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Abstract 

The mission of HL-2A is to explore the key physics topics relevant to ITER and the advanced tokamaks (e.g. the future HL-

2M), such as the access of H-mode, energetic particle physics, edge-localized mode (ELM) mitigation/suppression and 

disruption mitigation. Since the 2016 Fusion Energy Conference, the HL-2A team has been focused on the investigations on 

the following areas: (i) pedestal dynamics and L-H transition, (ii) techniques and physics of ELM control, (iii) internal 

transport barriers (ITB) near q=1 surface, (iv) energetic particle physics and (v) the turbulence modulation by tearing mode 

(TM) . The HL-2A results imply that the increase of the mean E B³  shear flow plays a key role in triggering L-I and I-H 

transitions, which is mainly resulted from the ion pressure component. Both mitigation and suppression of ELMs have been 

realized by laser blow-off (LBO) seeded impurity (Ne, Ar,etc). The 30% Ne mixture supersonic molecular beam injection 

(SMBI) seeding also robustly induces ELM mitigation. The ELMs were mitigated by low-hybrid current drive (LHCD). HL-

2A experiments suggest that the formation of the internal transport barrier (ITB) correlates to the evolution of 
minq

(minimum of safety factor q ) or the associated fishbone activities. The stabilization of m/n=1/1 ion fishbone activities by 

electron cyclotron resonance heating (ECRH) was found on the HL-2A. A new m/n=2/1 ion fishbone activities were 

observed recently, and the modelling indicates that passing fast ions dominantly contribute to the driving of 2/1 fishbone. 

The non-linear coupling between toroidal Alfven eigenmode (TAE) and tearing mode (TM) lead to the generation of a high 

frequency mode with n=0. It is found that the electrostatic turbulence is modulated by rotating m/n=1/1 TM islands in the 

core plasmas.  

1. INTRODUCTION  

The mission of HL-2A is to explore the key physics topics relevant to ITER and the advanced tokamaks (e.g. the 

future HL-2M), such as the access of H-mode, energetic particle physics, edge localized mode (ELM) 

mitigation/suppression and disruption mitigation. The HL-2A is a 

conventional tokamak with the major radius 1.65 mR=  and the 

minor radius 0.4 ma . The toroidal magnetic field, plasma 

current, and central line-averaged density are 1.3 2.7TB = -
 
T, 

150 430pI = -  kA, and 19

0 (1 6) 10en = - ³
 
m

-3
, respectively. 

The electron and ion temperatures are up to 5eT =
 
keV and 

2.8iT =
 
keV, respectively. The auxiliary heating power was 

updated since 2016. The second NBI beamline was developed on 

HL-2A Tokamak. It has been operated since December 2017 and 

injected neutral beam into plasma since July 2018. Now the 

highest parameter for single ion source exceeds 15A×40kV, the 

total injection neutral beam power of this beamline exceeds 0.4 

MW, and the total NBI injection power exceeds 1.2 MW in 2018 

campaign. The low-hybrid wave (LHW)/current drive (LHCD) 

 
FIG.1. Time evolution of main parameters for the plasmas with 

coupled LHW power reaching 1.4 MW in H-mode. 
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power coupling is optimized using the Passive-Active Multi-junction (PAM) antenna, by which the coupled 

power has reached 1.4 MW (Fig.1) in H-mode plasma since 0.9 MW was coupled in 2016. These updates 

significantly enhance the capability for the studies on the advanced plasma physics on the HL-2A.  

Since the 2016 Fusion Energy Conference, the HL-2A team has been focused on the investigations on the 

following areas: (i) pedestal dynamics and L-H transition, (ii) techniques and physics of ELM control, (iii) 

internal transport barriers (ITB) near q=1 surface, (iv) energetic particle physics and (v) the turbulence modulation by 

tearing mode (TM). The highlights of the experimental results are summarized in this paper, while the detailed 

descriptions can be found in the corresponding references. 

2. PEDESTAL DYNAMICS AND L -H TRANSITION  

In H-mode plasma 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. To 

improve the plasma stability and confinement, it is important to 

study the pedestal dynamics and understand the underlying physics. 

This section reports the pedestal dynamics prior to ELM burst and 

the role of electric field shear in the L-I and L-H transitions. 

2.1 Pedestal dynamics  

In recent HL-2A H-mode plasma, the increases of density and its 

gradient were observed in the edge transport barrier prior to each 

ELM onset in a series. An inward particle flux induced by quasi-

coherent mode (QCM) (f=30-70 kHz) was found to be responsible 

for such changes. The mode localizes in the pedestal, leads to the 

increase of density gradient, and has strong nonlinear interaction 

with the turbulence.  

The phase 1 in Fig.2 is characterized by the evolution of the edge 

pedestal without distinct coherent fluctuation. The phase 2 is 

denoted by the shading area with a duration time about 300 ms. In 

this phase the coherent fluctuation gradually grows, saturates and 

starts to decay, and the mode is radially-localized with frequency ~ 30-70 kHz. The electron density keeps 

increasing until the end of this phase (Fig.2b), similar to the observation by microwave diagnostics. The 1

neL-  

increases abruptly at the end of this phase, while 1

TeL-  decreases obviously (Fig.2c), keeping the 1

peL-  changing 

moderately (d). Here, 1

TeL- ,
1

neL- , 
and

 
1

peL-  are the inverses gradient scale lengths of the electron temperature, 

density and the pressure, respectively. The QCM induced inward particle flux also increases firstly and then 

decreases (Fig.2e). The abrupt variations of electron temperature, 

density and particle flux indicate a dynamic transition of the plasma 

prior to the ELM onset. The most striking point here is that the 

inward particle is synchronized with the appearance of coherent 

mode, which can induce the particle transport channel coupling with 

the local density. Then the phase 3 follows, in which, the Da 

emission increases dramatically, 
en , 1

neL-  , and 1

peL-  decrease 

rapidly, and the amplitude of the QCM also damps. This is a phase of 

recovery, which smoothly connects to the phase 1. More detailed 

experimental and theoretical investigations are needed to make a final 

conclusion on the instability that affects the pedestal dynamics[1]. 

2.2 L-H transition  

In the pedestal region, the dynamics of the plasma flows, turbulence 

and pedestal formation across the L-I-H transitions was studied by 

using Doppler reflectometry [2]. Figure 3 shows the dynamics of 

shear flows and turbulence in the pedestal region. It indicates that the 

 
FIG.3. Time evolution of key parameters 

in the pedestal region (a) pedestal Er 

gradient, (b) GAM and LCO intensity, (c) 

turbulence intensity, (d) pedestal density 

gradient.  

FIG.2. Temporal evolutions of  and 

the density fluctuation (a), the pedestal 

density (b), the inverses gradient scale 

lengths of the density and electron 

temperature (c), electron pressure (d), and 

the particle flux induced by the QCM (e). 
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edge gradient of electric field ȿЋὉȾЋÒȿ suddenly increases in the L-mode and reaches a maximum value before 

the plasma transits into the I-phase. Meanwhile, the turbulence intensity (Fig. 3(c)) decreases slightly. After the 

L-I transition, the intensity of GAM starts to decrease but the intensity of limit cycle oscillation (LCO) increases 

immediately (Fig. 3(b)); while the turbulence intensity drops, 3suggesting that the LCO oscillatory flow 

regulates the turbulence, leading to the increase of density gradient ȿὲ ὶϳ ȿ, as shown in Fig. 3(d). The 

intensity of LCO tends to decrease just prior to the I-H transition. It should be noted that the edge ȿЋὉȾЋÒȿ 
increases abruptly during the decreasing phase of these two oscillatory flows, and at the same time, the pedestal 

turbulence intensity undergoes a significant decrease. The drop of the LCO intensity could be explained by the 

increase of the mean % " shear flow, which can reduce the turbulence, leading to the decrease of LCO 

intensity. Simultaneously, the ȿὲ ὶϳ ȿ increases abruptly just before the I-H transition. All these 

observations suggest that mean % " shear flow is responsible for both L-I and I-H transitions.  

However, since the time resolution of the Doppler reflectometer for calculating the Doppler shift is about 1 ms, 

it cannot be excluded that very short pulse of turbulence driven shear flow (<0.1 ms) can trigger L-H transitions 

as shown in DIII-D [3]. Now the key question is what is the physical mechanism for the increase of mean % " 

shear flow just before the two transitions. The results show that the abrupt increase of ȿЋὉȾЋÒȿ observed prior 

to the L-I and I-H transitions is caused by the ion pressure component ȿὉ
ᶯ
ὶȿ, while the changes due to 

ȿЋὉ ȾЋÒȿ and ȿЋὉ ȾЋÒȿ are negligible. The HL-2A results imply that the increase of the mean % " 

shear flow plays a key role in triggering L-I and I-H transitions, which is mainly resulted from the ion pressure 

component. 

3 TECHNIQUES AND PHYSICS OF ELM CONTROL   

Based on the advantages of the H-mode, it has been chosen over the other improved confinement modes as the 

primary operating scenario for ITER. However, the strong gradient of plasma edge pressure can trigger 

repetitive edge-localized modes (ELMs) which usually produce high transient heat loads on plasma facing 

components (PFCs). Over many years, intensive effort has been dedicated to finding an optimal and robust 

technique for heat load and ELM control. Especially, it is crucial to develop effective techniques to control 

ELM, in order to protect PFCs in burning plasma devices. This section presents the ELM control techniques 

applied on the HL-2A device. 

3.1 ELM mitigation by LHCD  

 

 
FIG.4. A discharge of ELM mitigation experiment. (a) Plasma density (red dashed) and internal stored energy (blue 

solid); (b) the LHCD monitor signal (blue solid) and the ELM frequency (red solid square); (c) the bolometer signal; 

(d) the averaged radial wavenumber; (e) the pedestal turbulence intensity; (f) the radial wavenumber spectra before 

(blue solid) and during (red dashed) the ELM mitigation. 
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It is found for the first time that the type-III  ELMs are mitigated by LHCD. A typical discharge of ELM 

mitigation experiment with LHCD is shown in Fig.4. The ELM mitigation phase is characterized by the increase 

of ELM frequency and the decrease of ELM amplitude. The averaged radial wavenumber Ὧ shifts from a large 

negative value (about -1.5 cm
-1
) to zero during mitigation phase (Fig.4(d)). The negative value of Ὧ means 

that the turbulence radially propagates inward. The spectral shift process is also observed (Fig.4(f)). Besides, the 

turbulence intensity is enhanced during mitigation phase (Fig.4(e)). Thus, it suggests that the spectral shift 

process leads to the pedestal turbulence enhancement, which is responsible for the ELM mitigation.  

In order to understand the mechanism of the turbulence enhancement during ELM mitigation, a turbulent heat 

transport model, based on the regulation of the turbulence amplitude by its radial wavenumber spectral shift 

caused by external velocity shear, has been developed. This external velocity shear can be produced from SMBI, 

impurity injection or LHCD. A typical computation result is given in Fig. 5. Both the heat source Q and the 

reduction value of the velocity shear U are induced by the external source inputted at t=tU , see Fig.5(a). This 

external source input directly causes the variation of the velocity shear rate ɾ , which then increases with the 

pressure gradient ȿɳ0ȿ, as shown in Fig.5(b). Meanwhile the averaged radial wavenumber Ë  starts to increase 

with a time delay ЎÔ after the external source input, see Fig. 5(c). A longer time delay  ЎÔ has been 

observed for a significant change of the turbulence intensity in Fig.5(d). Figure 5(e) displays a more detailed 

spectral shift process with the increase of turbulence amplitude. It could be concluded that after the external 

source input, the turbulence intensity is increased with the shift of radial averaged wavenumber toward zero, 

(the red dashed line in Fig.5(e)). Onwards, the turbulence intensity decreases with the averaged radial 

wavenumber Ë shifting back to a negative value due to the continuously increasing of % " velocity shear. 

The simulation results indicate that the turbulence intensity can be regulated by the radial wavenumber spectral 

shift, which also have good agreement with the experimental results. 

3.2 ELM mitigation/suppression by impurity   

The study on the effect of impurities on plasma confinement and pedestal instabilities, including ELMs and 

turbulence has been recently emphasized [4,5,6,7]. Beneficial effect of the pedestal deposited impurity injected 

by laser blow-off (LBO) on ELM mitigation/suppression has been demonstrated in a controlled manner [31->7].  

Both mitigation and suppression of ELMs have been realized by LBO-seeded impurity. It has been found that 

the occurrence of the ELM mitigation and ELM suppression sensitively depends on the LBO laser spot diameter. 

Measurements have shown that the LBO-seeded impurity particles are mainly deposited in the pedestal region. 

During the ELM mitigation phase, the pedestal density fluctuation is significantly increased, indicating that the 

ELM mitigation may be achieved by the enhancement of the pedestal transport. The transition from ELM 

 
FIG.5 (a) Heat source Q and the reduction value of the % " velocity shear rate U; (b) the pressure gradient 0ɳ and 

the velocity shear rate ɾ ; (c) the averaged radial wavenumber Ë; (d) the turbulence intensity ). (e) kx-spectrum 

shift. 
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mitigation to ELM suppression was triggered when the number of the LBO-seeded impurity exceeds a threshold 

value.  

During the ELM suppression phase, a harmonic coherent mode 

(HCM) is excited by the LBO-seeded impurity (Fig.6). The 

frequency range of HCM is from 10 to 100 kHz. More 

interestingly, the pedestal turbulence measured by the Doppler 

reflectometry is also nearly suppressed in the ELM suppression 

phase. Furthermore, it has been found that the strong interaction 

exists between different harmonics of HCM and background 

turbulence, and energy transfer can be transferred from the 

background turbulence to HCM. It suggests that HCM suppresses 

the pedestal turbulence, reduces the particle transport, and raises 

the plasma density. These suggest that HCM could extend the 

Peeling-Ballooning instability limit for ELM triggering, as 

predicted by theory . As shown by the present experiments, HCM 

can not only be spontaneously excited in H-mode plasmas, but 

also externally excited with impurity seeding. In the future our 

effort will focus on the investigation of the excitation mechanism 

of HCM. 

Besides pure impurity gas (Ne, Ar, etc), one species of impurity 

gas is mixed with main ion fuelling gas D2 by different ratio 

during SMBI on the HL-2A. The first experiment on heat load and 

ELM control with impurity mixture SMBI seeding has been 

carried out in H-mode plasmas in 2017. The impurity gases with different Ne ratios (10%, 30% and 100%) were 

seeded into the ELMy H-mode plasmas. It has been observed that the ELM behavior varied with the impurity 

ratio of the mixture SMBI. For 10% Ne mixture SMBI, ELMs can be mitigated and this mitigation effect is 

similar to that of the main ion fuelling D2. For 30% Ne mixture SMBI seeding, the ELMs are replaced by high 

frequency bursts (HFBs) with smaller amplitude as seen from the Da in Fig.7(d) and divertor radiation signals in 

Fig.7(e). The SMBI gradually increases the plasma density by ~10% in the ELMy H-mode (Fig. 7(b)). As 

expected, the total radiation power in Fig. 7(c) increases after 

the SMBI. The evolution of the inner stored energy in Fig. 7(f) 

shows that the global plasma confinement keeps almost 

constant. The time delay cross-correlation function was used to 

evaluate the correlation level between the divertor Da signal 

and the electron densities during the occurrence of the HFBs. It 

indicates that the pedestal electron density is modulated by 

HFBs which originate from the pedestal region and propagates 

outwardly. HFBs enhance the pedestal particle transport and 

reduce the pedestal density gradient. In the present mixture 

SMBI seeding experiments, no impurity core accumulation was 

observed, and the plasma confinement was unaffected. The 

divertor heat flux and radiation power density is significantly 

reduced. The HFBs induce continuous and lower heat load 

instead of high transient heat bursts on the divertor plate. The 

peak heat flux of the HFBs is about 10% of that caused by the 

unaffected ELMs. However, the ELM frequency decreases by 

about 50% for the pure Ne seeding discharge. Similar effect 

induced by pure Ar seeding has also been observed in HL-2A. 

The HL-2A impurity seeding experiments shows that ELM 

activities changes with the ratio of the seeded impurity. It 

suggests that the impurity ions play a role in the pedestal 

dynamics. 

3.3 ELM  mitigation by RMP 

Resonant magnetic perturbation (RMP) has been experimentally established as an efficient way of controlling 

 
FIG.7. Time traces of main parameters for the 

impurity seeding experiment by using 30% Ne 

mixture SMBI on the HL-2A. 

 

FIG. 6. Observation of the harmonic coherent 

mode (HCM) during the ELM suppression 

phase. (a) Divertor Da signal. (b) Mirnov 

signal. (c) Time-frequency spectrum of the 

Mirnov signal. 
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the ELM in H-mode tokamak plasmas. 

However, the ELM mitigation (but not 

suppression) is still of significant benefit in 

terms of reducing the peak heat flux load on 

the plasma facing components. ELM 

mitigation has been achieved in HL-2A. We 

employ MARS-F code to carry out the RMP 

computation based on the HL-2A 

experimental configuration. It is found that 

the edge-peeling response is the main 

reason leading to the ELM mitigation as 

discussed below. 

A direct comparison is carried out between experiments and modelling for HL-2A. Here, a database of the 

experimentally measured ELM frequency for a series of RMP discharges was created, where the edge safety 

factor 95q  is varied. In the range of 95q  below 3.5, no ELM mitigation is achieved in HL-2A (with odd 

parity coil configuration). However, clear ELM mitigation is achieved when 95 3.6q > , with more than 

doubling of the ELM frequency in certain cases. In particular, the MARS-F modeling, based on the edge-peeling 

response model, predicts a mitigation window (Fig.8(b)) which is slightly shifted towards the lower range of 

95q . This may be partially due to the way the plasma equilibria are scanned in MARS-F, where only the total 

plasma current is varied, without modifying other equilibrium quantities such as the current profile and the 

plasma pressure. In experiments, these quantities may vary from shots to shots. Nevertheless, these MARS-F 

modeling results for HL-2A, though still not representing an exhausted study, already confirm the role of the 

edge-peeling response in the ELM mitigation that we have previously found in other devices [8]. 

4. INTERNAL TRANSPORT BARRIER ( ITB ) NEAR q=1 SURFACE  

In order to optimize the plasma performance and minimize the cost of electricity, the plasma in a future fusion 

power plant must operate with high ɓ, and simultaneously, a large fraction of bootstrap current to minimize the 

power requirements from auxiliary heating systems. Plasma current density profiles in largely bootstrap current 

driven equilibria are generally broad resulting in reversed shear or low-shear safety factor profiles. However, the 

strong pressure gradients required for optimal fusion performance combined with these q-profiles usually causes 

deleterious MHD instabilities, leading to strong damping of core rotation and increasing of fast ion losses. 

Besides the above mentioned un-favorable role of MHD instabilities, they have been shown to be helpful in 

achieving improved confinement and quasi-stationary discharge conditions. MHD triggering internal transport 

barrier (ITB) was already observed at DIII-D̆ASDEX-U and LHD. To extrapolate these improved regimes to 

larger sized tokamaks and reactors, it is essential to determine the triggering conditions to form an ITB and to 

study the associated physics. This section shows the progress of the understanding of the mechanism of ITM 

formation and the results about the kinetic electromagnetic instabilities in ITB plasmas.  

4.1 Formation of ITB at low central magnetic shear 

Recently, a kind of ITB has been observed during the nonlinear evolution of a saturated long-lived internal 

mode (LLM) in HL-2A discharges as the q-profile formed a very broad low-shear region with qmin ~ 1. As 

shown in Figure 9(c), an ITB is formed with a steep ion temperature profile, which is measured by charge 

exchange spectroscopy. Such steep ion temperature-gradient zone locates around r/a=0.5-0.6 with 
i eT T> . The 

observed normalized ion temperature gradient (R/LTi) is of 10.6, which exceeds the value for a level without ITB 

ofḐ6.5. Here, R is the major radius and LTi is the scale length of the Ti gradient defined by LTi= aTi/(dTi/dɟ), 

where a and ɟ are the minor radius and the normalized minor radius, respectively. In fig. 9(a), one can observe 

chirping modes occur at the time of the ITB formation. When the barrier forms, the turbulence is significantly 

reduced around ITB foot(r/a=0.6), as measured by reflectometry in figure 9(b). The simultaneous excitation of 

the ITB and the bursting internal mode can only occur if the q-profile in the core remains flat in the plasma 

central region. This implies the correlation between the central internal kink instabilities and the ITB formation 

in reversed or weak shear plasmas.  

From the detailed analysis of experimental data, a new candidate mechanism is put forward to explain the MHD 

triggering of ITBs in HL-2A which is consistent with the observation of reduced transport during central MHD 

  
FIG.8. (a) The experimental ratio of the ELM frequency with RMP (shading 

region) to that without RMP̆ (b) the simulated ratio of the plasma surface 

displacement near the X-point to that near the outboard mid-plane. 
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activities. The central MHD instabilities (LLM or fishbone) excited by energetic ions play a role in reducing the 

central magnetic shear via redistribution of energetic ions. When the central magnetic shear is low enough, 

ballooning modes become stable for the plasma pressure gradient and an internal transport barrier with a steep 

ion temperature can exist. This fast ion redistribution process appears to be a good candidate for explaining the 

origin of the MHD triggering of ITBs in HL-2A discharges. It suggests that the MHD instabilities in the core 

could provide the drive for bifurcation to improved core confinement. Its confinement performance and steady 

state (up to 10 confinement times) properties make it quite attractive for advanced tokamak regimes. 

4.2 High-frequency coherent modes in ITB plasma 

In HL-2A ITB plasma with weak magnetic shear, kinetic electromagnetic instabilities (e.g., AITG/KBM) had 

been confirmed and investigated. The experimental observations suggest that the stability of a high-frequency (f 

= 80͠ 200 kHz) coherent modes (HFCMs) is relevant to the ITBs, and the strong Ti gradients potentially have 

important effects on the HFCMs. Theoretical analysis by the extended general fishbone-like dispersion relation 

(GFLDR-E) reveals that the mode frequencies scale with the ion diamagnetic drift frequency, and confirms that 

HFCM is a kind of kinetic electromagnetic instabilities (e.g. Alfvenic ion temperature gradient (AITG)). These 

AITG modes are more unstable when the magnetic shear is weak in the low pressure gradient regions. The 

AITG/KBM equation also illuminates why the AITG modes can be unstable for weak shear and low pressure 

gradients. Here, KBM stands for kinetic ballooning mode. Low-n AITG modes exhibit thermal ion wave-

particle interaction mediated by geodesic curvature coupling, and are thus observed in experiments due to the 

weak magnetic shear and the low pressure gradient. We provide clear experimental evidence of the AITG modes 

and complex plasma behaviors which are fully consistent with the theoretical framework. Furthermore, the 

observations reported in the previous work gave the first clear experimental identification of similar 

phenomenology in some high density ohmic plasmas with weak magnetic shear [9]. This experimental evidence 

paves the way to a more in-depth analysis of similar phenomena in fusion plasmas with non-perturbative 

energetic paricle populations, with the suggestive possibility of controlling plasma performance by a careful 

choice of plasma profiles in the weak shear core region typical of burning fusion plasmas [10].  

5. ENERGETIC PARTICLE PHYSICS  

Studying the interaction of energetic particles (EPs) with collective modes is very important for burning 

plasmas, because these modes will degrade the confinement of the EPs, which are the plasma self-heating 

source in a fusion reactor. Moreover, these modes may play an important role in the thermal plasma 

confinement, helium ash removal, and alpha heating of the plasma. Here, we focused on the mode  

observation/identification, phase space dynamics, nonlinear mode-mode coupling, and mode suppression as well 

as multi-scale interaction among Alfven mode and low frequency MHD mode. 

 
FIG.9. (a) Spectrogram of the central soft-X ray signal. (b) spectrogram of the density fluctuation at 

r/a=0.6 from reflectometry. (c) the ion temperature profiles during ITB formation of the q=1 scenario. 
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5.1 Stabilization of m/n=1/1 fishbone by ECRH and the 

newly observed m/n=2/1 fishbone 

The stabilization of m/n=1/1 ion fishbone activities by Electron 

Cyclotron Resonance Heating (ECRH) were found on HL-2A 

[11]. Here, m and n  are the poloidal and toroidal mode 

numbers of an instability, respectively. The m/n=1/1 ion 

fishbone can be completely suppressed when the injected 

ECRH power exceeds a threshold (Fig.10). Figure 10 shows a 

typical experimental result. During NBI, the injected beam-ions 

stabilize the sawtooth and drive the fishbone instabilities. 

However after the high-power ECRH is switched on at t = 

704ms, the core electron temperature substantially increased, 

accompanied by a slight density drop. More crucially, the 

fishbone was completely stabilized. When the ECRH was 

switched off at t = 804ms, the temperature and density began to 

change in the opposite direction, and the mode suppression 

lasted for another 30dt  ms, which is close to the energy 

confinement time (
Et ). In fact, this experiment suggests that the 

high-power ECRH induces a sawtooth-free and fishbone-free 

operation regime during the NBI.Theoretical analysis by the fishbone dispersion relation, including the resistive 

effect, suggests that the magnetic Reynolds number plays a key role in the fishbone stabilization.  

By scanning the ECRH configuration parameters, we found that the fishbone stability depends not only on the 

injected power, but also on the radial deposition position of ECRH. The fishbone can be completely suppressed, 

when the injected ECRH power level exceeds a certain threshold. As shown in Fig. 11, at the same power level 

( 1ECRHP MW), when the ECRH power is deposited on-axis (ɟḐ0), the observed mode frequency obviously 

decreases, but the mode amplitude is only weakly reduced. When the power is deposited outside of the q=1 

rational surface (ɟḐ0.38), the mode is fully stabilized. When the power is deposited off-axis (ɟḐ0.66), the mode 

is partially stabilized. On the other hand, with the same deposition position (ɟ0.42), ECRH at low power 

( 0.37ECRHP MW) has hardly any stabilizing effect on the mode, whilst with increasing the power level, the 

mode is progressively suppressed, with the full stabilization achieved at about 0.6ECRHP MW. 

FIG.10.Typical discharge with m/n=1/1 ion 
fishbone being stabilized by ECRH. 

 
FIG.11 Effects of ECRH power and the deposition position on the stabilization of ion fishbone activities.  
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The m/n=2/1 ion fishbone activities were also observed recently (Fig.12). The appearance of m/n=2/1 fishbone 

is perfectly reproducible. Figure 12 shows a typical experimental result. In high NBI heating power PNBI Ḑ 

1MW and relatively low density plasmas of the line averaged density ne Ḑ 1.0 × 10
-19

m
ī3

 , the sawtooth is 

absent. During the auxiliary heating the classical m/n=2/1 TM is unstable, with a slow rotation frequency (f < 

2kHz) and propagating in the electron diamagnetic drift direction. The TM induces the large temperature 

oscillation, but the Mirnov signal has the small amplitude (|dBɗ/dt| < 0.5) due to the slow rotation of magnetic 

islands. Specifically, it is found that an intense bursting mode is unstable in the presence of the slow rotation 

TM. The mode-numbers of this new mode are m/n=2/1. The mode frequency fast chirps downward within 

1tD =ms. This mode propagates in the ion diamagnetic drift direction, and it is similar to the conventional 

fishbone instability on HL-2A. This phenomenon only occurs while the TM rotation direction changes from 

electron to ion diamagnetic drift. Otherwise, the m/n=2/1 fishbone does not appear. All experimental results 

indicate that the TM resonantly interacts with energetic-ions. Nonlinear hybrid kinetic-MHD simulations using 

M3D-K reveal that the co-passing energetic-ions are responsible for the driving of the 2/1 fishbone, and the 

wave-particle resonance condition is satisfied at ɤű ī 2ɤɗ ī ɤ = 0. 

Here, ɤű, ɤɗ and ɤ are the toroidal and poloidal projections of the 

transit frequency of passion particles, and the mode frequency, 

respectively [12]. Furthermore, TAEs and BAEs driven by energetic-

electrons were found and investigated on the HL-2A [13]. 

5.2 Non-linear interaction between the AEs and TM 

Multi -scale interactions among Alfven modes and low frequency 

MHD modes had been observed on the HL-2A during the NBI 

injection, including nonlinear couplings between TAE/BAE and m/n 

= 2/1 TM near q = 2 surface, between 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. Here, TAE, BAE,AITG, and KBM 

stand for the toroidal Alfven eigenmode, beta induced Alfven 

eigenmode, Alfvenic ion temperature gradient mode, and kinetic 

ballooning mode, respectively. Experimental results suggest that 

several couplings can exist simultaneously. Alfvenic fluctuations 

have an important contribution to the high-frequency turbulence 

spectra, and the couplings reveal the electromagnetic character. 

FIG.13. (a) The magnetic fluctuations 

spectrogram of discharge A. (b) 

Simulation obtained by Krook model. (c) 

Simulation based on Fokker-Plank model. 

 

FIG.12. Typical m/n=2/1 ion fishbone activities on the HL-2A. 


