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Abstract:

Recent studies have shown that the mitigation and suppression of edge localized modes
(ELMs) at low pedestal collisionality v* using externally applied magnetic perturbations
(MPs) are correlated with the excitation of ideal stable kink modes at the edge. These kink
modes cause a three dimensional displacement of the plasma boundary, which is clamped
to the applied MPs-field. The three dimensional boundary distortion induced by the ideal
stable kink modes is measured using rigidly rotating MP-fields and toroidally localized high
resolution diagnostics. Profile diagnostics, e.g. profile electron cyclotron emission (ECE),
have been used to determine the amplitude of the flux surface displacements. Its dependence
on the applied poloidal mode spectra have been studied by varying the differential phase
between the MP-field from the upper and lower coil set. ECE-imaging (ECE-I) has been
used to determine the dominant poloidal mode number of the displacement.

The measured displacement amplitudes at the outboard midplane are in good agreement
with VMEC and clearly exceed the vacuum field calculations, when the ideal stable kink
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modes are excited. Although the calculated magnetic structure of this edge kink peaks at
poloidal mode numbers larger than the resonant components |m| > |ngl, the displacement
derived from the ECE-I appears as mostly resonant. This is expected in ideal MHD in
the proximity of rational surfaces. Both, VMEC and MARS-F calculations reproduce this
experimental observation.

1 Introduction
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most amplified by the

plasma [2-4]. According to magnetohydrodynamics (MHD) calculations |5], this mode
is an ideal stable kink mode, which is driven by the H-mode edge pressure gradient and
the associated bootstrap current. Because of the amplification by the plasma, the resulting
MPs at the plasma boundary can be even larger than expected solely from the externally
applied MP-field [6]. Moreover, this ideal stable kink mode causes a 3D distortion of the
plasma boundary, which is static to the applied MP field. 3D MHD equilibrium codes,
like JOREK [7,8], MARS-F [9], VMEC [10], etc. are capable to calculate this deformation
for various plasma scenarios and coil configurations.

The characterization and prediction of the non-axisymmetric boundary deformation
is important since, for example, it can influence the coupling of ion cyclotron resonance
heating (ICRH) antennas to the plasma or/and can cause unintended plasma movements
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due to the plasma position control |I1]. Furthermore, these MHD equilibrium codes
predict that the X-point displacement maximizes when the poloidal mode spectrum is
applied, which is best for ELM mitigation or even suppression. It is therefore assumed
that the X-point displacement plays an important role for ELM mitigation.

In this paper, we characterize the plasma response via the 3D deformation of the
plasma boundary. To vary the coupling of the externally applied MP field to the ideal
stable kink mode, we changed its poloidal mode spectrum via the alignment between the
field from the upper and lower coil set defined as differential phase angle (A¢yr). To
measure the boundary displacements induced by the ideal stable kink mode, the MP-field
is rigidly rotated resulting in a rigid rotation of the displacement induced by these kink
modes. These measurements are then compared to 3D MHD equilibrium codes.

2 Setup

Experiments The present experiments were conducted using a toroidal field By of
—2.5 T and a plasma current of 800 kA resulting in a safety factor of qg5 ~ —5.2. The
external heating power was around 7.5 and 1.5 MW from NBI and centrally deposited
ECR heating, respectively (Fig. [Ifa)). These discharges were immediately done after the
boronization. This enabled us to achieve H-modes with high heating power at low density
resulting in a low collisionality and high normalized beta (fx) to observe a significant
plasma response.

To measure the displacement, we use toroidally localized diagnostics and applied a
rigidly rotating n = 2 MP-field. Figure |1] shows the time trace of the supplied current
from one coil to indicate rigid rotation. To test the plasma response for different applied
poloidal mode spectra, we varied the A¢yr, between the upper and lower coil set in-
between discharges and even within the discharges. The resulting change of the applied
poloidal mode spectra allows us to investigate its impact on the plasma response and the
non-axisymmetric boundary displacement. In the presented discharge, A¢uyr, was set to
—90° and we rotated the external MP-field with 3 Hz.

The amplitude of the displacement is primarily measured using the high resolution
profile diagnostics of ASDEX Upgrade situated around the outer midplane. The set of
used diagnostics consists of profile ECE [12,/13], lithium beam (LIB) [14], edge charge ex-
change recombination spectroscopy (CXRS) [15], X-mode reflectometer (REF-X) and
O-mode reflectometer (REF-O) [12]. To determine the dominant component of the
poloidal mode spectrum of the displacement, we use the poloidal distribution of the
ECE-imaging (ECE-I) diagnostic [16]. All these diagnostics have a high temporal resolu-
tion, which allows us to use pre-ELM time points only.

Modelling ASDEX Upgrade has a passive stabilization loop (PSL) to reduce the growth
rate of vertical instabilities. It is a copper conductor situated very close to the MP-coils,
which attenuates and delays the resulting MP-field at the plasma boundary depending
on the applied frequency. We employ finite element calculations (FEM) calculations to
obtain the attenuation and the delay [17]. According to these calculations, the MP-field
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amplitude for a 2 Hz rotation is attenuated by 62.1% and 68.7% for the upper and lower
coil set, respectively, whereas for 3 Hz the amplitude is 56.3% and 64.5%. The differences
between the upper and lower coil set arises from different positions with respect to the
PSL. The different PSL response for upper and lower coil has in a rigid rotation scan also
a small effect on the differential phase A¢gyr,, which changes by not more than —4° for
3 Hz. To account for this attenuation, the response function from the FEM calculations
are applied to the power supply current of the MP-coils. The result is an ’effective’ coil
current, which is used as input for the following modeling.

The simplest approximation to compare the measurements with is the vacuum field
approximation. The vacuum field from the external MP-coils is simply superposed with
the axisymmetric equilibrium field. The determination of a boundary displacement from
vacuum field calculations is somewhat critical since a last closed flux surface (LCFS) is not
necessarily preserved because of changes in the magnetic topology due to ergodization.
However, one can define an ’effective’ plasma boundary as the locus of the connection
length exceeding a certain threshold value [18]. Since it is possible to calculate the con-
nection length for the stable and unstable manifold, we determined the boundary from
both separately. One should also keep in mind that these predictions ignore shielding of
the applied MP-field and the amplification by ideal modes.

3D MHD equilibrium codes consider these effects and can be compared with exper-
iments. One code, among others, which is the widely used is the VMEC equilibrium
code. Its free boundary version can be used to include the non-axisymmetric MP-field
via the boundary condition [10]. VMEC is an ideal MHD code [19] and assumes nested
flux surfaces. Axisymmetric equilibria constrained by pre-ELM pressure profiles provide
the initial input. The resulting 3D equilibrium solution is determined by minimizing the
plasma energy (Wymp). In VMEC, the geometry of the flux surfaces are given as Fourier
series of the flux coordinates. The choice of a sufficient high grid resolution is essential.
Otherwise, the calculated displacements could be underestimated. Hence, we choose 1001
flux surfaces, 17 toroidal mode numbers and 26 poloidal mode numbers for one period
for all 3D VMEC calculations. A further increase of the resolution does not change the
n = 2 displacement. But, there is also an upper limit for the grid resolution. The free
boundary version of VMEC tends to oscillate at the boundary and corrupts the output
when too many grid points are used.

3 Amplitude of the radial displacement

To investigate the impact of the applied poloidal mode spectra on the plasma response and
the non-axisymmetric boundary displacement, we applied rigid rotating MP-fields with
various A¢uyr,. The By varies during the A¢yr, scan because the plasma density reduction
due to the MPs depends on Agyy, [2]. This is accounted for by VMEC analysis for the
lowest, the mean and the highest value of Sy encountered in the scan. The profile measure-
ments are used to measure the change of the separatrix position during the rigid rotation.
Here, we assume that global parameters do not vary during the rigid rotation, which is
for example illustrated by the line integrated core density in figure I} Furthermore, we
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presume that plasma parameters like electron density (n.), T, etc., are constant on the 3D
flux surfaces during the rigid rotation.
In the case of n, pro-
file measurements, the
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FIG. 2: Measured amplitudes of the radial displacement versus
advantageous to use the

e . differential phase angle A¢pyr,. The color scaling indicates Px.
measured line intensity Shaded areas span the range of VMEC (green) and vacuum field

(Ips+). T and rotgtion calculations (blue, stable and unstable manifold).
profiles are not reliable

in the scrape off layer (SOL), because of a low measured line intensity. They usually
exhibit large uncertainties and a large scatter. Because of the low beam attenuation at
the edge, the line intensity is approximately proportional to the impurity density around
the separatrix. Therefore, the line intensity profile increases monotonically from the SOL
towards the pedestal top. This allows us to use the same procedure as for the n, profile
measurements. The separatrix value of the line intensity is determined either before the
MP onset or during the rigid rotation. Because of the non-monotonic behavior of the ra-
diation temperature (7',q) profile from ECE at the edge (the ’shine-through’ effect), ECE
measurements require a different approach. In order to obtain the plasma displacement,
first, we fit the T.,q data from the steep gradient region using a spline at the beginning
of the rigid rotation . Then, this spline is only varied by a radial shift until the least
square (LSQ) is minimized. This is done for every time point throughout the analyzed
time window.

Since the amplitude of the ideal kink mode depends on the local pressure gradient and
to be consistent with the 3D equilibrium calculations, we use only pre ELM data points.
The amplitude of the displacement is determined by fitting the ELM-filtered time traces
of the separatrix position using a sine function with given frequency. Finally, the am-
plitudes along the diagnostic LOS are mapped onto the normal of the axisymmetric flux
surface, which allows a quantitive comparison between the measurements and the radial
displacement from 3D equilibrium calculations. We applied this procedure to all diag-
nostics, which were operating during the various rigid rotation phases with the different
values of A¢yrs .
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The comparison of the radial displacement amplitudes between the measurements
and the VMEC as well as the vacuum field calculations using various A¢yrs are shown
in figure[2] Good agreement can be found between the measurements and VMEC. When
the ideal stable kink modes are expected to be excited, both surpass clearly the prediction
from the vacuum field calculations, no matter which manifold is used. It is also seen from
the green shaded area that the observed variation in Sy as well as in the edge pressure
gradient have a moderate impact on the displacement amplitude.
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FIG. 3: (a) Measuring principle to determine the poloidal mode number from the align-
ment using the ECE-1. (b) (R,z) of ECE-I channels using the ’cold’ resonance approxi-
mation, (c) Time traces of channels marked by red circles in (a). (d) SFL angles versus
phase delays from ECE-1 channels around the ¢ = —5.35 surface. The poloidal mode

. . . _A¢
number is obtained using m = 15 .

4 Poloidal mode structure

The poloidal resolution from imaging systems can be used to resolve the poloidal mode
structure of the plasma displacement. Figure (a) shows the measuring principle. The
MP-field and hence the ideal stable kink modes, which are static to the MP-field, are
rotated in the positive toroidal direction. Since ASDEX Upgrade usually operates with
negative toroidal field, the safety factor ¢ is also negative. Therefore, the 3D structure
should appear as a modulation, which propagates poloidally downwards. This is clearly
seen in the time traces of selected ECE-I channels using only pre-ELM time points (fig-
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ure [3[(c)). The corresponding (R,z) positions from ECE-I where the measured frequency
fulfills the electron cyclotron resonance condition (cold resonance position) are shown in
figure [3[(b).
Assuming a periodic
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ing a simple sine fits to fluz surfaces. (c) The amplitudes of the radial Figenfunctions
the ECE-I time traces wusing the m = 11 component and the corresponding phase angle
(figure [3{(c)). For an ac- from the MPs of the equilibrium field.

curate determination of

the calculated SFL angle, knowledge of the exact measurement positions are essential.
Therefore, we extended the forward model of the electron cyclotron radiation transport
from [12] with ray tracing [20] and applied it to the ECE-I system. Then, we determine the
(R,z) measurement position of each channel using the maximum of the observed intensity

distribution. These (R,z) positions are used to calculate ©* on the ¢ = —5.35 flux surface,
which is in the mean of the used ECE-I channels (more details in Ref. [13]). Figure [3[(d)
shows the calculated ©* versus A¢ of ECE-I measurements around the ¢ = —5.35 surface.

The dominant m is obtained from the slope of a linear fit and amounts to mgcg_1 ~ 9.8,
which is almost the same helicity as the axisymmetric equilibrium field (resonant).

This ideal stable kink modes are usually referred to as non-resonant ideal stable kink
modes, e.g. [6]. The reason for this is shown in figure[d|(a), where the n = —2 poloidal mode
spectra of the radial MP-amplitudes of the equilibrium field is plotted. The MPs peaks
at poloidal mode numbers larger than the resonance condition |m| > |ng| and is locally
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minimized at the resonant surface. But, the radial displacement is almost aligned with
the equilibrium field pitch, which is supported by ECE-I measurements. It is dominated
by resonant components, which originate from the non-resonant ideal modes via poloidal
mode coupling [21]. Hence, the radial displacement maximizes at the resonant surface
where the MP of the equilibrium field minimizes. This is emphasized by figure [4f(c), which
shows the amplitudes of the corresponding radial m = 11 Eigenfunctions. Additionally,
the phase angle from the perturbed equilibrium field is plotted and a phase jump of 7 is
observed, where the MP amplitude minimizes and the displacement maximizes. This is
expected from ideal MHD in the presence of rational surfaces. Interestingly, these typical
characteristics for a sheet current on a rational surface are slightly displaced with respect
to the associated rational surface determined by the iota profile from the VMEC output.
This indicates a slight inconsistency in VMEC and one possible explanation could be an
inappropriate handling of the localized sheet currents [22-24].

5 Summary

Rigid rotating MP-fields are used to measure the 3D surface displacement induced by ideal
stable kink modes at the edge, which are excited by externally applied MP-fields. In gen-
eral, good agreement between VMEC and the measurements is found. Using a sufficiently
high resolution, VMEC correctly predicts the amplitude of the radial displacement on the
outboard midplane. Resonant modes are found to dominate the displacement measured
with ECE-I. This is expected from ideal MHD and reproduced in the VMEC solution.
Resonant modes come in by toroidal and elongation mode coupling [21].
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