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Abstract
During the last several years, the HL-2A experiment has made significant progress in the following areas: (1) lower-hybrid

wave (LHW) heating and current drive, (2) plasma confinement and turbulent transport, (3) magnetohydrodynamic (MHD)

instabilities and energetic particle physics and (4) H-mode and edge localized mode (ELM) control. The results show that

the LHW system working in the co-current mode can reach higher driving efficiency and full non-inductive lower-hybrid

current drive (LHCD) has been achieved. The intrinsic poloidal torque characterized by the divergence of the residual

stress is deduced from synthesis for the first time. The dynamics of spectral symmetry breaking in drift wave turbulence is

in good agreement with the development of the poloidal torque to drive the edge poloidal flow. The influence of the cross-

phase dynamics on turbulent stress was also investigated. The ion internal transport barrier has been observed in the NBI-

heated plasma, and inside the barrier the ion thermal transport is reduced to the neoclassical level. Besides, micro-

turbulence is modulated by the rotation frequency of the magnetic island, and this modulation effect is related to a critical

island width. Strong E 9 B shear is found at the island boundary. Three kinds of axisymmetric modes, beta-induced

Alfven eigenmode (BAE), toroidal Alfven eigenmode (TAE) and the ellipticity-induced Alfven eigenmode (EAE), are

found to be driven unstable by nonlinear mode coupling between Alfven eigenmodes and tearing mode which is well

explained by the nonlinear gyrokinetic theory. The fishbone and tearing modes were actively controlled by the electron

cyclotron resonance heating (ECRH). The dynamics of the edge plasma flows and turbulence during the L–I–H transition

have been dedicatedly investigated. The geodesic acoustic mode (GAM) and limit cycle oscillation (LCO) coexist for a

short time and disappear in the H-mode plasma with the increasing of E 9 B shear flow before the I–H transition, which

plays an important role in the turbulence suppression. Different techniques, such as LHW, ECRH, resonant magnetic

perturbation (RMP), and impurity seeding by the laser blow-off (LBO) and supersonic molecular beam injection (SMBI),

have been successfully applied to control the large ELMs. It has been found that pedestal turbulence enhancement might be

responsible for the observed mitigation effect.

Keywords HL-2A � Plasma confinement and turbulent transport � MHD � Energetic particle � H-mode � Edge localized

mode

Introduction

The central theme of the HL-2A research program is to

explore the key physics related to ITER and the advanced

operation of tokamaks, such as the heating and current

drive physics, access of H-mode, edge-localized mode

(ELM) mitigation/suppression, core/edge turbulent trans-

port and energetic particle physics. The HL-2A tokamak
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[1] is a medium-sized tokamak with the major radius

R0 = 1.65 m and the minor radius a � 0.4 m. The main

plasma parameters are: plasma current Ip = 150–430 kA,

the toroidal magnetic field Bt = 1.3–2.7 T, the central line-

averaged density �ne ¼ ð1� 6Þ � 1019 m-3, and the central

electron and ion temperatures are 5 keV and 3.5 keV,

respectively.

The auxiliary heating has been promoted since 2016.

The total neutral beam injection (NBI) power exceeds

1.2 MW, with a single beam source achieving 15

A 9 40 kV. The low-hybrid wave/current drive (LHW/

LHCD) power coupling was optimized using the passive-

active multi-junction (PAM) antenna, and the coupled

power reached 1.4 MW. The maximum power of the

68 GHz electron cyclotron resonance heating (ECRH) is

about 3 MW, and it was successfully applied for the real-

time control of neoclassic tearing mode (NTM) on HL-2A

[2].

Several diagnostics have been updated or newly devel-

oped for turbulence measurement. A beam emission

spectroscopy (BES) system [3] has been upgraded to

measure local density fluctuations (k?qi\1) with the time

resolution of * 0.5 ls and the spatial resolution of

Dr� 0:8 cm and Dz� 1:2 cm, respectively. The measure-

ment array of this system has been expanded to be 24

(radial) � 2 (poloidal) channels, covering the radial range

of r=a = 0.3–1.1. A 32-channel CO2 laser-based phase

contrast imaging (PCI) diagnostic [4] has been developed

to measure the line-integrated plasma density fluctuations

(covering the radial range of r=a = 0.6–0.7 and

wavenumber of * 2–15 cm-1) with the time resolution

better than 2 ls. For core turbulent electron temperature

fluctuation measurement, an eight-channel correlation

electron cyclotron emission diagnostic has recently been

developed with minimum detectable fluctuation level up to
~Te=Te

� �
min � 0.5% and kh\1:4 cm-1 [5]. A Multi-Color

Gas Puff Imaging (MC-GPI) diagnostic [6] has been

installed to simultaneously detect two-dimensional electron

density and temperature distributions with a spatial reso-

lution of 2.5 mm � 2.5 mm and temporal resolution

of * 100 ls in edge plasmas. A new Doppler Coherence

Imaging Spectroscopy (Doppler CIS) interferometer [7]

has been developed for two-dimensional scrape-off-layer

impurity (C2?) flow measurements with a typical temporal

resolution of * 1 ms. Its spatial resolution is estimated to

be up to * 0.8 mm in the horizontal direction and

* 9 mm in the vertical direction, with the field of view of

* 34�.
Over the last several years, the HL-2A team has focused

on the investigation of the following areas: (1) Lower-hy-

brid wave heating and current drive, (2) plasma confine-

ment and turbulent transport, (3) MHD instabilities and

energetic particle physics, and (4) H-mode and ELM

control. The highlights of the experimental results are

summarized in this paper, while the detailed descriptions

can be found in the corresponding references.

Lower-Hybrid Wave Heating and Current
Drive

Improvement of Power Coupling of LHW

The LHW system with PAM antenna has been installed on

HL-2A and the power coupling during high density

H-mode plasma was improved [8]. The hard-X ray mea-

surements [9] indicate that the fast electrons produced by

the LHW are located in the plasma core, suggesting the

core deposition of the LHW power. Figure 1a shows the

coupled power of the LHW system, which reaches

1.4 MW/400 ms under the background of 600 kW NBI-

heated plasma (see Fig. 1b). ELM showed up 40 ms after

the LHW injection and disappeared as soon as LHW

switch-off, as shown in Fig. 1a and c, indicating that the

LHW power helps to trigger and sustain ELMy H-mode

[10]. The line-averaged plasma density increases signifi-

cantly from 850 to 930 ms due to the gas puffing with the

LHW injection and increases slightly during the steady-

state ELMy H-mode phase at 930–1250 ms (see Fig. 1d).

Figure 1e shows the loop voltage, which decreases due to

the current drive effect. Figure 1f represents the radiation

power which significantly increases after the injection of

LHW. Figure 1g shows the plasma stored energy. In this

case, the reflection coefficient (RC) is pretty low, less than

2%. Since the maximum total output power of the four

klystrons is just 2 MW and the transmission efficiency of

the transmission line was designed as * 80%, the coupled

power reaches the floor of the LHCD system ability.

Co- and Counter-Current Drive Experiments

The co-current and counter-current drive experiments have

been conducted [10]. The variation of the loop voltage DV
is widely used to describe the effect of the current drive,

which could be described as DV = |V - VLH|. X = PLH/

(neIpR0) is used to describe the impact of LHCD, which is

dependent on the absorbed power PLH (kW), plasma den-

sity ne (m
-3), plasma current Ip (kA) and the major radius

R0 (m) for HL-2A. The relation, which depicts the effect of

LHW on the current drive, is shown in Fig. 2. In this figure,

hundreds of different shots with two directions of the

spectra are illustrated. Red triangles are the data from the

original direction of the spectra, while blue crosses are the

data from the opposite direction of the spectra after the

antenna turned around.
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In Fig. 2, the two series of data were fitted with the

following function:

DV=V ¼ X g0 þ g1ð Þ=ð1 þ g1XÞ

where the g0 and g1 represent the LHCD efficiency and the

hot effect efficiency, respectively. As shown in the figure,

the blue crosses follow the trend of the above fitting

function with g0 ¼ 0:143 and g1 ¼ 0:412. Here, g0[ 0

indicates a co-current drive. However, the red triangles and

the fitted curve with g0 ¼ �0:636 and g1 ¼ 1:524 show a

bad correlation. Here, g0\ 0 denotes the counter-current

drive. The LHCD efficiency was statistically estimated to

be g0 = 0.14 9 1019Am-2 W-1 for the HL-2A experi-

ments, which is quite close to the value estimated above.

When the ohmic current is fully replaced by the LHW

driven current, DV/V = 1 and g0 = 1/X, suggesting that

the LHCD efficiency is proportional to the plasma density

[11].

Fig. 1 Time evolution of main

parameters for 1.4 MW LHW

coupling discharge. a coupled

power of LHW; b power of

NBI; c Da signal; d line-

averaged density; e loop

voltage; f plasma radiation and

g plasma stored energy

Fig. 2 Statistic of DV/V as a

function of PLH/(neIpR0)
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Full Non-inductive Current Drive

Through the spectrum optimization the full non-inductive

LHCD was achieved on HL-2A [12]. Figure 3 shows the

evolutions of the main parameters of the typical discharge.

The loop voltage in Fig. 3a almost drops to zero and ohmic

field current in Fig. 3b becomes flat during 860 kW LHW

injection (see Fig. 3c), indicating the full non-inductive

LHCD as is shaded by the green box. The LHW reflection

coefficient RC � 7%. The plasma current at the flat-top

phase is about 120 kA (see Fig. 3d). The line-averaged

density is about 0.7 9 1019 m-3 shown in Fig. 3e. Both Ip
and ne change very slightly during the LHW injection. The

full non-inductive LHCD phenomenon lasts more than

400 ms. The LHCD efficiency was calculated, i.e., g0 ¼
neIpR0=PLH � 0:17� 1019 Am-2 W-1.

Plasma Confinement and Turbulent
Transport

Edge Transport

Two opposite directions of scale-to-scale energy transfer

that correlated with the development of turbulence in tor-

oidal plasmas were clarified by means of experimental

analysis [13]. In the TPE-RX RFP plasma, the energy

cascades forward (directly) from low frequency area to

high frequency area, to make the turbulence develop with a

broad wavenumber spectrum. In the HL-2A tokamak

plasma, turbulent energy concentrates into low frequency

area from high frequency region due to inverse energy

cascade, as shown in Fig. 4. This agrees with theoretical

prediction and highlights the modulation mechanism in

turbulence which is relevant to the generation of GAM

zonal flow.

It has been demonstrated that turbulent kinetic energy

transferred from intermediate frequencies (20–80 kHz) into

ZFs and GAMs enhances as the heating power is increased

[14]. It was also found that the energy transfer rate is small

but finite (mostly positive) during L-mode, rises sharply

around the L–I transition, and is modulated violently by the

2–3 kHz oscillations during the I-phase. When no strong

mean flow was observed to develop during the I-phase, the

plasma fell back into L-mode after the LCO phase [15].

Besides, the synchronization of GAM and magnetic fluc-

tuations were identified in the edge plasmas, as shown in

Fig. 5. The bicoherence analysis suggests that the MSEFs

(mesoscale electric fluctuations) may contribute to the

LFZFs (low-frequency zonal flows) formation through the

nonlinear three-wave coupling between MSEFs and

LFZFs. The frequency entrainment and the phase lock

between the MSEFs with components of the dominant

GAMs and the m/n = 6/2 magnetic fluctuations indicate

that GAMs and magnetic fluctuations can transfer energy

through nonlinear synchronization [16].

The experimental investigations of the physics linking

edge poloidal flows to turbulent momentum transport were

performed in Ohmic and ECRH heated L-mode discharges

on the HL-2A tokamak. The turbulent Reynolds stress and

neoclassical viscosity were found to be the mechanism

responsible for the significant deviation of poloidal flow

from the neoclassical value. The Reynolds stress can be

decomposed into diffusive stress, convection stress, and

residual stress, respectively. As a consequence of wave-

Fig. 3 Full non-inductive LHCD in shot #35261. a loop voltage,

b ohmic field current, c coupled LHCD power, d plasma current, and

e line-averaged density. Reprint from [12], with the permission of

IOP Publishing

Fig. 4 The experimental analysis results for shot #4206 on HL-2A:

a the phase spectra U, b the linear growth rate c, and c the non-linear

energy transfer Wk
NL as a function of frequency f. Reprint from [13],

with the permission of IOP Publishing
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flow momentum exchange, the divergence of residual

stress defines an intrinsic poloidal torque that drives the

poloidal flow. As shown by Fig. 6, the poloidal torque

increases prominently as ECRH power increases. The joint

probability distribution function spectra of Reynolds stress

in ECRH L-mode discharges are much broader and more

tilted than those in ohmic discharge [17]. These demon-

strate that, with plasma heating, turbulence taps the free

energy in pressure gradient, and a finite turbulent residual

stress develops due to spectral symmetry breaking in tur-

bulence, ultimately leading to the generation of poloidal

flow.

In particular, the physics of the symmetry breaking in

spectra of edge velocity fluctuations strongly suggests a

vital influence of the cross-phase dynamics on turbulent

stress. A novel theoretical work indicates that there exist

two different states of the cross-phase: slipping and locked

state in strong and weak shear regimes, respectively [18].

The relevant experimental study has shown an agreement

with this theory by dividing the Reynolds stress directly

into fluctuation, cross-phase and coherence [19]. In the

strong shear layer, the cross phase is randomly scattered

across the layer (phase slipping), and the radial distribution

of the Reynolds stress is determined by the cross-phase. In

the weak shear region, the cross-phase tends to stay in a

coherent state (phase locked), where the fluctuation

amplitudes and coherence play a more important role.

Edge turbulent particle transport and shear flows have

been investigated as the Greenwald limit is approached in

the HL-2A tokamak [20]. As the line-averaged density

increases toward the Greenwald limit, the turbulent drive

(Reynolds power) of low-frequency zonal flow was

observed to decrease with increasing collision rates. The

Fig. 5 a The auto-power spectra

of the floating potential

fluctuations; b magnetic

fluctuations; c squared

bicoherence; and d total

bicoherence. Reprint from [16],

with the permission of APS

Publishing

Fig. 6 The experimental results for turbulent generation of edge

poloidal flow on HL-2A: a Electron temperature; b electron density;

c E 9 B poloidal rotation; d poloidal torque. Reprint from [17], with

the permission of IOP Publishing

Journal of Fusion Energy (2020) 39:313–335 317
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edge shear layer collapsed and could not regulate turbulent

transport efficiently. This may lead to edge cooling and

thus the onset of MHD instabilities that limit the density.

Besides, the turbulence-induced zonal flow and pressure-

gradient-induced drift were found to play essential roles in

the two types of limit cycles (type-Y after L–I transition and

type-J before I–H transition), respectively [21]. In type-Y,

the turbulence grows first, followed by the localized electric

field. In contrast, the electric field leads turbulence in type-J

as further discussed later in Sect. 5.1.1.

In the scrape-off layer, turbulent transport is substan-

tially dominated by ‘‘blobs’’. Blob structures and motions

are directly observed in the SOL of HL-2A tokamak by

using a gas puff imaging diagnostic [22, 23]. A large blob

structure is found to move downward (ion-diamagnetic

drift velocity direction) and outward (to the wall) during an

L-mode discharge. The high-frequency ([ 10 kHz) com-

ponents are more likely to be the blob structures illustrated

in the simulation results based on the theory of interchange

instabilities. The generation and propagation process were

reconstructed with high spatial and temporal resolutions by

using Langmuir probe arrays [24]. The increasing turbulent

energy and the spontaneous E 9 B flow shear are identified

to be responsible for the generation of blobs.

Core Transport

Core Impurity Transport

The impurity concentration will dramatically degrade the

plasma performance due to the fueling ion dilution and

increased radiation loss. Therefore, the study on impurity

transport and its control is extremely important to sustain

high plasma confinement in fusion plasmas. In this work, the

effect of ECRH on Aluminum impurity transport in the

presence of sawtooth oscillations has been investigated with

different ECRH deposition locations by the laser blow-off

method [25, 26]. When the ECRH power was deposited

outside the sawtooth inversion radius, a normal sawtooth

oscillation and its precursormodewere observed,whereas an

inverse sawtooth crash appeared with the deposition inside

the sawtooth inversion radius. A one-dimensional perturba-

tive analysis by STRAHL [27] indicates that for the inner

ECRH deposition, both the impurity diffusivity and con-

vection velocity are enhanced in the radial range of q � 0.5

compared to that of the outer ECRH deposition, as shown in

Fig. 7. The vertical blue and red lines in the figure denote the

locations of the sawtooth inversion radius for the outer and

inner ECRH deposition, respectively. In Fig. 7b an outward

convection velocity is developed in the core region which

plays an important role in flattening the centrally-peaked

Aluminum ion density profile. In addition, it is observed that

a long-lasting precursorm/n = 1/1MHDmode always exists

in the inner-deposited ECRH discharges, whereas its link

with themodification of the impurity transport is not clear yet

and needs further survey.

Internal Transport Barriers (ITBs) Formation

The ion internal transport barrier has been observed at the

beginning of NBI heating, with the energy confinement

time increasing by about 14% [28]. As shown in Fig. 8a

and b, the profiles of Ti and vt peak inside the q = 1 sur-

face, which indicates that the barrier foot coincides with

the q = 1 surface. For steady-state ion ITB, the maximum

of the second derivative of ion temperature is considered to

be the barrier foot, as remarked by Fig. 8d. The gradient of

ion temperature can be up to 17 keV/m during the ITB

phase while it is about 7–12 keV/m without ITBs (see

Fig. 8c). The E � B shear in the stationary ITB phase can

reach the value for ion temperature gradient turbulence

suppression. The simulation results indicate that the ion

thermal transport reduced to the neoclassical level inside

the ITB region. Besides, the long-lived mode or fishbone

driven by energetic ions may play a role in the formation of

the large E � B shear and ion ITBs near the q = 1 surface.

Modulation of Electrostatic Turbulence by Large Islands

The multi-scale physics such as the interaction between

macro-scale tearing mode and micro-scale turbulence was

reported to play a crucial role in the transport regulation in the

core of the fusion plasma [29, 30]. The interaction among the

m/n = 2/1 tearingmode, plasma flow and turbulence has been

firstly investigated by utilizing the newly developed electron

cyclotron emission imaging (ECEI) system [31] and the

Doppler backscattering (DBS) reflectometer [32] in the HL-

2A ohmic plasmas [33]. It is observed that the plasma per-

pendicular flows, flow fluctuations and density fluctuations

are all modulated by the rotation frequency of the m/n = 2/1

island. The cross-correlation analysis further indicates that the

modulation occurs across the island region. The electron

temperature gradient drops inside the island and enhances

outside the island boundary. As shown in Fig. 9a, in the core

region of the island, both of the perpendicular flow and flow

shear are quite small, while towards the island boundary the

flow increases significantly, leading to the formation of a

strong flow shear. For density fluctuations, they decrease

inside the island and increase near the island boundary (see

Fig. 9b), consistent with the gradient-driven mechanism of

the turbulence. These observations provide direct experi-

mental evidence for the latest nonlinear gyrokinetic simula-

tion of multi-scale physics that magnetic island can regulate

the local flow shear and turbulence level [34].

Modulation of m/n = 1/1 magnetic island on both tem-

perature and density fluctuations was observed during the

318 Journal of Fusion Energy (2020) 39:313–335
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precursor phase of the sawtooth crash [35], as shown in

Fig. 10. The amplitude of the turbulence is maximum

(minimum) as X-point (O-point) passes by, in agreement

with the temperature gradient driven drift wave turbulence.

Also, the modulation is confined to the island region and

linked to a critical island width (Wc � 4 cm). The critical

island width which also matches the value required for the Te
‘flattening’, has been estimated in the analytical study [36]

using the parameters at HL-2A. The result indicates that the

experimental observation of the critical islandwidth is rather

close to that predicted by the theoretical model.

Also, it is found that during the nonlocal transport process

the avalanche behaviors are significantly enhanced, charac-

terized by high Hurst parameter, self-similarity and large-

scale radial correlations [37]. It is found that the burst of ion

fishbone can also induce the non-local thermal transport [38].

Fig. 7 Radial profiles of

a diffusion coefficient D and

b convection velocity V for

outer- (#22710) and inner-

deposited (#22718) ECRH

discharges. The vertical blue

and red lines denote the

locations of the sawtooth

inversion radii for the outer and

inner ECRH deposition,

respectively. The shaded area

denotes the error ranges

Fig. 8 a Radial profiles of ion

temperature, b toroidal rotation,

c, d first derivative and second

derivative of ion temperature.

Reprint from [28], with the

permission of IOP Publishing

Fig. 9 a Radial profiles of perpendicular flow velocity, with red-

circle-solid curves and blue-triangle-dashed curves denoting across

the O- and X-point, respectively. b the change of density fluctuations

across the O-point relative to that of across the X-point. The error bars

indicate the standard deviation of the mean values. The island region

was shaded in the figure and the vertical dashed line marked the island

center. Reprint from [33], with the permission of IOP Publishing

Journal of Fusion Energy (2020) 39:313–335 319
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The interplay between nonlocal transport and NTM was

firstly observed during the transient nonlocal heat transport

event in the HL-2A [39]. Figure 11 illustrates the impact of

NTMs on the magnitude of nonlocal transport. After the gas-

puffing the nonlocal heat transport phenomenon occurs,

leading to a significant increase of the local temperature

gradient at the rational surface of m/n = 3/2 and hence the

onset of the 3/2 NTM in relatively low b plasmas (bN\1).

The NTM, in return, regulates the nonlocal transport by

truncation of avalanches (as seen in Fig. 11f, g) by local

sheared toroidal flows which develop near the magnetic

island. Therefore, the perturbations in the electron temper-

ature after the second gas-puffing are much smaller than that

of the first gas-puffing, as shown in Fig. 11b and d.

MHD Instabilities and Energetic Particle
Physics

Newly Observed MHD Instability and Alfvenic
Modes

Quasi-interchange Mode

For the first time, the formation and evolution of quasi-

interchange convection cell have been observed by the

ECEI system on HL-2A tokamak [40], which is shown as

Fig. 12. The finger-like structure originates from hot fluc-

tuation gradually and draws into the concave side of the

colder crescent at frames (8–14), which exhibits a substi-

tutive characteristic of the quasi-interchange model. The

mode propagates in the electron diamagnetic drift direction

with an m/n = 1/1 mode structure and reduces the stored

energy, enhances the divertor Da signal, which indicates

degradation of plasma confinement. Noted that, NIMROD

simulations based on experimental data suggest that the

typical quasi-interchange mode structure with a hot cres-

cent and a cold bubble can be reproduced when the MHD

instability is expressed by the reconstructed two-dimen-

sional electron temperature. Meanwhile, a corresponding

mode structure with a cold crescent and a hot bubble,

which is made up of the temperature fluctuations, agrees

well with the ECEI measurement.

m/n = 2/1 Fishbone-Like Modes

Unstable tearing modes are found to interact with ener-

getic-ions and result in amplitude bursting/frequency

chirping fishbone-like activities [41], as shown in Fig. 13.

The experiments are performed in the NBI heating plasma,

where the m/n = 2/1 tearing mode is unstable. Interest-

ingly, amplitude bursting and frequency chirping modes

are driven unstable during the presence of the conventional

tearing mode. The modes propagate in the ion diamagnetic

drift direction and induce a strong magnetic fluctuation.

The mode numbers are proved to be m/n = 2/1 by the

Mirnov coil probes, show as Fig. 13e–f. Nonlinear hybrid

kinetic-MHD simulations [42] suggest that the co-passing

energetic ions are responsible for the drive of the m/n = 2/1

mode, and the wave-particle resonance condition meets the

condition of x£ � 2xh � x ¼ 0. Here x£,xh and x are

the toroidal, poloidal angular frequencies of energetic-ions

and the mode frequency, respectively. These new findings

can help to understand the tearing mode induced energetic-

particle loss and particle acceleration during the tearing

mode reconnection in laboratory and space plasmas.

Non-resonant Internal Kink Mode

Strong non-resonant internal kink modes (NRK) are

observed on the HL-2A tokamak. Those ‘non-resonant’

modes are driven by the energetic electrons originated from

ECRH ? ECCD? [43]. Here, ECCD? means that the dri-

ven current direction by electron cyclotron wave is the

same as plasma current. The NRKs present different

characteristics from the conventional resonant kink modes

[44, 45]. The former usually has the saturated amplitude

and almost unchanged frequency while the latter is

Fig. 10 Temporal evolutions of the ECEI signals measured a inside,

b near, and c outside the q = 1 surface. d, e time histories of ~Te

(integrated from 20 to 100 kHz) measured at R = 182.14 cm (q &
0.33) and Z = 3.46 cm and the line-integral ~ne (integrated from 50 to

300 kHz), respectively. The envelopes of fluctuations are depicted by

the red curves. Reprinted from [35], with the permission of IOP

Publishing

320 Journal of Fusion Energy (2020) 39:313–335
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characterized by the periodic strong bursting amplitude and

rapid chirping frequency. Figure 14 shows a typical

example of NKM measured by the ECE system. Theoret-

ical analysis based on the dispersion relationship [46]

suggests that the NRK is unstable only when the minimum

safety factor is beyond unity, but it will be stable in the

case of qmin larger than a certain value. Moreover, the mode

frequency is found to be proportional to qmin, which agrees

well with the experimental observation.

BAE, KBM and AITG Modes

Beta induced Alfvén eigenmodes (BAEs), one of the con-

tinuum gap modes, have also been detected on the HL-2A

tokamak [47]. The BAEs are usually excited in the cases of

qmin larger or smaller than unity. The most unstable mode

numbers are n = 2–3 and the mode frequencies are around

60–95 kHz. The BAEs are highly localized at the core

region and the radial mode structures have been detected

by the multi-channel microwave reflectometer, shown as

Fig. 15. The reflectometer launches 34–40 GHz micro-

waves into plasma and the cutoff layers of the microwave

can be determined with the density profile measured by the

frequency modulated continuous wave reflectometer. In

Fig. 15b, the density fluctuations are filtered by the

numerical pass-band filter with a frequency of 90–95 kHz.

The mode is found to localize at the region of

q = 0.07–0.26. The BAEs will suffer from stronger ion

Landau damping in the high density discharge, and there-

fore, they are only unstable in plasmas with a density lower

than 1.2 � 1019 m-3 on HL-2A tokamak.

In the BAE frequency region, there are two other

instability branches, i.e., the kinetic ballooning modes

(KBMs) and Alfvenic ion temperature gradient (AITG)

modes [48]. The former is usually driven by the plasma

pressure gradient and belongs to the energetic-particle

mode family because its frequency depends strongly on

energetic properties [49]. The mode frequencies are char-

acterized by x�pi=2\x\x�pi, where x�pi is the ion dia-

magnetic drift frequency. The latter originates from finite

rTi effects due to wave-particle interactions with thermal

ions via geodesic curvature coupling, which is most

unstable when the condition X�ip � q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7=4þ s

p
is fulfilled.

Here, X�ip¼x�ip=xti and s ¼ Te=Ti. This can be understood

as a branch connecting KBM (diamagnetic effects

X�ip 	 q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7=4þ s

p
) and BAE (ion compression effects

X�ip 
 q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7=4þ s

p
). It is found that the AITG modes

become more unstable when the magnetic shear is smaller

in the low pressure gradient regions [50]. The interaction

between AITG activity and energetic particle also needs to

be investigated with greater attention in fusion plasmas,

Fig. 11 a–e Time evolutions of

plasma density, multi-channel

ECE signals and contour-plot of

the frequency spectrum in the

Mirnov signal showing

reduction of nonlocal effects

with the presence of the 3/2

NTM; f Hurst exponents
calculated by SF and R/S

methods in ~Te during two

nonlocal phases at q & 0.45;

g radial profiles of Hurst

parameters during the nonlocal

phase without (red) and with

(black) the NTM. Reprinted

from [39], with the permission

of Nature Publishing
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since these fluctuations can be enhanced by weak magnetic

shear and energetic particles.

Nonlinear Interaction Between MHD Instability
and Alfvenic Modes

There are two routes for the nonlinear dynamic evolution

of Alfvenic fluctuation [51], i.e. wave-particle and wave-

wave interactions. The nonlinear wave-particle resonance

can lead to a frequency chirping behavior while the wave-

wave interaction usually performs as mode–mode cou-

pling. Here, our attention is devoted to nonlinear interac-

tion between MHD and Alfvenic modes by the method of

wave-wave coupling. Figure 16 shows a typical example of

nonlinear mode coupling [52]. A series of MHD instabili-

ties, including Alfvénic modes (AMs, 90–160 kHz,

consisting of TAEs with finite toroidal mode number and

an n = 0 mode), high frequency modes (HFMs, 230–

250 kHz) and tearing mode (about 10 kHz) can be

observed in the spectrogram of the magnetic signal. Dif-

ferences in frequency and mode number of two adjacent

AMs are comparable to the tearing mode frequency and

toroidal mode number, i.e. jf AM1 � f AM2j ¼ f TM and

jnAM1 � nAM2j ¼ nTM , which reveals a nonlinear mode

coupling process between the AMs and tearing mode.

Especially, the high frequency mode in the ellipticity-in-

duced Alfvén eigenmode (EAE) frequency region is an

axisymmetric mode with a toroidal mode number of n = 0.

The squared bicoherence reveals that the TAE firstly

nonlinear interacts with the tearing mode and results in the

generation of other sidebands. Then two TAEs propagating

in different directions but with the same mode number

Fig. 12 Two-dimensional temperature fluctuation imaging is given by

the ECEI system. Frames (1–7) show the fluctuation before the

plasma collapse, frames (8–14) present the formation of quasi-

interchange convection cell, and frames (15–21) exhibit the evolution

of the mode in a complete period. The normalized temperature

fluctuation at (R, Z) = (172 cm, –7.9 cm) is shown at the top of the

figure. The moments of frame (1), (7), (8), (14), (15), and (21) have

been marked out. Reprinted from [40], with the permission of AIP

Publishing
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couple together and give rise to the axisymmetric mode.

The mode excited through nonlinear interaction is expected

to have a global characteristic due to low poloidal/toroidal

mode numbers, but the excitation mechanism is remarkably

different from the two existing theoretical models [53, 54].

The high frequency n = 0 mode appears as an energy

transfer channel during the nonlinear procedure and it can

cause the growth of MHD instability with finite toroidal

mode number via beating with tearing mode. Besides, other

two kinds of axisymmetric magnetic modes, which are also

driven by nonlinear mode coupling, appear in the presence

of strong tearing modes on HL-2A [55]. One has been

identified as an energetic geodesic acoustic mode (EGAM)

while the other is found firstly in the range of TAE fre-

quency, due to nonlinear couplings of tearing modes with

BAEs and TAEs, respectively. Except for nonlinear cou-

plings of TAE/BAE and m/n = 2/1 tearing mode near q = 2

surface, other kinds of multi-scale interactions have also

been observed recently in the HL-2A core NBI plasmas,

including the synchronous coupling between m/n = 1/1

kink mode and m/n = 2/1 tearing mode, AITG/KBM/BAE

and m/n = 1/1 kink mode near q = 1 surface, and between

m/n = 1/1 kink mode and high-frequency turbulence [30].

Multi-scale interactions via the nonlinear modulation pro-

cess are found to cause the drop of ion temperature and

rotation frequency, it may also enhance plasma transport

and trigger sawtooth-crash onset. More attention should be

paid to the multiple modes phenomenon.

Suppression and Mitigation of MHD Instability
and Alfvenic Modes

MHD instability and Alfvenic modes not only reduce

plasma confinement, but also harm the fusion devices

Fig. 13 Typical discharge

parameters with TMs and

fishbone-like activities during

NBI heating on HL-2A. From

top to bottom, a plasma current

Ip, line-average electron density

and NBI power, b soft x-ray

signal, c magnetic probe signal,

d enlarged Mirnov signal during

a burst, and e and f poloidal and
toroidal mode-numbers.

Reproduced courtesy of IAEA.

Figure from [41]. Copyright

2018 IAEA

Fig. 14 Strong energetic-electron-induced NRK during on-axis high

power ECRH ? ECCD? in shot #24067. a ECE signal with

r = 7.3 cm b spectrogram of ECE signal. Reprinted from [43], with

the permission of IOP Publishing
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[56, 57]. It needs to take urgent steps to control electro-

magnetic instabilities. The three-dimensional magnetic

perturbation fields and ECRH/ECCD are the most possible

candidates for suppressing or mitigating MHD instability

and Alfvenic modes in the future burning plasma [58, 59].

To control the neoclassical tearing modes (NTMs), which

may limit the stability and performance of plasmas, a real-

time control system based on ECRH have been developed

on HL-2A tokamak [2]. The control system combines real–

time diagnostic system, reflective memory (RFM) and

ECRH system. The system is utilized to control conven-

tional tearing modes, shown as Fig. 17. In the experiment,

the ECRH with an input power of 300 kW is turned on

after the amplitude of the tearing mode reaches the

threshold. Note that the launcher mirror rotates from an

initial angle to the target angle and it enables the ECRH

power deposition varying from qECRH ¼ 0:1 to

qECRH ¼ 0:6. The mode amplitude restores when the power

deposition is far away from the q = 2 rational surface. The

mode can be completely suppressed when the qECRH
exactly matches the magnetic island location qisland.

Stabilization of the energetic ion driven fishbone modes

by electron cyclotron resonance heating (ECRH), is

observed for the first time in a toroidal plasma [60]. The

effect depends not only on the injected power but also on

the radial deposition location of ECRH, shown as Fig. 18.

As shown in the figure, at the same power level, when the

ECRH power is deposited at qd ¼ 0:42, the fishbone modes

are fully suppressed while partly mitigated at qd ¼ 0:02

and 0.66. When the deposition location is fixed at

qd ¼ 0:42, the stabilization effect becomes more and more

remarkable when the ECRH power increases gradually.

The fishbone modes can be completely suppressed when

the injected ECRH power level exceeds a certain threshold

of 0.6 MW. The underlying mechanism is explored with

the fishbone dispersion relation including the resistive

effect. The result suggests that the magnetic Reynolds

number plays a key role in the mode stabilization and it

weakens the mode growth rate and enhances the critical

energetic ion beta without changing the energetic ion

population.

H-Mode and ELM Control

High confinement mode (H-mode) is envisaged as an

alternative standard operation scenario on future reactors

like ITER. It is generally accessed through the formation of

the transport barrier at the plasma edge from the low

confinement mode (L mode) and it often characterized with

Fig. 15 a The cutoff layers of

34–40 GHz microwave

determined with the density

profile (dark diamonds)

measured by the frequency

modulated continuous wave

reflectometer and b two-

dimensional density fluctuation.

The density fluctuations are

filtered by the numerical pass-

band filter with a frequency of

90–95 kHz. Reprinted from

[47], with the permission of IOP

Publishing

Fig. 16 Alfvenic modes

nonlinearly couple with tearing

mode at the spectrogram of the

magnetic signal in a low field

side and b high field side. Some

modes are labeled with

corresponding toroidal mode

numbers. Reprinted from [52],

with the permission of IOP

Publishing
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the edge localized modes (ELMs), which release a large

number of particles and energy of the pedestal [61]. Thus,

the physics of transition from L mode to H-mode and

maintaining of the H-mode have been extensively investi-

gated. During H-mode, the plasma performance would be

affected by the abundant pedestal instabilities, especially

the edge localized mode. This section reports the studies of

H-mode related physics on HL-2A in recent years,

including L–I–H transition physics, the instabilities during

H-mode, the control of the instabilities especially the ELM

control physics with different techniques.

Physics of L–H Transition

Dynamics During the L–I–H Transition

Two types of LCO in the I-phase of the L–I–H transition

were found for the first time in the low-intermediate-high

(L–I–H) confinement mode transition experiments [21].

The Type-Y LCO appears at the early stage of I-phase,

while Type-J LCO is towards the end of I-phase prior to the

I–H transition. The time evolution of Da signal is shown in

Fig. 19a. Plasma gradually evolves from the L-mode into

the I-phase, and finally transitioned into the H-mode, where

the bars with different colors indicate the different time

intervals in each stage of the plasma. Figure 19b shows the

Fig. 17 Tearing mode was killed by ECRH in real-time with the

steerable mirroron HL-2A. a Line-averaged density, b poloidal beta,

c, d Mirnov magnetic perturbation and its frequency spectrum,

e ECRH power f the positions of 2/1 magnetic island (qisland) and

ECRH power deposition (qECRH). Reprinted from [2], with the

permission of AIP Publishing

Fig. 18 Effects of ECRH on the

stability of ion fishbone

activities. Same ECRH power

PECRH ¼ 1:0MW, but the

different deposited location

(Left column); Same deposited

location qd ¼ 0:42, but different
ECRH power (Right column).

Reprinted from [60], with the

permission of IOP Publishing

Journal of Fusion Energy (2020) 39:313–335 325
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phase diagram between the normalized radial electric field

oscillation and the envelope of density fluctuations, where

different colors correspond to different time intervals as

indicated in Fig. 19a. Both the density and electric field

were measured by the Langmuir probe array at the mid-

plane at the low field side. The probes were inserted about

1 cm inside the last closed flux surface. The envelope of

density fluctuations leads the radial electric field oscillation

(clockwise rotation), and the modulation of turbulence by

the LCO is strong in the early stage of the I-phase (blue

color). However, at the later stage (in green and black

colors) of the I-phase, the radial electric field grows first

and leads to the change in the envelope of density fluctu-

ations (counter-clockwise rotation). The LCOs, which are

not driven by turbulence, seem to be critical in triggering

the I-H transition. It should be concluded that two preda-

tor–prey regimes might coexist for ‘zonal flow—turbu-

lence’ and ‘turbulence—pressure gradient (rP)’

interactions [21]. In this paradigm, the first interaction

involves the zonal flow and turbulence. Zonal flows are the

predator and turbulence is the prey. It extracts energy out

of turbulence and also inversely regulate and suppress

turbulence via flow shearing. The second predator–prey

regime involves turbulence and pressure gradient (rP),

where turbulence is the predator and rP is the prey. A

large rP leads to a high level of turbulence and turbulent

transport, resulting in a reduction in rP and turbulent

transport (due to weaker driving). Then the reduced

turbulent transport leads to a large rP again. This forms a

loop and hence becomes the second predator–prey regime.

In the recent experiments on HL-2A, the dynamics of

the edge plasma flows and turbulence during the L–I–H

transition by using Doppler reflectometry [62]. Figure 20 is

the time evolution of the spectrogram of Er fluctuation

measured by the 50 GHz X-mode Doppler reflectometer.

During the L-mode regime, GAM, which has been identi-

fied by its acoustic property and poloidal and toroidal

symmetry on HL-2A, is observed, and its frequency is

about 10–15 kHz as shown in Fig. 20b. The GAM fre-

quency, which is proportional to the acoustic speed, thus

the plasma temperature, increases slightly during the NBI

heating phase as shown in Fig. 20a, where the plasma

temperature is increasing. Figure 20b and cshows the

power spectrum of Er fluctuation at t = 537 ms and at

t = 551 ms, respectively. It could be observed that LCO is

generated, and the intensity of GAM is gradually decreased

after the L–I transition. The GAM and LCO coexist for a

short time of a few milliseconds during this phase as shown

in Fig. 20c. The coexistence of the GAM and LCO sug-

gests that these two oscillatory flows and turbulence could

have nonlinear interaction or energy transfer between them,

which is demonstrated by the bi-spectrum analysis. How-

ever, the GAM and LCO disappear in the H-mode plasma.

Instead, an increase of E 9 B shear flow has been observed

with pedestal turbulence reduction before the I–H transi-

tion. The results seem to indicate that the increased mean

E 9 B shear flow plays a key role in turbulence

Fig. 19 a Evolution of Da emission; b Lissajous diagram between

normalized radial electric field and the envelope of density fluctua-

tions in the phase space. Different colors show different periods as

indicated in (a) by five bars (shot #19299). The numbered arrows

denote the time sequence in each period. Reprint from [21], with the

permission of APS Publishing

Fig. 20 a Spectrogram of Er fluctuation measured by the 50 GHz

X-mode Doppler reflectometer. b The power spectrum of Er

fluctuation in the L-mode at 537 ms with GAM. c The power

spectrum of Er fluctuation in the I-phase at t = 551 ms with the

coexistence of GAM and LCO. Reprint from [62], with the

permission of AIP Publishing
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suppression and also leads to the disappearance of the

GAM and LCO flows [62]. It should be also demonstrated

that the increase of the mean E 9 B shear flow prior to the

two transitions mainly results from the ion diamagnetic

component.

Critical Velocity Shear Flow for Triggering L–H Transition

An analysis of two discharges with identical plasma

parameters shows that the velocity shear must increase to a

critical value to permit the L–H transition, meaning that the

critical value functions as a velocity shear threshold for the

L–H transition [63]. In addition, the parametric dependence

of the critical value on the plasma parameters shows that

the critical velocity shear remains almost constant as the

density varies and independent of the total heating power.

Similar results on the density independence have also been

observed in ASDEX-U [64] and in JET [65].

Two discharges with identical plasma parameters but

different L–H transition times are compared, as shown in

Fig. 21. The Da signal in Fig. 21a shows that the discharge

#29813 transits from the L-mode into the I-phase at around

t = 540 ms, and then goes into the H-mode at about t =

560 ms. The Da signal in Fig. 21b shows the discharge

#29706 transits into the I-phase at t = 565 ms and the I-H

transition happens at t = 582 ms. Figure 21c shows the

time evolution of the velocity shear in the pedestal region

for discharges #29813 (blue) and #29706 (red). Although

the transitions happen at different times, it should be noted

that the values of the velocity shear are nearly the same, the

velocity shear at the L–I transition is about |qu?/qr|L–-
I&80 kHz and the velocity shear at the I–H transition is

about|qu?/qr|I-H&120 kHz. The results suggest that there

is a critical velocity shear value for the L–H transition.

The result suggests that a critical velocity shear must be

achieved for the L–H transition to occur and that different

levels of heating power are required to achieve such critical

values under different plasma densities.

L–H transition stimulated by SMBI

As mentioned above, pedestal dynamics such as the

interaction between GAM and turbulence can play an

important role in L–H transition. This is once confirmed

during the L–H transition experiment stimulated by SMBI

[66]. It has been found that SMBI could stimulate two

dynamic processes (GAM enhancement and turbulence

regulation), and therefore quench the turbulence and

maintain the turbulence collapse. Thus, turbulent transport

is reduced and the L–H transition is triggered.

To demonstrate the effect of SMBI on the L–H transi-

tion, the SMB injection time for plasmas with identical

discharge parameters is scanned as shown in Fig. 22. The

pulse duration of SMBI is 2 ms. As shown in Fig. 22a, the

NBI power is about 1 MW which is close to the marginal

H-mode power threshold of the HL-2A. For the shot of

27,882, the SMB is injected at 543 ms as shown in Fig. 1e

and then the plasma transits into the ELMy H-mode after

10 ms when the plasma density reaches 1.85 9 1019 m-3

as shown in Fig. 1b. When the injection time of SMB is

intentionally postponed to 593 ms in the shot of 27887, the

plasma also transits into the H-mode after about 10 ms, and

the plasma density at the transition is 2.2 9 1019 m-3

herein. The results show that the L–H transition follows the

SMBI pulse. The further analysis determines that the L–H

transition is not due to the increasing plasma density [66].

Achievement and Maintenance of high
performance H-mode plasma

Understanding of L–H transition physics also helps to

achieve high performance H-mode plasma discharge.

During the H-mode of magnetically confined devices, the

pedestal plays a key role in governing the performance of

the core plasma by providing a boundary condition for the

stiff core transport. Thus, it is essential to study the ped-

estal dynamics and understand the underlying physics for

the maintenance of high performance plasma. This section

reports the studies of the H-mode instability that have a

significant impact on the performance of plasma such as

electromagnetic instability driven by impurity gradient and

Fig. 21 Time traces of: a Da intensity of #29813, b Da intensity of

discharge #29706 and c velocity shear of discharges #29813 (blue)

and #29706 (red).Reprint from [63], with the permission of IOP

Publishing
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quasi-coherent modes. In particular, ELMs control will be

emphasized in the next section.

Achievement of high beta (bN) H-mode discharge on HL-2A

Investigation of the physics in burning plasma requires the

high beta operation with the high bootstrap current. Since

the first H-mode discharge on HL-2A, the parameters of

H-mode discharge consecutively increase with growing

heating power and control techniques. In the latest exper-

imental campaign, HL-2A has firstly achieved the H-mode

discharge with the normalized beta bN[ 3 as shown in

Fig. 23. In this experiment, a newly developed NBI heating

system on HL-2A is applied besides the original one. The

toroidal filed for this discharge is about 1.3 T, and the q95
is about 3.7. The total heating power is 1.8 MW, 1.3 MW

of which is sustained by these two NBI systems as shown

in Fig. 23a and the LHW system provides the rest 0.5 MW.

The plasma current in Fig. 23b and the line-averaged

density in Fig. 23c are 160 kA and 2.5 9 1019 m-3,

respectively. The ELMs spikes are represented by the Da

signal in Fig. 23d, which shows that the plasma is in the

H-mode phase from 850 to 1600 ms. In Fig. 23g, it was

observed that the normalized beta is higher than 2 during

the whole H-mode phase and it is over 3 for a very short

time. The reason why the high plasma beta ([ 3) is not

sustainable might be due to the formation of the edge

transport barrier.

Electromagnetic Instabilities in H-Mode Plasmas

In HL-2A, it has been found that the impurity accumulation

would also have a significant impact on pedestal dynamics

and result in the H–I transition [67]. Figure 24a shows the

repetitive H–I transition by divertor Da signal. The plasma

stored energy and the density also change along with the

transitions. The experimental results showed that, during

the H-mode phase, the impurity gradually accumulated at

the edge plasma region (Fig. 24c), where nz is the effective

impurity density deduced from the bolometer array that is

mainly contributed by intrinsic impurity. The turbulence

was strongly excited by the accumulation of impurity at the

plasma peripheral region as shown by a broadband (fre-

quency of 50–150 kHz) electromagnetic turbulence from

the spectrogram of magnetic fluctuations (Fig. 24d). Then,

the impurity was immediately exhausted, and the plasma

transited into the I-phase, with the generation of electro-

static turbulence modulated by limit cycle oscillations.

With the gradually increasing pedestal pressure gradient

during the I-phase, the plasma returned to the H-mode

regime. This suggests that electromagnetic turbulence

plays a key role in the cyclic transitions between the

I-phase and the H-mode.

Quasi-coherent Mode (QCM)

The increases of density and its gradient prior to each ELM

onset were observed in the pedestal region, which may be

caused by an inward particle flux induced by quasi-co-

herent mode (QCM) (f = 30–70 kHz). The QCM localizes

in the pedestal, leads to the increase of density gradient,

and has strong nonlinear interaction with the turbulence

[12]. Figure 25 shows this physical process. It could be

observed that this process could be divided into three

phases. Phase 1 in Fig. 25 is characterized by the evolution

of the edge pedestal without distinct coherent fluctuation.

Phase 2 is denoted by the shaded area with a duration time

about 300 ms. In phase 3, the Da emission increases dra-

matically. It should be noted that, in phase 2, the coherent

fluctuation gradually grows, saturates and starts to decay,

and the mode is radially localized with a frequency of 30–

70 kHz. The electron density keeps increasing until the end

of this phase (Fig. 25b). The decreases abruptly at the end

of this phase, while L�1
Te increases obviously (Fig. 25c),

keeping the L�1
pe changing moderately (Fig. 25d). Fig-

ure 25e shows that the inward particle flux induced by

QCM also increases firstly and then decreases. The

observations indicate that a dynamic transition of the

Fig. 22 Comparison of two H-mode discharges stimulated by SMBI

at different times. a NBI heating power, b line-averaged electron

density, c divertor Da signal of shot #27887, d divertor Da signal of

shot #27882, e monitor of SMBI pulses for these two shots, and

f stored plasma energy. Reprint from [66], with the permission of IOP

Publishing
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Fig. 23 plasma parameters of a

high beta H-mode discharge.

a NBI heating power from two

beams, b plasma current, c line-
averaged electron density, d Da
signal, e plasma stored energy,

f and g normalized beta (bN)

Fig. 24 a Divertor Da signal, b inner stored energy and line-averaged

Ibolm/ne, with Ibolm being the emissivity reconstructed from electron

density, c effective impurity density and d spectrogram of magnetic

fluctuations. Reprint from [67], with the permission of APS

Publishing

Fig. 25 a Temporal evolutions of Da and the density fluctuation, b the

pedestal density, c the inverses gradient scale lengths of the density

and electron temperature, d electron pressure, and e the particle flux

induced by the QCM. Reprint from [12], with the permission of IOP

Publishing
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plasma exists prior to the ELM onset. Phase 3 is the

recovery phase, during which the parameters recover

smoothly and connect to phase 1.

From the experimental results, it suggests that the gen-

eration of QCM may be related to the nonlinear coupling of

small-scale turbulence. More detailed experimental and

theoretical investigations are needed to make a conclusion

on the instability that affects the pedestal dynamics [68].

Edge Localized Mode Control

During an ELMy H-mode discharge, the strong gradient of

plasma edge pressure can trigger repetitive bursts of high

transient heat loads on plasma-facing components (PFCs).

For the recent decades, since the parameters are signifi-

cantly improved during the discharges in tokamaks and

would be much higher in future reactors, optimal and

robust techniques for heat load and ELM control are highly

desirable. This section presents the ELM control tech-

niques applied to the HL-2A device.

ELM Control with SMBI

SMBI is one of the effective ELM control techniques

applied to the HL-2A tokamak [69]. Then, this technique is

developed after the findings that the cooled SMBI could

penetrate deeper than the normal SMB into the plasma. The

SMBI system modified to form the clusters (similar to

micro-pellets) by cooling is developed and used in the

ELM control experiments. Then, ELM mitigation experi-

ments with SMBI also performed well in experimental

campaigns on EAST [70] and KSTAR [71], and the

experimental results from HL-2A are all confirmed. In

addition, the results on EAST and KSTAR show that the

ELM mitigation with SMBI is more efficient, for example,

lasting a longer period time after an SMBI pulse, for type-I

ELMy H-mode than for type-III ELMy H-mode, indicating

the possibility of application to ELM mitigation on ITER

although a more detailed investigation is urgently needed.

ELM Control with LHCD

ELM mitigation with LHCD is achieved in HL-2A when

the plasma line-averaged electron density exceeds

2.5 9 1019 m-3 and the absorbed LHCD power is larger

than 200 kW [72]. In the HL-2A experiments, no

ergodization of magnetic topology and no density pump-

out have been observed. The ELM mitigation is synchro-

nized with the pedestal turbulence enhancement, but not

with the LHCD pulse [73].

A discharge using LHCD to mitigate ELMs is shown in

Fig. 26. The LHCD monitor signal (blue line) and the loop

voltage signal (black line) are shown in Fig. 26b. The loop

voltage drop is not visible in the present ELM mitigation

experiments, because the plasma density is high, and the

number of fast electrons should be strongly reduced due to

the thermalization. The ELMs are represented by the spikes

in the bolometer signal (Fig. 26c) and also the ion saturated

current by divertor Langmuir probes (Fig. 26f). The ELM

mitigation is characterized by the ELM frequency increase

and its amplitude decrease as shown in Fig. 26b and c,

respectively. The radial wavenumber spectrum S(kr) in

Fig. 26d can be obtained from the radial adjacent DBS

channels. It could be observed that the wavenumber

spectrum shifted to zero direction during mitigation. In

Fig. 26h the spectrum before and after mitigation also

clearly shows the shift along with the increase of the tur-

bulence amplitude. Figure 26e also presents the time evo-

lution of the pedestal turbulence intensity calculated by

integrating the frequency power spectrum with the selected

poloidal wavenumber by DBS. It is very clear that the

ELM mitigation is desynchronized with the LHCD pulse,

but closely correlated to the pedestal turbulence enhance-

ment (Fig. 26e). During ELM mitigation, the pedestal

pressure gradient decreases a little after LHCD in Fig. 26g,

possibly due to the slight degradation of the plasma con-

finement [73]. The analysis of the Er shear rate components

shows that the dramatic drop of the ion diamagnetic term,

which would be due to the absorption of the high N com-

ponents of the lower hybrid wave at the plasma edge,

would lead to the sharp reduction of E 9 B velocity shear

rate cE9B [73]. In addition, a modified turbulence radial

wavenumber spectral shift model has been successfully

used to simulate the experimental results. Good agreement

has been found between experiment and theory for the

regulation of the turbulence amplitude with its averaged

radial wavenumber [74]. The pedestal turbulence varies

before the ELM mitigation phase, which indicates that the

ELMs might be mitigated by the enhanced pedestal tur-

bulence through the nonlinear interactions.

ELM Mitigation/Suppression by LBO Impurity Seeding

A laser blow-off (LBO) impurity injection system has been

built for HL-2A [25]. This system is installed on the

equatorial-plane port and the impurities are vertically

injected into the plasma. With this system, different kinds

of metal impurities (Al, Fe, W) were separately injected

into the ELMy H-mode plasma. The deposition location of

the LBO-seeded impurity is observed with a bolometer

array and a fast visible camera. ELM mitigation is achieved

by LBO-seeded Al and Fe impurity. In addition, ELM

suppression is also realized by LBO-seeded Al, Fe and W

impurity [75].

Figure 27 shows an ELM mitigation case by the LBO-

seeded Fe impurity. Figure 27a is the divertor Da signal
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and the ELM mitigation phase is noted by the double

arrows. Figure 27b and c show, respectively, the time

evolution of the density fluctuation power spectra in the

pedestal top and foot, which are measured by the Doppler

reflectometry. During the ELM mitigation, the density

fluctuations are enhanced obviously. This phenomenon is

the same as what has been observed during the ELM

mitigation with LHCD. Figure 27d is the plasma radiation

power density measured with a bolometer array. From this

figure, it can be seen that the clear image of the LBO-

seeded impurity in plasma appears at about 903 ms and

lasts for about 7 ms. The LBO-seeded impurity particles

penetrate the edge plasma and are mainly deposited in the

pedestal region. This corresponds to the observation from

the fast visible camera.

In addition, ELM suppression has also been obtained in

the experiments with LBO-seeded Al, Fe and W impurities.

ELM suppression is triggered when the amount of the

LBO-seeded impurity exceeds a certain threshold value

[75]. The pedestal density fluctuation is significantly

reduced during ELM suppression phase, and a harmonic

coherent mode is excited, suggesting that HCM could

extend the Peeling–Ballooning instability limit.

ELM Control with SMBI Impurity Seeding

Impurity seeding experiments by using SMBI have been

performed in ELMy H-mode plasmas. Different from the

LBO metal impurity seeding, SMBI seeded the impurity

gas into the plasma. In our experiment, the Ne was used.

The Ne impurity gas was mixed with main ion fuelling gas

D2 by different ratios (10%, 30% and 100%) and then was

seeded into the ELMy H-mode plasmas [76].

It has been observed that the ELM behavior varied with

the impurity ratio of the mixture SMBI [76]. The change of

the ELM frequency is defined as the ratio of the ELM

frequency after the SMBI (fELM
after ) to the frequency of the

natural ELMs before the SMBI (fELM
before). The value

fELM
after /fELM

before is less than 1, meaning the ELM frequency

decreases. For 10% Ne mixture SMBI, the ELM frequency

ratio is about 2 and ELMs are clearly mitigated. This

mitigation effect is similar to that of the main ion fueling

D2. For the case of 30% Ne, the ratio of the high frequency

bursts (HFBs) frequency after the SMBI to fELM
before reaches to

3.5–5.5. ELMs are replaced by small amplitude HFBs.

SMBI with 10% and 30% Ne cases show similar plasma

profiles. For the case of 100% Ne (pure Ne), the frequency

ratio decreases to 1/2 while the ELM amplitude does not

Fig. 26 H-mode discharge triggered by neutral beam heating (1 MW)

with ELMs mitigated by LHCD with a significant time delay (plasma

current 145 kA, toroidal field 1.3 T, major radius 1.65 m, minor

radius 0.4 m). a Plasma density (red dashed) and internal stored

energy (blue solid); b the LHCD monitor signal (blue solid), the loop

voltage (black line), and the ELM frequency (red solid square); c the
bolometer signal; d the averaged radial wavenumber; e the pedestal

turbulence intensity; f ion saturated current from divertor Langmuir

probes; g ion pressure gradient Pi at pedestal; h the radial

wavenumber spectra before (blue solid) and during (red dashed) the

ELM mitigation; i Time evolution of the three components of E 9 B

velocity shear rate calculated by the data from CXRS. Reprint from

[73], with the permission of IOP Publishing
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double correspondingly, and the ion temperature and

electron density at the pedestal region increase indicating

the confinement improvement.

Figure 28 shows the 30% Ne mixture SMBI seeding

case and the response of the divertor heat flux to the 30%

Ne mixture SMBI seeding. In this case, ELMs are sup-

pressed and replaced by HFBs which have a much smaller

amplitude compared to ELMs. The impurity mixture

seeding is expected to reduce the divertor heat loads.

The divertor heat flux is measured by electrostatic probes

at the outer divertor plate. The measured location

(z = - 830 mm) is near the striking point. Unfortunately,

the profile of the heat flux is not available for these dis-

charges. Compared to the peak heat flux caused by ELMs,

the flux of the HFBs is about 10% of the former one as seen

from Fig. 28b and c. It indicates that the divertor heat flux

is significantly reduced. Also, the pedestal particle trans-

port enhancement has also been observed.

The result, that ELM activities change with the ratio of

the seeded impurity, suggests that there should be an

optimal impurity ratio for efficient heat load control in

ELMy H-mode plasmas, which would be further investi-

gated in the next step.

ELM Control with RMP

RMP has been experimentally established as an efficient

way of controlling ELMs in H-mode tokamak plasmas

[77]. On HL-2A, ELM mitigation by RMP was also

achieved [78]. The RMP coils are grouped in 2 sets, with

each set consisting of two small single turn rectangular coil

(417 mm �263 mm). They are configured as ‘‘ ? – ? ’’

with n = 1 mode dominant. Figure 29 shows a discharge

with the ELM mitigation by RMP on HL-2A. In this dis-

charge, the plasma current is about 130kA. The line-aver-

aged density is higher than 2.5 9 1019 m-3, and the pump-

out effect on density after the application of RMP is

observed. The ELMs are represented by the Da signal in

Fig. 29a. It could be observed that the ELMs are mitigated

during RMP. The signal of the RMP coil is shown by the

RMP current in Fig. 29b. Figure 29c and d show the heat

flux peak and heat flux distribution respectively. The heat

flux peak at the divertor decreases due to the mitigation of

ELMs by RMP.

MARS-F code was employed to carry out the RMP

computation based on the HL-2A experimental configura-

tion. It is found that the edge-peeling response is the main

reason leading to the ELM mitigation [79].

Fig. 27 Observation of the harmonic coherent mode (HCM) during

the ELM suppression phase. a Divertor Da signal, b Mirnov signal,

and c time–frequency spectrum of the Mirnov signal. Here, the LBO

system was triggered at 900 ms for W impurity injection. Reprint

from [75], with the permission of IOP Publishing

Fig. 28 Response of ELMs and divertor heat flux to 30% Ne mixture

SMBI seeding. a divertor Da signal, heat flux at the outer divertor

plate (z = - 830 mm) b before and c after the SMBI. Reprint from

[76], with the permission of IOP Publishing
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Summary

Over the last several years, the HL-2A research team has

achieved significant progress in the areas of lower-hybrid

wave heating and current drive, plasma confinement and

turbulent transport, MHD instabilities and energetic parti-

cle physics and H-mode and ELM control as summarized

below:

1. Heating and current drive.

The power coupling of the LHW system on HL-2A during

high density H-mode plasma is continuously improved to

1.4 MW. The measurement by the newly installed hard

X-ray system shows that the power is mainly deposited at

the plasma core. The characteristics of the co-current and

counter-current drive have been investigated, which could

be achieved by adjusting the wave spectrum. The results

show that the LHW system working in co-current drive

mode could reach the higher driving efficiency. Full non-

inductive LHCD has been achieved in this direction by

optimizing the wave spectrum.

2. Confinement and transport.

In the edge plasma of HL-2A tokamak, the turbulent

energy concentrates into low frequency area from high

frequency region due to inverse energy cascade. This

highlights the modulation mechanism in turbulence which

is relevant to the generation of GAM zonal flow. The tur-

bulent kinetic energy transferred from intermediate fre-

quencies (20–80 kHz) into ZFs and GAMs enhances as the

heating power is increased. Besides, GAMs and magnetic

fluctuations can transfer energy through nonlinear

synchronization. The intrinsic poloidal torque character-

ized by the divergence of the residual stress is deduced

from synthesis for the first time in a tokamak plasma. The

dynamics of spectral symmetry breaking in drift wave

turbulence is in good agreement with the development of

the poloidal torque to drive the edge poloidal flow. The

influence of the cross-phase dynamics on turbulent stress

are investigated. The collapse of the edge shear layer is

found to be caused by the decrease of the turbulent drive

(Reynolds power) and may lead to edge cooling which is

relevant to the density limit. Besides, the turbulence-in-

duced zonal flow and pressure-gradient-induced drift play

essential roles in the dynamics of low-intermediate-high-

confinement transitions. Blob structures and motions are

investigated in the SOL of HL-2A tokamak. The increasing

turbulent energy and the spontaneous E 9 B flow shear are

identified to be responsible for the generation of blobs.

The impurity diffusivity and convection velocity are

found to be significantly enhanced in the radial range of

q� 0:5 when ECRH is deposited inside the inversion

radius of the sawtooth crash. The ion ITBs are firstly

observed in NBI heated plasmas at the HL-2A tokamak.

The ion thermal transport inside the barrier was reduced to

the neoclassical level. The micro-scale turbulence is

modulated by the rotation of the macro-scale tearing mode,

with a minimum value at the island O-point and maximum

at the X-point, consistent with the gradient-driven mecha-

nism of the turbulence. The influence of the magnetic

island on turbulence is linked to a critical island width. The

interplay between the nonlocal transport and NTM during

transient nonlocal heat transport events was observed for

the first time. The nonlocal response of the core electron

temperature to the edge cooling leads to a locally enhanced

pressure gradient at the rational surface and hence the onset

of NTM, which in turn, regulates the nonlocal transport by

truncation of avalanches.

3. MHD and energetic particle.

Series of MHD instabilities with novel characteristics have

been observed on HL-2A. The formation and evolution of

quasi-interchange mode is firstly revealed by electron

cyclotron emission imaging systems and it will contribute

to further understanding of sawtooth oscillations in labo-

ratory and space plasmas. The discoveries of m/n = 2/1

fishbone-like mode, non-resonant internal kink modes,

energetic particles driven BAEs and AITG mode enrich the

knowledge for the wave-particle interaction. Three kinds of

axisymmetric modes in BAE, TAE and EAE frequency

regions, are driven unstable by nonlinear mode coupling

and the nonlinear generation process is well explained by

nonlinear gyrokinetic theory. The HL-2A experiments

suggest that the fishbone modes can be mitigated and

suppressed by electron cyclotron resonance heating,

Fig. 29 The time evolutions of a the Da signal, b current of the RMP

coil, c heat flux peak and d heat flux distribution
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depending not only on the injected power but also on the

radial deposition location of ECRH. Finally, a real-time

control system based on ECRH is successfully developed,

and it is used to suppress the conventional/neoclassical

tearing modes. The new finding and technology will pro-

vide technology bases for active control of the energetic

particle modes and MHD instability in the future burning

plasma.

4. H-mode and ELM control.

The physics during L-I-H has been precisely investigated.

The dynamics of the edge plasma flows and turbulence

during the L-I-H transition have been investigated by using

Doppler reflectometry. It has been observed that GAM

exists in L mode and gradually decreases with the gener-

ating of LCO during L-I transition. GAM and LCO coexist

for a short time and disappear in the H-mode plasma with

the increasing of E 9 B shear flow before the I-H transi-

tion, which takes place in turbulence suppression. In

addition, HL-2A has firstly achieved the H-mode discharge

with the normalized beta bN[ 3. In terms of the large size

of ELMs, different techniques, such as LHW, ECRH,

RMP, and impurity seeding by LBO and SMBI, have been

applied to successfully control the large ELMs. It has been

found that pedestal turbulence enhancement should be

responsible for the observed mitigation effect.

These achievements in HL-2A plasmas will definitely

deepen our understanding on the key physical topics rele-

vant to ITER and advanced tokamak operation, such as the

HL-2M operation. The next experimental campaign of HL-

2A will promote the following research aspects: high per-

formance plasma operation, development of advanced

ELM control techniques, multi-scale interactions between

MHD, EP mode and turbulence, core–edge coupling phy-

sics, and the control of NTM, EP modes as well as plasma

disruption.
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