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ELM suppression and flow damping with n=1 RMP
fields in tokamaks plasmas
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Controlling large edge localized modes (ELMs) is critical for tokamaks operating in H-mode, due to potentially
severe consequences on material damages caused by ELM bursts in future large scale devices such as ITER [1].
Resonant magnetic perturbation (RMP) has been extensively applied to mitigate or suppress ELMs [2]. In this
work, we report two new recent results on the effect of the n = 1 (n is the toroidal mode number) RMP fields
on ELMs and the associated plasma transport. One is the experimental result on the HL-2A tokamak, where
large type-I ELMs were for the first time on this device suppressed by the applied n = 1 RMP. The other is
the toroidal modeling study on the plasma core flow damping by the applied n = 1 RMP, with computational
results quantitatively agreeing with experiments in ASDEX Upgrade [3].

In HL-2A experiments, we find that an increase in turbulence around the pedestal region plays an essential
role in the ELM suppression dynamics. The plasma flow damping due to RMP may be a direct cause of the
observed increase of turbulence. Figure 1 shows a typical ELM suppression discharge with 4.9kAt current in
the coils. The pulse has the toroidal magnetic field ofBT = 1.34 T and the plasma current of Ip = 120kA.The
plasma edge safety factor is q95 = 3.8. Within one ELM cycle after switching on the RMP, the large type-I
ELM disappears. After the perturbation field is turned off later on in the discharge, large type-I ELMs return.

Figure 1: (a) Lower divertorDα signal near the outer strike point showing Type-I ELM suppression, (b)
peak heat flux,and (c) heat flux profiles during ELM crash and ELMs mitigation phase. (d) Spectrum of
flow and (e) Frequency spectrum of density fluctuations with(blue) and without(red) the RMP perturba-
tion.



We mention that suppression of type-I ELMs in HL-2A is globally confirmed across all diagnostics utilized to
monitor the ELM properties, including the particle flux to the divertor target plate and heat flux measured by
an infrared camera.

To gain deeper insight into the impact of RMP on the plasma edge behavior during ELM suppression, we
have investigated the changes in the pedestal height, the plasma rotation, and the turbulence in the pedestal
region. The key finding is an observed increase of the turbulence level [Fig.1(e)] at the pedestal foot, which
in turn appears to effect a mild decrease in the pedestal height. Further MHD calculations show that the
peeling-ballooning modes become stable during the RMP-on phase. Another, and perhaps the most interest-
ing experimental observation, is the significant decrease in the edge poloidal flow measured by a Doppler
reflectometry, after application of the RMP. Reduction of edge poloidal flow may be in direct correlation with
the enhancement of turbulence in the pedestal foot. We also find that the impulsive transport associated with
ELMs is replaced by an increase in the turbulent transport. More detailed study on the flow damping dynamics
due to RMP and its role in enhancing the turbulence at the pedestal foot is on-going.

Flow damping has also been observed in the ASDEX Upgrade ELM control experiments. In one set of experi-
ments, it was found that the core plasma toroidal rotation was significantly reduced by the RMP field induced
m/n = 1/1 plasma response. We carry out both linear and quasi-linear plasma response modelling, assum-
ing the n = 1 RMP field as in experiments. The computational tools that we utilize are the MARS-F [4] and
MARS-Q [5] codes. For the linear plasma response, several aspects are primarily investigated: (i) comparison
of the poloidal spectra between the vacuum field and the plasma response fields, (ii) the plasma boundary
corrugation due to 3D fields, (iii) comparison of toroidal torques, including the neoclassical toroidal viscous
(NTV) torque [6] and torques associated with the Maxwell and Reynolds stresses. For the quasi-linear plasma
response, we investigate the (physically) non-linear interaction between the core plasma toroidal flow and the
plasma response to the RMP field. The toroidal torques usually act as the sink term in the momentum balance
equation, leading to flow damping [7, 8].

Figure 2: (a) The Fourier harmonics of the radial displacement of the plasma. (b) Comparison of various
toroidal torque densities. (c) The evolution of the radial profile of plasma flow, computed from quasi-
linear response simulation. The blue dashed curve represents the radial profile of toroidal plasma flow
based on the CXRS measurements for this ASDEX Upgrade discharge. (d) The time evolution of the
amplitude of the net torques acting on the overall plasma.



The simulation results are summarized in Figure 2. Linear response computations show a large internal kink
response [Fig. 2(a)] when the plasma central safety factor q0 is just above 1. This internal kink response in-
duces neoclassical toroidal viscous (NTV) torque [Fig. 2(b)] in the plasma core, which is significantly enhanced
by the precessional drift resonance of thermal particles in the super-banana regime. Quasi-linear simulation
results reveal a core plasma flow damping by about 25%, agreeing well with experimental observations, with
the NTV torque playing the dominant role [Fig. 2(c) and (d)]. Sensitivity studies indicate that the internal
kink response and the resulting core flow damping critically depend on the plasma equilibrium pressure, the
initial flow speed, the coil phasing and the proximity of q0 to 1. No appreciable flow damping is found for a
low βN plasma. A relatively slower initial toroidal flow results in a stronger core flow damping, due to the
enhanced NTV torque. Weaker flow damping is achieved as q0 is assumed to be farther away from 1. Finally,
a systematic coil phasing scan finds the strongest (weakest) flow damping occurring at the coil phasing of
approximately 20 (200) degrees, again quantitatively agreeing with experiments. This study points to the im-
portant role played by the internal kink response in plasma core flow damping in high-beta hybrid scenario
plasmas such as that foreseen for ITER.
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