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In tokamaks, aleading platform for fusion energy, periodic filamentary
plasma eruptions known as edge-localized modes occur in plasmas with
high-energy confinement and steep pressure profiles at the plasma edge.
These edge-localized modes could damage the tokamak wall but can be
suppressed using small three-dimensional magnetic perturbations. Here we
demonstrate that these magnetic perturbations can change the magnetic
topology justinside the steep gradient region of the plasma edge. We
identify signatures of amagneticisland, and their observationis linked to
the suppression of edge-localized modes. We compare high-resolution
measurements of perturbed magnetic surfaces with predictions from

ideal magnetohydrodynamic theory where the magnetic topology is
preserved. Although ideal magnetohydrodynamics adequately describes
the measurements in plasmas exhibiting edge-localized modes, it proves
insufficient for plasmas where these modes are suppressed. Nonlinear
resistive magnetohydrodynamic modelling supports this observation. Our
study experimentally confirms the predicted role of magneticislandsin
inhibiting the occurrence of edge-localized modes. This will be beneficial for
physics-based predictionsin future fusion devices to control these modes.

To achieve an economically viable fusion power plant based on the
tokamak concept!, it will be necessary to operate in plasma scenarios
with good energy confinement such as the high confinement mode
(H-mode)’. The reason for the high confinement in H-mode is the large
pressure gradient at the plasmaedge, which produces a pressure ‘ped-
estal’and enhances the core pressure. These steep pressure profiles
make the plasma edge prone to magnetohydrodynamic (MHD) insta-
bilities causing filamentary eruptions of particles and energy called
edge-localized modes (ELMs)’. According to recent scaling studies
based on datafrom multiple tokamaks®, the particle and energy content

of ELM filaments will damage plasma-facing components in future
fusion devices, placing an additional constraint on tokamak fusion
power plants. They will have to operate with good energy confinement
and without ELMs’.

Small three-dimensional (3D) perturbations of the plasma sur-
face referred to as resonant magnetic perturbations (RMPs) are a
highly effective method® to control ELMs while sustaining a suffi-
ciently high plasma confinement. They are generated by additional
‘saddle’ coils and distort the toroidal symmetry (axisymmetry) of the
tokamak plasma. Their capability to completely suppress ELMs has
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been successfully demonstrated in multiple tokamaks®™. The pos-
sibility of using the RMP coil currents to actively control ELMs, while
simultaneously optimizing the energy confinement'®, makes RMPs
an attractive tool for future tokamaks''?. However, understanding
the physics mechanismbehind ELM suppression by RMPs is crucial to
make accurate predictions.

Rational magnetic surfaces are of particular importance for
understanding the response of the plasma to RMPs. These surfaces
are exceptional because they exhibit magnetic field lines that close on
themselves after an integral number of toroidal and poloidal turns®.
Rational surfaces are susceptible to small magnetic perturbations
that are aligned to the magnetic field. In the presence of finite plasma
resistivity, magneticfield lines canreconnect, whichalters the topology
of magnetic surfaces and can form magneticislandsinside the plasma.
Inthe tokamak edge where neighbouring rational surfaces are located
very closetoeachother, magneticislands caneven overlap andinduce
astochastic magnetic field topology.

Early explanations for ELM suppression suggested that RMPs pen-
etratethe plasmaedge andinduce astochastic magnetic field topology,
whichcauses enhanced outward transport of plasma particles and heat.
The reduced pressure gradient in the pedestal region avoids the ELM
instability®. This explanation is contradicted by experimental observa-
tions in H-mode, in which changes in particle transport are primarily
observed. Stochastic transport theory, however, would mainly enhance
the electron heat transport and lower the electron temperature (T,)°.
In addition, MHD theory and the generalized Ohm’s law" predict heli-
cal screening currents on rational surfaces that shield the plasma
frommagnetic perturbations and prevent astochastic magnetic field
topology. These screening currents depend on the flow velocity of the
electron fluid and are especially prominent in the H-mode pedestal,
where steep pressure gradients drive a strong flow. Penetration of RMPs
is, therefore, more likely in plasmaregions with low pressure gradients.

Although RMPs are screened in the H-mode pedestal, they cansstill
have anotableimpactonthe magnetic surface geometry of the plasma
edge. Because of the steep pressure gradient and accompanied current
densities, small magnetic perturbations can result in a considerable
kinking of the plasmaboundary. These kink modes are well described
by ideal MHD theory where the plasmais assumed to be an ideal con-
ductor and the magnetic topology is preserved. They are marginally
stable and caneven amplify the externally applied perturbations, which
is well documented in refs.15-19.

One prominent hypothesis for ELM suppression suggests that pen-
etration of RMPsin H-modeisstill possible justinside the steep gradient
region at the top of the pedestal®’, where the pressure gradient and,
thus, the electron fluid velocity becomes small. It is proposed that RMPs
exciteideal kink modes, which can even amplify the perturbation®*,
Their perturbations extend further inside the gradient regionand drive
the formation of a magnetic island at a rational surface at the top™ .
The associated transport limits the radial extension of the edge pres-
sure pedestal. According to a predictive pedestal model called EPED®,
this constraint on the pedestal width is then sufficient to prevent the
occurrence of ELMs.

The magnetic island hypothesis explains well (1) the observed
windows in ELM suppression when the positions of the rational sur-
faces at the pedestal top are scanned””*, (2) the empirically observed
importance of coupling between theideal kink modes and edge rational
surfaces®**?' and (3) the sudden changes in magnetic probe measure-
ments during the transition from plasmas with ELMs (ELMy plasmas)
to ELM-suppressed plasmas’”’. While a flattening of kinetic profiles
(suchasthe T, profile) at the pedestal top is commonly observed dur-
ing the transition to ELM-suppressed plasmas*°, a connection to a
magneticisland remains unconfirmed. The observed flattening could
also originate from an island with a different toroidal mode number
(for example, n=1instead of n=2) or additional turbulent transport
without the need for an island®. Previous attempts to identify helical
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Fig. 1| Challenge of measuring magnetic islands in kinking plasmas. a,b, The
cartoonillustrates local measurements of rotating perturbed magnetic surfaces
(lines) or constant electron temperature (7,) contours. While magnetic surface
perturbations from pure ideal kink modes (dashed lines) are easily measured by
T.perturbations using the local ECE (grey bars) (a), an additional small magnetic
island with its o-point and x-point (solid red line) might only be visible by small
changes in the magnetic surface displacement amplitude |§| and inits phase ¢
withrespect to the pure ideal kink mode (b). Panel b adapted with permission
fromref. 50 under a Creative Commons license CC BY 4.0.

perturbationsin T, from a potential magneticisland using jumpsin the
toroidal phase of the applied RMP field were inconclusive in experi-
ments compensating the intrinsic error field**.

Here, we present observations of a magnetic island at the pedes-
tal top in ELM-suppressed plasmas in the Axial Symmetric Divertor
EXperiment Upgrade (ASDEX-Upgrade) tokamak. This is achieved by
comparing ideal MHD predictions with measurements of the internal
magnetic topology using T, (ref. 33) in ELM-suppressed plasmas and
in plasmas with ELMs.

Measuring magneticislands

To identify changes in the magnetic topology such as the formation
of magneticislands, T, is the best plasma parameter owing to the fast
electron heat transport parallel to the magnetic field lines*. Since T, is
practically constantalongafield line and, hence, onamagnetic surface,
ashort-circuit of magnetic field lines by a magnetic island appears
predominantly in 7,. Spectrally resolved intensity measurements of
the electron cyclotron emission (ECE) allows the determination of high
temporal and spatial resolution T, profiles® in regions where the plasma
behaves as ablack body radiator (Extended Data Figs.1and 2). ECE is,
therefore, commonly used toidentify rotating magneticislands from
measured T, perturbations®. However, small magneticislands are still
difficult to measure because of the competition between parallel heat
transport around the island and the perpendicular transport across
theisland. To cause measurable T, perturbations, the island size has
to exceed acritical island width (W,,,,)**, above which the parallel heat
transport around the island begins to dominate®*.

Because of its magnetic topology, a rotating magnetic island is
usually identified by a t-phase jump in the measured T, perturbation
around the island®. This typical change in phase may not be seen in
the case of ELM suppression by RMPs because the possible magnetic
island is accompanied by dominating ideal kink modes®. Moreover,
both have the same toroidal mode number and are phase locked to
the RMP field. To probe such a magnetic island using measurements
atasingle toroidal location, one has to rotate the island toroidally by
varying the absolute phase of the RMP field.

Figure 1demonstrates the challenge in measuring such anisland,
whereFig.laillustrates rotating magnetic surface perturbations from
pure ideal kink modes and Fig. 1b shows a combination of an ideal
kink mode and a magneticisland havingits o-point (see annotationin
Fig.1b) near the minimum of the kink deformation. This is the o-point
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Fig.2|Experimental setup in the ASDEX-Upgrade tokamak. a, The
measurement position of the ECE diagnostic to measure plasma surface
perturbations via the electron temperature (T,), perturbation (saddle) coils to
generate the RMP field and the rotation direction of the perturbation field along
the toroidal coordinate. The sketch shows a possible island and the kinking
plasmasurface, where the deformation outwards is red and inwards blue.
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#40180, red) and ELMy (discharge #40181, black) plasmas during a phase of
constant plasma current and heating power: the current of one RMP coil (/gyp.coir)
and the varying toroidal phase ¢, of the RMP field at the right vertical axis (b);
current measurements from a wall tile /;; to identify ELMs (c); the edge-averaged
density n, using line interferometry measurements (d); and measured 7, from
ECE roughly 5 cminside the plasma boundary R4 (Te’@Rbnd_Scm) (e).

positionexpected fromvacuum field calculations where the response
oftheplasmatothe RMPfieldis neglected. The actual o-point position
may deviate slightly, but not more than afew tens of degrees, because
of drag froma viscous plasma and alocal finite electron fluid velocity
(v, 1) intwo-fluid MHD™. Here, v, , is the sum of E x B flow velocity (vg.s)
and the electron diamagnetic velocity (v, 4,)*®. Figure 1b emphasizes
that a magnetic island might only be detectable by small changes in
amplitude and phase compared with the pureideal MHD response. To
identify such amagneticisland, we designed an experiment with rota-
ting RMP fields, which was performed once in ELM-suppressed plasma
and once again in an ELMy plasma. In ELM-suppressed experiments,
amagneticisland at the pedestal top may cause deviations fromideal
MHD, while the subsequent experiment with ELMs serves as a control
experiment with no magneticisland at the pedestal top.

The ASDEX-Upgrade tokamak is well suited for this experiment
withits flexible RMP coil setup® and high-resolution ECE diagnostics™.
For our experiments, we use the typical plasma discharge configura-
tion to achieve ELM suppression in ASDEX-Upgrade’ (Methods) with
an edge safety factor (gos) of 3.7 and an RMP field with n =2 toroidal
field symmetry using 16 ‘saddle’ coils distributed over two rows (Fig. 2).
Therational surface g=m/n=7/2 (where mdenotes the poloidal mode
number) is of interest and just inside the pedestal top.

We focus on two consecutive plasma discharges to compare
ELM-suppressed (discharge #40180) and ELMing phases (#40181),
which differ only by the amount of injected deuterium gas. The RMP
fieldisrotatedinthe clockwise direction (top-down view) as observed
by its continuously decreasing toroidal phase ¢, (Fig. 2b), while the
alignment of the RMP field remains fixed. The rotation frequency (fxyp)
is limited to 0.75 Hz, which is enough to probe three rotation periods
during the plasma discharge (Fig. 2b).

ELMs appear as spikes in thermo-electric currents onto a wall tile
(14e; Fig. 2c), which allows to distinguish ELMy-plasma phases from
ELM-suppressed ones and to identify timepoints affected by ELMs
(Extended Data Fig. 3) The line-averaged electron density (n.) at the
edge is lower in ELM suppression (Fig. 2d), due to the different gas
fuelling and the enhanced particle transport known as density
pump-out®. T,inside the plasma s similar in both discharges (Fig. 2e).

The position control system during these experiments causes
periodic movements of the outer plasmaboundary position fromthe

a ELM suppression, #40180 b Plasma with ELMs, #40181
€

L

35

1
3
Time (s) Time (s)
— T, contours — Sine fit to T, — T, contours — Sine fitto T,

(] VMEC @ ECE location, #40180 d vMmec @ ECE location, #40181
E

o

=T

35

4

1
24
— Ideal kink — Ideal kink
T T T T T T T T
4 5 6 7 4 5 6 7
Time (s) Time (s)

Fig.3|Measured magnetic surface perturbations compared with predicted
ideal kink modes. a,b, Measurements of magnetic surface perturbations using
electron temperature (7;) contours (red) in 200 eV steps and sinusoidal fits to
each contour (blue) in 20 eV steps along the radial coordinate R of the ECE
diagnostic relative to the axisymmetric plasma boundary Rab’;lid. Thisisshown
during the RMP field rotation for an ELM-suppressed plasma (discharge #40180)
(a) and an ELMy plasma (discharge #40181) (b) using only data points in-between
ELMs. The black bars on the left of aand b show the averaged position of rational
surfaces (6/2,7/2 and so on). The grey bars indicate averaged ECE channel
positions. The thick light-blue lines mark the pedestal top of T, (Tewp). c,d, The
magnetic surface perturbations from predicted ideal kink modes at the ECE
measurement position using the VMEC code for ELM-suppressed plasma (c) and
for ELMy plasma (d).
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Fig. 4 | Comparison between measured temperature perturbations and
predicted ideal kink modes. The coloured bands represent the range of
measured magnetic surface perturbations derived from electron temperature
(T.) measurements, reflecting variations in the analysis (Methods). The dashed
lineillustrates predictions of ideal kink modes using ideal MHD (VMEC code).
The thin lines show deviations from these predictions, indicating uncertainties
from the standard deviation in the input pressure profiles.a,b, Then=2
displacement amplitude |,-,| (a) and phase ¢,, (b) profiles along the radial
coordinate of the ECE diagnostic R relative to the axisymmetric plasma
boundary R during phases with ELMs (discharge #40181, black). ¢,d, |€,., (c)

bnd
and|¢,.,| (d) for ELM suppression (#40180, red). e-h, Analysis of |§,_,| (e) and
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|@nesl (F) for an ELMy plasma (#39993, blue) as well as |€,,| (g) and |@,.,| (h) for an
ELM-suppressed plasma (#40176, orange) without the compensation of plasma
movements (without Rg);id)' Ideal MHD calculations for #40181 (aand b) and
#40180 (cand d) are reused for #39993 (e and f) and #40176 (g and h),
respectively. The blue ticks at the top illustrate the mean positions of the
pedestal top of the T, profiles Te“’p. Theboxes at the bottomindicate the rational
surfaces (6/2,7/2 and so on) and their standard deviation. The horizontal lines at
7/2indicate the uncertainty from various equilibrium calculation methods
(Methods). Annotations highlight the differences between measurements and
ideal MHD predictions. Data from ref. 50.

axisymmetric equilibrium reconstruction (Rf;ﬁ‘d) (seerefs.18,40). These

were measured in otherwise identical discharges (#39993 for ELMy
and #40176 for ELM suppression) and then compensated. This com-
pensation has minimal impact on the analysis and no impact on our
conclusion.

Comparison of temperature perturbations

To identify amagnetic island, we compare measured T, contours to
predictions of the ideal kink mode using the 3D ideal MHD code called
Variational Moments Equilibrium Code (VMEC)* (see Extended Data
Fig.4 forequilibrium properties). VMEC reproduces well theboundary
distortionin 7,and the electron density measured by edge profile diag-
nostics (Extended Data Fig. 5). Our analysis of T, inside the gradient
region covers both ELM-suppressed and ELMy plasma phases while
the RMP field rotates. Figure 3a,b illustrates measured T, contours
close to the outer plasma boundary (for the sake of clarity, only four
time traces are shown). These contours are analysed relative to Rz’r‘lid
(ordinatein Fig. 3) to take remaining plasma movementsinto account.
Toeach T, contour line, asine function with higher harmonics s fitted
(blue lines shown in 20 eV steps in Fig. 3a,b; see Methods for details).
The same fit is applied to magnetic surface perturbations from ideal
kink modes as calculated by the VMEC code at the ECE position
(Fig.3c,d).

In the following, we focus on the amplitude and phase of the fun-
damental (n =2) magnetic surface perturbation around the pedestal
top. InELMy plasmas, the amplitude decreases from the edge towards
the core (Fig.4a, bands), whichisinagreement with ideal MHD (Fig. 4a,
dashed line). The phase is compared in Fig. 4b and shows no abnor-
mality around the 7/2 rational surface where the measured surface

displacement amplitude is sufficiently large to determine the phase
accurately. Further inside, in regions of reduced amplitude, differ-
ences in phase between the modelling and measurements occur that
are outside the uncertainties. As we will discuss later, these are not
caused by amagneticisland.

In ELM suppression, the amplitude of the ideal kink is globally
reduced due tolower pressure gradients. Moreover, adistinct bump
structure in amplitude is observed inside the 7/2 rational surface
(Fig. 4c, red) and the phase exhibits a decrease outside of the 7/2
surface (Fig. 4d, red). These structures are not observed in the ELMy
reference from Fig. 4a,b nor captured by ideal MHD modelling. We
would like to emphasize that abump structure inamplitude without
a change in phase may also arise in ideal MHD*. However, despite
employing varied input pressure profiles and a high-resolution radial
gridin our modelling, none of the ideal MHD calculations has yielded
anotable bump structure around the 7/2 rational surface (Fig. 4,
thin lines). As illustrated in Fig. 1, this may indicate the presence of
amagneticisland.

Analysis of ELM suppression experiments without the compensa-

tion ofthe outer plasmaboundary (R ) movements reveals the same

bnd

displacement structures around the 7/2 surface (Fig. 4g,h, orange) with
an additional offset in |£,_,| of about 1 mm. However, the pattern in
amplitude and phase around the 7/2 surface remains, which consoli-
dates previous observations. In addition, an ELMy experiment from a
different session (discharge 39993) with altered wall conditions due
to preceding high-fuelling experiments shows similar structures
around the 6/2 surface (Fig. 4e,f, blue), suggesting the presence of an
island at this surface. However, this 6/2 island did not lead to ELM
suppressionin this discharge.
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Fig. 5| Analysis to identify magneticisland structure. a, The method of
subtracting the kink component based onideal MHD calculations from electron
temperature 7, measurements along a radial coordinate R to uncover a potential
island structure. b,e,h, Real Re and imaginary Sm n = 2components of the
displacement §,_, from the ideal kink mode (dashed and dashed-dotted lines;
uncertainties not shown for the sake of clarity) and 7, measurements (the
coloured bands represent the range resulting from variations in the analysis;
Methods) versus R relative to the axisymmetric plasma boundary R;):d for the
case with ELMs (b), ELM suppression (e) and the second ELMy case (h). The boxes
illustrate rational surface positions (6/2, 7/2 and so on), and the horizontal lines

atthe 7/2 box indicate the uncertainty from various equilibrium calculation
methods (Methods). ¢ fi, The analysed phase 6¢,., from equation (1) for the
ELMy case (c), ELM suppression (f) and the second ELMy case (i). d,g,j, The
difference between measured displacement €;e: andideal kink components é‘,‘g"z"
revealing theisland structure, which is emphasized by thick lines, and the
o-pointis annotated for the ELM suppression case (g) and the second ELMy case
(§)-Noisland structure is seen in the ELMy case (d). The ELM suppression case
shows aclear jump in phase and island structure around the 7/2 rational surface,
whereas ELMy plasmas show either a phase jump at a position further inside
(6/2island) or no phase jump at all.

Identifying magneticislands

ELMy case (Fig. 5¢), whereas a clear phase jump by 1 close to the 7/2

To analyse the origin of the observed features in the displacement,  surfaceis seen during ELM suppression (Fig. 5f).Inaddition, we apply
we assume that 7, measurements comprise an ideal kink modeanda the same procedure to the ELMy case with a similar structure around

potential magneticisland (see Fig. 5a for illustration). To disentangle
both, we first define theimaginary components of the n = 2 displace-
mentusing £ = |§,_,|sin (¢p=p)and £, = [§,,| cos (@,=,) for real
components. The resulting complex components from the modelled
idealkink modes and the measured T, contours are shownin Fig. 5b,e,h.
In the ELMy case, they agree well around the 7/2 rational surface and
show the same trend but with small deviations further inside,
explaining the differences in the phase observed in Fig. 4b. Unlike
the ELMy reference, the ELM suppression case exhibits pronounced
differencesinthe complex components around the 7/2 surface (Fig. 5e).
To isolate a possible magnetic island structure, we subtract the ideal
kink components from the measured ones and calculate the resulting
phase via

EST,Te _ fsln,kink

6¢,—, = arctan (u) (4))
Ezl:e,zTe _ ﬂl:,zkmk

A potential magnetic island is then detected via a jump in phase
8¢, by about 1t (ref. 36). The analysed phase shows no jump for the

the 6/2 surface (Fig. 5f) (note, here the VMEC calculations from Fig. 5b
havebeenreused). A phase jump by around mtis also observed around
the 6/2 surface, suggesting the presence of a 6/2 magnetic island.
Figure 5d,h,j illustrates the underlying magnetic island structures
by subtracting the magnetic surface perturbations of the ideal kink
modes from the measured ones. A magnetic island is observed at the
pedestal top in the ELM suppression case, whereas one ELMy case
shows no structure and the other one a magneticisland close to the 6/2
rational surface. This single 6/2 island, which is located deeper inside
the plasma and not at the pedestal top, isapparently not in conjunction
with ELM suppression.

Note that the presented analysis of 6¢,.., should be approached
with caution, since it depends strongly on the agreement between T,
andideal MHD modelling or, rather, on the distortions being dominated
byideal MHD. This dependencyisevidentintheincreased uncertainties
observed inthe ELMy case (Fig. 5¢), attributed to larger uncertainties
coming from the experimental data used for the modelling input. Thus,
the strongest evidence for the presence of amagneticisland lies in the
observedstructuresinthe displacement amplitude (Fig. 4c,e,g) and the
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Fig. 6 | Magneticisland in nonlinear resistive MHD calculations from JOREK.
Comparison between two different calculations based on data from the ELM
suppression case employing different torque sources. The left column shows the
following parameters at the radial coordinate R relative to the axisymmetric
plasmaboundary Ra"' from JOREK: the fluid velocity of the electrons v, ,
averaged over the torondal coordinate (a), ascatter plot of magnetic field lines
crossing the toroidal plane at the ECE location (Poincaré plot) (b), electron
temperature T, contour lines (c), n = 2 displacement amplitude |§,-,| (d) and n =2
phase ¢,,., from simulated T, without large islands ('no-isl', <1.5 mm) showing ‘no
bump’in amplitude and agreeing with ideal MHD predictions (dashed-dotted)
(e). Theright columnshows v, , (f), Poincaré plot (g), T, contours (h), |§,-,| (i) and
|2l () from calculations with a 7/2 island of 4 mm size. The o-point is annotated
ing.iandjcompare simulations with 7/2 island (red) and without (black), and
differences are annotated.

complex component profiles (Fig. 5b,e,h) around the rational surfaces,
which are not captured by ideal MHD modelling.

Nonlinear resistive MHD calculations

To get further confidence that the observed structures in T, originate
from magnetic islands, we utilized the resistive MHD code called
JOREK*%. JOREK modelling of ASDEX-Upgrade experiments with
RMPs* has made advances allowing the calculation of the plasma
response to the RMP field with realistic viscosity, with free boundary**
and realistic anisotropy between parallel and perpendicular electron
heat transport.

We aim for a qualitative comparison and conducted a numerical
experiment based on the presented ELM suppression case (discharge
#40180). To underline that the observed structures, thatis, the bump
inamplitude of the displacement, originate from anisland, we varied

thetorque sourceto performascanover different v, , profiles. Asmen-
tioned previously, v, , is decisive for the formation of magneticislands
in two-fluid MHD?®%, One simulation has strongly negative v, , and,
therefore, develops no or only very small magneticislands (Fig. 6a-e).
This simulationis alsoingood agreement with predictions fromideal
MHD (Fig. 6d,e). The second simulation has a zero-crossing of v, , at
the 7/2 rational surface, which allows the formation of asingle magnetic
island at the pedestal top (Fig. 6f-j).

The simulated T, contours illustrate that the induced magnetic
island causes the same features as observed in the experiment such as
the bump in amplitude. This structure is not visible in the simulation
without islands. The simulated magnetic island has a size of roughly
4 mm, which is seen in Fig. 6g and in the distance between the local
minimaand maxima of the perturbation amplitude (Fig. 6i). The latter
is often used as a proxy for the island size*® and amounts to Wy =9 mm
inthe T, measurements. There is also a small change in phase, but one
should note that this is strongly influenced by the island size and its
position, which depends on the local v, | (ref. 38). It may even vanish
whentheisland’s o-point position aligns with one of the vacuumisland’s
positions, coinciding with the minimum displacement of the ideal
kink mode. Although the JOREK simulations show asmaller island size
attributed to constraints withinits MHD description (Methods), all key
features of the measurements are reproduced.

Discussion and island size

We are aware that our numerical experiment with JOREK using the
zero-crossing of v, | isin contrast to experimental observations showing
no zero-crossing”*. However, plasma response modelling including
kinetic effects highlights the importance of vg.5 = O for the penetra-
tion of magnetic islands*. In addition, recent experiments showed
strongly non-axisymmetricradial electric field (£,) profiles at the edge
inthe presence of RMPs™. To determine accurately v, , (ref.25) and vgg
(ref.46) at the plasma edge requires elaborate analysis taking 3D effects
into account, whichis beyond the scope of this article.

We estimate anisland size of W, =1 cmat the ECE position, which
corresponds to an island size averaged over the magnetic surface W
of 2 cm. This is roughly 1% of the major radius and is in the same order
of magnitude as modelling results of a magnetic island during ELM
suppressioninatokamak with similar size?®. The measured island size
is twice the critical island width W, of 1 cm from ref. 34. At this size, a
complete flat T, profile at the o-point is not expected and is also not
observed by the ECE diagnostic. Further numerical studies are required
todetermineifthe estimatedisland sizeis sufficient to explain the drop
intemperature and density, or if additional mechanisms inter-playing
withthe magneticisland suchas turbulence®*, electron polarization
drift*®, neoclassical transport*® and nonlinear mode coupling*>*54°
areinvolved.
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Methods

ASDEX-Upgrade and discharge configuration

ASDEX-Upgrade is a medium-sized tokamak with a major radius of
1.65 m and a minor radius of 0.5 m. Plasma parameters for ELM sup-
pression experiments are a toroidal magnetic field of B =1.835T,
plasma current of 898 kA and upper triangularity of 0.25. The plasma
isexternally heated by 2.3 MW of electron cyclotron resonance heating
power and 6 MW of neutral beam injected heating power. In the ELM
suppression case (discharge number #40180), no additional gas is
injected after 2.6 s, whereas in the ELMing reference (#40180), 2 x 10*
deuterium particles per second are puffed to raise the density above
theempiricalupperboundary for ELMsuppression’. InASDEX-Upgrade,
transient RMP fields are attenuated by eddy currents from nearby
copper conductors. The axisymmetric position control system'**°
causes periodic movements of the plasmaboundary R>! . These were
measured and then compensated using a feed-forward trajectory of
R based on off-line equilibria from preceding but otherwise identical
discharges (#39993 for ELMy and #40176 for ELM suppression). This
compensation ensures a constant RMP field strength at the plasma
surface throughout the rotation.

Analysis of ECE data

Theheterodyneradiometer at ASDEX-Upgrade measures ECEin the fre-
quency range 78-105 GHzin experiments with B; = 1.8 T. The absolutely
calibrated radiometer covers the edge region (73-89 GHz) with 36
channels having aintermediate frequency bandwidth of Af;; =300 MHz
and a frequency spacing §f between 400 and 800 MHz. B; was opti-
mizedto1.835 Tto haveachannel spacing of §f =400 MHzin frequency,
which correspondsto 5 mminreal space around the pedestal top. The
sampling rate of the data acquisition system is 1 MHz. The ECE data
were analysed from 3.3 suntil 7.2 s for discharges #39993, #40180 and
#40181and until 6.8 s for #40176, due to loss of ELM suppression. ECE
dataaffected by the ‘shine through” have beenfiltered out by excluding
thedatain thelocal minimum of (T;,4) and outside of it (Extended Data
Fig.1)*. Therefore, only ECE data in optically thick 7> 3 plasmas are
included, where the measured T,,,approximates 7,,and has been tested
against forward modelling™ for single profiles (Extended Data Fig. 2).
ELM-affected timepoints in ELMy plasma are discarded (Extended
Data Fig. 3). In general, no radial shifts are applied to the ECE data. T,
contours from ECE are determined from 600 eV for ELM-suppressed
and from 500 eV for ELMy plasmato1.1keVin10 eV steps. Throughout
the rotation, the density slightly increases and, thus, 7, decreases,
but this has negligible impact on the outcome. The entire T, profile is
scaled by alinearly varying factor to account for the slight decreasein
T. throughout the analysed time windows. This multiplication factor
is determined from ECE channels inside of the pedestal top and ranges
from 0.9to1.1for the case with the largest variation (#40181). Excluding
this multiplication factor does not alter the conclusion andis reflected
inthe uncertainties.

Three methods to calculate the equilibrium are used to locate
rational surfaces: (1) the axisymmetric equilibrium code Complete Inter-
pretative Suit for Tokamak Equilibria (CLISTE)*' evaluated at a single
timepoint with hand-fitted profiles and no scrape-offlayer currents; (2)
CLISTE*®with 1 mstime resolution and no kinetic constraints; and (3) the
axisymmetric integrated data equilibrium (IDE)** code with 1 ms time
resolution, kinetic constraints and current diffusion coupling assuming
axisymmetric profiles®. The plasma boundary along the ECE measure-
ment position is evaluated using (2) and (3), which also determines the
range of measured magnetic surface perturbations, shown by coloured
bandsinFigs.4and5b,e,hand Extended DataFig.4.IDEisused toillustrate
positions of the rational surfaces as boxes in Figs. 3-5. The equilibrium
datafrom (1) serves asinput for the 3D MHD modelling. The normalized

¥ —Picts

poloidalfluxis definedas vy = ,where ¥, isthe poloidal flux at

‘mag ~ Plcfs

thelast closed flux surface (Icfs) and ¥,,,,, at the magnetic axis.

For each ECE contour line, we use aleast-squares fit minimization
of simple trigonometric functions with the second harmonics and a
linear function in time to account for possible drifts

f=2) |agsin (kwt) + by cos (kwt)] + ct + d, 2
k=12

where w is 21fpyp With frue = 0.75 Hz and ¢ is the time. The analysed dis-
placement of the n=2 component is then [§,_,| = \/a; + bf|;-; and the
phase ¢,—, = arctan(b;/ay)|,=:. These displacements are evaluated at the
ECE measurement position and are very close to the nominal radial
displacements, because the ECE diagnosticin ASDEX-Upgrade measures
only 4 cmbelow the midplane. For the analysis to separate theideal and
resistive MHD contributions, we use & = by|y=; = |&|sin (@) =1 and
&% = aylker = k] €0s (@) k=1- The same procedure has been applied to
the magneticsurface perturbations from VMEC at the ECE measurement
position. The uncertainties are determined by the square root of the
diagonal components from the covariance matrix of the residuals.
Because of the large amount of data, these standard deviations are very
small compared with the variation coming from the choice of equilib-
rium. Thus, the provided range of measured magnetic surface perturba-
tions, indicated by the coloured bandsinFigs. 4 and 5b,e,hand Extended
DataFig. 4, results from variations caused by the use of different equi-
libria for Rgf]‘d. The uncertainties of 6¢,._, are estimated using error
propagationofequation (1) assumingastandard deviation for the errors
of the different analysis methods and the VMEC output. The island
structureinFig. Sisrevealedvia &', — €Kk = |5¢,._, | sin (¢ + 6¢,-,) using

ke < . 2 .
|660=2] = \/ (€l — ghineRte)” 4 (gle5™ — gkimeS™) and equation (1).

MHD modelling

We use the 3D ideal MHD equilibrium code VMEC™, specifically the
PARVMEC version>. The 3D boundary from VMEC is often in good
agreement with boundary measurements in ASDEX-Upgrade'®"***°¢,
VMECequilibriawere calculated for two subsequent discharges #40180
and #40181 using axisymmetric CLISTE equilibria asinput constrained
by kinetic profiles without scrape-off layer currents (Extended Data
Fig.4). Magnetic data and kinetic profiles from Thomson scattering”,
ECE and lithium beam diagnostic®® were evaluated at 4.65 s within a
time window of 100 ms, when the distortion in these profiles is close
to its zero-crossing. The uncertainty in the input pressure profiles
has been determined on the basis of the uncertainties derived from
the mentioned diagnostics, as well as measurements of the effec-
tive charge used to calculate the ion density. We use 2,001 radial grid
points, 4 toroidal mode numbers n,, with 64 toroidal planes for one
period and 32 poloidal mode numbers m,,;, and for #40181, m,, was
reduced to 26 to achieve reasonable convergence with f,,;=1x 10™
and lower. Previous sensitivity studies have shown that this choice
of parameters results in good agreement with measurements'®. In
the presented cases, the boundary displacements have been tested
against boundary measurements using the helium beam diagnostic™
(Extended Data Fig. 5). The radial resolution is crucial for identifying
possiblebump structuresintheideal MHD response, especially, in the
case of an infernal mode®. For the ELM suppression case, very small
changes (<0.1 mm) in the displacement amplitude around the 7/2 is
observed between 511,1,501 and 2,001 radial grid points equidistantin
toroidal magnetic flux, indicating sufficient radial resolution. Effective
currents for the RMP coils were used to account for the attenuation by
nearby conducting material. The attenuation is calculated using the
finite element methods and applied to the coil current resulting in an
effective RMP coil current (Fig. 2a).

The resistive MHD modelling has been conducted using the non-
linear extended MHD code JOREK coupled with free boundary exten-
sion STARWALL* in realistic tokamak geometry using areduced MHD
model with extensions for self-consistent bootstrap current evolution,
two-fluid diamagnetic effects and neoclassical friction. Transport
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coefficient profiles are adjusted to keep kinetic profiles stationary.
Viscosity v is realistic with 1 m?s™ in the pedestal region. The main
assumptionmadeisequatingiontemperatureto T, whichis reasonable
because they differ by about 20% in plasmas with ELM suppression.
JOREK simulations use the axisymmetric CLISTE equilibrium from the
ELM suppression case (#40180), the experimental RMP coil currents
and the experimental kinetic profiles as for VMEC.

Data availability

Raw data were generated by the ASDEX-Upgrade Team. Further data
that support the findings of this study are available from the corre-
sponding author upon reasonable request. Source data are provided
with this paper.

Code availability

The PARVMEC code is available via GitHub at https://github.com/
ORNL-Fusion/PARVMEC.git. The JOREK codeis available uponreason-
ablerequest to admin@jorek.eu (https://www.jorek.eu).
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Extended Data Fig. 1| Measured profiles from the electron cyclotron minimum and channels with zero or positive gradients are discarded (red) and
emission. Radiation temperature (7,,4) by the electron cyclotron emission whereas the others (blue) are included. Contours in ELM suppression are
diagnostic versus R at the measurement position relative to the axisymmetric evaluated from 0.6 to 1.1 keV on (green area) and the horizontal dashed line
plasmaboundary Rgﬁ’;i. Shown profiles are from certain phases of the rotation shows the electron temperature T level roughly at the 7/2 rational surface surface
indicated by the displacement &, and the time ¢. Channels outside the local (T@=7/2). Atwo-line fit” (blue line) is used toillustrate the pedestal top.
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Extended Data Fig. 2| Forward modelling of the electron cyclotron top, the optical depthis thick (7, =20, 7, = 3 is considered to be optical thick).
transport. The electron cyclotron transport has been exemplary modelled for (b) shows the origin of the observed intensity (D,), whichis close to cold
one representative time point ¢t = 6.270 s of discharge #40180 assuming resonance frequency (vertical dotted line) and T, at the second y-axis.
axisymmetric equilibrium and profiles®. Profiles using the square root of the (c) Comparison between the modelled radiation temperature Tyaq mod
normalised poloidal flux p,,,; of the (a) optical thickness (z,,) of channels with from asynthetic ECE diagnostic in comparison to the given T.. In optical thick

frequency w from the electron cyclotron emission (ECE) diagnostic and the given plasmas, the T,,4is agood proxy for T..
electron temperature T, profile. In the region of interest, which is the pedestal
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Extended Data Fig. 4 | Equilibrium properties from discharge #40180 and
#40181. (a) Input pressure profiles versus normalised poloidal flux (¥y) for the
VMEC and JOREK code from edge-localised mode (ELM) suppression (red) and
ELMy (black) plasmas are shown. Panel (a) shows the used pressure profile (solid)
plus and minus standard deviation o (thin dashed lines) from the pressure profile
p measurements at the pedestal top, which is roughly 5% and 10% for the ELM
suppression (red) and ELMy case (black), respectively. Same for panel (b)
showing safety factor g profile, (c) poloidal cut at the toroidal angle (¢ = 0) using
the vertical coordinate z versus the radial coordinate R from the corrugated last
closed flux surfaces from the VMEC code and (d) the pressure gradient profiles
using p’ = a?v_pNWith theirimpact from the pressure profile uncertainties. Panel

R — RS, [cm]

R[m]

(e) shows measured displacement amplitude |§,_,| with toroidal symmetry of n=2
versus R at the measurement position relative to the axisymmetric plasma
boundary Rgi"d. The band indicates the range resulting from different equilibrium
reconstruction methods (see Methods section). The corresponding
displacement amplitudes from the VMEC code for discharge #40180 (ELM
suppression case) with different radial resolution are added using 511 (dashed),
1501 (dashed-dotted) and 2001 (solid) flux surfaces. The displacement
amplitudes from VMEC at the measurement position barely change from 511 to
2001 flux surfaces between the 6/2 and 7/2 rational surface showing sufficient

radial resolution.
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n =2 RMP field, rigid rotation with frup = 0.75 Hz
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Extended Data Fig. 5| Comparison between measured boundary
displacements and ideal MHD. Displacement measurements using the helium

beam (HEB)*® diagnostic Rg‘g‘é atthe radial coordinate R, relative to the

axisymmetric plasma boundary Rgﬁ’;j using Iso- electron temperature 72" (red)

and - electron density n2" (black) at the boundary during (a) a plasma with edge
localised modes (ELMs), discharge #40181, and (b) one with ELM-suppression

5
time [s]

#40180 using T2 (orange) and 2" (grey). The RMP field with toroidal mode
number n =2 rotates with a frequency fiyp of 0.75 Hz. Measurements are
compared toideal MHD predictions using VMEC (solid blue). Measured and
calculated boundary displacement are in good agreement. The ELMy case has
lower distortion amplitude due to smaller pressure gradients.
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