 2016 Phys. Rev. Lett.
116 215001

[26] Jiang M. et al 2017 Nucl. Fusion 58 026002

[27] Hahm T.S., Kim Y.J., Diamond P.H. and Choi G.J. 2021 Phys.
Plasmas 28 022302

[28] Ida K. et al 2018 Phys. Rev. Lett. 120 245001

[29] Jiang M. et al 2019 Nucl. Fusion 59 066019

[30] Choi M.J. et al 2021 Nat. Commun. 12 375

[31] Navarro A.B., Bardoczi L., Carter T.A., Jenko F. and Rhodes
T.L. 2017 Plasma Phys. Control. Fusion 59 034004



[32] Geiger J., Beidler C.D., Feng Y., Maaliberg H., Marushchenko
N.B. and Turkin Y. 2014 Plasma Phys. Control. Fusion 57
014004

[33] Klinger T. et al 2019 Nucl. Fusion 59 112004

[34] Andreeva T. et al 2019 Mode observations and confinement
characterization during configuration scans in Wendelstein
7-X. Proc. 46th EPS Conference on Plasma Physics (EPS-
2019, Milan, Italy) No. P2.1063.

[35] Andreeva T. 2021 (private communication)

[36] Geiger J. et al 2021 Confinement and equilibrium with internal
islands in a configuration scan with respect to iota in W7-
X. Proc. 28th IAEA Fusion Energy Conf. (FEC-2020, Virtual
Event) No. IAEA-CN-EX/P6-4

[37] Wurden G. et al 2019 Structure of island localized modes
in Wendelstein 7-X. Proc. 46th EPS Conf. Plasma Physics
(EPS-2019, Milan Italy) No. P2.1068.

[38] Han X. ef al 2021 Nucl. Fusion 61 066029

[39] Killer C. et al 2019 Nucl. Fusion 59 086013

[40] Hammond K.C. et al 2019 Plasma Phys. Control. Fusion 61
125001

[41] Klinger T. et al 2016 Plasma Phys. Control. Fusion 59 014018

[42] Wolf R. et al 2017 Nucl. Fusion 57 102020

[43] Erckmann V. et al 2007 Fusion Sci. Technol. 52 291

[44] Carralero D. et al 2020 Nucl. Fusion 60 106019

[45] Estrada T. et al 2021 Nucl. Fusion 61 046008

[46] Windisch T. et al 2019 W-band Doppler reflectometry at Wen-
delstein 7-X: Diagnostic setup and initial results. Porc. 14th
Intl. Reflectometry Wksh -IRW14 (Lausanne)

[47] Marushchenko N.B., Turkin Y. and Maassberg H. 2014 Comput.
Phys. Commun. 185 165

[48] Pasch E., Beurskens M.N.A., Bozhenkov S.A., Fuchert G.,
Knauer J. and Wolf R.C. 2016 Rev. Sci. Instrum. 87 11E729

[49] Bozhenkov S.A., Geiger J., Grahl M., Killinger J., Werner A.
and Wolf R.C. 2013 Fusion Eng. Des. 88 2997

[50] Wang W.X., Hahm T.S., Lee W.W., Rewoldt G., Manickam J.
and Tang W.M. 2007 Phys. Plasmas 14 072306

[51] Estrada T., Hidalgo C. and Happel T. 2011 Nucl. Fusion 51
032001

[52] Hirshman S.P., Shaing K.C., van Rij W.I., Beasley C.O. and
Crume E.C. 1986 Phys. Fluids 29 2951

[53] Velasco J.L., Calvo L., Parra F.I. and Garcia-Regaiia J.M. 2020
J. Comput. Phys. 418 109512

[54] Velasco J. et al 2021 Fast simulations for large aspect ratio stel-
larators with the neoclassical code KNOSOS. Nucl. Fusion
arXiv:2106.01727

[55] Snape J.A., Gibson K.J., O’Gorman T., Barratt N.C., Imada K.,
Wilson H.R., Tallents G.J. and Chapman L.T. 2012 Plasma
Phys. Control. Fusion 54 085001

[56] Barddczi L., Rhodes T.L., Carter T.A., Crocker N.A., Peebles
W.A. and Grierson B.A. 2016 Phys. Plasmas 23 052507



	Impact of magnetic islands on plasma flow and turbulence in W7-X
	1.  Introduction
	2.  Experimental set-up
	3.  Experimental results
	3.1.  Magnetic configuration scan
	3.2.  Heating power scan
	3.3.  Comparison with neoclassical flow

	4.  Summary and discussion
	Acknowledgments
	ORCID iDs
	References




