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Abstract
Pedestal turbulence spreading into a crape-off layer (SOL) can be used to explain the
experimentally observed strong pedestal-SOL coupling and is expected to be important for the
broadening of divertor deposition profiles in future devices (Xu et al 2019 Nucl. Fusion 59
126039). In the EAST tokamak, it is found that an electromagnetic (EM) mode in the pedestal
region can spread into the SOL and broaden the divertor particle flux width. Multi-channel
fluctuation reflectometry is used to measure the density fluctuations at the plasma edge. The EM
mode rotates in the electron diamagnetic drift direction in the lab frame with a frequency range
of [40–90] kHz, toroidal mode number n = 12–13 and poloidal wavenumber kθ = 0.41 cm−1.
The mode amplitude peaks around the maximum of the pedestal density gradient. As the mode
amplitude increases, the reflectometry channel in the SOL can clearly capture the mode. This
result suggests that the EM mode is excited in the pedestal gradient region and spreads into the
SOL. It is further found that the particle flux deposition profile in the divertor is broadened as
the EM mode appears.
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1. Introduction

To achieve high fusion power, the plasma of future fusion
devices will mainly operate in the high confinement mode (H-
mode) with a divertor configuration [1, 2]. Most of the power
will cross the separatrix and flow inside a narrow channel on
open field lines in the scrape-off layer (SOL) which directly
connects to the divertor target plates. Since parallel transport
is much larger than perpendicular transport, the SOL heat flux
width (λq) is generally small [3]. Based on the multi-machine
experimental scaling law [4] in low-gas-puff H-mode toka-
mak plasma, it is inferred that the baseline plasma of ITER
(Ip = 15 MA, Q = 10) might have a λq of approximately
1 mm. Such a narrow heat flux width will result in a peak heat
load in the divertor target plate far exceeding the current value
that the material can withstand. Although power dissipation
through radiation in the divertor region can largely reduce the
peak heat load, the operating window for the ITER baseline
plasma will be narrower for smaller λq [5]. The new result in
the high-density H-mode plasma shows that near-SOL pres-
sure fall-off length upstream is close to Eich scaling in the
low turbulent state, but increases in the high turbulent state
[6], implying turbulence transport is effective in broadening
the heat flux width. For ASDEX Upgrade plasmas in different
confinement regions (L, I, H), λq is strongly correlated with
the pedestal pressure gradient length, implying the impact of
the pedestal on SOL [7]. One possible reason could be that the
pedestal turbulence spreads into the SOL and has an influence
on SOL transport.

Recent numerical simulation studies [8–10] show that the
heat flux width in ITER might be larger than 4 mm, much
broader than the extrapolated value (∼1 mm) based on experi-
mental scaling. The mechanism could be that the neoclassical
drift transport will decrease due to stronger magnetic field and
larger device size, and turbulent transport will dominate [9,
10]. The key point in these simulations is that turbulence is
excited in the pedestal gradient region and then spreads nonlin-
early to the SOL region, thereby enhancing the perpendicular
transport there. Turbulence spreading phenomena have been
broadly observed in simulations/models and experiments for
magnetically confined plasmas [11–20]. For H-mode plasma,
the confinement improvement is due to turbulence suppres-
sion at the edge and a pedestal structure with steep gradient
forms. Even with large Er shear in this pedestal region, new
turbulence modes can still be excited as observed in present
devices [21–27], some of which make a significant contribu-
tion to pedestal transport. If these turbulencemodes can spread
into the SOL region, it is expected that the SOL perpendicu-
lar transport can be enhanced and the divertor particle or heat
flux width can be broadened, as suggested by the simulations.
There have been sporadic reports on the impact of pedestal
turbulence modes on divertor deposition in recent years. In
the quasi-continuous exhaust regime of the ASDEX Upgrade,
λq is largely increased and the peak heat load is reduced,
which can be attributed to the enhanced SOL perpendicu-
lar transport by the intermittent filament structure propagat-
ing from the pedestal region [28]. In HL-2A H-mode plasma,

a pedestal coherent mode has the effect of redistributing the
divertor particle flux [29]. In EAST (Experimental Advanced
Superconducting Tokamak), it is also observed that a coher-
ent mode in the H-mode pedestal can increase the divertor
particle flux width [30]. In the present paper, we will report the
new result from the EAST tokamak. An electromagnetic (EM)
mode is excited in the pedestal gradient region of the ELMy
H-mode plasma heated by RF waves and can be observed in
the far SOL region. The divertor particle flux width increases
with the mode amplitude. The rest of this paper is organized
as follows. The experimental setup is described in section 2.
Section 3 presents the experimental results. The results are dis-
cussed in section 4, followed by a summary in section 5.

2. Experimental setup

EAST is a medium-sized tokamak with a major radius
R0 = 1.85 m and a minor radius a = 0.45 m. Two typical dis-
charges (#87996 and #85131) have been selected for analysis.
Both discharges are with an upper single null (USN) config-
uration and heated by RF waves. Figure 1 shows the plasma
parameters for #87996 (Bt = 2.2 T, Ip = 550 kA, q95 = 5,
<ne>/nG = 0.6–65) which is heated by lower hybrid wave
(LHW) and electron cyclotron resonance heating (ECRH).
The plasma enters H-mode at about 2.6 s and the shaded region
indicates the phase for study, which is a relatively long ELM-
free phase just before H–L back-transition. Here, the H–L
back-transition could be due to the radiation power increase
from impurity accumulation (figure 1(d)), resulting in net heat-
ing power close to the H-mode power threshold. It is observed
that an EM mode in the pedestal can lead to a broadening
of divertor particle flux width during the phase before H–L
back-transition. This phenomenon is also observed during a
relatively long time no-ELM phase in a sustained H-mode
discharge #85131, which will be introduced and analyzed in
the next section. Figure 2 shows the main diagnostics for the
present data analysis. The density fluctuations are measured
by multi-channel fluctuation reflectometry diagnostic close to
midplane at the low field side (LFS). This diagnostic is com-
posed of two sub-systems, i.e. O-mode polarized reflectometry
[31] and X-mode polarized reflectometry [32]. For O-mode
reflectometry, the cutoff frequency equals to the plasma fre-
quency f pe,

fO,cutoff = fpe =
1
2π

√
nee2

ε0me
.

For X-mode reflectometry at LFS, the cutoff frequency is,

fX,cutoff =
1
4π

(
fce +

√
f2ce + 4f2pe

)
.

where f ce = eB0/(2πme) is the electron cyclotron frequency,
e is the electron charge, ε0 is the vacuum conductivity and
me is the electron mass. Therefore, the O-mode reflectometry
cutoff position only depends on electron density while that
of the X-mode reflectometry depends on both the magnetic
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Figure 1. Parameters for EAST discharge #87996. (a) Heating power of LHW and ECRH, (b) diamagnetic energy Wdia, (c) Dα signal, (d)
radiation power and (e) line averaged density. The vertical dotted line indicates the first L–H transition time and the shaded region is for data
analysis.

Figure 2. Plasma equilibrium for #87996 at t = 6.5 s and
diagnostics for analysis, including density profile reflectometry
(DPR), poloidal correlation reflectometry (PCR), magnetic probes
mounted on vacuum vessel and divertor probes at upper outer
divertor plate.

field and electron density. The diagnostics use two poloid-
ally separated antennae for the receiver and therefore each fre-
quency has two poloidal measurements, which can be used for
poloidal correlation analysis. This diagnostic is thus usually

called poloidal correlation reflectometry (PCR), whose view
line is as shown in figure 2. High frequency magnetic probes
with a sampling frequency of 1 MHz mounted on a vacuum
vessel of L and K ports at LFS are used to measure the mag-
netic fluctuations. The toroidal distance between the magnetic
probes of L andK is 22.5◦, fromwhich the toroidal mode num-
ber (n) of fluctuations with n = 0–16 can be determined. The
electron density profile from the edge to the core is measured
by density profile reflectometry (DPR), which is located at the
LFS midplane with a horizontal view line. The time defini-
tion of the density profile can be up to 50 µs. Divertor triple
Langmuir probe arrays (div-LPs) are installed at the lower and
upper divertors including inner and outer tiles, respectively,
and used for the measurement of ion saturation current (js),
from which the particle flux to divertor can be estimated as
Γi (m−2s−1) = ntCs = js/e [33]. The plasmas presented in
this paper are with USN configuration and so only upper outer
divertor probes will be used, as shown in figure 2. There are
13 probes on the divertor plate, which are numbered UOIS01,
UOIS02, …, UOIS13, where the probe UOIS13 is closest to
the divertor corner.

3. Experimental result

In this section, a detailed analysis of the EM mode will be
presented, mainly based on the discharge #87996 shown in
figure 1 while the result for another discharge #85131 will
also be shown. Figure 3 shows the fluctuation spectra for O-
mode reflectometry at the lowest four frequencies (20.4 GHz,
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Figure 3. (a) Dα signal, (b)–(e) fluctuation spectra of O-mode reflectometry with frequency 20.4 GHz, 24.8 GHz, 33 GHz and 40 GHz
respectively, (f) density profile at t = 6.51 s and the cutoffs for the multi-channel fluctuation reflectometry. The grey asterisk indicates the 20
density profiles obtained from 1 ms DPR data at around 6.51 s. The horizontal bar indicates a typical errorbar of the ne profile.

24.8 GHz, 33 GHz and 40 GHz) in #87996. The cutoffs of
the four reflectometry covering the pedestal gradient region
to the far SOL (ΨN = 0.93–1.07) are shown in figure 3(f ),
where ΨN is the normalized flux coordinate and ΨN = 1 rep-
resents the separatrix. Here, the density profile is measured by
DPR. Since the density profile has a time definition of 50 µs,
a 1 ms data around at t = 6.51 s is analyzed and 20 density
profiles can be obtained, as indicated by the grey asterisk in
figure 3(f ). The 20 density profile data are taken together and
fitted, from which a smoothed density profile (black solid line

in figure 3(f )) and then the cutoffs of PCR can be obtained.
The errorbar of the density profile and PCR cutoffs can be cal-
culated from the fitting error. The reflectometry is, essentially,
a diagnostic to measure the radial position of the microwave
cutoff layer. Therefore, the error in the density profile meas-
ured by reflectometry is mainly from the radial position as
shown by the horizontal error bar in figure 3(f ). It is observed
from the 40 GHz reflectometry spectra in figure 3(e) that a 40–
90 kHz mode appears in the later ELM-free phase. This mode
can also be observed in the magnetic probes mounted on the

4
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vacuum vessel, suggesting an EM mode. It will be shown in
section 4 that the EM mode has a toroidal mode number of
n = 12–13 and poloidal wavenumber kθ = 0.41 cm−1, rotat-
ing in the electron diamagnetic drift (EDD) direction in the lab
frame. As the EMmode amplitude increases, the reflectometry
channel in SOL (20.4 GHz,ΨN = 1.07) also captures the mode
as shown in figure 3(b). In order to further verify this point,
a coherence analysis between the fluctuations from 40 GHz
reflectometry (pedestal) and 20.4 GHz reflectometry (SOL) is
conducted. The spectral squared coherence (γ2) between any
two signals (X and Y) is calculated by

γ 2 =
|PXY ( f) |2

|PXX ( f) ||PYY ( f) |

with PXY ( f) =
1
Nens

∑Nens

i=1
Xi ( f)Y

∗
i ( f) ,

PXX ( f) =
1
Nens

∑Nens

i=1
Xi ( f)X

∗
i ( f) .

where Nens is the number of ensembles, Xi(f ) and Yi(f ) are the
Fourier transforms of the time series X(t) and Y(t) and sub-
script i is the ensemble index. PXY(f ) is usually called cross
power spectral density and PXX(f ) or PYY(f ) is auto-power
spectral density. Figures 4(a) and (b) show the coherence ana-
lysis at different phases, i.e. the first half phase (t = [6.35–
6.45]s) and the second half phase (t = [6.48–6.53]s), respect-
ively. For the first half phase, the coherence level is all below
the noise level. But for the second half phase, there is signific-
ant coherence beyond the noise level between the fluctuations
of pedestal and SOL at EMmode frequency. This result shows
that the 20.4 GHz reflectometry in the SOL region observes the
EM mode at the second half phase.

Nowwewill show that the EMmode should be a fluctuation
originating from the pedestal gradient region. Multi-channel
fluctuation reflectometry can in principle give the radial pro-
files of density fluctuation levels for EM modes. However, it
is usually not easy to estimate the density fluctuation level
from reflectometry measurement [34]. What we are here inter-
ested in is the shape for the radial distribution of the EMmode
and another manner similar to [35] will be adopted to present
it. Since both density fluctuations measured by reflectometry
and magnetic fluctuations measured by magnetic probes can
observe the EM mode, the signal from one magnetic probe is
chosen as a reference. The coherence analyses between fluc-
tuations from reflectometry and the reference signal is con-
ducted and the coherence values around the EM mode are
calculated. The radial distribution of this coherence value is
presented in figure 5, where the profile of the absolute dens-
ity gradient is also shown. Here, the errorbar of the cutoff for
each PCR channel is calculated based on the fitting error of
the density profile in figure 3(f ). It is seen that the coherence
value is largest around the region with peak density gradient
and generally decreases as the density gradient is reduced in
the more inner and outer regions. This result indicates that the
EM mode is a fluctuation excited around the pedestal gradient
region. For the channel at 20.4 GHz, its cutoff is actually in the

SOL region even considering the errorbar and its coherence
value is also significant while the density gradient is much
smaller than that of the pedestal. This suggests that the EM
mode originates from a pedestal gradient region that spreads
into the SOL. It should be noted that the channel at near-SOL
(24.8 GHz, ΨN = 1.01) has a very low coherence value and
the reason could be due to the relatively low signal noise ratio
of this channel or the strong background fluctuations close to
the separatrix submerging the EM mode.

The influence of the EM mode on divertor deposition is
also studied. Figure 6 shows the js profiles measured by these
probes in two different phases, one belongs to the first half
phase without the EM mode and the other belongs to the
second half phase with the EM mode. The js profile demon-
strates double peaks as usually observed in this device [36].
The difference between the two js profiles is that the main
peak close to the strike point decreases while the secondary
peak in the far SOL increases when the EM mode appears.
This trend can be seen more clearly from the time evolutions
for the js of the two peaks, as shown in figure 7. The EM
mode amplitudes in the pedestal and SOL are, respectively,
represented by the integrated power in the frequency range
[40–90] kHz from the fluctuation spectra of 48 GHz reflecto-
metry and 20.4 GHz reflectometry, shown in figures 7(f ) and
(g). Since the EM mode originates from the pedestal gradi-
ent region, it is suitable here to use the 48 GHz reflectometry
because it is located at about ΨN = 0.91, close to the posi-
tion of the peak density gradient (figure 5). The EM mode in
the pedestal appears at about 6.42 s and gradually increases.
At the same time, the js close to the strike point represented
by UOIS09 gradually decreases while that in the far SOL rep-
resented by UOIS03 gradually increases. In order to describe
the width of the double-peaked js profile, an integrated with
(λjs,int) is introduced,

λjs,int =

´
(js − js,BG)ds
js,max − js,BG

1
fx

where js,BG is the background value, js,max is the maximum
value, s is the coordinate along the divertor plate and fx is the
magnetic flux expansion. In fact, the definition of λjs,int here
follows from the integral power width as defined in [37]. In the
present calculation, we take the value of UOIS13 as js,BG since
this probe always has the lowest js. The fx in the studied phase
is nearly constant at about 4.85. The time evolution of (λjs,int)
is shown in figure 7(h). It is seen from this plot that the integ-
rated width shows a gradual increase with the pedestal EM
mode amplitude in figure 7(f ) after about 6.42 s. The depend-
ence of λjs,int and peak ion saturation current (js,peak) on the
EM mode amplitude in pedestal are shown in figure 8. Here,
we take the value from UOIS09 as an approximation of js,peak.
It is seen that the integrated width generally increases with the
EMmode amplitude. At the same time, the peak ion saturation
current decreases with the mode amplitude. The above result
suggests that the EM mode has the effect of broadening the
particle flux profile and reducing the peak particle flux to the
divertor.
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Figure 4. Auto-power spectra density for fluctuations measured by 40 GHz reflectomery and 20.4 GHz reflectomery and spectra squared
coherence between the two signals at different phases. The shaded region indicates the EM mode.

In the above study for #87996, the electromagnetic mode
appears in the long ELM-free phase just before the H–L back
transition. In fact, the EM mode can also be observed in the
inter-ELM phase in a normal H-mode plasma. However, the
duration time of the EM mode is generally short (2–3 ms) in
the inter-ELM phase and the broadening effect on the divertor
particle flux width is not evident. In any case, there are some
examples where the EMmode exists with a relatively long dur-
ation time in a normal H-mode plasma and the broadening

effect on λjs,int can be observed. Figure 9 shows one such
discharge #85131, for which the plasma is Bt = 2.28 T,
Ip = 500 kA, q95 = 5.2 and heated by 1.8 MW LHW and
0.8 MW ECRH. The plasma shown in figure 9 enters the H-
mode at ∼5.83 s and goes back to the L-mode at ∼7.56 s due
to the switching-off of the LHW power. During this phase,
the radiation power is less than 0.9 MW and the H-mode is
sustained. Both regular ELMs and relatively long time no-
ELM phase appear in this discharge. Figure 10 shows the

6
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Figure 5. The star represents the spectra squared coherence between density fluctuation from reflectometry and magnetic fluctuation from
magnetic probe for EM mode. The dashed line is the absolute value of density gradient divided by 1.5.

Figure 6. The js profiles at two different phases with and without EM modes.

observation of EM mode in the pedestal. The EM modes can
be clearly observed in the long time no-ELM phase, as indic-
ated by the shaded regions in figure 10(b) and persist for a rel-
atively long time >15 ms. It is shown in figure 10(c) that the
λjs,int increases with the EM mode, demonstrating the broad-
ening effect of the mode on the divertor particle flux width. It
is noted that the EM mode is also observed in the later stage
of the inter-ELM phase but the duration time is short (<3 ms).
Although an increase in λjs,int is also observed in the later stage

of the inter-ELM phase, it is difficult to distinguish whether
this increase is attributed to the EM mode or ELM.

4. Discussion of the results

We have shown that an EM mode with a frequency of [40–
90] kHz is excited in the pedestal gradient region and can
spread into the SOL, leading to broadening of the particle flux

7
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Figure 7. (a) Dα signal, (b) pedestal density (ne,ped), (c) pedestal electron temperature (Te,ped) and pressure (pe,ped), (d) signal of divertor
probe UOIS03, (e) signal of divertor probe UOIS09, (f ) fluctuation amplitude of EM mode at pedestal ΨN = 0.91, (g) fluctuation amplitude
of EM mode at SOL, and (h) the integrated width (λjs,int) of divertor js profile.

Figure 8. Dependence of λjs,int and js,peak on EM mode amplitude in pedestal at ΨN = 0.91.

width deposited on the divertor plate. More characteristics will
be presented in this section for further understanding.

The mode structure has been analyzed based on PCR and
magnetic probes. The PCR uses two poloidally separated
antennae to receive the reflected wave and poloidal correla-
tion analyses can be made [31]. Figure 11(a) shows the local
wavenumber-frequency spectra density, S(kθ,f ), calculated
using the two-point correlation technique [38], for the 48 GHz
reflectometry measurement at two different poloidal positions.
Here, the poloidal separation at the cutoff surface is estimated

to be about 0.9 cm. It is seen from the poloidal correlation
analysis that the EM mode is propagating in the EDD direc-
tion. By integrating S(kθ,f ) in the EM mode frequency range
[40–90] kHz, the local wavenumber spectral S(kθ) for the
EM mode is acquired, as shown in figure 11(b). The spectral
weighted local wavenumber kθ =

´
kθS(kθ)dkθ/

´
S(kθ)dkθ

has been estimated to be about 0.41 cm−1. The toroidal struc-
ture can be obtained by the coherence analysis of the magnetic
fluctuations (δbL and δbK) measured bymagnetic probes in the
L and K ports. Here, we will perform an indirect coherence

8
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Figure 9. Parameters for EAST discharge #85131. (a) Heating power of LHW, ECRH and radiation power, (b) diamagnetic energyWdia,
(c) line averaged density and (d) Dα signal. The vertical dotted line indicates the L–H transition time.

Figure 10. (a) Dα signal, (b) O-mode 33 GHz fluctuation
reflectometry and (c) λjs,int. The shaded regions indicate the EM
mode with a relatively long time duration.

analysis on δbL and δbK by taking reflectometry fluctuations
as the intermediary. The coherence analysis is done between
48 GHz reflectometry fluctuation and δbL/δbK, respectively,
as shown in figure 12(a). Significant coherence of the EM
mode is observed for a frequency range from 50 to 65 kHz.
Two cross-phases (ϕ1 and ϕ2) can be obtained from these
coherence analyses and the difference of the two cross-phases,
∆ϕ = ϕ1 − ϕ2, is just the phase difference between δbL
and δbK. This indirect coherence analysis can largely suppress
the background magnetic fluctuations shared by the magnetic

probes and the information for the EM mode can be easily
extracted. The dashed line in figure 12(b) shows ∆ϕ from this
calculation. The value of ∆ϕ is positive, corresponding to a
co-Ip rotation, which is in contradiction to the poloidal EDD
direction as calculated from reflectometry fluctuations shown
in figure 11. This could be due to the fact that the toroidal dif-
ference between the two magnetic probes exceeds half of the
mode toroidal wavelength. A downshift of the 2π on ∆ϕ has
been applied and the corrected ∆ϕ is represented as a solid
line in figure 12(b). Figure 12(c) shows that the toroidal mode
number is calculated from the corrected ∆ϕ. It is seen that
an averaged toroidal mode number of the EM mode is about
12–13 and negative signs represents the mode rotating in the
counter-Ip direction, consistent with the poloidal EDD direc-
tion. A further check on the consistency of the poloidal and
toroidal structures is discussed as follows. If the EMmode is a
flute-like mode, i.e. the wavenumber parallel to the magnetic
field (k//) is close to 0, there is a relation between the toroidal
mode number and the local poloidal wavenumber [39]

n= Rmodekθtanα

where the Rmode is the major radius of the mode location
and α is the pitch angle of the local magnetic field. For the
EM mode, we use the parameters for the 48 GHz reflecto-
metry to make the calculation, kθ = 41 m−1, Rmode = 2.27 m,
α = 6.4◦. This results in a toroidal mode number n = 10–
11, which is close to the value of n = 12–13 based on tor-
oidal magnetic probe measurements. We have done the cor-
relation analysis for #85131(t = [6.67 – 6.69]s) as shown in
figure 13. The resulting toroidal mode number is also close to
n = 12–13.

A comparison of the EM mode with other modes observed
in EAST and in other devices is interesting. The most usually
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Figure 11. (a) Local spectral S(kθ ,f ) calculated from 48 GHz reflectometry measurement at two different poloidal positions and (b) S(kθ) by
integrating local spectral from 40–90 kHz.

Figure 12. (a) The coherence between 48 GHz reflectometry fluctuation and magnetic fluctuations measured by L and K port magnetic
probes, (b) the phase difference between L and K magnetic fluctuations and (c) the toroidal mode number.

observed modes in the H-mode pedestal on EAST is the edge
coherent mode (ECM) [27, 40] and magnetic coherent mode
(MCM) [41]. The ECM is a quasi-electrostatic mode with a
toroidal mode number 12–17 and frequency range of [20–
100] kHz and it can drive significant outward particle trans-
port, leading to a broadening of the particle flux width on
divertor [30]. The MCM is in the frequency range of 20–
60 kHz and with a toroidal mode number n = 1, some-
times n = 2. MCM is mainly observed by magnetic probe
and generally can not be observed in density and temperat-
ure fluctuations. Therefore, MCM is not expected to drive
particle or heat transport. Both ECM and MCM rotate in the
EDD direction in the lab frame, the same to the EM mode
in present study. But ECM and MCM usually present with

single frequency band while the EM mode usually presents
with two or more frequency bands as shown in figure 3(e). On
DIII-D, an EM mode with several bands, dubbed Modulating
Pedestal Mode (MPM), appears in the long ELM-free phase
before H-L back-transition [42]. The characteristics of MPM
are as follows: frequency from 40 to 100 kHz with mul-
tiple frequency components, toroidal wave number (n) 3 or
4, poloidal wavenumber (kθ) at outer mid-plane (OMP) of
∼0.3 cm−1, propagating in the EDD direction in lab frame,
located in the pedestal region and demonstrating ballooning
structure, i.e. mainly in LFS. Table 1 presents a comparison
between MPM of DIII-D and EM mode of EAST. The two
modes present some similar and some different features. Both
are pedestal EM modes, propagating in EDD direction in
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Figure 13. (a) and (b) are coherence and cross-phase between reflectometry and magnetic probe, (c) the phase difference of cross-phase in
(b) and (d) toroidal mode number from ∆ϕ. It is noted that in the calculation of ∆ϕ in (c), the cross-phase at 62.5 kHz and 67.38 kHz for
[Refl, δbL] has been corrected with a value of −2π.

Table 1. Comparison between MPM of DIII-D and EM mode of EAST.

Mode Frequency n kθ at OMP
Propagating
direction in lab

Radial
location

Poloidal
location

MPM (DIII-D) [40–100] kHz, multiple
frequency components

3–4 0.3 cm−1 EDD Pedestal LFS

EM mode (EAST) [40–90] kHz,
mainly two frequency
components

12–13 0.41 cm−1 EDD Pedestal Unclear

lab frame and can be observed when plasma approaching H-
L back-transition. The existing time for two modes can be
>100 ms. Although the frequency range for the two modes
are nearly similar, the MPM has multiple frequency com-
ponents (7–8) while the EM mode mainly has two frequency
components (figure 3(e)). In addition, the MPM mode has a
lower toroidal mode number (3–4) than the EM mode (12–
13). Although it has been suggested that the MPM could be
taken as an indicator of an impending H–L back transition
but it is not yet known whether the MPM can be observed in
the normal H-mode phase. The EM mode on EAST can be
observed not only before the H–L back transition but also in
the normal H-mode phase. It is conjectured that the MPM is
an instability related to resistivity. For the EM mode studied
here, an ideal MHD analysis by using ELITE code [43, 44]
has been conducted. This code has been successfully applied
in the pedestal stability analysis on EAST [45]. Plasma profiles
at t= 2.715 s of discharge #87952, as shown in figure 14, have
been used for the analysis. Here, the density profile was meas-
ured by reflectometry and the temperature profile was obtained
from the Thomson scattering diagnostics. This case is chosen
because there is a good edge Te measurement by Thomson
scattering at the EM mode persisting phase, as shown in the

figure 14(d) where the EM mode is observed in pedestal fluc-
tuation spectrum during the inter-ELM phase. The EM mode
in this discharge, however, is weak and the correlation ana-
lysis shows very low coherence value. Therefore, the toroidal
mode number cannot be analyzed. For these discharges, the
coherence value is significant only if the EM mode amplitude
is larger than ∼25% of the background noise level. Figure 15
shows the operational point and peeling–ballooning (P–B) sta-
bility analysis. The vertical axis is half of the peak edge current
normalized by the volume averaged current density ⟨j⟩ and the
horizontal axis is the peak values of normalized pedestal pres-
sure gradientα. The stability boundary is defined as the growth
rate of themost unstable P–Bmode γ = 0.5ω∗, whereω∗ is the
ion diamagnetic frequency. It is observed that the experimental
operation point is far away from the stability boundary. This
implies that the EM mode is not an ideal mode and resistivity
could be important for the mode activity. Although the ped-
estal operational point is away from the ideal MHD stability
boundary, the ELM still occurs later as noticed in figure 14.
This phenomenon has been observed for NBI heated H-mode
with high density/high pedestal collisionality (νped

∗
> 3) on

EAST [46] where it shows that the resistivity effect on P–B
stability is important. For the presently analyzed discharge,
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Figure 14. Plasma profiles of t = 2.715 s for discharge #87952 (a) density profile measured by DPR, (b) electron temperature measured by
Thomson scattering, (c) the electron pressure profile and (d) shows the reflectometry fluctuation spectrum in pedestal region, where the EM
mode can be observed. The vertical dashed line in (d) indicates the laser burst of TS diagnostics.

the pedestal collisionality is about 6 and it is expected that
the resistivity effect should be considered for MHD stability
calculations.

The EM mode can spread into the SOL and broaden the
particle flux deposition profile in the divertor. Figures 7(b)
and (c) show the time evolution of the pedestal electron
density, electron temperature and electron pressure, respect-
ively. During the long ELM-free phase before the H–L back-
transition, ne,ped shows a gradual increase while both Te,ped

and pe,ped continuously decrease. The EM mode is obviously
observed in the second half phase as shown in figure 2(e). It
seems that the density gradient destabilizes the mode. This
is consistent with the result in figure 5 that the mode amp-
litude radial distribution coincides with the density gradient
profile. The collisionality/resistivity could also be important
for the mode stability as the ideal MHD analysis shows that
the plasma with the mode is far away from the stability bound-
ary shown in figure 15. Further experimental investigation and

numerical simulations could help clarify the nature of the EM
mode. It is found that the EM mode can spread into the SOL
region as the amplitude is large enough. In TJ-II, turbulence
spreading at the edge is also observed when the plasma is
approaching the H–L back-transition, and this spreading is
attributed to a reduction ofEr shear [15]. It is generally thought
that theEr shear is an important factor to control the turbulence
spreading [14, 18], where strong Er shear can effectively block
the turbulence spreading. For our present case, there is no edge
Er measurement, but previous studies on EAST [47] shows
that theEr shearing rate decreaseswhen the plasma approaches
the H–L back-transition. A further study of how the edge Er

influences the EM mode and other pedestal turbulent mode
spreading could help find an efficient method to broaden the
divertor deposition profile. In the present work, only the effect
of EMmode on particle flux deposition is presented. From the
viewpoint of engineering, the heat flux profile is more import-
ant. However, the heat flux profile measured by the IR camera
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Figure 15. Idea MHD stability diagrams calculated by ELITE code with the profiles in figure 14.

for these shots is not good enough to make a conclusion and
so is not shown here. This will also be left for future study.

5. Summary

In summary, an EM mode with a frequency of 40–90 kHz,
toroidal mode number n = 12–13 and poloidal wavenumber
kθ = 0.41 cm−1 has been observed in the pedestal gradient
region of the EAST tokamak. The EM mode rotates in the
EDD direction in the lab frame. It is found that the EM mode
amplitude radial distribution coincides with the density gradi-
ent profile, implying that the mode is excited in the pedestal
gradient region and could be destabilized by the density gradi-
ent. As the mode amplitude increases, the reflectometry chan-
nel in the far SOL with a very low density gradient can capture
the EM mode, suggesting that the mode spreads from the ped-
estal into the SOL. In addition, the particle flux width in the
divertor increases with the mode amplitude. This indicates that
the mode has the effect of broadening the particle deposition
profile in the divertor. The simulations in [9, 10] suggest the
pedestal turbulence spreading into SOL will be an important
mechanism to broaden the divertor deposition profile in future
devices. Our results show that this mechanism can also play
an important role even in present devices.
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