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Abstract
In the pedestal region of the Experimental Advanced Superconducting Tokamak (EAST) during
high confinement mode plasma operations with radio-frequency heating, two distinct
fluctuations are observed: high-frequency fluctuations (HFFs) and edge harmonic
oscillation-like (EHO-like) modes. The HFFs are characterized by intermittent fluctuations with
a broadband frequency range of 1−3 MHz and a poloidal wave number (kθ) greater than
0.9 cm−1. On the other hand, the EHO-like mode exhibits characteristics similar to
magnetohydrodynamics (MHD)-like modes with n = 1−5 and lower poloidal wave numbers
(kθ ⩽ 0.12 cm−1). During the pedestal establishing phase following the L–H transition, a
significant concurrent presence of HFF and EHO-like modes in high-density pedestal regions
has been noted. In this phase, the EHO-like mode not only modulates the amplitude of the HFF
but also engages in nonlinear interactions. The occurrence of EHO-like mode and HFF is
associated with particle transport toward the divertor, though it is notably less than that caused
by edge coherent modes. During the inter-edge localized mode (ELM) period, a significant
decrease in the Dα baseline is observed whenever the low frequency fluctuation (LFF) weakens
and the HFF grows, prior to each large ELM. One possible explanation is that the rapid increase
of E×B shear stabilizes the LFF and destabilizes the HFF, which lowers the pedestal transport
and enables the further growth of the pedestal until the onset of the ELM.
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1. Introduction

In the high confinement mode (H-mode) of ITER, the fusion
power is predicted to scale with the square of the pedestal
pressure [1, 2]. As the pedestal pressure reaches a critical
threshold, the periodic relaxation behaviors known as edge
localized modes (ELMs) will be triggered. The EPED model
has been developed to predicted the pedestal height and width
based on the two constraints: the non-local peeling ballooning
mode (PBM) and the local kinetic ballooning mode (KBM)
[3]. The EPED have been successfully verified across mul-
tiple devices. However, besides KBM [4], instabilities such
as micro-tearing mode (MTM), electron temperature gradient
mode (ETG) and ion temperature gradient (ITG) scale turbu-
lence have been found existing in the pedestal as predicted by
gyro-kinetic simulations [5–7].

Over the past decade, different types of instabilities with
frequencies from tens to hundreds of kHz have been observed
in experiments, which are found important to the pedestal
transport [8–18]. Recently, HFFs around several MHz have
raised much attention [19–23]. In Globus-M, fluctuations
around 1 MHz were identified as filament structures within
the separatrix during both ELMs and inter-ELM intervals [19].
The DIII-D experiment demonstrates that reducing shear can
stabilize edge harmonic oscillation (EHO) while destabilizing
low-frequency (below 100 kHz) broadbandMHD. During this
process, a density fluctuation around 2 MHz is observed in the
pedestal, accompanied by the broadbandMHD. This improves
the stability of PBM and allows for a wider and higher ped-
estal in the ELM-free quiescent H-mode (QH-mode) [20,
21]. Further in the ELMy H-mode, a transition from a low-
frequency (400 kHz) quasi-coherent mode (LFQC) and a
high-frequency (∼2 MHz) broadband (HFB) fluctuations is
observed [22]. A sharp decrease in the Dα baseline is found
in the transition whenever the LFQC weakens and the HFB
grows, which suggests a decreased transport by the HFB in the
inter-ELM period. Recent observations of pedestal-localized
turbulence during the inter-ELM period in DIII-D indicate
that density fluctuations on the ITG scale increase immedi-
ately following each ELM crash, while 1−4 MHz fluctuations
on the trapped electron mode (TEM) scale begin to increase
once the pedestal saturates [23]. Therefore, the occurrence
of MHz fluctuations may be intricately linked to the pedes-
tal transport and evolution. The nature and role of these high-
frequency fluctuations (HFFs) are not yet clear and require fur-
ther investigation.

In this paper, the observations of EHO-like mode and
HFF in Experimental Advanced Superconducting Tokamak
(EAST) are presented for the first time. Different with previ-
ous study, the HFFs are found coexisting with low frequency
EHO-like mode in the pedestal of ELMy H-mode plasma with
pure radio-frequency (RF) heating. Both the characteristics of
these modes and their interactions are introduced. The layout
of the paper is as follows: section 2 shows the experimental
setup, including the distribution of key diagnostics and the
typical discharge. Section 3 shows the characteristics of the

EHO-like mode. Section 4 illustrates the coexistence of the
EHO-like mode and the HFFs. Section 5 discusses and sum-
marizes the study.

2. Experimental setup

The EAST is a medium-sized tokamak with a major radius
R0 = 1.85 m and a minor radius a= 0.45 m [24]. For the
purposes of this work, experiments are conducted in the upper
single null configuration. Figure 1(a) presents the key dia-
gnostics in the poloidal view. The density profile reflectometry
(DPR) is employed to measure electron density profile with a
sweeping frequency range of 33−110 GHz over 50 µs [25–
27]. The density fluctuations are measured by multi-channel
density fluctuation reflectometry system, which is positioned
perpendicular to the surface on the low-field side. This sys-
tem comprises two sub-systems: the O-mode DFR at K-port
(DFR-K) [28] and the X-mode one at J-port (DFR-J). In order
to measure the HFFs, the sampling rates of DFR-J and DFR-
K are set as 20 MHz and 2 MHz, respectively. The arrange-
ment of DFR-K is shown in figure 1(b), the detecting fre-
quencies are [20.4 24.8 33 40] GHz. The antennae set have a
tilt angle of 8◦ with respect to the horizontal line to ensure
that the microwave beams are nearly perpendicular to the
magnetic surfaces. Two poloidal separated receiving antennae
enable two poloidal measurements and thus poloidal correla-
tion analysis can be applied. For present antenna setting and
EAST experimental geometry, the diagnostics can respond
to fluctuations with kθ < 3 cm−1 in the plasma edge due to
the larger plasma poloidal curvature. The divertor Langmuir
probe arrays are installed at the lower and upper divertor and
used for measurement of particle flux onto divertor (Γdiv) as
figure 1(a) shown [29]. In this paper, the original density
fluctuation signal from DFR is constructed by Sori = I+ iQ,
I and Q are the in-phase and quadrature signals. The fluc-
tuation amplitude at a specific frequency range (such as 1–
3MHz) can be extracted as follows. Initially, a band-pass filter
within the 1−3 MHz frequency range is applied to the I and
Q signals, yielding two new signals I[1−3] MHz and Q[1−3] MHz.
Subsequently, the amplitude of the 1− 3 MHz fluctuation is

computed by A[1−3] MHz =
√
I2[1−3] MHz +Q2

[1−3] MHz. The cor-

relation between two signals X and Y is assessed via spectral
coherence: γ = |PXY (f)|/

√
|PXX (f)| |PYY (f)|, where PXX (f),

PYY (f) and PXY (f) denote the Fourier auto-power and cross-
power spectra densities, respectively.

Figure 2 illustrates a typical ELM-free discharge (#80485)
characterized by Bt = 1.6T, Ip = 480kA, and q95 = 3.5, with
4.6 GHz lower hybrid wave (LHW) and neutral beam injection
(NBI) heating. As delineated in figure 2, the L–H transition
occurs around t= 2.93 s (indicated by the purple dashed line),
ushering the plasma into the ELM-free H-mode under pure
LHWheating. This transition is accompanied by the formation
of a pedestal density, an increase in stored energy, and a reduc-
tion in Dα emission. Over a span of approximately 38 ms, the
plasma density gradually increases and then keeps a constant
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Figure 1. (a) The poloidal section of the EAST tokamak displays
the positioning of key diagnostics, including the density profile
reflectometry (DPR) in J-port, density fluctuation reflectometry
situated in both J-port (DFR-J) and K-port (DFR-K), as well as the
upper and lower divertor probes. (b) Antenna arrangement of
DFR-K, which features a transmitting antenna (marked as ‘T’) and
two poloidally separated receiving antennae (marked as ‘P1’ and
‘P2’), enabling the measurement of turbulence’s poloidal
wave-number.

about 3.20× 1019m−3. At about 2.96 s, which is indicated in
dashed lines, the plasma density suddenly increases accom-
panied with further dropping of Dα emission. At about 0.01 s
after the input of 2 MWNBI, a notable drop in pedestal density
occurs, which then diminishes to 3.30× 1019m−3, while the
Dα emission reverts to the level at 2.96 s. The above process
could closely relate to the pedestal transport, it is interesting
to find what happens especially in the further density ramp-up
phase during 2.96−3.04 s.

Figures 2(e) and (f ) depict the spectrogram of complex
signal and amplitude A[1−3] MHzmeasured by DFR-J, and
similarly, figures 2(g) and (i) exhibit the spectrogram of com-
plex signal and amplitude A[0.6−1.0] MHz measured by DFR-
K. It is observed that between 2.96−3.04 s, a type of HFFs
emerges in the density fluctuation spectrograms, as depic-
ted in figures 2(e) and (g). The frequency range of HFF is
approximately 1−3 MHz for DFR-J and 0.6−1.0 MHz for
DFR-K. As aforementioned, the sampling rate is 20 MHz
for DFR-J and 2 MHz for DFR-K. Therefore, the lower fre-
quency measured by DFR-K might be attributable to the
under-sampling of the 1−3 MHz mode. The power spectral
density (PSD)measured by them are plotted in figures 3(a) and
(b). A symmetry is observed in the PSDs of the two systems,

indicating that the microwave antenna and the magnetic sur-
face are oriented perpendicularly to each other. This orient-
ation effectively mitigates the influence of the Doppler shift
effect on the analysis presented in this paper. Simultaneously,
as observed in figures 2(f ) and (i), a sequence of EHO-like
modes with frequencies below 100 kHz are discernible in the
spectrogram of the HFF’s amplitude signal. These EHO-like
modes are also found in figure 2(h), which is the enlarged spec-
trogram of figure 2(g) with frequency range below 100 kHz.
This suggests that the amplitude of HFF may be modulated by
the EHO-like mode at the frequencies corresponding to such
harmonicmodes. In the rest part wewill name the amplitude of
0.6−1.0 MHz measured by DFR-K as AHFF, K and amplitude
of 1−3 MHz measured by DFR-J as AHFF, J. Figure 3(b) illus-
trates the electron density profile at t= 3 s. The red diamonds
and blue circles represent the cutoff layers for different chan-
nels in DFR-J and DFR-K, respectively, while the green rect-
angle highlights the channels within the gradient region where
the HFF and EHO-like mode can be detected.

In figures 2(e), (g) and (h), it is observed that an edge
coherent mode (ECM) [15, 16] emerges in the early phase
of the L–H transition, and vanishes at 2.96 s. During this
phase, the pedestal density initially rises and stabilizes around
3.20× 1019m−3. As the plasma transitions into the HFF
phase, the pedestal density incrementally ascends to 4.20×
1019m−3, accompanied by a further reduction inDα emission.
The diminished Dα baseline might be indicative of transport
phenomenon [22], suggesting a lower pedestal transport in the
HFF phase. The evolution of pedestal density is depicted in
figure 2(d), the pedestal density keeps increasing during the
entire HFF phase, and then drops after 3.04 s, which suggests
a better pedestal particle confinement in the HFF phase than
the ECM.

3. Characteristics of EHO-like mode in pedestal

3.1. Poloidal structure of EHO-like mode

Figure 4 shows the 2D local conditional wave number and fre-
quency spectrum of the amplitude signal (AHFF, K), as meas-
ured by DFR-K at two poloidally separated positions on a
single surface. It is evident from the figure that the EHO-
like mode exhibits a distinct mode structure within the fre-
quency range of 11−66 kHz, with a poloidal wave number
of approximately kθ ⩽ 0.12 cm−1. Consequently, the poloidal
rotation velocity of the EHO-like mode is estimated as υlab =
2π f/kθ = 34km · s−1 in the direction of electron diamagnetic
drift (EDD) in the lab frame. These characteristics align with
EHO observed in DIII-D tokamak [30], both experimental and
simulation results reveal that the EHO has a lower poloidal
number (kθ ⩽ 0.12 cm−1 for n= 5), with the EHO identified
as a low-n (⩽5) kink/peeling mode destabilized by edge E×B
rotational shear. Due to the absence of the magnetic measure-
ment in this shot, the toroidal number of the EHO-like mode’s
magnetic fluctuation in a different discharge will be presented.

3
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Figure 2. (a) Heating power, (b) stored energy, and (c) Dα emission, (d) pedestal density ne,ped measured by DPR. (e) Original density
fluctuation Sori = I+ iQ and (f ) amplitude signal A[1−3] MHz spectrogram measured by DFR-J, (g) Sori and (i) A[0.6−1.0] MHz spectrogram
measured by DFR-K. (h) Detail of the [0− 100] kHz range for (g).

Figure 3. (a) Power spectral density (PSD) of density fluctuation measured by channel 3 of DFR-J and channel 4 of DFR-K, (b) electron
density profile measured by DPR and the cutoff layers of different channels measured by DFR-J (red diamond) DFR-K (blue circle). The
green rectangle denotes that the HFF could be detected in this region.

3.2. Toroidal structure of EHO-like mode

Figure 5 illustrates the evolution of modes and pedestal para-
meters during two large ELM spikes. The typical plasma
#79861 (Bt = 2.2 T, Ip = 650 kA, q95 = 4) is heated via
LHW and electron cyclotron resonance heating. As observed
in figures 5(d) and (e), the pedestal density and temperature
gradient begin to rise around 3.811 s following the burst of
the preceding large ELM. At t= 3.814 s, when the pedes-
tal reaches a threshold, the HFFs are triggered as depicted in

the density fluctuation spectrogram in figure 5(b). It is clearly
seen a periodic alternation of HFF and a low frequency fluc-
tuation (LFF) with f< 500 kHz in figure 5(b), the pedestal
density and temperature increase in the HFF phase and drop
when the LFFs are excited, such phenomenon has been intro-
duced in previous report [31]. In alignment with the ELM-
free period, the amplitude of HFF (AHFF, J) is modulated by
the EHO-like mode between two LFF bursts as displayed in
figure 5(c). Magnetic measurement is available in this shot,
and the toroidal mode number of EHO-like mode is deduced

4
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Figure 4. Local conditional wavenumber-frequency spectrum calculated by AHFF,K measured during HFF phase in #80485, which shows a
poloidal structure of EHO-like mode. The dashed lines are guides to the eye. Time window for fast Fourier transform (FFT) is 0.5 ms.

Figure 5. (a) Dα emission, (b) density fluctuation and (c) AHFF,J spectrograms measured by DFR-J. (d) pedestal density ne, (e) electron
temperature Te at ρ= 0.9.
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Figure 6. (a) PSD of magnetic fluctuations δBK and δBL measured by Mirnov probe (MP) at mid-plane in port-K and port-L respectively,
as well as amplitude signal AHFF,K. (b) Coherence between AHFF,K and δBK (blue), δBL (red). (c) Toroidal mode number calculated by the
cross phase between δBK and δBL. The gray dashed lines are the guidelines indicating the EHO-like frequencies, while the yellow one
indicates the change of mode number. Time window for FFT is 1 ms.

from magnetic fluctuations δBK and δBL measured by mag-
netic coils at mid-plane in K-port and L-port with a toroidal
separation of 22◦. It can be found in figures 6(a) and (b), the
coherence between density and magnetic fluctuations at EHO-
like frequency is much higher than the noise level, signifying a
magnetic component of EHO-like mode. The toroidal number
is computed from the of cross-phase difference between δBK

and δBL, as shown in figure 6(c), where the toroidal number
of EHO-like mode within the frequency range 18−80 kHz is
n= 1− 5, with the positive value indicates the EDD direction.
The 30 kHz mode in figure 6(b) is possibly the n= 1 magnetic
coherent mode [32].

3.3. Effect of EHO-like mode on particle transport

Figure 7(a) depicts the PSD of the density fluctuation Sori and
the amplitude AHFF, K measured by DFR-K during the HFF
phase, while figure 7(b) displays their coherence. The EHO-
like mode is also discernible in the spectrum of the original

density fluctuation signal. The notable coherence at multiple
frequencies of the EHO-like mode suggests that the amplitude
of HFF in the 0.6−1.0 MHz range is modulated by the low-
frequency EHO-like mode spanning 10−100 kHz.

A salient characteristic of the EHO is its capability to facil-
itate benign and continuous edge particle transport, serving
as a preferable alternative to ELMs. To verify the impact
of the EHO-like mode on divertor transport, we select
the amplitude of the EHO-like mode A[10−100]kHz from the
10−100 kHz density fluctuation measured by DFR-K to do
coherence analysis with divertor particle flux in shot #89649.
Figures 8(a)–(c) shows coherence of EHO-like mode’s amp-
litude A[10−100]kHz and divertor particle flux Γdiv with sampling
rate of 50 kHz. The cross power and coherence, depicted
in figures 8(a) and (b) by green solid line, show an obvi-
ous peak within 0−3 kHz, which indicates that the EHO-
like mode is modulated by the 0−3 kHz mode. A negative
phase delay is discernible in figure 8(c), from which the time
delay is deduced as τdelay =∆phase/(2π∆f) =−0.12 ms, as

6
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Figure 7. (a) PSD of density fluctuation Sori and amplitude signal AHFF,K, (b) coherence between them. Time window for FFT is 0.5 ms.

indicated by the red dashed line. The cross-correlation, illus-
trated in figure 9(a), is computed using the amplitude of the
EHO-like mode and the particle flux, both subjected to a low-
pass filter of 4 kHz, from 2.98 s to 3.00 s. It is evident that
the peak cross-correlation coefficient aligns with a time delay
of −0.12 ms, suggesting that the amplitude of the EHO-like
mode precedes the particle flux onto the divertor by approx-
imately 0.12 ms. This time delay harmonizes with the result
inferred from the slope of the cross phase, a rationale sup-
ported by the transit of particles from the outer mid-plane to
the divertor along the scrape-off layer (SOL) magnetic field
line on an ion transit time scale. Here the transit time τ∥ is
estimated by τ∥ ≈ L∥/cs, with connection length L∥ ≈ πq95R

and ion sound speed cs =
√
((Te +Ti)/mi). For the HFF

phase of#80485, q95 = 3.5, Te = Ti ≈ 150 eV, and thus L∥ ≈
20.3m, cs = 1.20× 105m · s−1, consequently the transit time
is τ∥ ≈ 0.17 ms. Therefore, the observed time delay (0.12 ms)
between the amplitude of EHO-like mode and the divertor
particle flux is actually close to the time scale for a particle
to move from the outer mid-plane to the divertor targets along
the SOL field line.

Furthermore, figures 9(b) and (c) depict the temporal evol-
ution of the particle flux signal, as measured by the divertor
probe near the striking point, and the amplitude of the EHO-
like mode A[10−100]kHz. Their smoothed curves are obtained
via a low-pass filter of 4 kHz. It is apparent that the particle
flux increases after the burst of EHO-like mode. In particu-
lar, both the amplitude of EHO-like mode and the particle flux
exhibit a ‘bursty’ behavior, with the former preceding the lat-
ter by approximately 0.1 ms in time evolution as denoted by
the red dashed lines. These findings suggest the burst of the

EHO-like mode could drive particle transport toward divertor
plates.

The reflectometry fluctuation amplitude measurements rely
heavily on the reflection layer location. As the pedestal
structure changes due to the transport, it is very likely that the
reflection layer location changes with it, hence producing the
illusion that the EHO-like mode amplitude changes with the
pedestal profile or the divertor particle flux. The measurement
of Mirnov probe (MP) does not have this issue, so the coher-
ence between the amplitude of MP and the divertor particle
flux is shown in figure 8. The strong coherence is also found
below 3 kHz, which indicates that the low frequency modula-
tion of EHO-like is not due to the movement of cut-off layer.
The coherence between the amplitude of HFF and divertor flux
is also shown in figure 8 by black solid line. Strong coher-
ence can be also found below 3 kHz, which indicates that the
HFF could also contribute outward particle flux toward diver-
tor. Note that weak coherence can be found at about 17 kHz,
which is the lowest frequency of EHO-like mode in this shot.
This result suggests that the EHO-like mode could modulate
the amplitude of HFF and also the particle flux at the frequency
of EHO-like mode. Back to the figure 2, the transition into
the high pedestal HFF phase is also accompanied by a sud-
den cessation of the ECM. At the time when the ECM ceases
there is a large drop in the Dα signal (figure 2(c)), which is
probably due to the lack of the ECM induced transport and
the weaker transport from the EHO-like mode. As the EHO-
like mode disappears, the Dα signal increases to the previous
level. Therefore, the relatively weaker transport level caused
by EHO-like mode could partly contribute to the continuous
growth of the pedestal density.

7
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Figure 8. (a) Cross power, (b) coherence, (c) cross phase between three different signals: A[10−100]kHz of Mirnov probe, AHFF of DFR,
A[10−100]kHz of DFR and the divertor particle flux Γdiv. The red dashed line denotes a time delay between these signals. Time window for
FFT is 1 ms.

4. Co-existence of EHO-like mode and HFF and
their interaction

4.1. Poloidal structure of HFF

It has been observed that both the DFR-K and DFR-J cap-
ture the respective fluctuations of HFF, the frequency range
being 0.6–1.0 MHz for DFR-K and 1−3 MHz for DFR-J. A
primary conceivable reason for this discrepancy is the vari-
ation in the sampling rate. To elucidate this, we resampled the
data acquired by DFR-J from 20 MHz to 2 MHz. Figure 10
shows the PSD and coherence as gauged by the two systems.
In figure (10a), a pronounced broadband turbulence within
the 0.6−1.0 MHz range is discernible in both signals cap-
tured by DFR-K and DFR-J. Figure 10(b) depicts that the

coherence within the corresponding frequency range signific-
antly surpasses the noise level. This substantiates that the cor-
responding fluctuations in the 0.6−1.0 MHz range as meas-
ured by DFR-K also represent the HFF, the discrepancy in
the frequency range is attributable to the lower sampling rate
of DFR-K in comparison to DFR-J. Figures 10(c)–(e) unveil
the cross power, coherence and poloidal wave number of the
HFF as measured by the DFR-K at two poloidally separ-
ated positions P1 and P2 during the HFF phase. As illustrated
in figures 10(c) and (d), both the cross power and coher-
ence within the HFF range, i.e. 0.6−1.0 MHz, are notably
robust. Figure 10(e) reveals that the poloidal wave number
of HFF lies between kθ = 0.9−1.6 cm−1, corresponding to
kθρs = 0.14−0.25, with the positive value signifying a rotat-
ing direction of the EDD in the lab frame.

8
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Figure 9. (a) The cross-correlation function between the EHO-like mode’s amplitude A[10−100] kHz and divertor particle flux. Time
evolution of (b) amplitude signal A[10−100] kHz and (c) particle flux Γdiv as well as their filtered curve. The red dashed lines show the delay
between the bursts of EHO-like mode and divertor particle flux bursts. Time window for FFT is 1 ms.

4.2. Stimulation of HFF

As depicted in figure 5, the HFF is triggered once the pedestal
reaches a certain threshold. To elucidate this, figures 11(a)–(c)
present statistical data captured during the ELM cycle from
3.810 to 3.845 s, encompassing the gradient of pedestal dens-
ity, temperature, pressure as well as the amplitude of the HFF.
It is observed that the initiation of HFF fluctuation is contin-
gent upon reaching a threshold in gradient of pedestal pres-
sure. In this particular instance, the threshold is identified to
be around 3.2 kPa, and beyond this threshold, the amplitude of
fluctuation exhibits an increasing trend with pedestal pressure.
Figures 11(d) and (e) elucidate the evolution of high-frequency
mode density fluctuations and amplitude signals over a brief
time span, revealing an intermittent bursting characteristic of
the high-frequency mode. This characteristic also leads to the
occurrence of points with lower amplitude during phases of
elevated pressure, aligning with the phenomena depicted in
figures 11(a)–(c).

Figure 12 presents the evolution of the HFF and pedes-
tal parameters in the inter-ELM period. Figure 12(a) shows
several ELM periods including large ELM and Dα spikes.
Figure 10(b) is the spectrogram of density fluctuation meas-
ured by Doppler backscattering system (DBS) in the gradient
region around ρ∼ 0.94, and figure 10(c) shows the integrate
power of 1–2 MHz from the spectrogram. In the early phase
just after the ELM crash, LFF with f< 500 kHz emerges, and
in the later phase, the LFF disappears as the HFF becomes
stronger. It is seen that the HFF soon weakens just before the
onset of next ELM crash, and the LFF grows up again after the

ELM crash. It is noticed that the Dα signal decreases with the
disappearance of LFF and also the presence of HFF, suggest-
ing a lower transport in the phase of HFF when compared with
LFF phase. To verify the hypothesis, the evolution of E×B
velocity and its shear is provided by measurement of DBS.
The perpendicular velocities u⊥ near ρ∼ 0.92 and ρ∼ 0.94
are plotted together in figure 12(d), the E×B shear in this
region is shown in figure 12(e). As the perpendicular velocity
u⊥ = υE×B+ υphase, here the υE×B and υphase are the E×B and
phase velocity, respectively. Basing on a reasonable assump-
tion that υE×B ≫ υphase, the υE×B could be qualitatively rep-
resented by perpendicular velocity u⊥ [33]. The evolution of
edge density and temperature is shown in figures 12(f ) and
(g). As indicated by the purple dashed line, the E×B velo-
city increases with the weaken of LFF in the HFF phase, and
follows the slight rise of edge density and temperature. The
rise of the density profile and density gradient can be found
in figure 13. According to the radial force balance equation:
Er =

1
Zieni

∂Pi
∂r − vθBφ + vφBθ. Here the Er is the radial electric

field, Zi, ni and Pi is the charge, density and pressure of ion.
vθ,φ andBθ,φ are the ion velocity andmagnetic field in the pol-
oidal (θ) and toroidal (φ ) directions. Here we assume that the
rise of Pi and Pe are coincident with each other. Therefore, the
rise of υE×B means the rise of Er, which is firmly linked to the
term of pedestal gradient of pressure. It is noticed that an obvi-
ous increase in the E×B shear as shown in figure 12(e). As
shown in figures 12(c)–(e), the E×B shear starts to increase
before the rise of the E×B velocity and the stimulation of
HFF, implying a potential effect of E×B shear on the HFF.
The increased E×B shear suppresses the LFF and destabilizes
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Figure 10. (a) PSD of density fluctuation Sori measured by DFR-J and DFR-K and (b) coherence between them. (c) PSD of density
fluctuation measured by DFR-K at different poloidal position P1 and P2, (d) their coherence and (e) poloidal wave number within
0.6−1.0 MHz. Time window for FFT is 0.1 ms.

the HFF, resulting in a lower transport level. This allows for an
increase of pedestal gradient and the rotational velocity until
the onset of ELM.

4.3. Interaction between the HFF and EHO-like mode

In figure 2, the simultaneous presence of HFF and EHO-
like mode in the pedestal is demonstrated, sparking curios-
ity regarding the interaction between these distinct modes.
The notable modulation of HFF amplitude with the fre-
quency of the EHO-like mode is observed, emphasizing
the significance of nonlinear coupling in this cross-scale
interaction. We delve into the potential nonlinear inter-
action between broadband turbulence and the EHO-like
mode employing an auto-bicoherence function: bi2 (f1, f2) =
|⟨X(f1)X(f2)X∗(f1+f2=f3)⟩|2

⟨|X(f1)X(f2)|2⟩⟨|X(f3)|2⟩
. Here X(f1), X(f2), and X(f3) denote

the Fourier coefficients of the harmonics with frequencies f1,
f2, and f3 respectively. The bispectral coefficient bi2 reflects
the phase correlation between these three waves satisfying
f1 + f2 = f3. Figure 14(a) shows the auto bicoherence of the
density fluctuation as measured by DFR-J during HFF phase
of shot #80485. A pronounced coherence is discerned in
the frequency domain of f1 = 1−3 MHz, f2 < 100 kHz, with

a diminished coherence in other frequency ranges. As elu-
cidated in figure 14(b), the correlation coefficients along the
lines f2 =±55 kHz and f1 + f2 = 55 kHz within 1−3 MHz
are significantly higher than the noise level. It is noteworthy
that the 55 kHz corresponds to the frequency of the EHO-
like mode exhibiting the highest power (see figure 7(a)).
Figure 14(c), portraying the bicoherence satisfying f1 + f2 =
55 kHz, unveils a significant interaction with broadband tur-
bulence (1−3 MHz) which aligns with the frequency range of
HFF. These findings underscore a significant nonlinear inter-
action between the EHO-like mode and HFF.

5. Discussion and conclusion

5.1. Discussion

The above analyses present the coexistence of HFF and EHO-
like mode within the H-mode pedestal region of the EAST
tokamak. The EHO-like mode is characterized as an MHD-
like mode with a toroidal mode n= 1−5, f < 100kHz and
kθ ⩽ 0.12 cm−1, exhibiting rotation in the EDD direction in
the lab frame. Drawing a comparative analysis with the EHO
observed in DIII-D plasma, which is identified as a low-n

10
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Figure 11. Statistical results of (a) pedestal density, (b) pedestal temperature and (c) pedestal pressure versus amplitude of HFF during the
ELM cycle shown in figure 5. (d) Density fluctuation signal and (e) amplitude of HFF in short time interval. The pedestal temperature is
approximately indicated by the temperature around ρ= 0.9.

mode (n⩽ 5) destabilized by rotational shear, both the dia-
gnostic data frommicrowave imaging reflectometer andM3D-
C1 modeling exhibit a poloidal number of kθ ⩽ 0.12 cm−1 for
n ⩽ 5, rotating in the EDD direction in lab frame with fre-
quency below 100 kHz. These characteristics closely resemble
the EHO-like mode identified in our investigation. The EHO-
like mode is found at different Bt and a relatively high Ip, sug-
gesting a closely relation between EHO-like mode and the q95.
Result shows that the q95 is about 3.5–5.5, the value is sim-
ilar with EHO-discharge in JET, AUG and the DIII-D [34,
35]. Furthermore, akin to the EHO, the EHO-like mode is
demonstrated to drive particle transport toward the divertor.
Nonetheless, the transport level caused by EHO-like mode is
much weaker than that induced by the ECM. Previous study
[16] demonstrated that ECM could cause about 25% per-
turbation (δΓdiv/Γdiv) in the particle flux toward the divertor,
while this value is about 8% for EHO-like mode as shown in
figure 9(c). Consequently, a continuous increase of pedestal
density is observed throughout the EHO-like mode’s duration.

Yet it remains unknown what trigger the transition from ECM
to EHO-like mode/HFF without the change of external power
and particle source. Recent result in DIII-D presented a trans-
ition from EHO to the broad-band MHD is found when the
input toque ramps down to zero, which shows a strong correl-
ation to the E×B shear [20]. However, in our study there is no
active change in NBI torque during the transition from ECM
to EHO-like mode as shown in figure 2. The change of local
E × B shear should be taken into account in future work.

The HFF is discerned by DFRs operating at varying
sampling rates: DFR-J, with a sampling rate of 20 MHz,
delineates a frequency range of 1−3 MHz for HFF, while
DFR-K, operating at 2 MHz, identifies a frequency range of
0.6−1.0 MHz. As illustrated in figure 10, pronounced coher-
ence within the 0.6−1.0 MHz range underscores the identity
of these fluctuations as HFF, the discrepancy in frequency
being attributable to the differing sampling rates. The pol-
oidal scale of HFF, as inferred from the poloidal mode num-
ber of the 0.6−1.0 MHz mode measured by DFR-K, spans
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Figure 12. (a) Dα emission, (b) spectrogram of density fluctuation and (c) integrate power of [1−2] MHz measured by DBS. (d)
Perpendicular velocity at ρ∼ 0.94 and ρ∼ 0.92. (e) E×B shearing rate, (f ) contour plot of pedestal density ne, (g) electron temperature Te
at ρ= 0.9 and ρ= 0.85.

kθ = 0.9−1.6 cm−1 (or kθρs = 0.14−0.25), which is close to
an ITG scale. However, due to under-sampling, the actual pol-
oidal scale of HFF could be substantially larger. Moreover,
the HFF cannot be ETG as the DFR is measuring dens-
ity fluctuations with kθ < 3 cm−1 in the pedestal [36], while
the ETG has a small-scale (kθρs ∼ 10). In the DIII-D toka-
mak, it is observed the ITG-scale mode (f< 1 MHz, kθρs ∼
0.3, ρ∼ 0.98) increases immediately after each ELM crash
and is quickly suppressed by increased local E × B shear,
instead a TEM-scale mode (1< f< 4 MHz, kθρs ∼ 1, ρ∼
0.95) become dominant in the gradient region [23]. In our
experiment, the HFF could also detected by the DBS reflecto-
metry as shown in figure 12, while the detected wave number
is about k⊥ ∼ 2 cm−1. The destabilization of HFF is accom-
panied by a rapid increase of the E×B shear, which is con-
sistent with the phenomenon of the high frequency TEM tur-
bulence. The TRANSP simulation suggests the MTM or the

TEM could be the potential candidate for the observed high
frequency modes [22].

The nonlinear cross-scale interaction observed between the
EHO-like mode and the HFF unveils a notable interplay, as
delineated in figure 12(b). Herein, the EHO-like mode pre-
dominantly interacts with the background turbulence within
the frequency range of 1−3 MHz, coinciding with the fre-
quency domain of the HFF. Such interaction could have
indirect effect on the evolution of pedestal and the onset of
ELM. For instance, in the JET tokamak, a distinct interac-
tion between the type-I ELM precursor and the washboard
mode (WBM) has been delineated. The onset of type-I ELM
precursors is correlated with a weakening, or even an inhib-
ition of the WBM as cited in [8]. Moreover, in the DIII-D
tokamak, the nonlinear coupling of pedestal modes, associ-
ated with radial distortions propelling out of the pedestal, is
posited as a primary trigger for the low-frequency ELMs.
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Figure 13. Profiles of electron density profile measured by DPR and the cutoff layers of DBS (red and blue circles). The red and blue
dashed line denotes the radial position of ρ= 0.9 and ρ= 0.85, which is the measured positions of Te in figure 12(g).

Figure 14. (a) Auto-bicoherence spectrogram and it is (b) detailed figure for the density fluctuation signal measured by CR during
2.96−3.00 s in the HFF phase of shot #80485. (c) Bicoherence satisfying f1 + f2 = 55 kHz. The purple dashed lines represent
f2 =±55 kHz, while the red dashed line represents f1 + f2 = 55 kHz. Time window for FFT is 25µs.

This nonlinear interaction emerges as a plausible candidate
for the triggering of ELMs, as outlined in [37]. However,
the impact of the interaction between HFF and EHO-like
modes on the pedestal evolution remains an uncharted territ-
ory. The nonlinear energy transfer between these modes could
potentially modulate the transport level, affect pedestal sat-
uration, and influence the onset of ELMs, meriting further
analysis.

5.2. Conclusion

In conclusion, the coexistence of HFF with frequency about
1−3 MHz and EHO-like mode < 100 kHz are observed in
pure RF heating for the first time on EAST tokamak. In the
study, the HFF is an ITG/TEM scale mode fluctuation rotat-
ing in the direction of EDD in the lab frame, and it is found
modulated by the EHO-like mode. Measurements show the
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EHO-like mode has a mode structure similar to EHO, e.g.
n= 1− 5 and kθ ⩽ 0.12 cm−1 rotating in the EDD direction
in the lab framewith q95 ∼ 3.5− 5.5. Analysis shows that both
EHO-like mode and HFF could drive outward particle flux
toward divertor. Statistical data analysis demonstrates that a
threshold of pedestal gradient of pressure exists for the trig-
gering of the HFF, and the fluctuation amplitude shows a
fast increase with the pedestal pressure beyond the threshold.
During the inter-ELM period, a significant decrease in the Dα

baseline is observed whenever the LFF weakens and the HFF
grows, prior to each large ELM. One possible explanation is
that the rapid increase of E×B shear stabilizes the LFF and
destabilizes the HFF, which lowers the pedestal transport and
enables the further growth of the pedestal until the onset of
the ELM. Moreover, further analysis indicates a strong non-
linear interaction between the EHO-like mode and HFF. So
far, both the ELM and EHO are efficient vehicles to drive
particle transport for impurity removal in ELMy H-mode and
QH mode, respectively. The observation in this paper actually
expands the operation space of the EHO plasma in ELMy H-
mode without NBI input, and it could be a possible candidate
for the low external momentum input condition of ITER. In the
next step of the work, the nature of HFF should be identified by
the ‘fingerprint’ method [7]. The velocity and its shear should
be considered to study the transition from ECM to EHO-like
mode. And the role of these fluctuations in the triggering of
ELM would be studied. We believe the present results will be
beneficial for further understanding of a turbulence transport
in the H-mode.
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