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Abstract

Mitigation and suppression of edge localised modes (ELMs) at low pedestal collisionality ⌫? using externally applied non-
axisymmetric magnetic perturbations (MPs) are closely related with the excitation of ideal stable kink-peeling modes at the
edge. The result is a considerable distortion of the axisymmetric tokamak geometry, which is well predicted using single-fluid
three-dimensional (3D) magnetohydrodynamic equilibrium codes. The resulting 3D geometry distorts the local edge stability.
This is evident by ballooning modes (BMs) that only appear on certain helical positions in the 3D geometry in-between ELMs.
The position of these BMs coincidences with the helical position exhibiting the lowest stability against field-line bending. This
locally lower stability does not only influence the BMs, but also the following ELM crashes. The initial ELM crashes show the
strongest magnetic perturbations and accelerated energetic electrons on these most unstable field-lines. This suggests that the
locally lower stability causes a local eruption at the initial ELM crash.

1. INTRODUCTION

For the operation of future fusion devices in high confinement mode (H-mode), the pulsed power heat load from
edge localised modes (ELMs) onto the first wall is a severe threat. To mitigate or even suppress ELMs [1],
ITER will rely on the application of external non-axisymmetric magnetic perturbations (MPs). At (low) electron
collisionalities (⌫?e ) relevant for ITER (⌫?e < 0.1), this method is accompanied with the loss of density (’density
pump out’), which reduces the confinement and, therefore, the fusion performance. Studies at AUG, DIII-D and
MAST have shown that the largest e↵ects on ELMs are observed when the poloidal mode spectrum of externally
applied MP-field is optimised to maximise the response of the kink-peeling modes at the edge [2, 3, 4]. These
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ideal modes are marginally stable and lead to a three-dimensional (3D) distortion of the plasma boundary [6, 5],
which is static to the applied MP field. 3D magnetohydrodynamic (MHD) equilibrium codes, like JOREK [7],
MARS-F [8], VMEC [9], etc. are capable to calculate the toroidal phase and the amplitude of this deformation
for various plasma scenarios and coil configurations. The fact that the ELM frequency and the ’density pump
out’ are most a↵ected, when the 3D distortion is maximised, underlines the important role of the 3D geometry in
influencing the ELM stability.
In this conference proceeding, we report on measurements of helically localised ballooning modes (BMs) before
the ELM crash. The distinct localisation evidences the change in the local edge stability. Furthermore, the sub-
sequent ELM crashes show signatures of local eruptions on the same helical position suggesting that the local
change in stability also impacts the ELM stability.

2. ROTATING 3D TOKAMAK GEOMETRY

FIG. 1. Time traces from a discharge with applied rigidly rotating MP field with two di↵er-
ent di↵erential phase angles: (a) plasma current, NBI and ECR heating, (b) power supply
current of one MP coil indicating the timing and corresponding di↵erential phase angles
of the two rotation phases, (c) edge and core chord of line averaged density together with
divertor current and (d) positions of ne = 1.4 1019 m−3 and T e = 110 eV using profiles from
HEB.

To probe the 3D tokamak ge-
ometry, we use rigidly ro-
tating MP fields [10]. The
rotation is produced by a
phased sinusoidal current
variation in the MP-coil
system using their flexi-
ble power supply system
called BUSSARD [11]. The
toroidal variation can be
observed with high resolu-
tion edge diagnostics at a
fixed toroidal location [12].
The amplitude of the kink-
peeling modes and, thus,
the 3D geometry is set by
the di↵erential phase angle
(∆'UL) between the toroidal
phases of the MP field from
the upper coil set and the
lower one. The change
in MP-field alignment varies
the applied poloidal mode
spectrum and, consequently,
the coupling to the kink-
peeling mode.
Figure 1 shows one exem-
plary discharge in which the
MP field was rigidly ro-
tated. During the flattop
phase of the plasma current
and the heating power (Fig-
ure 1(a)), two rigid rotation
phases were employed. The two phases di↵er by the applied ∆'UL, which is −102◦ from 2 to 4.5 seconds and
+168◦ from 4.5 to 7 seconds (Figure 1(b)). As a result of the applied MP field reduces the density and the ELM
size in the divertor indicated by thermoelectric currents, which is an approximation for the particle flux onto the
divertor (Figure 1(c)). The 3 Hz rotation of the external MP field leads to a rotation of the 3D displacement, which
is measured using edge profile diagnostics. Measurements from a newly installed helium beam (HEB) diagnos-
tics [13] probing simultaneously ne and T e profiles around the midplane at thelow field side (LFS) are shown in
figure 1(d). During the rotation phase, iso-density and -temperature lines are determined using ne = 1.4 · 1019 m−3

and T e = 110 eV, respectively.
Moreover, only inter-ELM data points are used. The predictions from VMEC are added. They agree very well
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in amplitude and in toroidal phase with the distorted T e and ne profiles. Furthermore, the fact that T e and ne

displacements are in phase with each other and with VMEC emphasises that both parameters are functions of the
perturbed flux surfaces. Additional comparisons with MARS−F employing resistive and ideal MHD also show
good agreement with VMEC and the measurements [14]. Because both codes use single-fluid MHD and there is
no di↵erence in MARS−F employing resistive and ideal MHD [14], we can conclude that ideal single-fluid MHD
is sufficient to describe the presented displacements at the edge, which are in the range of ±1 cm.

3. INSTABILITIES IN 3D TOKAMAK GEOMETRY

During the experiments with the rotating MP fields, we observe ballooning modes (BMs) that appear at certain
helical positions in the 3D geometry during inter-ELM phases [19]. Even more interestingly, the ELM crashes
preferentially erupt at the same helical positions [14].

3.1. BALLOONING MODES IN 3D TOKAMAK GEOMETRY

ECE

mode location

FIG. 2. Toroidally localised ballooning modes. (a) Spectrogram from ECE and radial
displacement (⇠r) along the ECE LOS. (b) Synthetic T e from VMEC (red) and T rad from
ECE (black). (c) zoom of (b) showing ECE (black), divertor current to indicate ELM timing
(blue) and pedestal top pressure (brown).

The ECE diagnostic detects
BMs at the edge in-between
ELMs when its lines of sight
(LOS) crosses the region
between one specific zero-
crossing of radial displace-
ment (⇠r) and the minimum
⇠r, which is seen in Fig-
ure 2. The spectrogram from
an ECE channel and the cor-
responding VMEC corruga-
tion are shown in figure 2(a).
The measurements show that
BMs appear once in each pe-
riod when ⇠r crosses zero
from positive to negative
values due to the MP field
rotation in positive toroidal
direction. Figure 2(b) shows
ECE measurements and syn-
thetic T e data based on 3D
VMEC equilibrium to ver-
ify the VMEC calculations.
A zoom underlines that they
only exist during inter-ELM
phases (Figure 2(c)). These
modes have been identified
as BMs, because of their bal-
looning and ideal structure
(see Ref. [14]). They ro-
tate into the electron dia-
magnetic direction and in the
presented case with a fre-
quency of around 2 kHz.
Because they grow approx-
imately with the edge pres-
sure gradient during the re-

covery from the ELM crash, we assume that these BMs are saturated.
The observed localised BMs produce additional lobe structure in the divertor, which is measured by Langmuir
probes (Figure 3). These lobes are additional fine structure to the lobe structure from the n = 2 MP field [15]. The
observations of these lobes infer strong similarities to the lobe structures from pre-ELM modes observed in JET in
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the presence of static n = 2 MP fields [17, 16]. In agreement with the measurements at the midplane, the footprint
from the BMs appear at one single zero-crossing of the n = 2 MPs-field lobe structure (Figure 3(a,b)). This allows
us to correlate the n = 2 MP-field structure with the lobe structure in divertor. Because the BM signature in the
midplane and in the divertor are observed around the transitioning from the maximum to the minimum values of
the radial displacement and of the lobe structure, respectively, one can conclude that the maximum displacement at
the midplane is associated with the maximum measured flux in the lobes. However, the appearance of these lobes
from BMs does not necessarily imply additional net transport. As demonstrated in Ref. [18] for low confinement
mode (L-mode) plasmas, lobe structures from the n = 2 MP-field in the divertor heat flux are caused by local
changes of the transport, but the heat flux averaged over a full toroidal rotation remains the same. Thus, we cannot
conclude additional transport from the observation of lobes.

rotation
direction

FIG. 3. Measurements of the divertor footprint from helically localised BMs. (top, left) shows
the poloidal positions of the Langmuir probes (circles) and (top, right) a cartoon of lobes from
the n = 2 MP field and the BMs. (a) inter-ELM saturation current data from rotating n = 2 MP
field. (b) and (c) show divertor footprints from BMs, which are indicated by arrows and blue
circles.

The stability against BMs
has been analysed using
the infinite-n ballooning
theory [19, 20]. These
linear infinite-n balloon-
ing stability calculations
have shown that the heli-
cal positions, where BMs
are observed, correlate
with the local reduction
of stability against field-
line bending. The un-
derlying mechanism for
this lower stability is the
3D distortion of the local
magnetic shear, which is
strongest around one sin-
gle zero crossing of the
radial displacements [19,
20]. Because of sym-
metry reasons, one zero
crossing (the ’suspected’
zero crossing) within one
period is the most unsta-
ble field line (the ’bad’
field line), whereas the
most stable field line (the
’good’ field line) is around
the other zero crossing.

3.2. ELMS IN 3D
TOKAMAK GEOMETRY

The 3D geometry does
not only influence BMs,
but also the following dy-
namics of the ELM crash [14]. Panel (a) and (b) of figure 4 show measurements of the radial field component Ḃr

in the LFS midplane, which are toroidally separated by 90◦. These measurements show that the magnetic pertur-
bations from the ELM crash are largest (darker colour indicated by rose circles) at the toroidal position (⇠r ⇡ 0)
where the preceding BMs (indicated by blue circles) are observed. Because of the rigidly rotating n = 2 MP-field,
the darkened vertical stripes of the two probes are in anti-phase, which underlines the influence of the n = 2
symmetry on the dynamics of ELM crash.
Signatures of a local ELM crash are also seen in ECE channels in the scrape o↵ layer (SOL). Figure 4(c) shows a
the spectrogram from a channel in the gradient region to illustrate the timing of the BM appearance. Interestingly,
ECE channels probing the near SOL (figure 4(d)) observe bursts in the ECE during the initial phase of the ELM
crash. These ECE bursts are strongest and more often when the ’suspected’ zero crossing of ⇠r crosses the LOS
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FIG. 4. Measurements of a preferential position of ELM crashes in the 3D geometry. (a) magnetic
perturbations on Ḃr around LFS midplane and closest VMEC corrugation of the last closed flux
surface. (b) same as (a) but on a toroidal position shifted by 90◦ and hence, the signatures are in
anti-phase (n = 2) to (a). (c) spectrogram from ECE channel in pedestal region and (d) measurements
from ECE channel in the near SOL.

FIG. 5. (a) ECE measurements in the SOL at high BT (⇡ 2.5 T) showing bursts in frequency range
of around 114 GHz. (b) same as (a) at low BT (⇡ 1.8 T) in frequency range of around 78 GHz. (c)
zoom of (b) showing that burst are at the ELM onset, which is indicated by divertor current.
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of the ECE (figure 4(d)). The observed bursts in the ECE are associated with non-thermal electrons [21] rather
than stray radiation from electron cyclotron resonance heating (ECRH) or parametric decay [22] because, they are
always seen in ECE channels probing the near-SOL independent of the value for BT. Hence, their appearance in
the ECE spectrum is not correlated to the fixed 140 GHz of the ECRH. Figure 5(a) shows one discharge using
high BT (⇡ 2.5 T), in which the frequency of the channels measuring the bursts amounts to around 114 GHz. At
low BT discharges, the frequency is around 80 GHz (figure 5(b)). Both discharges in figure 5 have relatively low
collisionality (⌫?e ⇡ 0.14 − 0.18) and the bursts are therefore more intense. The distinct appearance of these bursts
indicates local electron acceleration most likely due to local magnetic reconnection processes, which take place
on these most unstable field lines during the initial phase of the ELM crashes.

3.3. OBSERVATIONS USING N = 1 MP FIELD

FIG. 6. #32138 is a discharge with n = 1 featuring most observations. (a) Experimental setup
with rigidly rotating n = 1 MP field with 5 Hz in negative toroidal direction. (b) Synthetic T e

from VMEC (red) and T rad from ECE showing BMs around the suspected zero crossing. (c)
VMEC matches amplitude and toroidal phase measured by LIB. (c) Mapped 3D displacement
at the position of B✓ array. (d) δB✓ shows perturbations from the ELM crashes strongest on the
most unstable field line.

So far, we only presented
examples using n = 2
MP field. To demonstrate
that the presented obser-
vations are not limited to
n = 2 MP fields, figure
6 shows measurements of
an H-mode plasma from a
di↵erent experimental se-
ries [23]. The n = 1 MP
field rotates rigidly with
5 Hz in negative toroidal
direction [23]. During the
rotating 3D geometry, the
BMs appear on the same
’suspected’ zero crossing
of the radial displace-
ment as presented previ-
ously. Because of the
reversed rotation direc-
tion, they appear in time
traces at the zero crossing
of ⇠r transitioning from
negative to positive val-
ues. Again, VMEC repro-
duces the amplitude and
the toroidal phase of the
edge displacement, here,
measured by the LIB di-
agnostic [24]. But here,
we would like to point out
that this is not the case for
the displacement in the
core [23]. In the present
case, VMEC underesti-
mates the amplitude in the
core by more than a factor
of 2 in comparison to core
ECE measurements. This
might be due to additional
e↵ects like fast-ions and
toroidal rotation [23], which are less important at the edge. Nevertheless, the agreement between the LIB di-
agnostic and VMEC at the boundary (see figure 6(c)) justifies to correlate the 3D geometry from VMEC with
magnetic measurements from the Ḃ✓-probe array. Therefore, we map the predicted 3D displacement onto the
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timebase at the poloidal and toroidal position of the B✓ array, which is shown in figure 6(d). Numerical integrated
Ḃ✓ measurements together with contours from the corrugation are illustrated in figure 6(e). To minimise sinu-
soidal n = 0 contributions and emphasise the n = 1 component during the ELM crash, the signal of the probe is
subtracted by the signal from a probe at the opposite position [δB✓ = B✓(φ) − B✓(φ + 180◦)] [25]. The strongest
magnetic perturbations from the ELM crash are dark coloured. They clearly correlate with the ’suspected’ zero
crossing and follow approximately the alignment of the equilibrium field line.

4. SUMMARY

Single-fluid ideal MHD is sufficient to predict the 3D displacements at the plasma boundary. Stable ideal kink-
peeling modes are excited by the external MP field and are responsible for the displacements of the boundary.
Distortions of the edge electron density and temperature profiles are clearly in phase with the predicted dis-
placements of the flux surfaces. The induced 3D tokamak geometry from the kink-peeling modes influences the
properties of edge instabilities. Saturated ideal ballooning modes are localised to field lines, which have the least
stability against field-line bending. These most unstable field lines (’bad’ field lines) are situated around certain
zero crossings of the radial displacements. The subsequent ELM onsets show signs of a local eruption around
these ’bad’ field lines. This is demonstrated by strong localised magnetic perturbations and localised emission
from energetic electrons at the initial ELM crash.
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