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Abstract. The steep edge gradient region of tokamak plasmas in the high
confinement regime is known to drive instabilities, which cause transport. Several
diagnostics are used to allow for a high degree of characterization of low-frequency
modes appearing in between type-I Edge Localizes Modes (ELMs). These modes
are dominantly observed in Electron Cyclotron Emission (ECE) and ECE Imaging
measurements as the modulation of radiation temperature (67yaq). In the radial
magnetic field (Br) measurements, the frequency range of 4kHz to 12 kHz is observed.
The position of the mode is determined to be at the upper part of the steep gradient
region, the poloidal mode velocity is changing from 1.5 + 0.5km/s to 2.5 £ 0.5km/s
and the toroidal mode number is 13 to 14. A comparison with the measured £ x B
velocity leads to the conclusion that the phase velocity of the mode is smaller than
3km/s or zero. The poloidal structure of the modes is found to be in agreement with
the poloidal structure size associated with n = 13 as estimated from the equilibrium
calculations. The modes are compared between two different heating phases during one
discharge, and are found to differ in duration, velocity, frequency and toroidal mode
number. The possibility of non-linear interaction between these modes and other,
high frequency modes existing in the narrow pedestal, is assessed via bicoherence.
The presented analysis gives an unprecedented picture of the mode, its position, its
structure and its velocity, calling for comparison with non-linear modelling.

1. Introduction

The improved confinement mode of tokamak operation, referred to as H-mode [1], is
characterized by the formation of the Edge Transport Barrier (ETB) in the outermost
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part of the confined region. Characteristics for this region are steep gradients and the
formation of a pedestal. The pedestal is, however, intermittently unstable and the ETB
collapses in a quasi-periodic manner expelling heat and particles. These periodic events
are called Edge Localized Modes (ELMs) [2, 3, 4]. The linear stability boundary, i.e.,
the onset of the ELM crash, is often described by the coupling of peeling and ballooning
modes in the pedestal. The peeling modes are driven by local edge current density and
the ballooning modes by the steep pressure gradient. When the pedestal parameters
reach the peeling-ballooning limit, an ELM crash occurs [5]. However, before an ELM
crash, there exists a broad spectrum of instabilities in the pedestal region, so-called inter-
ELM modes [0, 7]. These inter-ELM modes might cause transport and influence the
pedestal structure. The pedestal structure determines the stability of coupled peeling-
ballooning modes and therefore the achievable pedestal top pressure [3, 9]. As the
core plasma is determined mainly by the pedestal height, fusion gain is directly related
to the pedestal pressure [10]. The inter-ELM modes and precursors are focus of an
ELM-directed research for decades. Both have been observed in different machines.
MHD modes such as palm tree mode [11] and washboard modes [12] have been detected
at JET. ELM precursors have been observed at ASDEX Upgrade [13], COMPASS-D
[14] and JET [15]. At ASDEX Upgrade, simultaneous observations of high-frequency
and low-frequency inter-ELM modes, related to type I ELMs, have been reported [16].
High (200-300kHz ) and mid-frequency (50-100kHz ) inter-ELM modes at ASDEX
Upgrade have been characterized, and have been inferred from measurements of the
toroidal and poloidal mode numbers to be resonant at g-surfaces near the minimum
radial electric field (F,) field and at the separatrix, respectively [7, 17]. Both frequency
branches were measured with magnetic pick-up coils. The Electron Cyclotron Emission
Imaging (ECEI) diagnostic also measures the inter-ELM modes in the pedestal, in the
low-frequency part of the spectrum at ASDEX Upgrade [18, 19], and KSTAR [20].
With a careful analysis at the plasma edge, it is possible to distinguish between the
different modes appearing in the narrow pedestal. To reliably employ Electron Cyclotron
Emission (ECE) and ECE Imaging diagnostics, we perform forward modeling to account
for the effect of the density variation onto radiation temperature at the plasma edge.
This effect has been studied for ASDEX Upgrade [21, 22], for DIII-D [23], and for
KSTAR [24]. This manuscript focuses on characterization of the low frequency (~
10kHz) inter-ELM mode using edge measurements from several diagnostics at ASDEX
Upgrade. The combination of spatial information, 2D structure, g profiles, the profile
of the E., poloidal velocity, and toroidal mode numbers allow characterizing inter-ELM
modes in great detail. Section 2 describes the set-up of the experiment necessary to
study inter-ELM modes. Magnetic properties are discussed in section 3. Methods
used for the localization of the mode are described in section 4. Poloidal structure and
poloidal velocity from the ECEI system are presented in section 5. Possibilities for mode
interaction are discussed based on bicoherence analysis of the data from the magnetics
in section 6. A summary and discussion are given in section 7.
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2. Overview of the discharge

The ASDEX Upgrade discharge #34244, used for the analysis in this manuscript, is
taken from a set of discharges designed to study the fluctuations in between ELMs. The
parameters of this discharge are shown in figure 1. A moderate pedestal top density
nPed < 5 x 10 m~3 is chosen to avoid cut-off of the ECE and ECEIL It is heated
with low auxiliary power to obtain a low repetition frequency of ELMs ( fgry ~ 50 Hz),
hence long inter-ELM periods. The constant toroidal magnetic field B; = -2.5T and
the plasma current [, = 0.8 MA are not shown. The go5 is constant throughout the
discharge. The outer plasma boundary R,.s is varied to have a better resolution of
edge diagnostics. The Neutral Beam Injection (NBI) power is increased at 6.1s from
2.5 MW to 3.4 MW. The Electron Cyclotron Resonance Heating (ECRH) of 1.2 MW is
constant during the phases of interest. For the analysis of the low-frequency inter-ELM
modes and the evaluation of the radial electric field, we use two time windows. The
radiated power is shown in the bottom plot and does not change significantly in between
the two heating phases. We mark the first window as (I), with the auxiliary heating
power of 3.7TMW (Pxgr = 2.5 MW and Pgcry = 1.2MW). The second time window
(IT) has auxiliary heating of 4.6 MW (Pypr = 3.4 MW and the Pgcrg = 1.2 MW). The
repetition frequency of ELMs (fgry) changes when going from phase one to phase two
due to the difference in the input power. During phase one the fgry is ~ 40Hz, and
during the second phase, two frequency branches are detected, both with fgr\ below
100 Hz. The time windows where we show individual modes measured in the magnetics
are chosen around phases in which the outer plasma boundary R,,s reaches its maximum
value during one of its scans. Those time periods were selected because the magnetic
measurements show a higher amplitude and hence a better signal due to the plasma
being closer to the pick-up coils. There is no change in the signal quality of the other
diagnostics when compared to the remainder of the time span in a constant heating
phase. An example of different quantities characterizing the plasma edge during ELM
cycles for the discharge #34244 is given in figure 2. This time interval is chosen from the
collection of time intervals where the Lithium Beam Emission Spectroscopy (Li-BES)
operated in beam ’on’ phase. The depicted time interval shows three ELM crashes.
As an indication of an ELM crash, a peak in the divertor current that consists of the
combined contributions of thermo-electric and Pfirsch-Schliiter currents [25], is used and
is shown in figure 2(a). However, not only the divertor shunt current but all the other
quantities exhibit an abrupt behaviour during an ELM crash. Figure 2(b) displays a
Li-BES measurement [20] of the electron density at the pedestal top. A similar feature
observed in the electron temperature we show in figure 2(c). The T, measurements are
performed with the Electron Cyclotron Emission (ECE) diagnostic [27]. Power spectral
densities of the magnetic and ECE signals are presented in figures 2(d), 2(e) and 2(f),
respectively. The recovery of plasma edge parameters follows the ELM crash. Soon
after the crash, the pedestal density and temperature profiles start to build up, albeit
on different time scales [28]. The electron density recovers at a faster rate whilst the
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Figure 1. Overview of the parameters for discharge #34244. From top to bottom:
Auxiliary heating power, density and go5, ELM frequency, position of the outer plasma
boundary (R,ys) and radiative power. The phases used for the analysis of inter-ELM
periods, and for comparison of the radial electric field are marked as (I) and (II),
respectively.

temperature increases gradually until the next ELM crash. From the spectrograms of
magnetic and ECE data, we identify different magnetohydrodynamic (MHD) activities
|. While the edge

electron density (n.) and electron temperature (1) profiles recover, the electromagnetic

throughout an ELM cycle. MHD modes accompany an ELM crash |

signal is either quiet or shows the electromagnetic activity of very low amplitude. As
shown in figure 2(d), after the T, recovery, the power spectral density of the magnetic
signal peaks at a few frequency branches. The high frequency branch, studied in [0, 7]
is of the order of 200kHz, with identified toroidal mode numbers of n ~ 11 [7]. This
frequency branch is localized close to the minimum in F,, and the modes rotate with
the velocity of the background E x B flow at that position in the electron diamagnetic
direction. The mid-frequency branch (~ 50kHz to 100 kHz ) is short-lived. It appears
once the pressure gradients are established and clamped. They are characterized by low
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Figure 2. ELM cycles at ASDEX Upgrade: An example of the temporal evolution
of different edge quantities during the discharge #34244. a) Divertor shunt current
as an ELM signature. b) Pedestal electron density measured with the Lithium
Beam Emission Diagnostic. c¢) Pedestal electron temperature measured with the ECE
radiometer. Spectrogram of the signal measured with a magnetic coil is displayed
separately for the mid- to high- frequency range (50kHz to 250kHz ) as shown in d)
and in the low frequency range (4kHz to 20kHz ) as shown in e). f) Spectrogram of
an ECE edge channel.

toroidal mode numbers of n = 4-6 [17]. In the lowest part of the frequency spectrum a
low frequency mode ~ 10 kHz, as shown in the ECE power spectrum, is observed. This is
the only MHD activity clearly visible on both ECE (figure 2(e)) and ECEI diagnostics
during the inter-ELM period. The sampling rate of the ECE is 1 MHz and the one
of the ECEI is 500 kHz. The observation on the low-frequency modes have previously
been reported in [22] and are measured as modulation in electron density, temperature
and as MHD oscillations in Mirnov coils that measure the radial component of the
magnetic field. In this manuscript only data from the magnetics, ECE and ECEI are
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analysed. The modes are, however, not always visible in the magnetic measurements
and are obscured by a strongly visible core mode (~ 5kHz in this experiment) or its first
harmonic that is of a similar frequency as that of the low-frequency mode. Bandpass or
low pass filtering to the ECE and ECEI data is applied in the analysis, and is specified
when performed in the further sections. As the visibility of the low frequency mode in
the magnetic spectrogram increases with the plasma being closer to the wall we make
use of the scan of the outer plasma boundary to analyze the data from the magnetics,
as already suggested earlier in this manuscript.

3. Magnetic properties of modes

Figure 3 shows measurements of the magnetic pick-up coil and the ECE diagnostic
during the inter-ELM period for two isolated inter-ELMs in different heating phases,
labelled as (I) and (II) as indicated in figure 1. The measurements are performed at the
outboard midplane. No filtering to the data was applied. The top frame of figure 3(a)
displays the high-frequency part in the magnetic measurements, while the middle one
depicts the low-frequency region of the same magnetic signal. The bottom frame shows
the low-frequency part of the spectrum measured by a single edge channel of the ECE
diagnostic. The high-frequency branch starts as a broad mode in the frequency range of
200 - 220 kHz with toroidal mode number n = -8 and continues its evolution as a mode
with more localized frequency at around 220 kHz with toroidal mode number of n = -9.
The minus sign describes the rotation of the modes in the electron diamagnetic direction
(or counter-current direction). The low-frequency branch in the magnetic measurements
displays the core mode with toroidal mode number n = 1 and the edge mode with strong
indication of n = -13. The frequency of the edge mode changes. It starts at 8 kHz,
subsequently increasing to 11 kHz, and then slightly decreases until it is interrupted
by an ELM crash. A similar behaviour is observed during the second heating phase as
shown in figure 3(b). The top frame shows the high-frequency branch of the magnetic
signal with a single mode of frequency around 220 kHz and the toroidal mode number n
= -9. The middle frame shows the core n = 1 mode with a frequency of 9 kHz and the
edge mode with starting frequency of 7 kHz that is decreasing to 4 kHz just before an
ELM crash. The toroidal mode number associated with the low-frequency edge mode is
n = -14. The low-frequency modes differ for the two heating phases. We observe changes
in the frequency of the mode, toroidal mode number, and its lifetime. The frequency
of the mode decreases by a factor of 2 as the input power increases. Interestingly, for
both phases a 'slowing-down’ pattern is observed. The change in toroidal mode number
n from -13 to -14 could point towards a change in the location or change in the poloidal
structure of the mode. The lifetime of the low-frequency mode shortens with an increase
in the input power. In the low heating phase, the duration of the mode is about 10 ms,
while in the latter stage it decreases to about 6 ms. However, in the second phase the
ELM frequency increases, therefore, the ELM cycle shortens on account of the phase
of clamped gradients. Contrary to the low-frequency modes, the high-frequency modes
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Figure 3. Spectrograms of magnetic (B31-40) and ECE (channel #13) measurements
during an inter-ELM period for lower (a) and higher (b) heating phase of the discharge
#34244 with respective toroidal mode numbers. A high-frequency mode appears as
the fluctuation in the radial magnetic field. The low-frequency modes are measured as
amplitude modulation in density, temperature and radial magnetic field.

do not change their frequency. They remain locked at 220 kHz in both heating phases.
The lifetime of the high-frequency modes is shorter in the second phase. It is of interest
to note that the core mode changes in frequency from 7 to 9 kHz with an increase in
the input power as the plasma rotation increases.

4. Localization

For the localization of the low-frequency modes in the pedestal, we use measurements
of the ECE diagnostics with a spatial resolution of about 6 mm. With the Electron
Cyclotron Radiation transport forward model [30, 31] we determine the radial extent of
the plasma contributing to the measured signal for each radial channel determined by
the birth-place distribution function (D,,). D,, is defined as the normalized product of
the emissivity j, and transmittance T,,, normalized to its integral representation of the
radiation transport equation between the starting s; and end point s, along the line of
sight [30]:

- )

51 Jwlw
The radial resolution of a single channel is determined as the FWHM of D, and its

D,

measurement position, so-called 'warm resonance’, is determined at the peak of D,,.
The plasma edge, is a narrow region of about 2 cm inside the separatrix. Therefore, to
accurately diagnose it, a high spatial resolution of any suitable diagnostic is required
in this configuration. With the ECE channels, whose spatial resolution is about 6 mm
at best, the gradient region is covered by at least three channels, depending on the
configuration. The ECE Imaging on the other hand, with its radial resolution of about



Characterization of low frequency inter-ELM modes 8

1.5 c¢m, comprises almost an entire gradient region within a single channel which is
insufficient for precise radial localization. Its main feature, however, is the capability
of poloidally resolved measurements (see section 5). Hence, for the localization we use
measurements of the ECE diagnostic. On the top panels of figure 4 we show the radial
contribution of the plasma to the measured signal for four adjacent ECE channels.
The positions correspond to the peaks of D, evaluated for each channel. The four
channels are shown together with the 7, profiles 4(a) and n, profiles 4(b) obtained with
Integrated Data Analysis (IDA) within the framework of Bayesian probability theory
[32]. We show the mean profiles during an inter-ELM interval between 3.145s to 3.15s.
The selected channels are distributed with respect to the density profile as shown in
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Figure 4. Phase relation between the four neighbouring ECE channels measuring in
the pedestal. The birthplace distribution of the observed intensity (D,,) together with

T. (a) and n, (b) profiles. ¢) Time traces of filtered data measured with those four
channels.

figure 4(b). The outermost channel #13 measures at p,o ~ 0.99. Channel #14 is at the
position pp ~ 0.98 and channel #15 is further inside the pedestal top at the ppo ~ 0.97
location. In channel #16 at ppo ~ 0.96 the coherent modulation is vanishing. When
compared to the temperature profiles (see figure 4(a)), this translates into a region from
the steepest gradients until the temperature pedestal top. The signals measured by
those four channels are overlaid in figure 4(c) to reveal their relative phase during the
1 ms time interval. Here, a band-pass Fourier filter (7kHz to 25kHz ) is applied to the
raw data. The correlation between the channels is given in the form of a correlation



matrix shown in table 1.
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ppor(chan #) [ 0.96 (16) [ 0.97 (15) | 0.98 (14) [ 0.99 (13)
0.96 (16) 1 0.25 0.267 0.264
0.97 (15) 0.25 1 0.490 0.397
0.98 (14) 0.267 0.490 1 0.81
0.99 (13) 0.264 0.397 0.81 1

Table 1. The correlation matrix between four adjacent channels.

Figure 5(a) is showing a relative amplitude modulation (67°/7") measured with ECE
and averaged over the phase of constant frequency during the low-frequency mode.
Depicted is the 8.8 kHz component of the signal, alongside with the neighbouring 6 kHz
frequency displayed as a green shaded area representing the noise level. As shown, the
fluctuation levels for channels #13, #14, #15 is above the noise level with the highest
fluctuation amplitude of 14 % measured in the channel #13. Channel #16 is within the
noise of the system. The magnitude of the measured fluctuations cannot be attributed to
the electron temperature fluctuations alone, as a large contribution to 07'/T originates
from the density modulation. This is shown in [21] where 5% of §T/T in the region of
steep gradients is a consequence of a change in the position of the channel due to the
density modulation of 10 %. Hence, for an accurate amplitude estimate, we would need
absolute values of the density fluctuations associated with this mode in combination
with the radiation transport forward model. The relative phase between the channels is
depicted in 5(b). We do not observe a phase difference between the channels. However,
one should be careful when evaluating the relative phase in the presence of density
perturbation as the outward shift due to the density can influence the analysis. From
the ECE measurements alone, it is only possible to say that the location of the mode is
the upper corner of the steep gradient region, towards the pedestal top of the density.
The amplitude itself is not sufficient for the mode width as small displacements in the
steep gradient region will lead to significant relative amplitudes.

5. Mode structure and poloidal velocity of the mode

The poloidal velocity and the local poloidal wavelength can be determined from the
measurements of poloidally distributed channels of the ECE Imaging system. For
determination of a spatial structure and poloidal velocity, we use vertically distributed
channels aligned along a single flux surface. The corresponding positions are obtained
from the electron cyclotron radiation transport forward model. We compare the
two different heating phases. This time, we chose two isolated inter-ELM periods,
each corresponding to a certain heating phase during which the plasma boundary is
kept at the same position. This ensures the stationary position of the mode during

measurements. The temporal evolution of the poloidally distributed channels, above
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Figure 5. Shot #34244. a) Amplitude of the edge ECE channels averaged over one
inter-ELM cycle. b) The phase relation between neghbouring chanels.

the midplane, for shot #34244 is displayed in figure 6. The upper image shows the
mode propagation for the low heating and the bottom one, for the higher heating phase.
In this representation, the mode is depicted as a structure (stripe) propagating from the
bottom to the top in both cases. In the lab frame, this corresponds to the propagation
in the electron diamagnetic direction and is in-line with the negative sign of the mode
numbers calculated from the magnetic measurements shown in section 3, schematically
indicated with the black straight lines shown in figure 6. The apparent mode velocity
measured by ECEI for the phase I is vpoqe ~ 2.5 £+ 0.5km/s, and for the phase II is
Umode ~ 1.5 & 0.5km/s. These velocities can be compared with the E x B flow at
the position of the modes. As the mode rotates with the velocity that consists of the
velocity of the background flow and the intrinsic phase velocity, Vmode = VExB + Vph,
the comparison would address the phase velocity of the mode. The E x B velocity
is obtained as vgxp = E,./B where the E. is measured with edge Charge Exchange
Recombination Spectroscopy [33]. For the case of discharge #34244, the measured
E x B velocity profiles are shown in figure 7 for the two different heating phases. Here
we show ELM synchronized data for the two phases labelled in figure 1. Note that the
E. measurements are ELM-synchronized in the time intervals of the scan of the outer
plasma boundary. This significantly improves the radial resolution of the system. The
radial span of the plasma, corresponding to the ECEI measurements from p,, between
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Figure 6. Time traces of the ECEI channels distributed poloidally along a single flux
surface q ~ 5.5 for discharge #34244. The solid black lines mimic the inclination of
the stripes representing the mode moving in the direction from the bottom to the top
of the ECEI observation window.

0.97 and 0.99, is over-plotted as the gray shaded vertical area. The horizontal shaded
area corresponds to the mode velocity in the range of 1.5 - 3km/s, measured with the
ECE Imaging diagnostic. The cross-section of the two shaded areas corresponds to the
region where the F x B velocity matches the measured mode velocity of vgy g within the
uncertainties. Thus, the combination of the two measurements: one from the ECEI and
another of the F, profile, allows for better determination of the position of the mode,
which in our case would be in the upper half of the gradient region, closer to the pedestal
top. In both cases the mode moves with the poloidal background flow (vmede = VExB)
and does not have a significant (measurable) intrinsic phase velocity (vpn ~ 0). A
poloidal wavelength for both cases is estimated as the distance between minimum and
maximum amplitude of §7/T shown in figure 9. In the low heating phase, a poloidal
wavelength is estimated to be A o = 15 £ 0.4 cm, and in the case of the higher heating
Apol = 24 £ 0.4cm. This change in the poloidal wavelength is in-line with 50 % change
in frequency. The ¢ profiles for the two heating phases are shown in figure 8. Thus,
for the first phase where the toroidal mode number is n = 13 and q = 5.6, the poloidal
mode number, calculated as m = ¢ - n, is m= 73. For the second phase, with n = 14
and q = 5.55, the poloidal mode number changes to m = 78. Taking into account the
straight field line angle for the same equilibrium as for the phase I, from the divergence
of the field lines in the poloidal direction at the outer midplane, the expected poloidal
blob size is about 8 cm at the mode location. The poloidal wavelength is about 16 cm.
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Figure 7. ELM synchronized E x B velocity measured with the edge Charge Exchange
Recombination Spectroscopy diagnostic for two different heating phases, phase I and
phase II, shown in figure 1.
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Figure 8. The ¢ profile for two different time points of the discharge #34244. The
profile corresponding to the phase of low heating shown in blue and the one during the
higher heating phase, shown in green. Zoom into the region of the mode location.

This matches the experimental findings quite well.

A 50 % change in mode frequency between the two heating phases is observed (see figure
3) and the poloidal wavelength changes (f = Umode,pol/Apol)- Given the uncertainty of
the £ X B measurements, it is not possible to determine whether the small change
in measured mode velocity matches with the change in the E x B velocity. However,
the 20 % higher heating power introduces a higher torque and corresponding higher
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toroidal rotation velocity which can also be seen in a higher core mode frequency (see
figure 3). Moreover, the toroidal mode number changes from n= 13 to n= 14, and the
poloidal wavelength changes from 16 cm to 24 cm. It could be that the mode changes its
position, which might still be within the uncertainties of measurements of the F x B,
mode velocity and its position.

6. Interaction between inter-ELM modes

As already shown, the location of the low-frequency mode is in the upper part of the
gradient region towards the pedestal top in contrast to the high-frequency modes whose
position is shown to correspond to the minimum of the FE, [7]. The mid-frequency
modes are located even further outside - very close to the separatrix [17]. The pedestal
top and the steepest gradient are separated by about 5 mm; the different modes,
therefore, are spatially very close to each other. If multiple modes spatially overlap,
the probability for non-linear interaction between them increases. As the modes are
observed in the magnetic signal, the auto-bicoherence analysis could show if there is an
energy transfer between the modes (of certain frequency) located in the pedestal region.
Auto-bicoherence is defined as:

B[C(fla f2) =
where B(fi, f2) is defined as:

B(f1, fa) = X(fO) X (f2) X (f1 + f2)" (3)

For this test, we use the signal measured with the coil #B31-40, located at the outboard
midplane. We shown the bicoherence result of one additional discharge #34245.
Discharge #34245 is a repetition of discharge #34244. Examples of the bicoherence
results are shown in figure 9 and figure 10. Figure 9 shows the bicoherence calculated for
two single inter-ELM phases during the discharge # 34245. As can be seen in figure 9(a)
significant bicoherence between the triplet ~ 15 kHz, 140kHz, and 155kHz is observed.
It can also be noted that the maximum bicoherence corresponds to a somewhat lower

(| B(fi, /) )’
(I X e+ £2)7 D X ()2 X (f2) )

(2)

frequency, ~12kHz which is the frequency of the harmonic of the core mode that is
not strongly visible in the magnetic signal. As noted earlier in the manuscript this can
largely influence any conclusion as the harmonic of the core mode and the low-frequency
mode are in very close proximity. During the next inter-ELM phase, shown in figure
9(b), a coupling of the 10 kHz mode to the high frequency ~ 205 kHz mode is observed,
thus forming a triplet of frequencies ~ 10, 195, and 205 kHz. In both cases, we observe
coupling of the high frequencies to the zero component of the Fourier spectrum. We
show another example of coupling of the high-frequency mode to the low-frequency
mode, during the discharge #34244, in figure 10.

Increased bicoherence suggests a mnon-linear coupling between high and low-
frequency branches detected in the magnetic signal during inter-ELM periods. The
three wave coupling is observed for a few individual inter-ELM phases, and not for
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Figure 9. Bicoherence analysis for two different inter-ELM phases of single ELMs
during the discharge #34245. a) Coupling between mid and low frequency branches.
b) Coupling between high and low frequency branches.
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Figure 10. Bicoherence analysis for a single inter-ELM during the discharge #34244.

all ELMs. One of the reasons could be that the low-frequency modes are not always
visible in the B,. The results showing a bicoherence for a few individual inter-ELM
phases suggest a non-linear coupling between the observed modes in the region of the
bad curvature region, however this does not always take place,and is therefore, not a
necessary condition for the appearance of the modes. Quadratic mode coupling at the
outer midplane has also been discussed in [31], although during an early stage of a
non-linear ELM phase.
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7. Summary and Discussion

This work focuses on the characterization of low-frequency MHD modes appearing in
between ELMs. They exist alongside other modes all of which can coexist in close spatial
proximity. Their detection and full characterization are therefore not so straightforward.
As noted, in the magnetic measurements they can also be hidden behind a strong core
mode and its harmonics. The mode of interest appears at a low frequency with slowing
down frequency patterns. We measure the low-frequency modes in discharges featuring
low-frequency ELMs and long ELM cycles. The low frequency modes studied in this
manuscript appear as the amplitude modulation of the radiation temperature (7;.q),
clectron density (n,), and the radial magnetic field (B,). ECE measurements show that
the modes are localized in the upper half of the pedestal, unlike the high-frequency
modes located in the region of steepest gradients [7]. For two cases shown in this
manuscript, the frequency of the low frequency of modes inversely changes with input
power, while the frequency of the high-frequency modes remains constant. This is also
valid for all the other inter-ELMs within the two heating phases. The change in the
frequency at higher heating power is attributed to the change in toroidal rotation and
will be a subject of future work. Although the low and the high-frequency modes exist
in different radial locations inside the plasma edge, a non-linear interaction is possible.
This is seen in the bicoherence of the magnetic signal. Possibilities for coupling derive
from the fact that the modes are spatially very close, and their spatial structure does
not differ significantly (m numbers are found to be very similar). The velocity of low-
frequency modes matches the E x B velocity at the location of the modes within the
uncertainties and does not significantly change for individual ELM cycles. The fact that
the low-frequency modes appear alongside the high-frequency modes points towards the
same or similar plasma conditions required for those to exist. As it has already been
reported in [7], the high-frequency modes appear when the gradients are clamped to a
fixed value. However, the low-frequency modes may also appear somewhat later in this
phase. How the appearance of the low-frequency mode influences the pedestal evolution,
and its stability remains an open question. Also, it remains unclear whether the modes
are ideal or resistive. The studies made in Reference [35] explore the temperature
perturbations associated with tearing modes. From this reference, we use the expression
for the critical island width (w.) that could cause a signature in the ECE data. The
parallel heat conductivity is approximated by the Spitzer-Harm{ formula [36] and values
for perpendicular heat conductivity are estimated from the experiment and varied within
one order of magnitude (see Table 2). The critical island widths, w,, for a mode located
at the pedestal top and toroidal mode number of n = 13, are shown in Table 2. In order to
cause a temperature modulation and increased local transport, the island width wq, has
to be bigger then wq > 1.5w, [37]. Only the larger island widths in this estimate would
cause a phase jump in the ECE channels. The smaller ones cannot be resolved. From

I X|,sm = 3.6 x 10% x M[nﬂ/s]

ne[m=3]
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x| m?/s] | 2x107 | 1 x10* | 5 x10®
X1[m?/s]

0.1 3.3mm | 2mm | 1.5 mm

0.3 4.3 mm | 2.9 mm | 1.9 mm

1 5.8 mm | 3.9 mm | 2.6 mm

Table 2. Calculated critical island widths we, following [35]

the observations of the neighbouring ECE channels, we have seen that the amplitudes
are in phase (see figure 5). This points toward an ideal mode rather than a tearing
mode. However, further probing is planned using the correlation ECE diagnostics [35],
with its better spatial resolution (2 - 3 mm) to clarify the possibility of an island at
the pedestal top. The existence of such an island could prevent a pedestal top from
growing further inwards, thus preventing an ELM from happening. A similar proposal
on the existence of the 'wall” at the pedestal top has been made in [39] although in a
different plasma scenario where ELM suppression is achieved with 3D fields. The two
scenarios are not directly comparable, but the phenomenology of the mechanism could
be similar. Nevertheless, the very accurate characterization of a low-frequency mode
near the pedestal top, regarding its amplitude, location, poloidal and toroidal structure
and velocity, can serve as a basis for comparison between experiment and non-linear
modeling as done for example in [29].
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