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Abstract.

In order to understand the mechanisms that determine the structure of the high
confinement mode (H-mode) pedestal, the evolution of the plasma edge electron density
and temperature profiles between edge localised modes (ELMs) is investigated. The
onset of radial magnetic fluctuations with frequencies above 200kHz is found to
correlate with the stagnation of the electron temperature pedestal gradient. During the
presence of these magnetic fluctuations the gradients of the edge electron density and
temperature are clamped and stable against the ELM onset. The detected magnetic
fluctuation frequency is analysed for a variety of plasma discharges with different
electron pressure pedestals. It is shown that the magnetic fluctuation frequency scales
with the neoclassically estimated E x B velocity at the plasma edge. This points to a
location of the underlying instability in the gradient region. Furthermore, the magnetic
signature of these fluctuations indicates a global mode structure with toroidal mode
numbers of approximately 10. The fluctuations are also observed on the high field
side with significant amplitude, indicating a mode structure that is symmetric on the
low field side and high field side. The associated fluctuations in the current on the
high field side might be attributed to either a strong peeling part or the presence of
non-adiabatic electron response.
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1. Introduction

In the high confinement mode (H-mode) the particle and energy transport in the edge
region of a toroidally confined plasma is reduced by an edge transport barrier (ETB)
[1]. The ETB provokes steep gradients in the edge density and temperature profiles,
called a pedestal. Profile stiffness [2] transfers the increased pressure from the edge
directly to the core plasma. The pedestal, therefore, strongly impacts the performance
of fusion plasmas. However, in most operational conditions, the pedestal is generally not
temporally stable because the steep gradients are limited by the occurrence of quasi-
periodic edge instabilities, better known as edge localised modes (ELMs) [3]. Since
ELMs cause large particle and heat fluxes towards the wall [4], they have been in the
focus of research for several years [5].

The widely accepted theory to explain the stability limit of the pedestal is the
peeling-ballooning theory [6]. It couples pressure gradient driven (ballooning) and
current gradient driven (peeling) modes to determine the pedestal stability limit.
To predict the pedestal shape (height and width) of a fusion plasma, an additional
constraint is required. Here, e.g. the EPED model [7] assumes the onset of kinetic
ballooning modes (KBMs), limiting the maximum achievable pressure gradient before
the ELM crash. Furthermore, simulations using different gyrokinetic codes show that
the pre-ELM pedestal is unstable to several microinstabilities, the most prominent being
microtearing modes (MTMs) and KBMs. This modelling predicts that MTMs exist at
the pedestal top of MAST [8, 9], JET [10] and ASDEX Upgrade [11, 12], where also
experimental evidence of MTMs has been found [13]. In several machines KBMs are
shown to be unstable at least in parts close to the extreme edge of the steep gradient
region [14, 10, 15].

Previous experimental investigations of the inter-ELM profile evolution [16] revealed
that the fully developed gradients of density and temperature prior to the ELM onset
stay almost constant for a period of the order of milliseconds. Additionally, several
observations from different experiments (ASDEX Upgrade [17], Alcator C-Mod [18, 19]
and DIII-D [20]) report the onset of high frequency magnetic fluctuations (f > 150 kHz)
that originate from the plasma edge region. Therefore, they are very likely connected
to the pedestal evolution in between ELMs. The underlying instabilities causing these
fluctuations could possibly be the reason for the limitation of the pedestal gradients
prior to the ELM onset.

The presented work characterises these high frequency magnetic fluctuations and
relates them to pedestal parameters to gain deeper insight into the underlying processes
and driving instabilities. Section 2 introduces the methods used to evaluate the plasma
edge electron density (n.) and electron temperature (7,) profiles using the integrated
data analysis (IDA) framework [21] at ASDEX Upgrade. In the following (section 3)
two representative discharges with similar ratio of electron to magnetic pressure (5.),
in which high frequency magnetic fluctuations prior to the ELM occur, are exemplarily
presented. Their onset is then related to the pedestal profile evolution. Additionally,
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using a larger set of data the fluctuation frequency is related to the plasma edge poloidal
rotation. In section 4 the fluctuations are shown to be also observable on the high
field side (HFS) and the toroidal mode numbers (n), determined from the magnetic
signals, are presented. Finally, an estimation of the magnetic fluctuation location using
the detected fluctuation frequency and the background E x B velocity is presented.
An interpretation of the observations is given in section 5, that indicates non-thermal
electron response or strong peeling drive causing a saturated mode in the pedestal.

2. Pedestal profile analysis

To investigate the inter-ELM pedestal profile evolution, plasma diagnostics with high
spatial and temporal resolution are required to resolve full subsequent ELM cycles.
The IDA framework [21] at ASDEX Upgrade provides the capability to combine the
information from different plasma diagnostics within Bayesian probability theory (BPT)
to evaluate the best fits of n, and T, (parameterised by cubic splines). For the
presented n, profiles, the information from lithium beam emission spectroscopy (Li-BES)
[22, 23, 24] for the edge density and deuterium cyanide laser interferometry (DCN)
[25] for the core density is combined. The T, profiles are reconstructed from electron
cyclotron emission (ECE) [26] using the electron cyclotron forward modelling (ECFM)
[27]. The ECFM models the ECE propagation in both optically thick and optically
thin plasmas. To fit the ECE ‘shine-through’ at the plasma edge, the alignment of
the density and temperature profile is crucial. For this reason, the profiles are aligned
relative to the profiles of the Thomson scattering (TS) diagnostic [28], that measures n,
and T, simultaneously at identical positions. Here, the T, is slightly shifted (< 3 mm)
that 100eV at the separatrix is achieved [29, 30]. The presented profiles in this work
are analysed with a temporal resolution of 250 us, which is sufficient to resolve the full
ELM cycle (duration 10ms) and long enough to suppress noise induced scattering of
the profiles.

Using the ECFM the T, profiles as well as the T, gradients can be reliably evaluated
all the way to the separatrix; this is essential in the presented work because the onset
of the high frequency magnetic fluctuations is correlated to the inter-ELM recovery of
maximum electron temperature gradient (max(—V7,)) at the edge. Figure 1 presents
ELM synchronised profiles (averaged between —2 and —1 ms relative to the ELM onset)
for n. (a), T, (b) and B, (c). Two discharges with different pedestal top electron
~ 1.5, #30701, blue; low v 4 ~ 0.6, #30721, red)
and almost identical pedestal 3. are compared. The [, profile is calculated with

nele
b= i (1)
using the local magnetic field (B) at the low field side (LFS) midplane and the
vacuum permeability (). The approximation of the electron collisionality (v}) given

collisionality (v} ) (high v}

e,ped e,ped
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Figure 1: Pre-ELM (averaged between —2 and —1 ms relative to the ELM onset) profiles
of (a) ne, (b) Ty and (c) f.. The shaded areas represent the propagated variation of
the uncertainties in the data evaluation (IDA) and the standard deviation of the ELM
synchronised average. Both discharges have similar 3, profiles and vary in v*

e,ped*
in reference [31], is modified by approximating the Coulomb logarithm leading to

i} qRoZegne[10" m™3]
= 0.0012 2
Ve,ped 63/2(Te [keV])2 ) ( )

which is locally evaluated at the pedestal top (ppoi = 0.96) using the major plasma

radius (Rp), the safety factor (q), the effective charge (Zos) and the inverse aspect
ratio (e). Here, Zog is set to 1 because there is no accurate measurement and the
discharge conditions in both presented plasmas were similar.

Both discharges were performed at a plasma current (,) 1.0 MA, toroidal magnetic
field (B;) —2.5 T (negative sign stands for opposite direction to ;) and identical plasma
shape. The variation of vy .4,
a variation of heating power (Ppe.;) and externally applied gas puff. In the high

simultaneously keeping (., constant, was achieved by

Vi ped CASE, Pieat (from neutral beam injection (NBI) and electron cyclotron resonance
heating (ECRH)) was 5.3MW and the external deuterium puff was 11.3 - 10?!e/s.
Compared to this in the low Vi ped Cas€ Preat was increased to 6.9 MW and the gas puff
decreased to 2.1 -10?'e/s. In the following these discharges will be compared in terms
of inter-ELM pedestal evolution and the onset of high frequency magnetic fluctuations
will be characterised.

3. Pedestal profile evolution and onset of magnetic fluctuations

To detect radial magnetic field fluctuations (0B,/0t), several ballooning coils are
installed in ASDEX Upgrade. For the presented investigation, a coil located at the
LFS midplane (B31-14) was used (c.f. section 4, figure 5). Figure 2a presents a
spectrogram of 0B, /0t in the top plot. Additionally, time traces of n. (blue), T, (red)
at the pedestal top (ppo = 0.96) and inner divertor current (black) are shown. The
grey shaded area indicates a period when the Li-Beam was modulated to subtract the
background emission [32]. In this time interval no n, profiles are available and therefore,
ECFM is not possible and T, profiles are not evaluated.
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Figure 2: Pedestal evolution of the high v} | ; case (#30701): (a) Spectrogram of 0B, /0t
(top) and time traces of n. (blue), T, (red) at the pedestal top (ppot = 0.96) and
inner divertor current (black). The grey shaded area indicates when the Li-beam was
switched off. (b) ELM-synchronised spectrogram of 0B, /0t and ELM-synchronised time
traces of max(—Vn,) (blue), max(—VT,) (red) and inner divertor current (black). After
max(—VTy) is recovered (10 ms after the ELM onset) fluctuations with a frequency of

approximately 240 kHz set in.

The pulse of the divertor current (black) indicates the ELM. Although the ELM
frequency varies slightly, the pedestal recovery is very similar for each ELM until the
pre-ELM temperature gradient (directly related to the pre-ELM pressure gradient) is
reached. This can be seen in figure 2b, where an ELM synchronised spectrogram of
0B, /0t is presented together with max(—Vn,) (blue), max(—V7,) (red) and inner
divertor current (black). ELM synchronised plots superimpose the datapoints (for
spectrograms the windows of the Fourier transform) with respect to the ELM onset.
The first recovery phase of max(—Vn,), in which also the pedestal top n. is re-
established (5 ms after the ELM onset), appears before the max(—VT,) recovery. This is
in agreement with previous observations [16]. Correlated to the recovery of max(—Vn,)
the onset of magnetic fluctuations in the region of up to 150kHz is observed (4 ms
after the ELM onset). These fluctuations are then present throughout the ELM cycle
and in section 4 they will be related to low toroidal mode numbers (n). When the
max(—V7,) is re-established (10ms after the ELM onset) magnetic fluctuations with
rather high frequencies (240kHz) start. These fluctuations continue till the next ELM
crash, which occurs between 10 and 17 ms after the previous ELM. In this phase, i.e.
from approximately 10 ms after the ELM only data up to 1.5ms before the following
ELM are plotted in figure 2b. Only marginal changes in max(—Vn,) and max(—VT,)
can be seen during this period. The next ELM crash interrupts the fluctuations, which
set in again after the recovery of max(—Vn,) and max(—V7,). This behaviour can
also be seen in figure 2a in the evolution of the pedestal top T, (red points). The
onset of the high frequency fluctuations is clearly correlated with the recovery of the
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Figure 3: Pedestal evolution of the low v} 4 case (#30721): (a) Spectrogram of 0B, /0t
(top) and time traces of n. (blue), T, (red) at the pedestal top (ppot = 0.96) and
inner divertor current (black). (b) ELM-synchronised spectrogram of 9B, /0t and ELM-
synchronised time traces of max(—Vn,) (blue), max(—VT,) (red) and inner divertor
current (black). Identical observations as in the high ;7 4 case can be made: The onset
of high frequency magnetic fluctuations occurs after the recovery of the max(—VTy,).

T. pedestal and, consequently, the electron pressure (p.) pedestal (since the n, pedestal
recovers before). However, the duration of the high frequency fluctuations (with almost
unchanged pedestal gradients) slightly differs in the presented case from ELM to ELM
(figure 2a). This indicates that the observed fluctuations are not ELM-precursors in
a classical sense, since for ELM-precursors one would expect a continuous growth in
amplitude leading to the ELM crash and therefore, similar duration before the ELM
onset. While the high frequency fluctuation is present, no clear change in the fluctuation
amplitude (growth) can be seen. This observation is better explained by a saturated
mode that onsets when a certain threshold (in terms of pedestal parameters) is exceeded.
The mode is then affected either by the ELM crash itself, or the ELM-induced flattening
of the pedestal leads to the vanishing of the drive.

In the low v .4 discharge a similar behaviour of the inter-ELM pedestal profile
evolution is observed (figure 3, same setup as figure 2). The recovery of max(—Vn,) and
max(—VT,) shows identical behaviour as in the high v} 4 case (figure 2b). The ELM
frequency is larger than in the high 1/:7ped case since Pyeay is higher. When max(—VTy)
is re-established (6 ms after the ELM onset), broadband fluctuations also set in, in this
case with a frequency between 300 and 400 kHz set in. The frequency bandwidth is
larger than in the high v ., case and the fluctuations are not clearly and intensely
seen for every ELM crash (figure 3a). Important to note here is that the fluctuation
frequency strongly differs from the one observed in the high v 4 case. Nevertheless,
the onset of the fluctuations is again correlated with the pedestal pressure (temperature)
recovery pointing into the direction that the detected high frequency fluctuations (at

low and high v} ) have the same origin.
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Figure 4: E., Vp./en, and fluctuation frequency: (a) Example profile of E, (the blue
dashed line indicates a vgxp of —18km/s) and (b) dB,/0t frequency over —Vp,/en,
(x —E;). The boxes along the frequency axis indicate the width of the fluctuation
frequency band which can span up to 100 kHz. A linear dependence between the detected
fluctuation frequency and the background flow velocity (vgxp) can be seen (dashed line).

Since the inter-ELM magnetic fluctuations occur in several plasma scenarios at
different frequencies the pedestal profiles of several discharges are analysed and the
detected fluctuation frequency is correlated with them. To explain the measured
frequencies, it was assumed that the instabilities causing these fluctuations are located
in the pedestal region [17, 18], because they are terminated by the ELM crash. In
the pedestal region there is a strong background (E x B) flow [33], mainly caused by
the radial electric field (F;). In H-mode, E, at the plasma edge can be described by
neoclassical theory [34]. For low toroidal rotation velocities the dominating term in E,
is Vpi/en; (using main ion pressure (p;) and main ion density (n;)).

Since no measurements in the required temporal resolution were available for
n; and ion temperature (7;), the quantities entering Vp;/en; are approximated by
Vni/n; & Vne/n, and max(VT;) ~ max(VT,). This should be valid in the plasma
steep gradient region, especially in highly collisional plasmas. An example profile of
E, (red), evaluated by charge exchange recombination spectroscopy (CXRS) [35], is
compared to the estimations of V(7in.)/en. (black) and Vp./en. (blue) in figure 4a.
The profiles agree within their errorbars and have their minimum at —35kV/m, which
corresponds to a vpyxp of —18km/s (the negative sign indicates propagation into the
electron diamagnetic direction). V(Tine)/en. and Vp./en, have similar shapes (within
the uncertainties) justifying the approximation of Vp;/en; by Vp./en..

Figure 4b presents the fluctuation frequency (considering only frequency bands at
a statistical distribution > 200kHz) with respect to —Vp./en,, taken at the position
of the maximum electron pressure gradient (max(Vp.)) (averaged between —2.0 and
—0.5ms relative to the ELM onset), for a set of 12 discharge intervals. The boxes on
the frequency axis show the bandwidth of fluctuation, determined by a full width at
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Figure 5: Ballooning coil positions: 0B,/0t is detected at the LFS as well as at the HFS
midplane. The coils have different distances to the mode location (Ar). For p,, = 0.99
(steep gradient region) the LFS coil is approximately 8 mm closer to the flux surface
than the HFS coil.

half maximum (FWHM) criterion. The discharge intervals were chosen to span a wide
range —Vpe/en, and show the onset of magnetic fluctuations connected to the clamping
of the pedestal gradients in the ELM cycle (c.f. section 3). The values of v .4 range
from 0.55 to 1.80 (c.f. section 2). At ASDEX Upgrade it has been found for a similar
range of v} 4 the minimum of £, agrees well with the approximation Vp/en [36].

A clear linear correlation between fluctuation frequency and —Vp,/en, is observed,
suggesting that the average detected frequency (in the lab frame) is caused by the
background E x B flow velocity in the edge. From this relation (dashed line) the m
and n number can be estimated using the safety factor (¢), the poloidal and toroidal
plasma circumference (c.f. equations 5, 6, 7). The fit of the relation gives m ~ —55
and corresponding n &~ —11 (using ¢ =~ 5), which is in good agreement with the mode
numbers determined from toroidally distributed ballooning coils (see section 4).

It should be noted that the fluctuation frequency can change slightly for single
ELMs (c.f. figure 3a). This means that the analysis of single ELMs might give smaller
bandwidths and different fluctuation frequencies connected to slightly changing V. /en..
However, owing to the limited time resolution and the uncertainties in the determination
of the pedestal profiles this analysis can not be performed.
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Figure 6: Comparison of the 0B, /0t intensity at LFS and HFS: (a) Spectrogram of the
HF'S (top) and the LFS ballooning coil signals, (b) Integrated spectrum before the ELM
onset. The high frequency fluctuations (240 kHz) are also detected at the HFS although
the coil sensitivity might be lower (c.f. 1/1 mode).

4. Mode detection on the HF'S, toroidal mode numbers and estimation of
the detected mode frequency

To characterise the structure of the observed inter-ELM magnetic fluctuations,
ballooning coils at different poloidal locations can be used. In figure 5 the positions of
two coils, located at the outboard (LFS, B31-14, red) and inboard (HFS, B31-35, blue)
midplane, are indicated. Owing to the plasma position and shape, the HFS and LFS
coil have different distances to the same flux surface and the magnetic axis (shown for
Ppol = 0.99). In cylindrical geometry with conducting wall the detected signal amplitude
is lowered by (rm/(rm -+ Ar))™* [37], using the distance between the geometric axis and
the mode location (ry,), the distance between the mode location and the coil location
(Ar) and the poloidal mode number (m). This effect has to be taken into account,
if LF'S and HFS amplitudes are compared to get further information on the observed
fluctuations.

ELM-synchronised spectrograms of the LFS and HFS coil signals are presented in
figure 6 (for the high v .4 case). Figure 6a shows the high frequency range for the
spectrograms of the HFS (top) and LFS (bottom) coil. The inter-ELM fluctuation is
clearly visible on the HFS too, appearing at similar time relative to the ELM onset as
the fluctuations detected on the LFS. The strong HFS amplitude would not be expected
if the fluctuations were caused by a ballooning type instability e.g. KBMs. In figure
6b the integrated spectrum from —2.5 to —0.5 ms relative to the ELM onset is shown.
At 12kHz a dominant mode is observable in both spectrograms, which is identified as
m/n = 1/1 core mode. If one would assume the 1/1 mode amplitude does not change
from LFS to HFS (neglecting m + 1 sidebands and their relative phase), then the lower
spectral intensity, detected on the HFS might be attributed to the (ry,/(ry + Ar))™*!
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decay. In cylindrical approximation the ratio of the detected LFS and HFS amplitudes
for the 1/1 mode is given by

(Tm/(rm + A"nLFS) ) B _ <Tm + ArHFS) 1+1 ~ 1.38 (3)
Tm/(rm + Arprs) m + ATLFS

using 7, ~ 10.3cm, Argps &~ 60.0cm and Arpps ~ 49.6 cm. However, this effect can

only explain parts of the weaker HFS signal for the 1/1 mode. Since the HFS coil is
located behind a tile of the inner heat shield, electromagnetic shielding might be one
reason for the weaker detected signal. Additional causes might be different gain factors
in the data acquisition (DAQ), although both coils use identical DAQ systems, or the
inaccurate assumption of constant mode amplitude on LFS and HF'S.

For the inter-ELM high frequency fluctuations the LFS to HFS ratio of the
detectable amplitudes in cylindrical approximation is

(M)ﬁﬂ ~ 2.01 (4)
Tm + Arppg '

using 7, &~ 48.9cm, Argps ~ 16.7cm and Arpps ~ 15.9cm and m &~ 55. This would
mean that the fluctuation amplitude on the HFS might be higher than detected, which
is an indication that ballooning type instabilities may not be the cause of the high
frequency fluctuations.

From a set of toroidally distributed LFS ballooning coils, the toroidal mode number
(n) of the fluctuations can be determined. Since the signal response of the coils is
frequency dependent, phase shifts between the coils are possible, leading to inaccurate
fits of the mode numbers. To reduce the systematic errors, the transfer functions of
the individual coils were measured and taken into account [38]. In figure 7 the n value
distributions for the high v} 4 case (a) and the low v 4 case (b) are presented. The n
numbers are fitted in a time interval relative to the ELM onset and then superimposed
for all ELMs occurring in the analysed discharge interval. The different time intervals
relative to the ELM onset for both presented cases (high v .4 case: —2.5 and —0.5ms
relative to the ELM onset; low ] .4 case: —2.5 and —1.0ms relative to the ELM onset)
are chosen since the high frequency fluctuations are dominantly present in different
time windows relative to the ELM (compare figures 2b and 3b). In both cases in the
frequency range up to 180kHz clear mode numbers from n= —2 to n= —8 (negative
sign for counter-current or electron diamagnetic rotation in the lab frame) are observed.
These modes were previously called washboard modes [39]. Additionally, the onset
of these washboard (150kHz) modes is earlier in the ELM cycle and more connected
to the recovery of the pedestal density (c.f. figure 2b). For the inter-ELM magnetic
) and 375kHz (low v/}

fluctuations with frequencies of 240kHz (high v} 4 Y ped) T 18 in
the region of —10 to —12. In both cases there are artefacts from timepoints with ill
defined mode numbers appearing around n = 0. The comparison of figure 7a and
b shows that the observed fluctuations have a similar toroidal mode structure and
the different detected frequencies correspond to different background plasma rotation

velocities. This is consistent with the linear dependence of the detected fluctuation
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Figure 7: Toroidal mode number n distribution and corresponding frequencies:
Determined from 5 toroidally distributed LFS midplane ballooning coils, (a) for the
high v} 4 and (b) low v} ; case. Positive values of n correspond to co-current rotation,
negative n to counter-current (electron diamagnetic) rotation. The dashed white line
indicates constant frequency over n (f /n) ratio and therefore, equal propagation velocity.
The mode numbers of the high frequency fluctuations (at 240kHz (a) and 375kHz (b)
are in both cases about —12.

frequency on —Vp,/en, found in section 3. Additionally, in both cases alignment (in
terms of frequency over n, dashed white line in figure 7a, b) of the high frequency
fluctuations and the low frequency washboard modes is found. This indicates that these
modes have similar velocities (projected into the toroidal plane). If the contributions of
toroidal and poloidal propagation in the projection are similar, low frequency washboard
and high frequency fluctuations are situated at similar radial locations. However, it
should be stated that just after the onset of the high frequency fluctuations a clamping
of the pedestal max(—Vn,) and max(—VT,) is observed.

The fact that the observed mode frequencies are proportional to Vp,/en,, i.e. the

minimum of E, in the pedestal suggests that the modes are located in the steep gradient
region of the pedestal. Using the evaluated vgxp and the observed mode number, one
can try to estimate the detected fluctuation frequency in the lab frame and to compare
this to the experimentally measured frequency. Figure 4a indicates the minimum of the
measured vgyp velocity (blue dashed line), which is —18.0 5.7 km/s for this case. At
the position of the vgxp minimum, ¢ is & 5, the toroidal plasma circumference (U, ) is
13.4m, and the poloidal circumference (Up,o) is 3.9 m resulting in an average field line
pitch angle ()
1 Upa
B q Uior
Taking into account the ‘barberpole effect’, the projection of vgyxg in the toroidal plane
the total toroidal rotation observed in the lab frame (viop ap) is

Utor lab = UpxB/SIn(a) + v4or &= —299 = 88 km /s (6)

tan(a) ~ 0.05814. (5)
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with the toroidal plasma velocity (v, &~ 10km/s; measured by CXRS). The detected
fluctuation frequency in the lab frame (f4) is given by

fp = —U“’r(jjb "~ 268 + 78 kHz )

using n ~ —12, which can be extracted from figure 7a for the magnetic fluctuation
frequency of 240kHz. This frequency agrees with the calculated f,;, within the
experimental uncertainties, giving additional support to the hypothesis that the
background plasma velocity dominates the mode propagation. Phase velocities of a
few km/s in either direction cannot be extracted owing to the uncertainties of the
background velocity.

5. Summary and discussion

For a variation of plasma edge density and temperature at ASDEX Upgrade it was found
that the onset of high frequency fluctuations in the ELM cycle occurs at the same time as
the re-establishment of the pedestal top pressure. During their presence, the maximum
pressure gradient saturates meaning that the pre-ELM maximum pressure gradient is
already achieved on the order of milliseconds before the ELM onset. The fluctuation
frequency can be scaled with the neoclassical approximation of the radial electric field
minimum, Vpe/ene, at the location of max(Vp,). This indicates that the modes are
localised in the steep gradient region and propagate with the background velocity. The
uncertainties in the measurements of the background velocity profile do not allow the
determination of the direction of phase velocities (electron or ion diamagnetic), if they
are smaller than approximately 5km/s.

The magnetic fluctuations show a strong signature also on the HFS. In the
turbulence picture, the current fluctuations leading to 0B, /dt are in parallel direction
to the magnetic field, which implicitly requires non-adiabatic electron response. This
is possible in the plasma edge owing to the increasing field line connection length
(increasing ¢), decreasing ion sound velocity (cs) and steep gradients of the profiles
[40, 41]. Consequently, the non-linear interaction between potential, pressure and
current lead to magnetic fluctuations on the HFS, which do not necessarily have
ballooning structure as an ideal linear MHD instability that is driven by the pedestal
gradient on the LFS. The observed toroidal structure and the enhanced transport,
leading to a clamping of the gradients, then might be the consequence of the interactions
of potential, pressure and current fluctuations. Furthermore, the poloidal wave numbers
(kops) 0.1 < kgps < 0.2 (calculated from the poloidal mode number), have similar scales
at which KBMs and MTMs were found to be unstable in a comparable ASDEX Upgrade
discharge [15].

On the other hand, in ELM-free regimes as quiescent H-mode (QH-mode) [42]
or enhanced D, (EDA) H-mode [43], modes at the very plasma edge were found,
limiting the pressure gradient below the critical value. The magnetic signature of
the EDA H-mode is rather broadband (between 0 and 200kHz) and not comparable
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to the fluctuations investigated here. For the QH-mode an edge harmonic oscillation
(EHO) has been found, which usually has frequencies < 50kHz. At ASDEX Upgrade
additionally a high frequency oscillation (HFO) is present simultaneously to the EHO,
which has frequencies in the range of 350 to 500 kHz [44, 45], which would be close to the
highest detected inter-ELM fluctuation frequencies (c.f. figure 4b). Since the QH-mode
at ASDEX Upgrade is usually achieved at low pedestal top densities and collisionality,
the E, wells in the pedestal are consequently deep and the background E x B rotation
is high. This is in line with the fact that the detected frequencies of the high frequency
fluctuations depend on the background velocity. However, a low frequency fluctuation
corresponding to an EHO is not visible in the magnetic signals during the presence of
the inter-ELM high frequency fluctuations.

Linear MHD stability analysis has shown that DIII-D QH-mode plasmas are
situated in the current-driven region of the stability diagram close to the peeling-
ballooning stability boundary, suggesting, the EHO to be caused by a saturated peeling
mode [46]. For the high frequency magnetic fluctuations presented here the measured
amplitude at the HFS is comparable to that at the LFS. This could be explained by
peeling drive, which is HFS/LFS symmetric.

In summary, in the final phase of the ELM cycle a saturated mode is observed in the
steep gradient region of the pedestal. It is associated with a saturation of the maximum
pressure gradient well before an ELM onset. Over a wide variation of pedestal pressure
gradients and different pedestal top pressures (c.f. figure 4b), the toroidal mode numbers
at high frequency are in the range of 10 to 12. At the same time, modes with lower
frequencies and n numbers between 2 and 6 can also be observed. Future investigations
will concentrate on the detection of possible mode coupling between these modes.
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