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The control of large edge localized modes (ELMs) is a critical issue for the successful operation of future burning plasma devices,
such as the international thermonuclear experimental reactor (ITER) and China fusion engineering test reactor (CFETR). In this
paper, we present a new active and effective means of ELM suppression using ion cyclotron resonant heating (ICRH) on the
experimental advanced superconducting tokamak (EAST). We obtained the key role of the external E X B velocity shear near the
pedestal top and the scrape-oft-layer (SOL) induced by the RF sheath potential of ICRH in ELM suppression. The experimental
results showed a positive correlation between the RF sheath and the E X B shear rate in SOL. BOUT++ simulations indicate
that increased E X B velocity shear rates in the pedestal and SOL regions promote ELM suppression; thereby, supporting the
experimental observations on EAST. These findings suggest a new simple approach to access the ELM suppressed regimes in
plasma with low torque input as ITER baseline discharges.
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1 Introduction essential in realizing a magnetic fusion reactor energy source.
A high confinement mode (H-mode) operation, character-

Sustainment of steady-state high performance plasma is ized by a steep edge pressure gradient, is the baseline choice
for the current and future tokamak fusion reactors. How-

*Corresponding author (email: zhouchu@uste.edu.cn) ever, this steep edge pressure gradient can drive repetitive
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magneto-hydrodynamic (MHD) instabilities called edge lo-
calized modes (ELMs) [1]. ELMs can generate unaccept-
able transient power loads on the plasma-facing compo-
nents, which is an enormous challenge for steady-state op-
eration in the international thermonuclear experimental reac-
tor (ITER) and future fusion reactors. Therefore, it is essen-
tial to develop the ELM suppression/mitigation techniques
or search the alternative stationary ELM-free/small-ELM H-
mode regimes for the next step fusion devices. Significant
progress has been made over the past decades in the devel-
opment of ELM controlling physics basis and techniques,
such as pellet injection [2], resonance magnetic perturbation
(RMP) [3-5], lower hybrid waves [6], and supersonic molec-
ular beam injection (SMBI) [7]. Meanwhile, several alterna-
tive stationary ELM- free/small-ELM H-mode regimes have
been identified under some conditions, such as the quiescent
high confinement (QH) mode with edge harmonic oscilla-
tions (EHOs) [8-10], enhanced D, H-mode (EDA H-mode)
[11,12] and high recycling steady (HRS) H-mode [13] with
quasi-coherent mode (QCM) in the pedestal region, and the
stationary small ELM H-mode [14, 15].
gies or alternative H-mode regimes offer potential solutions.
However, they are still insufficient for ELM suppression for
future tokamak reactors due to the constraints on the required
technical complex and specific conditions with incomplete
physics understanding, which remains one of the most active
and urgent research topics for ITER.

These technolo-

An active ELM suppression using ion cyclotron resonant
heating (ICRH) is first achieved in the experimental advanced
superconducting tokamak (EAST) when the RF sheath po-
tential of ICRH is induced at appropriate levels. ICRH is
an effective auxiliary heating and current drive tool in the
present and next-step devices. The RF sheath of ICRH
formed near the antenna and plasma boundary has been ex-
tensively studied on many fusion devices with the context of
coupling optimization of RF power into plasma and elimina-
tion of impurity production [16-30]. Recently, a new ICRH
antenna with smaller &k, ~ 7.5 has been designed, which has
a much higher coupling loading while maintaining reason-
able good single pass absorption. An impedance transformer
close to the antenna is installed, to significantly decrease the
transmission line voltage; thereby, allowing higher coupling
power. The new ICRH antenna on EAST routinely oper-
ates above 1.5 MW and has coupled a maximum power of
2.1 MW (2.4 MW source) into the plasma. The coupling
loading and heating efficiency of the new ICRH antenna are
~3-7 times greater than the old B-port antenna [31]. In this
paper, we present the study of the radial extension of RF in-
duced Er and its application on ELM suppression through the
external E X B velocity shear on EAST.

Recent theory and experimental evidence show that E X B

March (2022) Vol. 65 No. 3 235211-2

velocity shear plays an essential role in the QH mode and
ELM mitigation or suppression [32-36]. In the QH mode,
simulation and experimental results suggested that strong
EXB velocity shear destabilizes low-n edge harmonic oscilla-
tions (EHO), which can enhance edge particle transport; thus,
maintaining steady-ELM-free operation regime [35,37]. Ex-
periments on a lower hybrid current drive (LHCD) and neu-
tral beam injection (NBI) have presented ELM mitigation or
suppression accompanied by the increased E X B velocity
shear to reduce the turbulent dissipation by modifying the ra-
dial wavenumber spectrum [38] or reducing the linear growth
rate of the ballooning mode and shorten its growth time [39].
Moreover, the experiments on ELM suppression using RMPs
show that a wide pedestal with suppressed ELMs can experi-
ence a transport bifurcation to a staircase structure when the
E X B shear is insufficient to fully suppress long-wavelength
electrostatic instabilities [33]. ICRH can effectively change
the edge E X B velocity shear through the induction of RF
sheath potential. Thus, it can be used for active ELM miti-
gation/suppression. To obtain such a possibility and related
physics mechanisms, we studied, for the first time, the radial
extension of RF sheath induced by ICRF deeply into the core
plasma covering the entire pedestal region.

2 Experiments of ELM suppression using ICRH

The evidence of ELM-suppression using [CRH on EAST was
first observed in 2016. The recently developed techniques
make the control of RF sheath possible, allowing the study of
active control of ELMs using ICRH. Figure 1 shows a typical
ELM suppression discharge on EAST using the newly devel-
oped low k, ICRH antenna [40]. This is a non-torque input
RF heated H-mode discharge in the upper single null configu-
ration, with plasma current of /, ~ 0.5 MA, toroidal magnetic
field of By ~ 2.5 T, and edge safety factor of o5 ~ 5.5; it has
2.2 MW lower hybrid wave (LHW) and 1.0 MW electron cy-
clotron resonant heating (ECRH) power. The ELM behavior
is shown in the D, time traces in Figure 1(e). The ICRH an-
tenna on B-port was powered on with 0.7 MW at 4.0 s and
then reached 1.2 MW at 4.2 s. After injecting ICRH power,
the ELM-induced spikes in the D, emission line disap-
peared with a slightly decreased emission level, as shown in
Figure 1(e). During the ELM suppression, the line-averaged
density (n,) increased from 4.0 x 10" to 4.25 x 10! m=3,
and the plasma stored energy increased slightly, as shown in
Figure 1(c) and (d). These observations demonstrate a good
feature of the ELM suppression using ICRH without degra-
dation of confinement.

Figure 2 compares the ELM behaviors (D,, light in Figure
2(cl) and (c2)) for two discharges with different RF sheath
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Figure 1 (Color online) Typical discharge for ELM suppressed by ICRH.
Time traces of EAST discharge: (a) LHW and ECRH power, (b) ICRH
power, (c) line-averaged density, (d) stored energy, and (e) intensity of D,
emissions.
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Figure 2 (Color online) Time traces of EAST discharge: (al), (a2) ICRH
on B port; (bl), (b2) RF sheath potential; (c1), (c2) intensity of D, emis-
sions; (d1), (d2) poloidal velocities in the SOL; (el), (e2) poloidal velocities
near the pedestal top; (f1), (f2) poloidal velocity shear near pedestal top.
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potentials induced by ICRH to investigate the impact of RF
sheath potentials on ELM suppression. The RF sheath po-
tentials were evaluated from the floating potential profile
measured by the Langmuir probe near the ICRH antenna
(Figure 2(b1) and (b2)). In these two discharges, the den-
sities near the ICRH antenna (the red lines shown in Figure
2(al) and (a2)) were different due to different RF sheath po-
tentials. In contrast, all other parameters are similar, includ-
ing the plasma current of I, ~ 0.46 MA, toroidal magnetic
field of By ~ 2.5 T, central line-average density of n, ~ 3.7x
10" m~3, stored energy of ~155 kJ, LHW power of ~2 MW,
and ECRH power of ~1 MW. The ELMs show different
behaviors in these two shots. The RF sheath potential of
~100 V was induced by ICRH of 0.7 MW at the lower den-
sity near the antenna (7, ~ 1 x 10'® m™3) in shot 77741.
However, it changed slightly in shot 77745 with a higher den-
sity near the antenna (n, ~ 2 x 10'8 m=3) at the same ICRH
power. It is worth noting that in shot 77745, one of the straps
of the ICRH antennas was spuriously triggered around 4 s.
Thus, a small ICRH power and RF sheath potential can be
observed around 4 s without impacting plasma performance
and ELM behavior. In shot 77741, the ELMs were signif-
icantly suppressed when the RF sheath potential reached a
high stationary level. Meanwhile, the ELM behavior was
kept almost unchanged in shot 77745 with a low RF sheath
potential. This observation demonstrates the importance of
RF sheath potential using ICRH in changing ELM behavior.

Along with the formation of the RF sheath potential, the
poloidal velocities in the SOL and pedestal regions were
changed in different time scales (Figure 2(d) and (e)), which
means a change in external poloidal velocity shear displayed
in Figure 2(f). Figure 2(d1), (d2) to (el), (e2) show the time
evolution of the poloidal velocities measured using Doppler
backscattering (DBS) [41,42] at two different radial loca-
tions. Here, the positive direction means the ion diamag-
netic drift direction. For the DBS system, the measured
poloidal velocity u, is the sum of the plasma velocity of the
lab frame and the phase velocity of the density fluctuation:
Uy = VExB + Vphase- At the plasma edge, the phase veloc-
ity of turbulence vphase is much smaller than vgyp, meaning
u ~ vexp [43], and the measured velocity shear is approxi-
mately E X B velocity shear. The velocity shear is derived
based on the radial profiles of poloidal velocities, and it is
shown in Figure 2(f1), (f2) for the location near the pedestal
top. The poloidal velocities in the SOL and pedestal regions
changed significantly with an increase in the RF sheath po-
tential in shot 77741; however, they remained almost un-
changed in shot 77745 with a small RF sheath potential. In
shot 77741, along with the increase of the RF sheath poten-
tial, the poloidal velocity in the SOL (o ~ 1.01 in Figure
2(d1)) increased very quickly in the ion diamagnetic drift di-
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rection. In contrast, the poloidal velocities near the top of the
pedestal (o ~ 0.95 in Figure 2(el)) evolved much slower,
suggesting a propagation of the RF sheath potential from
SOL to pedestal. The different time evolution of the poloidal
velocities at different radial locations increases the poloidal
velocity shear, as shown in a selected region near the top of
the pedestal in Figure 2(f1). Additionally, the poloidal ve-
locity shear near the top of the pedestal increases before the
electron density increase. Figure 3 shows the profiles of elec-
tron temperature, density, and poloidal velocity in ELM H-
mode before ICRH (the blue lines) and in ELM-suppressed
H-mode with ICRH (the red lines) in shot 77741. Thus, the
poloidal velocity in SOL (p > 1) changed significantly dur-
ing the ELM suppression using ICRH; thereby, significantly
increasing SOL velocity shear. Although the poloidal veloc-
ity at the bottom of the velocity well decreased slightly, a
much narrower velocity well leads to a larger velocity shear
near the top of the pedestal.

3 BOUT++ simulation and comparison with ex-
periments

To elucidate the physics of ELM suppression using ICRH,
numerical simulations with the BOUT++ framework have
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Figure 3  (Color online) Profiles of the electron temperature (a), density
(b), and poloidal velocity (c) before and during ICRH.
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been successfully conducted to reveal the nonlinear crash
phases of ELMs and energy loss through the three-field
two-fluid model [44-46], including the dominant physics
of ELMs. The shear flow in the radial electric field
strongly affects the turbulence behavior, which can even-
tually change the energy transport. In these simulations,
the E X B shear rates wgxp, Which can be calculated using
WExB = (Rg‘?)z (%)RLI‘;&/ [47], are from the experimental results
(Figure 4(a)). The open circles represent the results mea-
sured using the DBS system. The fitting solid lines represent
the simulations. Figure 4(b) shows the corresponding energy
loss ratio by ELM vs. time. The ELM energy loss ratio is
defined as follows:

AWpa o dwr §F Jd6ds(Po = (P(),)
Agpm(0) = = ol el (D
ped (nﬁ TE + I’li Ti )Vplasma

where Y, is the inner boundary of the simulation domain,
and oy 1s around the position of the peak pressure gradient;
P is the pedestal pressure, J is Jacobian; Vjjasma is the total
plasma volume, and nS“‘, T e, nf ed, Tl.p *d are the plasma pa-
rameters at the top of the pedestal. The detailed definition
and explanation of all quantities in eq. (1) can be found in
ref. [44]. The energy loss ratio Agpy reduces significantly
from the large ELM regime of > 2.7% to a very small ELM
regime of around 0.40% with larger E X B shear rates in the
SOL and near the pedestal top (during ICRH). This is con-
sistent with the experimental observations. The simulation
result shows that the enhanced shear flow near the pedestal
top can break up the wave packets, resulting in a lower linear
growth rate of instability modes, broader mode spectrum, and
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Figure 4 (Color online) (a) E x B frequency at the outside mid-plane be-
fore ICRH (blue curves) and during ICRH (red curves). The solid curves and
dashed lines are for simulation and experiment, respectively. (b) ELM size
versus time for different £ x B frequencies in panel (a).
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longer linear growing phase, as found in ref. [48]. There are
more high-n modes coupled, which can effectively compete
with the low-n modes for free energy. Strongly nonlinear
wave-wave interactions lead to the lack of dominant modes
and the decrease in the edge fluctuations. Finally, the large
E x B velocity shear in the SOL can reduce energy loss and
further benefit ELM suppression.

As the RF sheath potential induced by ICRH significantly
impacts ELMs through the external E X B velocity shear, es-
tablishing the relationship between RF sheath potential and
ELM size is essential to develop ICRH as a reliable method
for ELM control. A positive correlation between the £ X B
shear rate in the SOL and RF sheath potential has been ob-
served in the experiments, e.g., shear rate increasing with the
RF sheath potential (Figure 5(a)). Figure 5(b) shows the cor-
responding ELM sizes versus RF sheath potential from the
simulation and experimental observations. The experimen-
tal results are from different shots with different RF sheath
potential. In accord with the simulation, the experimental
ELM sizes are derived from the magnetic perturbation signal,
which were used to estimate the energy loss during the ELM
crash. The ELMs were mitigated and eventually suppressed
as the RF sheath potential increased to a certain level, accom-
panied by the increase in the E X B shear rate in the SOL. The
simulation results were consistent with the experimental ob-
servations, and a threshold value of RF sheath potential was
found for ELM suppression. Only above a threshold value
can the ELM be suppressed.
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Figure 5  (Color online) Relationship between the E X B shear rate at

SOL and RF sheath potential in experiments (a) and the ELM size versus RF
sheath potential from simulations and experiments in EAST (b).
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4 Summary

In summary, we have achieved reliably active ELM sup-
pressed H-mode discharges in EAST using a novel and sim-
ple technique with ICRH without other mitigation tools. We
obtained that the external £ X B velocity shear flow in the
SOL and near the pedestal top induced by the RF sheath po-
tential of ICRH has a significant impact on ELMs. A thresh-
old value of the RF sheath potential for ELM suppression
was found in experiments and simulations, which were con-
sistent. These novel results present a promising approach to
mitigate ELMs for steady-state high-performance plasma op-
eration for future fusion devices.
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