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Abstract
Wendelstein 7-X (W7-X) (Greifswald, Germany) is an advanced stellarator, which uses the
modular coil concept to realize a magnetic con guration optimized for fusion-relevant plasma
properties. The magnet system of the machine allows a variation of the rotational transform
(iota) at the boundary. In the latest W7-X operational phase a dedicated con guration scan
has been performed varying the rotational transform between magnetic con gurations with
iota = 5/4 and iota = 5/5 at the boundary. This paper presents an overview of the experiments
and of the main results with respect to con nement and stability. The main observation is an
increase of the plasma energy in several intermediate con gurations of the scan when the
5/5-islands are close to the plasma boundary but still inside the last-closed- ux-surface. In
addition, these con gurations showed marked MHD-activity with a crashing behavior related
to the 5/5-islands. The corresponding mode amplitude was correlated with the size of the
internal 5/5 islands.

Keywords: stellarator, con nement, iota scan, con guration variation, magnetic islands,
Wendelstein 7-X
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1 Introduction

Wendelstein 7-X (W7-X) is an advanced stellarator, which
uses the modular coil concept to realize a magnetic con-

guration optimized for fusion-relevant plasma properties
including MHD-equilibrium and -stability, small neoclassi-
cal transport at low collisionality, small bootstrap current and
favorable fast particle con nement [1]. The machine began
operation in December 2015 [2] at the Max Planck Institute for
Plasma Physics, Greifswald, Germany, and in October 2018
it successfully nished the second experimental phase with
an uncooled divertor, the so-called test-divertor-unit [3]. This
phase was devoted to the exploration of divertor operation,
of high-performance hydrogen discharges and to the veri -
cation of those optimization principles which are accessible
within the experimental capabilities and engineering limits of
the device at this early stage of operation. In particular, the
required accuracy of the magnetic eld has been demonstrated
[4], along with a small and controllable bootstrap current [5]
and a reduction of the neoclassical transport [6]. The basis
for the achievements and ambitious objectives of the machine
is the magnetic eld structure. Varying the magnetic eld
systematically is therefore a salient approach for testing the
physics design of W7-X.

The coil system of W7-X was designed to allow a exi-
ble change of the magnetic con gurations. For this purpose,
the magnet system of the ve- eld-period machine consists
of 50 non-planar (NPC) and 20 planar (PC) superconduct-
ing coils, which are arranged in ve identical modules. One
of them is shown in gure 1. Each machine module consists
of two ip-symmetric (stellarator-symmetric) half-modules.
One W7-X half-module comprises 5 types of independently
powered NPCs and two types of independently powered PCs,
which allows for the realization of a large diversity of magnetic
con gurations to maximize the machine’s exibility [7, 8]. In
the so-called Standard con guration, where all the NPCs carry
equal currents and there is no current in the PCs, the rotational
transform is equal to unity at the plasma boundary. The latter
is then de ned by a chain of ve magnetic islands, providing
the magnetic topology for an island divertor. Such a divertor
can also be realized by changing the PC currents in such a
way that the rotational transform becomes 5/6 or 5/4 at the
plasma edge, in which case a chain of 6 or 4 islands arises in
the poloidal direction, respectively. The PCs can also be used
to shift the plasma column inwards or outwards. Furthermore,
the variation of the magnetic eld in the toroidal direction can
be controlled by varying the currents in the NPCs appropri-
ately. In this way, the ‘mirror ratio’ of the maximum and mini-
mum eld strength can, for instance, be varied. For additional
experimental exibility there are also ten control coils (see

gure 1), which allow one to change the width and poloidal
phase of the boundary islands. A supplementary set of trim
coils is available for eld perturbation investigations and cor-
rections [9].

Operation of low-shear stellarators in combination with
edge islands, like W7-X, is often very sensitive to small
changes in the rotational transform. In low-to-medium den-
sity experiments conducted at the predecessor experiment,

Wendelstein 7-AS (W7-AS), which was also a low-shear
stellarator, small changes in iota near rational iota values
could lead to signi cant variations of the plasma con ne-
ment [10]. These W7-AS experiments comprised limiter
(when the plasma volume is restricted by the divertor plates,
which intersect nested ux surfaces) and divertor (when
divertor plates intersect magnetic islands forming the plasma
boundary) plasma con gurations. Similar con nement
changes due to variations in the rotational transform were also
observed in the low-shear device Heliotron-J [11]. Con gu-
ration scans in the latest W7-X operational campaign aimed
to investigate whether such effects, as observed in W7-AS or
Heliotron-J, also exist in W7-X. This paper reports rst results
of two systematic scans of magnetic eld properties. The rst
scan changes the rotational transform at the boundary from the
high-iota- to the standard-con guration, varying the boundary
value of iota from 5/4 to 5/5, respectively, to explore its effect
on con nement and stability. We will refer to this scan in
the paper as high-to standard-iota (HSI) scan. The second
scan uses as base con guration one of the HSI-scan with an
internal 5/5-island and varies the island size, wherefore we
refer to this scan as island-size (1S) scan. Previously, there was
only a small con guration scan in the initial operation phase
(called OP1.1) for integral commissioning of the device [12],
which was highly limited in con guration space as well as
in the range of the plasma performance parameters. The
particular con guration variation for the HSI-scan was chosen
since the high-iota magnetic con guration has an almost
negligible value of the bootstrap current at low densities
[5, 13]. Hence, it was easier to distinguish between various
possible impacts on the con nement properties since the
in uence of the bootstrap current on the rotational transform
can be kept negligible.

The paper is organized as follows. In section 2 the tech-
nical realization of the HSI-scan is described. Section 3
presents an overview of the observations with respect to con-

nement, which is followed by section 4 on mode observa-
tions and related experiments comprising also the IS-scan.
Finally, section 5 summarizes the results and concludes the

paper.

2. Technical realization of the HSI-scan

The high-iota con guration (1, = 5/4) was the upper bound of
the HSI-scan and the standard con guration (1, = 5/5) was the
lower bound. The high-iota magnetic con guration is speci-

ed by equal currents of approximately +14 kA per winding
in each NPC (each having 108 windings) specifying a posi-
tive magnetic eld direction and by negative, identical planar
coil currents of approximately —10 kA per winding in each
PC (each having 36 windings) (see table 1). The nominal Stan-
dard magnetic con guration is speci ed by identical currents
of approximately 13 kA per winding in all NPCs and vanish-
ing currents in the PCs. Each intermediate con guration of the
HSI-scan is characterized by equal coil currents in the NPCs
and by equal coil currents in the PCs, whose values are varied
between the bounds discussed above.
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Control coils are shown in black. @ IOP Publishing. Reproduced with permission. All rights reserved.

Table 1. Characteristics of con gurations in the iota scan: con guration labels used in the article, their experimental IDs, con guration
names according to the W7-X internal speci cation, NPC and PC winding-currents in Ampere, coil current ratio PC/NPC, winding currents

of the control coils, adjusted PC winding currents, rotational transform

value in the center to and at the boundary +, and the volume in m®

enclosed by LCMS of the vacuum con guration. lota values t, are calculated from the eld line tracing on the rst good ux surface inside
the boundary island chain. The experimental 1Ds of the discharges consist of the experiment day (yyyymmdd) being 20180927 and
20181017 for the HSI- and the 1S-scan, respectively, and the experiment sequence numbers of the day given in column 2.

label Exp.ID W7-Xcon g. NPC PC PC/NPC CcC PC to th Volume
Conf. name current (A) current (A) current (A) current (A) (m®)
A HS1.09 FTMO001 14219 —10040 —0.706 0 —9873 1.015 1211 25.64
B HSI1.15 FQMO001 13883 —7290 —0.525 0 —7032 0.966  1.167 31.22
C HSI1.16 FOMO003 13608 —5040 —0.370 0 —4707 0.926  1.100 31.45
D HSI.17 FNM 13577 —4790 —0.353 0 —4449 0922  1.094 31.66
E HSI1.18 FNMO001 13546 —4540 —0.335 0 —4191 0.918  1.089 32.06
F HSI1.19 FNMO002 13515 —4290 —0.317 0 —3932 0.913  1.084 32.24
G HSI.20 FMM 13485 —4040 —0.300 0 —3674 0910 1.078 32.41
H HSI1.21 FMMO001 13454 —3790 —0.282 0 —3416 0.906  1.069 31.92
I HS1.22 FMMO002 13423 —3540 —0.264 0 —3158 0.902  1.066 32.61
J HSI.28 FMMO003 13392 —3290 —0.246 0 —2899 0.899  1.061 32.61
K HSI1.29 FLM 13361 —3040 —0.228 0 —2641 0.895  1.054 32.67
L HS1.30 EIM 13114 —1040 —0.079 0 —575 0.864  0.984 27.76
M HSI.33 EJMO004 13016 —250 —0.019 0 242 0.853  0.984 30.46
N 1S.21 FMMO002 13423 —3540 —0.264 0 —3158 0.902  1.066 32.61
(0] 1S.22 FMMO002 13423 —3540 —0.264 —1745 —3158 0.902  1.066 32.61
P 1S.23 FMMO002 13423 —3540 —0.264 —1000 —3158 0.902  1.066 32.61
Q 1S.24 FMMO002 13423 —3540 —0.264 1000 —3158 0.902  1.066 32.61

The change in the rotational transform was produced by
systematically varying the ratio of the PC-currents to the NPC-
currents affecting boundary and central iota values in the
same way. Table 1 shows an overview of the con gurations
and experimental IDs of the discharges in the HSI-scan as
well as some technical information and con guration proper-
ties. Within this paper, the con gurations of two experimen-
tal sessions (two scans) are discussed, which are labeled, for
easier referencing, from A to M (HSI-scan) and from N to
Q (IS-scan), respectively, as given in the table 1. The ratio of
the current in the PCs to the current in the NPCs is the normal-
ized gure of merit distinguishing the different con gurations
in the HSI-scan. It should be noted that the trim coils were

also used to compensate a 1/1-error eld component intrinsic
to the coil system due to unavoidable fabrication and assem-
bly inaccuracies [14-17]. As these elds are thought to restore
the ideal, periodic and stellarator-symmetric eld to a good
approximation, they are ignored for the MHD-equilibrium
calculations.

As can be seen in table 1, the HSI-scan starts from con g-
uration A (High-iota with the 5/4-islands at the plasma bound-
ary) with two larger steps lowering the vacuum iota via con-

guration B to con guration C, followed by a sequence of
con gurations with smaller iota-steps up to con guration K.
This scan ended with again a larger step with two closely
related con gurations L and M which are of the type of the
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Figure 2. Left: Poincaré plots in the so-called bean-shaped poloidal plane (from vacuum eld line tracing) showing the modi cation of
magnetic ux surfaces for the subset of magnetic con gurations: A, C, I, K, M. The last-closed-magnetic-surface is indicated in red color,
the divertor structures are shown in blue. The central (and boundary) rotational transform decreases from con guration A toward M. The
5/5-islands of the con gurations are highlighted in green. The 5/5 island chain appearing within the LCMS is seen in con guration C and
moves outward in con gurations | and K, and forms the boundary islands in con guration M. Con guration I is the base con guration used
for the I1S-scan. The edge island chain in con guration A is the 5/4 island highlighted in yellow. Right: rotational transform pro les for the
shown subset of magnetic con gurations in the same toroidal location along the major radius at z = 0. The gap in the iota-pro le of

con guration A is due to the stochastic region between LCMS and island surfaces.
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Figure 3. Typical time traces of plasma parameters during the
con guration scan HSI, here for con guration G.

Standard con guration. Figure 2 shows the Poincaré plots and
rotational transform pro les of the vacuum magnetic con g-
urations for the end points of the HSI-scan (A and M), the
end points of the ner scan (C and K) and the one con gura-
tion (1) inbetween which served as base con guration for the
second scan (IS-scan). The iota-pro les are plotted along the
major radius (z = 0) in the same plane as the Poincaré-plots. In
the course of the HSI-scan the 5/4-island chain moves outward
beyond the divertor structures due to the positive shear in iota
(de/dr > 0), which leads to limiter con gurations. Simulta-
neously, the 5/5-resonance appears at the magnetic axis and
moves outward due to the positive dt/dr. The last con gura-
tions L and M thus have the 5/5-islands at the boundary. The
different radial locations of the islands of the 5/5-resonances

are visible in gure 2 in the con gurations C-M. Con gu-
rations | and K show that in this range of the HSI-scan the
5/5-islands are rather close to the boundary, but they are still
enclosed by the LCMS and, hence, stay within the con nement
region.

For a comprehensive comparison of the con gurations in
this scan, it was intended to achieve identical experimental
conditions for all of them. The ECRH power [18] and the line-
integrated electron density, measured by interferometry [19],
were targeted at Pecry =2 MW and  nedl = 3.5 < 10 m™2,
respectively. The typical plasma heating duration was 4 s aim-
ing at the formation of constant pro les given that the energy
con nement times were in the range of 150-200 ms. Addi-
tionally, power modulation was applied in the last second
of the discharges to enable heat pulse studies [20]. Figure 3
shows typical time traces of a discharge (G) in the HSI-
scan. Although there is some temporal variation in the line-
integrated density, most discharges showed a similar behav-
ior. The coil currents for each con guration in this scan were
adjusted to have avacuum eld strength on axis of about2.52 T
in the ECRH-launching plane (bean-shaped plane at ¢ = 0°
as shown in gure 2) for proper central X2-heating with the
140 GHz gyrotrons.

3. Plasma confinement evaluation during HSI-scan

The main parameter used for characterizing the plasma con-

nement during the HSI-scan is the diamagnetic energy [21].
Figure 4 shows the time traces of the measured diamagnetic
energy ( gure 4(a)) and the ones of the electron line den-
sity (' gure 4(b)) for a subset of experimental programs of this
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Figure 5. Measured diamagnetic energy (violet) with errorbars of
+5% (vertical lines) and reconstructed kinetic energy from V3FIT
(orange), also with errorbars of £5%. Dashed lines connecting the
experimental points are to guide the eye.

scan. An immediate observation from gure 4(a) is that, start-
ing with con guration A, the diamagnetic energy increases as
the vacuum-iota of the con gurations is lowered, leading to
the time trace with the largest energies measured in the shown
subset, i.e. incon guration K. Experiment M (inthe con gura-
tion of the standard-type) shows again smaller energy values.
The line density signals display a rather similar behavior for
most experiments (B to G) and also experiment | reaches the
targeted line density value in the last second of the discharge.
The experiments A, K and M show deviations in the line den-
sity values which will be discussed further below. Figure 5
presents the values of the diamagnetic energy versus the cen-
tral tvalue of the con gurations for all experiments in this scan
at the time point of 3.5 s, which is, as can be seenin gure 4(b),
the time point where most line density traces cross the target
line density value. At this time, the plasma pro les can well
be assumed to be equilibrated. Figure 5 shows also the energy
values resulting from an equilibrium reconstruction with the
V3FIT-code [22] at 3.5 s using only the magnetic diagnostics
without the diamagnetic signals providing thus an independent

plasma energy evaluation. The magnetic signals used in the
V3FIT-reconstruction comprises both the segmented and the
full Rogwoski coils as well as the saddle loops [23]. The
V3FIT-calculations (as well as the vacuum eld evaluations of
the volume and the rotational transform in this paper) used the
CAD-coil geometries and adjusted planar coil currents (PC ),
the latter are shown in table 1 [24]. The adjustments of the PC
currents were performed to compensate for the iota-effect due
to the elastic coil deformations caused by the electro-magnetic
forces in the as-built coil geometries in order to restore the as-
designed magnetic elds [25]. The diamagnetic energy error
barsin gure 5 can be estimated as £5% of the measured value
in all experiments [21] and the same relative error was used for
the V3FIT-values. As seenin gure 5, both energy evaluations,
W ia and W eevsriT, agree very well.

There are two peculiarities hidden in the comparison of the
plasma energies measured in the different magnetic con gura-
tions shown in gure 5. First, there is a change in the plasma
volume connected with the change in the vacuum rotational
transform, and second, due to additional experiments at other
conditions, the line density was different in some iota-scan
programs, in particular, for the experiments in con gurations
J and K. Both effects are summarized in gures 6(a) and (b),
the latter accounting for them.

We rst consider the volume change with iota. The dislo-
cation of the boundary islands affects the volume enclosed by
the limiting separatrix up to the point where good ux sur-
faces interact with the divertor as limiting structure. Con gu-
ration A (high-iota con guration) and con gurations L and M
(standard-con guration-like con gurations) are proper diver-
tor con gurations and for those, a boundary-island separatrix
de nesthe plasma volume, which is naturally smaller than the
volume of the limiter con gurations B to K (see gure 2). For
the latter con gurations, good ux surfaces extend up to the
divertor structures and such con gurations will, in principle,
provide a larger volume. This explains the larger difference in
volumes of con gurations A, L and M when comparing their
values to the ones of the limiter con gurations B to K. Sec-
ond, the high-iota con guration A has a stronger shaping in
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indicated sequence. (a) Line-integrated density (@3.5 s) and volume of the vacuum con gurations of the HSI-scan. The errorbar of £2 x
10 m~2 encompasses the statistical and systematic errors of the diagnostic [19]. The errorbar in the volume illustrates a variation in the
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which is scaled to a norm-volume of 31.5 m® (green lled triangles) and energy W which is additionally scaled to a norm-line-density of

3.5 x 10'® m™2 (blue, open, upside-down triangles).

the sense that it is more slender than the standard con guration
M (cf gure 2: horizontal extent of con gurations A and M).
This also affects their volumes (see table 1). In order to mit-
igate the effect of a changing volume—a larger volume with
the same pro les on this volume results in a larger energy—the
diamagnetic energy values were scaled to the same volume
of 31.5 m® using the volumes V con g of the vacuum magnetic

eld ( gure 6(a), red bullets),i.e. W =Wgia:(31.5 M3V con g),
which is shown in gure 6(b) as green triangles. The most
marked changes are for the separatrix-con guration A and
L, while for the con gurations of the ne scan in iota
(C to K) there is only a rather gradual correction of at max-
imum 5%. The general form of the energy-iota-dependence
stays the same.

A more subtle effect results from the variations in the exper-
imental conditions: the input power and the line-averaged elec-
tron density. The ECRH input power could be controlled quite
accurately, while density control was much more dif cult to
achieve. Although a line density of 3.5 x 10*® m~2 has been
aimed at, there was a variation during the discharges (see

gure 4(b)) and, due to additional experiments in con gura-
tion I, the experiments in con guration J and K showed devi-
ating line densities of 4.7 and 4.1 x 10'° m~2, respectively
( gure 6(a)). Similar deviations due to interspersed experi-
ments affected the line density of the experiment in con g-
uration M in comparison to experiment L. The in uence of
the line density on con nement has been captured in scaling
laws. However, for W7-X the dependence of the con nement
on the density is not clear yet. To mitigate this effect here,
a power dependence of the con nement time Tg ne® is
assumed, and the range of the exponent a is varied in order
to provide a potential range of density-corrected energy val-
ues. We distinguish between a strong density dependence with
a = 0.54, the value taken from the 1SS04-scaling law
[26], a weak dependence with a = 0.15, and a moder-
ate dependence with a value in between, i.e. a = 0.3.

The energy value scaled to the norm-volume (W ) is fur-
ther scaled to a norm line-density of 3.5 x 10'° m™2, i.e.
W =W 3.5 x 10" m™?/ng exp. Here, N exp are the values at
3.5 s in the discharges which are displayed in gure 6(a). The
light-blue reversed open trianglesin gure 6(b) show the effect
of the moderate density dependence and the “error bars’ indi-
cate the deviation of a weak dependence (higher energy values)
or a stronger (smaller energy values), which affects mainly the
energy values of the experiments A, J, K and M. In particu-
lar, the experiments with the highest energy values (J and K)
are corrected to result in energy values similar to the ones in
con guration H and I. With these corrections the energy-iota
curve still shows a steady but moderate increase from con gu-
ration C to G, then a stronger increase of about 10% from G to
H from which a range of con gurations (H to K) with higher
con nement seems to reside.

Beyond the global con nement discussed so far, the ques-
tion arises whether the increase in the stored plasma energy
can also be seen locally, i.e. in the pro les measured by plasma
diagnostics. For the purpose of discussing this, gure 7 shows
for a selection of experiments with the same line densities
(A,C, E, G, I and M) the pro les of iota of the respective vac-
uum con gurations (VMEC-calculations [27] are used here),
the ts [28] to the pro les of the total pressure, and the ts
to the electron temperature and electron density from Thom-
son scattering (TS) [29]. The ion pressure part included in the
total pressure is derived from ion temperature measurements
by the XICS-diagnostic [30] and from a line-integrated value
of Z¢ [31]. A notable hump is seen in the temperature and
in the pressure gure in the outer third of the pro les for the
con gurations G and I. The pressure shows this more promi-
nently. This increase in the pro les seems to be connected with
the location of the + = 5/5 resonance in the t-pro le shown
in gure 7 (top) which coincides with the location of increas-
ing gradients. In order to show that this is not an artifact of
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Figure 7. Radial plots versus effective minor radius in meter for the subset of con gurations A, C, E, G, I, M, where the curve end indicates
the position of the LCMS used in the VMEC-calculations underlying the pro le evaluations: (a) rotational transform pro les; the red
horizontal dashed line shows t = 5/5 and the vertical dashed lines mark the location of the + = 1 resonance for cases C, E, Gand I; (b) ts
to the total pressure; (c) ts to electron temperature from TS-data with typical error range shown by red dashed lines for the con guration A;
(d) tsto line-integrated electron density from TS-data with typical error range shown by red dashed lines for the con guration A.

the ts, gure 8 shows the raw (not tted) temperature pro-

les versus the major radius coordinate of the TS measurement
line for a selection of con gurations from the scan (same as in

gure 7). This shows also a growth of the temperature data in
the outer third of the pro les as the vacuum iota value is low-
ered. As pointed out before, the increase in the temperature
data is connected with the position of the 5/5-islands. There-
fore, the location and width of the 5/5-islands along the TS
line-of-sight is marked for con gurationCand I in gure 8 on
the x-axis. Note, that the islands cannot be resolved by the TS-
system because of an insuf cient space resolution and because
the measurement line of TS passes rather close to the x-point of
the 5/5-islands and not through the o-point. This is also the

reason that an expected attening of the temperature pro lein
the island region, caused by the high parallel heat conductivity,
cannot be observed in the real-space pro les and is thus also
not present in the ts to the pro lesin gure 7.

To exclude an in uence of the mapping on the evaluation
results for the tted data a sensitivity analysis of the pres-
sure pro le mapping was performed. Usually pre-calculated
VMEC-equilibria (with assumed pressure pro les or vacuum
con gurations) are used to map raw experimental density and
temperature data along the line-of-sight to the magnetic sur-
faces in order to obtain radial pro les. Sensitivity studies have
been performed for the mapping of the experimental data
with different nite-beta equilibria which con rmed that in the
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Figure 8. Raw (not tted) electron temperature values as a function
of the major radius along the line-of-sight of the TS-diagnostic for
the subset of con gurations A, C, E, G, | and M. The position and
extent along the TS-line-of-sight of the 5/5-island in the vacuum
magnetic eld is marked on the horizontal axis for the two

con gurations C and I.

low-beta range (beta up to about 0.5%) there is little difference
in the TS-mapping results due to different volume-averaged
beta-values. Also, a variation of pressure shapes did not show
signi cant effects on the TS-mapping.

4. Mode observations during configuration scans

Fluctuations and mode activity in the experiments of the HSI-
scan have been monitored in various diagnostics with high
temporal resolution, e.g. Mirnov-coils, segmented Rogowski
coils, soft x-ray multi-camera-system, correlation re ectome-
try and visible radiation in video diagnostics. The character-
istics of the uctuations changes during the HSI-scan. Here,
we focus on an irregular, low-frequency mode activity, which
has been already observed and reported in reference [32]. In
our HSI-scan, this mode activity has been mainly observed
in the intermediate limiter con gurations C—K, accompa-
nying the increase in the diamagnetic energy ( gure 9).
This mode activity grows in intensity as the vacuum-iota is
lowered and as the location of the 5/5-islands moves closer to
the plasma boundary. Itis strongest in the con gurations| to K.
The growth of this MHD-activity can be seenin gure 9 by not-
ing that in con gurations B to L there are power modulations
present which can be easily identi ed in the con gurations B
to E and also in L. However, from con guration F onward to
K, the power modulation in the diamagnetic signal is increas-
ingly masked by superimposed crashing events which make
the power modulation essentially invisible. This kind of mode
activity is not presentin the divertorcon gurationsA, L and M,
and in the rst limiter con guration B of the HSI-scan which
show a rather quiescent behavior.

We noted earlier that the internal 5/5-islands are in the
outer portion of the con ned-plasma region for the con gura-
tions C to K and that they are moving outward while steadily
increasing their width. In [32] evidence has been provided
by investigating soft-x-ray signals of the XMCTS diagnostic
[33] that the crashing events are located in the regions of the
5/5-islands and have, therefore, been termed island-localized-
modes (ILM). In order to test the in uence of the island size
on the con nement properties and the mode activity, speci ¢
experiments varying the island width were performed in a later
experimental session with the discharges N to Q forming the
IS-scan (see table 1). Here, different control coil currents ()
were used to change the island size in four different discharges:
one with nominal island width (N), two with decreased (O,
P) and one with increased island width (Q). Poloidal and
radial island position in these four discharges stayed the same.
Figure 10 shows Poincaré plots of the region of the upper x-
point of the 5/5-islands together with the divertor structure
in the ¢ = 0°-plane for con gurations N, O, P and Q. The
variation of the island size can be clearly seen comparing con-

guration O, having the smallest island size, and Q—uwith the
largest island size in this sequence. Note, the control coils do
not only affect the 5/5-islands, but also the higher-order ratio-
nals further out. Because the magnetic eld spectrum of the
control coils also has high harmonics, increasing the currents
in the control coils leads to an increase of the size of these
high-order islands resulting in stochastization of these regions
by island overlapping. This occurs for both polarities. How-
ever, the polarity of the control coil currents for increasing the
5/5-islands seems to preserve more good ux surfaces outside
the 5/5-islands than in the case of the polarity for decreasing
the 5/5-islands size. In the latter case, the high-order island
chains between the 5/5- and the 10/9-islands grow and lead
to ergodic regions. It should be mentioned that nite-beta is
known to increase the 5/5-island size so that the effect in a

nite-beta plasma needs to be studied with appropriate MHD-
equilibrium calculations with codes like, e.g. HINT [34], but
this is beyond the scope of this paper.

The discharge conditions for the 1S-scan (N to Q) were tar-
geted to be the same as in the previous HSI-scan (A to K) with a
heating power of Pecry = 2 MW, however, the line-integrated
density nedl had to be accepted with values in the range of
6-6.5 x 10 m~2, due to the device conditions caused by the
experimental program of this day in which this small scan was
embedded. The NPC and PC currents of con gurations N to
Q correspond to the ones of the original con guration I and
are provided in table 1 together with the currents of the con-
trol coils. Figure 11 shows the time traces of the diamagnetic
energy for all four con gurations. An inset displays part of
the time traces with different offsets to better distinguish the
different time behavior of the four time traces. The average
value of the diamagnetic energy evaluated in the range of 3 to
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Figure 9. Oscillations visible in the diamagnetic energy signal in the different con gurations of the HSI-scan. A varying offset has been
added to the individual diamagnetic signals to separate them and to show them in sequential order (ordered by iota from top to bottom) in
one plot. The scaling of the signals has been kept the same for all. The dashed vertical lines in the time range from 3 s to 4 s indicate the
step-down time points of the power modulation applied in experiments B to L.
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5.4

Figure 10. Poincaré plots re ecting the change of the magnetic topology in con gurations O (I.c = —1.745 kA, strongly reduced island
size), P (Icc = —1 kA, reduced island size), N (I, = 0 kA, reference) and Q (l.c = +1 KA, increased island size) showing the different sizes

of the 5/5-islands.

4 s shown in gure 11 stayed in these four experiments of the
IS-scan almost at the same level independently of the island
size. The small differences in the absolute diamagnetic energy
values are most probably caused by the small changes of the
line-integrated electron density (see table 2). At the same time
the mode activity showed signi cant differences in the four
discharges. Generally, the activity increased markedly with
increasing island size being strongest in con guration Q with
enlarged island size, while the activity was less prominent and
less frequent in the con guration P with decreased island size
and seemingly vanished in con guration O. The regular excur-

sions in the diamagnetic energy time trace seen in the latter
con guration results from NBI-blips [35] of 20 ms duration
every 200 ms for ion temperature measurements with active
CXRS [36]. They have been marked in gure 11 for better vis-
ibility. Such NBI-blips were not present in the experiments in
con guration N and P, but were applied in con guration Q
and have, therefore, also been marked in gure 11. However,
the MHD-activity with its irregular time behavior and strength
renders the NBI-blips to invisible in the time trace of W .
Similar changes in the mode activity were detected also by
other diagnostics.
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Figure 11. Time traces of the diamagnetic energy of the rst 4 s of discharges N to Q using the same main vacuum eld as con guration I,
but varying the 5/5-island width using the control coils. The mode activity appears to depend on the island size as the energy signal
variations become more intense for increasing island size (con guration Q) and are seemingly smoother for smaller island size. This is
shown more prominently in the inset where the diamagnetic energy signals are separated by different offsets. The dashed vertical lines in
both pictures indicate the time points and duration of the NBI-blips present in the experiments in con gurations O and Q.

Table 2. Diamagnetic energy, line-integrated electron density and
island size in the experiments N to Q. The reference con guration
N has the same NPC and PC coil currents as con guration | of the
HSI-scan.

Conf. Wiz (kJ)  nedl (10°/m?) Island size lee (A)
N 500 6.7 Reference 0

(e} 462 6.4 Strongly reduced —1745
P 454 6.1 Reduced —1000
Q 457 6.1 Increased 1000

5. Conclusions and outlook

In the latest W7-X divertor-operation experimental campaign,
con guration scans (HSI and IS) were conducted exploring
the magnetic con gurations between the W7-X high-iota-
and standard-con guration by means of planar coil current
change covering a range in central +(0) from 0.854 to 1.012
corresponding to tvalues at the boundary of 5/5 and 5/4,
respectively. The HSI-scan consisted of a set of 13
experimental programs with very similar plasma param-
eters but a varied rotational transform. The rotational
transform variation revealed an increase of the plasma energy
and thus implicitly of the con nement time in the interme-
diate limiter con gurations. The con nement improvement
persists when accounting for effects of volume changes in
the different con gurations and when scaling the energy
data to the same line density. The effect is also con rmed
when comparing the pro les of the different experiments.
A notable increase in the electron temperatures from TS-
measurements is seen in the outer third of the plasma minor
radius where the 5/5-islands reside. The reason for the
con nement improvement is not yet clear although it is
suggestive that it relates to the presence of the 5/5-islands
close to the plasma boundary. It is known that islands can play
an important role in building up radial electric elds affecting

10

plasma ow and turbulence and thus con nement [37].
First investigations in this direction have been started [38].

The con nement improvement is accompanied by ‘bursty’
MHD-activity being observed by several diagnostics in the
intermediate limiter con gurations. The mode, termed ILM, is
related to the presence of the 5/5-island chain and its amplitude
correlates with the size of the internal 5/5 islands: it becomes
larger with island enlargement and decreases with the reduc-
tion of the island size. However, the change of the island size
seems to have no effect on the diamagnetic energy which was
shown in the IS-scan.

This rst con guration scans in W7-X still leaves many
questions open. Future experimental exploration of these
‘improved’ intermediate con gurations is needed to further
understand the reason for the con nement improvement and
to explore the effect of higher beta values. Also, the pro-

les of plasma parameters and uctuations across and around
the islands need to be addressed further. One possibility
would be to operate the control coils in a non-stellarator-
symmetric mode. This allows to dislocate the 5/5-islands
poloidally and allowing various diagnostics to access the o-
point regions of the islands as well as the regions of the
island x-points. This can contribute to a more complete insight
into the effect of islands at the plasma boundary on plasma
con nement.
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