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Edge-Localized Mode (ELM)

➢ A fraction of the plasma energy is transferred to the

open field lines during ELM eruption, result in high

transient heat load in divertor targets.

➢ Resonant magnetic perturbation (RMP) is an

effective method to control ELM.

Kirk, et al., 2006 Phys. Rev. Lett. 96 185001     Zhitlukhin JNM 2007

Evans et al 2004 Phys. Rev. Lett. 92 235003.    Liang et al 2007 Phys. Rev. Lett. 98, 265004 

Sun et al 2016 Phys. Rev. Lett. 117 115001.      Willensdorfer et al 2024 Nat. Phys. 



4Shaocheng Liu

ELM Control with Lower Hybrid Wave

➢ LHWs drive SOL current filaments, generate edge

RMPs, control ELM and divertor heat load.

➢ ELM mitigation was achieved by LHW modulation

on EAST in 2012.

[1] J. Li et al 2013 Nature Physics 9 817

[2] Y. Liang et al 2013 Phys. Rev. Lett.

110 235002
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Modelling of ELM Control with LHWs

Rack M. et al 2014 Nucl. Fusion 54 064016

Xu S. et al 2018 Nucl. Fusion 58 106008

➢ Modelling of HCFs induced by LHWs is built by field line tracing, and simulate the magnetic

topology effects.

➢ It is essential to measure the SOL current profiles induced by LHWs and develop an accurate model.
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➢ DEP is developed to measure SOL non-thermal electron

current.

➢ Principle：  𝜌𝑖 ≫ 𝜌𝑒 , collector is embedded inside a

pinhole and biased to positive voltage ⟶ collects

electrons and repel ions ⟶ non-thermal electron current

from the difference of the opposite sides

➢ Pinhole: width 0.5 mm, depth 3 mm; separated by 5 mm

radially

Directional Electron Probe (DEP)
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➢ Particle orbit simulation is performed to validate the principle of DEP.

➢ Electrons have much higher collection probability than ions.

Verification of DEP Principle by Particle Orbit Simulation

Averaged Particle Collection ProbabilityS. C. Liu et al 2021 Nucl. Fusion 61 126004
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➢ LHW is modulated at 10 Hz with a 50% duty cycle.

➢ HCF peaks at 𝑅 ≈ 2335 mm, covers a wide radial region (>20 mm), with a maximum 20 A/cm2.

➢ Clear density threshold (𝑛𝑒,𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ≈ 2.8 × 1019 m-3) is observed for the SOL HCFs.

Direct Measurement of helical current filaments (HCFs) in SOL

𝐼𝑛𝑒𝑡 = 𝐼𝑟𝑖𝑔ℎ𝑡 − 𝐼𝑙𝑒𝑓𝑡
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Modelling of HCFs According to Direct Measurement

➢ Assume the amplitude of HCFs is the same on a magnetic flux surface in the front of LHW antenna.

➢ Build up  LHW HCFs according to the radial profiles measured by DEP.

Grids: 20(r)×40(θ)
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➢ ෨𝐵𝑟,𝑒𝑥𝑝 = 𝐵𝑟, 𝐿𝐻𝑊 𝑜𝑛 − 𝐵𝑟,𝐿𝐻𝑊 𝑜𝑓𝑓 is

measured by magnetic coils in experiment.

➢ Simulated perturbed magnetic field ෨𝐵𝑟,𝑠𝑖𝑚

agrees well with experimental ෨𝐵𝑟,𝑒𝑥𝑝.

➢ Simulated divertor heat flux is consistent

with that measured by divertor Langmuir

probe.

➢ Prove the HCFs model is accurate.

Validation of HCFs model with experiment
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ELM control experiment with LHWs on EAST

➢ ELM suppression with LHWs has been

achieved on EAST in 2023.

➢ Obtain ELMy H-mode by using 1.4-2

MW ECRH and 1.5-2 MW NBI.

➢ Operate in high plasma density

condition ( ത𝑛𝑒 = 3.5-4.5×1019 m-3) to

raise the amplitude of HCFs.

➢ 𝑞95 = 5.2-6.2, 𝐵𝑡0 = 2.7 T.

➢ 𝑃𝐿𝐻𝑊,4.6𝐺𝐻𝑧 = 1-1.5 MW, modulated

with 5-10 Hz frequency and 50% duty

circle.
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ELM control experiment with LHWs on EAST

➢ ELM suppression with LHWs and 𝑞95 = 4.6
has been achieved in 2025.

➢ Obtain ELMy H-mode by using 1.35 MW

ECRH and 1.5 MW NBI.

➢ Higher plasma density (ത𝑛𝑒 = 5.5×1019 m-3)

is required to suppress ELMs.

➢ 𝑞95 = 4.6-5.5, 𝐵𝑡0 = 2.7 T.

➢ 𝑃𝐿𝐻𝑊,4.6𝐺𝐻𝑧 = 1.5 MW, modulated with 5

Hz frequency and 50% duty circle.



16Shaocheng Liu

ELM Suppression with LHW Modulation

➢ 𝑃𝐿𝐻𝑊,4.6𝐺𝐻𝑧 = 1.5 MW, modulation with 5 Hz frequency.

➢ ELM suppression is achieved when LHW is turned on with higher 𝑇𝑒
and lower 𝑛𝑒 in edge plasma.

➢ Enhanced divertor particle flux.

𝑃𝐸𝐶𝑅𝐻 = 1.4 MW

𝑃𝑁𝐵𝐼 = 2.5 MW

𝑃𝐿𝐻𝑊 = 1.5 MW

ത𝑛𝑒 = 4.1-4.5×1019 m-3

𝑞95 = 5.7
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Normalized Radial Magnetic Perturbation from HCFs Modelling

➢ The dominant perturbation component is 𝑛 = 1.

➢ 𝑛 = 1 component of normalized radial magnetic perturbation 𝐵𝜌/𝐵𝜁 is 3×10-4.

➢ Good resonant spectrum for 𝑛 =1, 2, 3, 5.
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Edge Magnetic Topology from HCFs Modelling

➢ Magnetic islands are formed in edge plasma, with 5/1 islands at 𝜌 = 0.92 − 0.96.

➢ Chirikov parameters is obviously larger than 1 when 𝜌 > 0.9.

𝜙 = 315°
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➢ An edge coherent mode (ECM) around 17 kHz is observed in the edge plasma and becomes weak in

the SOL when ELM is suppressed, with 𝑛 = 1 in clockwise direction viewed from top.

➢ Edge broadband turbulence is enhanced significantly during ELM suppression.

Edge Turbulence During ELM Suppression

GPI

Mirnov coil
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➢ Edge radial turbulence transport is enhanced when LHW is switched on.

➢ Strong three-wave interaction between the ECM and the broadband turbulence.

➢ Plasma is shifted from unstable region to stable region of P-B mode in ELM suppression.

Edge turbulence transport and stability
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➢ Strong sheared structures of ECM is observed in pedestal during ELM suppression, which aligns

with the local magnetic topology.

➢ Indicating the formation of edge magnetic island and stochastical region caused by HCFs of LHW.

Sheared structures of ECM in ELM suppression
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➢ The helical current filaments (HCFs) measured directly by DEP, covers a radial region over 20 mm

in the SOL with a maximum current density around 20-30 A/cm2; a clear density threshold is found

for HCFs.

➢ HCFs model is built based on the profiles of HCFs measured by DEP; good agreement between the

simulated perturbed magnetic field and the experimental observations of radial magnetic field

perturbations and divertor heat flux footprints.

➢ ELM suppression is achieved by LHW in experiment, and the perturbed magnetic field reveals a

good resonant spectrum in edge plasma according to the HCFs modelling.

➢ Edge radial transport is enhanced in ELM suppression with LHWs.

➢ Strong sheard turbulence structures is observed in pedestal in ELM suppression, indicating the

formation of edge magnetic island or stochastical region caused by HCFs of LHW.

Summary
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Thank you for your attention!
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➢ Non-thermal electrons are injected only on the right side.

➢ Thermal ion/electron collected currents of both sides agree well with each other, but the ion current is negligible.

➢ Net current is contributed by non-thermal electrons.

Collected Current Analysis

𝑛𝑒𝑚 = 1×1019 m-3 𝑛𝑒𝑓 = 𝜂𝑛𝑒𝑚 𝑛𝑖 = 𝑛𝑒𝑚 + 𝑛𝑒𝑓 𝑇𝑒𝑚 = 𝑇𝑖 𝐼𝑖𝑚 =෍
𝑝𝑙

ම𝑒𝑛𝑖𝑣𝑦𝐴𝑙𝑓 𝑣𝑥, 𝑣𝑦, 𝑣𝑧 ℎ(𝑝𝑙 , 𝑣𝑥, 𝑣𝑦 𝑣𝑧)𝑑𝑣𝑥𝑑𝑣𝑦𝑑𝑣𝑧

𝐼𝑖𝑚 =෍
𝑝𝑙

ቇම𝑒𝑛𝑖𝐴𝑙ℎ 𝑝𝑙 𝑣 𝜃𝜙
𝑚

2𝜋𝑘𝑇

3
2
𝑒−

𝑚
2𝑘𝑇

𝑣2𝑣3𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑑𝑣𝑑𝜃𝑑𝜙

𝑗𝑖𝑚 = Τ𝐼𝑖𝑚 𝑆

𝐼𝑒𝑓 =෍
𝑙
e𝑛𝑒𝑓𝑣𝑒𝑓𝐴𝑙𝑔 𝑝𝑙 , 𝑣𝑒𝑓

𝑗𝑒𝑓 = Τ𝐼𝑒𝑓 𝑆

𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑒𝑚 + 𝐼𝑒𝑓 − 𝐼𝑖𝑚

𝐼𝑛𝑒𝑡 = 𝐼𝑟𝑖𝑔ℎ𝑡 − 𝐼𝑙𝑒𝑓𝑡

𝑗𝑛𝑒𝑡 = Τ𝐼𝑛𝑒𝑡 𝑆
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➢ Swept biasing voltage from -150 to +130 V with frequency 500 Hz.

➢ Very weak existence of super thermal electrons with extremely high 𝑇𝑒.

➢ Strong asymmetry of collected current when 𝑉𝑏 is positive enough.

Experimental Verification

I(V) = I01 + I02 1 − e
−
V−V0
Va H V − V0

𝐻 𝑥 = ቊ
0, 𝑥 < 0
1, 𝑥 ≥ 0

𝑛𝑒𝑙 = 5 × 1019 m-2

𝑃𝐿𝐻𝑊 = 1 MW

𝑞95 = 4

S. C. Liu et al Nuclear Materials 

and Energy 29 101080
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