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Abstract

The mission of HE2A is to explore the key physics topics relevant to ITER and the advancedaksk@ny. the future HL

2M), such as the access ofribde, energetic particle prsics, edgelocalized mode (ELM) mitigatiosUppressionand
disruption mitigationSince the 2016 Fusion Energy Conference, the2Alteam has been focused on the investigation

the following areas{(i) pedestaldynamics and {H transition,(ii) techniqies and physics oELM control, (iii) internal
transport barriers (ITB) near g=1 surfa¢®) energetic particle physics aifg) the turbulence modulation ligaring mode

(TM). The HL-2A results imply that the increase of the mek&i B shear flow plays a key role in triggeringl land FH
transitions, which is mainly resulted from the ion pressure component. Both mitigation and suppression of ELMs have been
realized bylaser blowoff (LBO) seeded impunit (Ne, Aretc) The 30% Ne mixture supersonic molecular beam injection
(SMBI) seedingalsorobustly induce€LM mitigation. The ELMs were mitigated by lovaybrid current dve (LHCD). HL-

2A experiments suggest that thermation of theinternal transport barriedB) correlatesto the evolution of g ;.

(minimum of safety factor(]) or the associated fishbone activiti&he stabilization of m/n=1/1 ion fishbone activities by

electron cyclotron resonance heatifgCRH) was found onthe 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 nonlinear coupling betweetoroidal Alfven eigenmod€eTAE) andtearing mode M) lead to the generation of a high
frequency mode wh n=0.1t is found thatthe electrostatic turbulendée modulatedby rotating m/n=1/1 TM islands in the

core plasmas.

1. INTRODUCTION

The mission of HE2A is to explore the key physics topics relevant to ITéeR the advanced tokaks (e.g. the
future HL-2M), such as the access ofrkbde, energetic particle physicedge localized mode (ELM)
mitigation/suppression and disruption mitigatidime HL-2A is a e

conventional tokamak with the major raditl®=1.65 n and the . T r X ;
minor radius a=0.4 m. The toroidal magneti field, plasma 32:. / \
current, andcentral lineaveraged density ar@® =1.3 -2.7 T, o - + = + .
|, =150 -43( kA, and n,=(1 6) B§° m° respectively.
The electron and ion temperatures are upTie-5 keV and
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T. =2.8 keV, respectively.The auxiliary heating power was

updated since 2016he second NBI beamline was developed
HL-2A Tokamak. It has been operatédce December 2017 anc * ; . : . . ]
injected neutral beam into plasma since July 2018. Now EWM”WW‘“WW%
highest parameter for single ion source exceeds 15A*40kV, S e e |
total injection neutral beam powef this beamline exceeds 0. _ _ Tine(me) _
MW, and he total NBI injection power exceed2MW in 2018 £ e oo o e e roe s
campaign.The low-hybrid wave (LHW)kturrent drive (HCD)
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power coupling is optimized using the Passhaive Multi-junction (PAM) antenna, by which the coupled
power has reached 1MW (Fig.1) in H-mode plasma since 0.9\ was coupled in 2016These updates
significantly enhance the capability ftie studies on the advanced plasma physics on th2AdL

Since the 2016 Fusion Energy Conference, the2ALteamhas been focused on the investigadiom the
following areas:(i) pedestal dynamicand L-H transition, (ii) technigueand physics of ELM control, (jii)
internal transport barriers (ITB) near q=1 surfa€) energetic particle physics and (v) the turbulence modulation by
tearing mode (TNl The highlights of the experimental results suenmarized 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 pede St 2y e
plays a key role in governing the performanéehe core plasma : ©° (0 — ."d.) P
by providing a boundary condition for the stiff core transport. " of
improve the plasma stability and confinement, it is important . 4
study the pedestal dynamics and understand the underlying ph .- 3
This section reports theedestablynamics prior to ELM burst and <~ ' “|
the role ofelectric fieldshear in the H and L-H transitions. 2 0.8

0.4
— 1 B

2.1 Pedestal dynamics £10
0.4} (=)

In recent HE2A H-mode plasmathe increases of densignd its 13 A
gradient were observed in the edge transport barrier prior to ¢ = -4f i :
ELM onsetin a series. An inward particle flux inded byquasi ~ — L =
coherent mod¢QCM) (f=30-70 kHz) was found to beesponsible ~ °**  ©4# 5084 c08e
for such changes. The mode localizes in the pedestal, leads t~ *~~ )

increase ofdensity gradient, and has strong nonlinear interact FIG-2. Temporal evolutions ofp, and

with the turbulence. the density fluctuation (a), the pedest
density (b), the inversegradient scale
lengths of tle density and electron
temperature (c), electron pressyd, and
the particle flux induced by the QC{é).

> | [i\ 19
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The phase 1n Fig.2 is characterized by the evolution of the edi
pedestal without distinct coherent fluctuation. The phasks Z
denoted by the shading area with a duration time a®@@ms. In
this phase the coherent fluctuatigradudly grows, saturates anc
starts to decay, and the moderaslially-localized with frequency ~ 300 kHz. Theelectron density keeps
increasing until the end of this phase (B, similar to the observation by microwad@&gnostics. TheL'ni

increases abruptly at the endtbfs phasewhile ;! decreases obviously (F&g), keepingthe L‘ple changing
moderately (d)Here, |} L1 and L‘pt are theinversesgradient scale lengths of the electron temperature

density and the pressure, respectivelie TQCM induced inward particle flux alsocreasedirstly and then
decreases (Fige). The abrupt variations of electron tempere,

density andparticle flux indicate a dynamic transition of the plasn A4 H
prior to the ELM onset. The mostriking point here is that the :Z(ﬂ)\f"b"/f’*"\(l“"‘f/';1 I\H H\%
inward particle is synchronized with the appearancecatierent L W o

I

mode, which can induce the particle transport cehooupling with SR , ]
the local density. Then the phase 3 follows, in which, toe o2 W{X\é% Leo 4
emission increases dramaticallyn,, Ll , and L‘ple decrease °'f(b) I(a.u) éfw' % L
rapidly, and the amplide of the QCM also damps. This is a phafse 120?*%%#%%\& 3
recovery, which smoothly connects to the phaséare detailed  'sof (o) su) EWW
experimental and theoretical investigations are needed to make a 25; ! ‘ ; | ! . : =
conclusion orthe instability that affects the pedestal dynafdics ~F () [Ene/Sr|(10%m) ¥

St e
2.2 L-H transition 520 530 540 550 560 570 580
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FIG.3. Time evolution of key parameter
In the pedestal regiothe dynamics of the plasma flows, turbulenc in the pedestal region (a) pedestal
and pedestal formation across theé-H transitionswas studied by gradient, (b) GAM and LCO intensity, (c
using Doppler reflectometry2]. Figure 3 shows the dynamics of turbulence intensity,d) pedestal density
shear flows and turbulence in the pedesgglon.It indicates thathe  9gradient.
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edge gradient of electric fielgFO T F&suddenly increases in therhode and reaches a maximum value before
the plasma transits into thgphase. Meanwhile, the turbulence intengFig. 3(c)) decreases slightly. Aftehe

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 drop8suggesting that the LCO oscillatory flow
reguldes the turbulence, leading to the increase of density gradiéni? is as shown in Fig3(d). The
intensity of LCO tends to decrease just prior to i transition. It should be noted that the eds D 7 3
increases abruptly during the decreasing phase of these two oscillatory flows, and at tteatine pedestal
turbulence intensity undergoes a significant decrease. The drop of the LCO intensity could be explained by the
increase of the me&n " shear flow, which can reduce the turbulence, leading to the decrease of LCO
intensity. Simultaneousjythe & € jT is increases abruptly just before tHeH transition All these
observationsuggest that meafl " shear flow is responsible for bothlland FH transitions.

However,sincethe time resolution of the Doppler reflectometer for calculatimgDbppler shift is about 1 ms,
it cannot be excluded that very short pulse of turbulence driven shear flow (<0.1 ms) can tlijgansitions
as shown in DIHD [3]. Now the key question is what is the physical mechanism for the increase offmean
shar flow just before the two transitioriBhe results showhat the abrupt increase gfFO ¥ TG observed prior

to the LI and FH transitions is caused by the ion pressure compo@e‘@"t T & while the changedue to

sFO TTFQ® and SFO TTFQ are negligible The HL-2A results imply that the incase of the measo "
shear flow plays a key role in triggeringlland FH transitions, which is mainly resulted from the ion pressure
component.

3 TECHNIQUES AND PHYSICS OF ELM CONTROL

Based on the advantages of thanidde, it has been chosen over theebimproved confinement modes as the
primary operating scenario for ITER. However, the strong gradient of plasma edge pressure can trigger
repetitive edgdocalized modes (ELMs) which usually produce high transient heat loads on plasma facing
components (PCs). 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 techtiqoestrol

ELM, in order toprotectPFCs in burning plasma devieThis section presents the ELM control techniques
applied on the Hi2A device.

3.1 ELM mitigation by LHCD

HL-2A%#27141
T

HL-2A#27141
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FIG.4. A discharge of ELM mitigation experiment. (a) Plasma density (red dashed) and internal stored ener
solid); (b) the LHCD monitor signal (blue solid) and the ELM frequency (red solid square); (c) the bolsigreér

(d) the averaged radial wavenumber; (e) the pedestal turbulence intensity; (f) the radial wavenumber spect
(blue solid) and during (red dashed) the ELM mitigation.
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It is found for the first time that the typd ELMs aremitigated by LHCD. A typical discharge of ELM
mitigation experiment with LHCD is shown Kig.4. The ELM mitigation phase is characterized by the increase
of ELM frequency and the decrease of ELM amplitude. The averaged radial waven@mbkifts from a large
negative value (aboutl.5 cm') to zero during mitigation phag€ig.4(d)). The negative value o) means
that the turbulence radially propagates inward. The spectral shift pieedss observe@ig.4(f)). Besidesthe
turbulence intensitys enhanced during mitigation phadeigi4(e)). Thus, itsuggestshat tte spectal 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 regolatof the turbulence amplitude by its radial wavenumber spectral shift
caused by external velocity shear, has been developed. This external velocity shegrodndeefrom SMBI,

impurity injection or LHCD. A typicalcomputationresult is given in Fig5. Both the heat source Q and the
reduction value of the velocity sheldrare induced by the external source imgdat t=t, , seeFig.5(a). This

external source input directly causes the variation of the velocity shear ratewhich then increasesith the

pressure gradiengl 0s as shown in Fig(b). Meanwhile the averaged radial wavenuniber starts to increase

with a time delayYO after the external source inputee Fig. 5(c). A longer time delayYO has been
observed for a sigrifant changef the turbulence intensitin Fig.5(d). Figure 5(€) 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 increasét the shift of radial averaged wavenumber toward ,zero

(the red dashed line in Fife)). Onwards, the turbulence intensity decreases with the averaged radial
wavenumberE shifting back to a negative value due to the continuously increasifg 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.

—line A
= = line B

FIG.5 (a) Heat source Q and the reduction value ofthe " velocity shar rate U; (bthe pressure gradiemO and
the velocity shear rate  ; (c) the averaged radial wavenumbiér; (d) the turbulence intensity . (€) k-spectrum
shift.

3.2 ELM mitigation/suppression by impurity

The study ontie effect of impurities on plasma confinement and pedestal instabilities, including ELMs and
turbulence has been recently emphasiZe8,§,7. Beneficialeffect of the pedestal deposited impurity injected
by laser blowoff (LBO) on ELM mitigation/suppre$sn has been demonstrated in a controlled mar3iepy].

Both mitigation and suppression of ELMs have been realized by-é&ded impurity. It has been found that

the occurrence of the ELM mitigation and ELM suppressiemsitivelydepends on the LBO lesspot diameter.
Measurements have shown that the -B&2ded 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
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mitigation to ELM suppression was triggered when the number of thede®@ed impurity exceeds a threshold
value.

; : : . ° #2966? in HL-IZA
During the ELM suppression phase, a harmonic coher@aerr 5[ Dagv@u) W@ ]
(HCM) is excited by the LB&eeded impurity(Fig.6). The ol ' ! |
frequency range of HCM is from 10 to 100 kHlore ), ELM Suppression.!
interestingly, the pedestal turbulence measured by the Dop °° ‘k; ]
reflectometry is also nearly suppressadthe ELM suppression : : ' ' =
phase Furthermore it has been found that tletrong interaction
exists between different harmonics of HCM and backgrot
turbulence, and energy transfer can be transferred from
background turbulence to HCM. suggests thaiCM suppresses
the pedestal turbulence, ramhs the particle transport, and rais
the plasma density. These suggest that HCM could extend
PeelingBallooning instability limit for ELM triggering, as
predicted by theory . As shown by the present experiments, H
can not only be spontaneously dégdi in Hmode plasmas, but

4} dB t(a,u.)‘

also externally excited with impurity seeding. In the future c 903 ,
effort will focus on the investigation of the excitation mechanis Timeime)
of HCM. FIG. 6. Observation othe harmonic coheren

mode (HCM) during the ELM suppressio
phase. (a) Divertor D, sigral. (b) Mirnov
signal (c¢) Time-frequency spectrum of the
Mirnov signal

Besides pure impurity gadNé Ar, etc), one specseof impurity
gas is mixed with mainon fuelling gasD, by different ratio
during SMBI on the HE2A. The first experiment on heat load ar
ELM control with impurity mixture SMBI seeding has been
carried out in Hmode plasmam 2017. The impurity gases with differederatios (10%, 30% and0D%) were
seeded into the ELMy #hode plasmas. It has been observed that the ELM behavior varied with the impurity
ratio of the mixture SMBI. For 10%le mixture SMBI, ELMs can be mitigated and this mitigation effect is
similar to that of the main ion fu@llg D,. For 30%Ne mixture SMBI seeding, the ELMs are replaced by high
frequency bursts (HFBs) with smaller amplitude as seen from {lie [Eig.7(d) and divertor radiation signals in
Fig.7(e). The SMBI gradually increases the plasma density~b§% in the ELMy Hmode (Fig.7(b)). As
expected, the total radiation power in Figc) increases after

the SMBI. The evolution of the inner stdrenergy in Fig7(f) T —— I—— —— —
shows that the global plasma confinement keeps aln  ,cf (@ ” Ne (30%) SMBI E
constant. The time delay cresgrrelation function was used tc g ;

. . O R e
evaluate the correlation level between the divertgrsignal 2.2[ (b) ne,, (10"m3) e
and the electron densities during the occurrenceeoHtFBs. It 1.8¢ I, (100kA) g
indicates that the pedestal electron density is modulated 1-4‘:::::;:::::;:::;::::::::::::::::::#::::::‘:

HFBs which originate from the pedestal region and propag: gggW

outwardly. HFBs enhance the pedestal particle transport S e i fonrisss s G
reduce the pedestal density gradient. In the present mix E () Da (au) ]
SMBI seeding experiments, no impurity core accumulation v
observed, and the plasma confinement was unaffected.
divertor heat flux and radiation power density is significan
reduced. The HFBs induce continuous and lower heat |

instead of high tramsnt heat bursts on the divertor plate. Ti 485‘”(5): We (k) :
peak heat flux of the HFBs is about 10% of that caused by B
unaffected ELMs. However, the ELM frequency decreases b b o v o g
about 50% for the purdle seeding discharge. Similar effec 840 86,()(,,,#?80 200

induced by purédr seeding has ab been observed in H2A. 557 Time traces of main parameters for ti
The HL-2A impurity seeding experiments shows that EL impurity seeding experiment by using 30% M
activities changes with the ratio of the seeded impurity. mixture SMBlon theHL-2A.

suggests that the impurity ions play a role in the pedesia

dynamics.

3.3ELM mitigation by RMP

Resonant magnetigerturbation (RMP) habeenexperimentally established as an efficient way of controlling
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the ELM in H-mode tokamak plasmas.

However, the ELM mitigation (but not 2: (@) 4 (b) .

suppression) is still ofignificant benefit in g ¥ N [

terms of reducinghe peak heat flux load or 3 . a | . LR .

the plasma facing componentsELM = 15 - B -

mitigation has been achieved in ¥IA. We j T+ HHE 4 4 Y

employ MARSF code to carry out the RMF 05/ das Window N *

computation based on the HIA 0 : T B T a
32 34 36 38 %

experimental configuration. It is found tha 4

. . . 95
the edgepeeling responseis the main FiG.8. (a) The experimentalratio of the ELMfrequency withRMP (shading
reason leading to th&LM mitigation as  region) to that without RMP (b) the simulatedratio of the plasma surface
discussed below. displacement near thé-point to that near the outboard npthne

A direct comparisons carried outbetween experiments and mdded for HL-2A. Here, a database athe
experimentallymeasured ELM frequency for a seriesR¥IP dischargesvas createdwhere the edge safety

factor Qg is varied. In the range ofjy; below 3.5, no ELM mitigation isichieved in HE2A (with odd

parity coil configuration). However, clear ELM mitigation is achievedhen ¢, >3.6, with more than

doubling of theELM frequency in certain casds. particular, theMARS-F modeling based on the edgeeling
response modepredictsa mitigation window(Fig.8(b)) which is slightly shifted towardthe lower range of

Oys . This may be paidlly due to the wayhe plasmaequilibria are scanned in MARS, where onlythe total

plasma current is varied, without modifying otheguilibrium quantities such as the current profile and the
plasma pressure. In experiments, these quantitiesvargyfrom shots to shots. Nevertheless, these MARS
modelingresults for HL2A, though still not representingn exhaustedtudy, already confirm the role of the
edgepeeling responsa the ELM mitigation that we havgreviously found irother device$8].

4. INTERNAL TRANSPORT BARRIER ( ITB) NEAR g=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 hifhand 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 shidaweshear safety factor profiles. However, the
strong pressure gradients required for optimal fusion performance combined with-grediges usually causes
deleterious MHD instabilities, leading to strong damping of core rotation and increasing ainfdesses.
Besides the above mentioned-farorable role of MHD instabilities, they have been shown to be helpful in
achieving improved confinement and guskitionary discharge conditions. MHD triggerimgernal transport

barrier (TB) was already oterved at DIID° ASDEX-U and LHD. To extrapolate these improved regimes to
larger sized tokamaks and reactors, it is essential to determine the triggering conditions to formraadtor B

study the associated physidsis section shows the progress of thelerstanding of thenechanisnof ITM
formation and the results about thieetic electromagnetimstabilitiesin ITB plasmas.

4.1 Formation of ITB at low central magnetic shear

Recently,a kind of ITB has been observed during the nonlinear evolutioa séturated lonfived internal
mode (LLM) in HL-2A discharges as thg-profile formed a very broad lowhear region withgm, ~ 1. As
shown in Figured(c), an ITB is formed with a steep ion temperature profile, which is measured by charge
exchange speascopy. Such steep ion temperatgradient zone locates around r/a=0.6 with 1 >7,. The

observed normalized ion temperature gradiBft) is of 10.6, which exceadhe value for a level without ITB
ofD6.5. Here,R is the major adius and_y; is the scale length of thg gradient defined by.= aT/(dT/d} )
wherea and} are the minor radius and the normalized minor radius, respectively.. @(d)g one can observe
chirping modes occur at the time of the ITB formation. Whenharrier forms, the turbulence is significantly
reduced around ITB foot(r/a=0.6), as measured by reflectometry in ffoyeThe simultaneous excitation of
the ITB and the bursting internal mode can only occur if tpeadjle in the core remains flabh the plasma
central region. Thigmplies the correlation between thentral internal kink instabiles and thdTB formation

in reversed or weak shear plasmas.

From the detailed analysis of experimental data, a new candidate mechanism is put toexptdin the MHD
triggering of ITBs in HL-2A which is consistent with the observation of reduced transport during central MHD
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activities. The central MHD instabilities (LLM or fishbone) excited by energetic ions play a role in reducing the
central magneti 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 redistidruprocess appears to be a good candidate for explaining the
origin of the MHD triggering of ITBs in HE2A discharges. It suggests thihe MHD instabilities in the core

could provide the drive for bifurcation to improved core confinement. Its confingpeefurmance andteady

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

T
~ 2501 o o0 % HI-2A#22485 . 400ms;
= . __®_500ms,
< .
- 2000 - i ]
(c)
o
__ 1500} ]
S o
2 A EEEREIE T
- PETRARIBNNG,
— 1000 ‘ 4
N
= l'
= T
o 500 + E -
'l."
%o
0 : 1 .!ﬁ_
16 18 20
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FIG.9. (a) Spectrogram of the central softray signal.(b) spectrogram of the densifjuctuation at
r/a=0.6 fom reflectometry (c) theion temperature profiles during ITB formation of the q=1 scenari

4.2 High-frequency coherent modesn ITB plasma

In HL-2A ITB plasma withweak magnetic shear, kinetic electromagngtstabilities (e.g., AITG/KBM) had
beenconfirmed and investigate@he experimentabbservationsuggest thathe stability ofa high-frequency (f

= 80~ 200 kHz) coherent modésIFCMs) is relevantto the ITBs, and thetrong T gradients potentially have
important efécts on the HFCMs. Theoretical analysisthg extended general fishbotige dispersion relation
(GFLDR-E) reveals that thenodefrequencies scale with the ion diamagnetic drift frequeang, confirms that
HFCM is a kind of kinetic electromagneiitstahlities (e.g. Alfvenic ion temperature gradienA(TG)). These
AITG modes are more unstabléhen the magnetic shear is weak in the lo@ssure gradienegions. The
AITG/KBM equation also illuminates why th&ITG modes can be unstabier weak shear andWw pressure
gradients.Here, KBM stands for kinetiballooning mode. Low-n AITG modes exhibit thermal ion wave
particleinteraction mediated by geodesic curvature couplmgl are thus observed in experiments due to the
weak magnetishear and the low pssure gradientWe provide clear experimental evidence of the AITG modes
and complex plasma behaviomshich are fully consistent witlthe theoretical framework. Furthermore, the
observationsreported in the previous work gave the first clear experimentdentification of similar
phenomenology in some higlensityohmic plasmas with weak magnetic shEgr This experimentatvidence
paves the way to anore indepth analysiof similar phenomena in fusion plasmas with p@nturbative
energetic pariclgpopuations, with the suggestive possibility of controllifgasma performance by a careful
choice of plasma profiles ithe weak shear core region typical of burning fusion plaght]s

5. ENERGETIC PARTICLE PHYSICS

Studying the interaon of energetic paicles (ER) with collective modes is very important for burning
plasmas, because these modes will degrade the confinement of the EPs, which are the plasatngelf
source in a fusion reactor. Moreover, these modes may play an important role ihethal plasma
confinement, helium ash removal, and alpha heating of the plasma. Here, we focused raondéhe
observation/identification, phase space dynamics, nonlinear-mode coupling, and mode suppression as well
as multiscale interaction among Alfvenode and low frequency MHD mode.
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5.1 Stabilization of m/n=1/1 fishbone by ECRH and the
newly observed m/n=2/1 fishbone

[y
[

=

The stabilization of m/n=1/fbn fishboneactivitiesby Electron
Cyclotron ResonanceHeating (ECRH) were found on HE2A
[11]. Here, M and N are the poloidal and toroidal mod
numbers of an instability respectively The m/n=1/1 ion
fishbone can be completely suppressed when the inje
ECRH power exceeds a threshdklg.10). Figure D shows a
typical experimental result. DuringBlI, the injected beafions
stabilize the sawtooth and drive thdishbone instabilities
However after the higpower ECRHis switchedon at t=
704ms, the core electron temperature substantintyeased,

o o

o

dB /dt (a.u.) Te (keV)ne (10"%m™3)

=
=1

=
i

(=]

;—g

SX (a.u.)

accompaied by a slightdensity drop.More crucially, the 3 ) N I
fishbone was completely stabilize®hen the ECRH was 0 Foori = 1MW . . .
switchedoff at t= 804ms, the temperature and denbiggan to 600 650 700 tim;‘-‘(%g} 800 850 900

change in the oppositdirection, and the mode suppressio:.
lasted for another, =30 ms, which is close to the energ FIG.10.Typical discharge with m/n=1/1 ion

corfinement time £_). In fact, this experimersuggests that the fishbonebeing stabilizedy ECRH

high-power ECRH induces aawtoothfree andfishbonefree
operationregime during the NBTheoretical analysis byé fishbone dispersion relation, including the resistive
effect, suggests that the magnetic Reynolds number plays a key roldighbimmestabilization.
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FIG.11 Effects of ECRHpower and the depositigrositionon the stabilizationfdon fishbone activitis.

By scanning the ECRH configuration parameters, we found that the fishbone stiplyds not oglon the
injected power, but also on the radial deposipiositionof ECRH. The fishbone can be completely suppressed,
when the injected ECRH power leveiceeds certain threshold. As shown Kig. 11, at the same power level

( Pecry =1IMW), when the ECRH power is deposited-arx i 30), (he observed mode frequenalyviously

decreases, but the mode amplitude is only weakly reduced. When the ipaegrosited outside of the g=1
rat i on alD0.38Y thd naodeds fully stabilize@When the power is deposited edf x i 30.64),jthemode
is partially stabilized. Onthe other hand, with the same depositios pot i =002, EERH at lowpower
(Pcry = 0.37MW) has hardly any stabilizing effect on theode, whilst with increasinthe powerlevel, the

mode is progressively suppressed, with the full stabilization acha\eabut B. ., ~ 0.6MW.
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The m/n=2/lion fishboneactivitieswere alsoobserved recently (Fi$2). Theappearancef m/n=2/1 fishbone
is perfectly reproducible.Figure 12 shows a typical experimental result. In high NBI heating potgf D

1MW and relatively lowdensity plasmas of the line averaged densitfpri.0 x 10™°m'? | the sawtooth is
absent. During the auxiliary heating tblassicalm/n=2/1TM is unstablewith a slow rotation frequency (f <

2kHz) and propagatg in the electrondiamagneticdrift direction. The TM induces the large temperature

oscillation, but the Mirnov signdlas thes ma | | amplitude
islands.Specifically, it is found that amtense bursting mode is unstalitethe presence of thelow rotation

(| dBd/dt| < O.

FIG.12 Typical m/n=2/1lion fishbone activitiesn theHL-2A.

TM. The modenumbers ofthis hew mode are m/n=2/The mode frequency fast chirps downward within

Dt Ams This modepropagatsin the ion diamagnetic drift direction, and it is similar to the cemtional
fishbone instabilityon HL-2A. This phenomenon only occurs while the TM rotation direction changes from

electron to ion diamagnetic drifOtherwise,the m/n=2/1 fishbone doea®t appear. All experimental results

indicatethat the TM resonantly taracts with energetions. Nonlinear hybrid kinetiéMHD simulationsusing
M3D-K reveal that the epassing energetions are responsible for the drig of the 2/1 fishbone and the

waveparticle resonance condition is satisfiecwgti 2¥41 ¥ = 0.
Here, ¥4 ¥¢ and ¥ are the toroidal and poloidal projections of tt
transit frequency of passion particles, and the mode freque =y
respectively 12]. Furthermore TAEs and BAEs driven bgnergetie =
electronsverefound andnvestigatedn the HL-2A [13].

5.2 Non-linear interaction between the AEs and TM

f (kHz)

Multi-scale interaction@mong Alfven modes and low frequenc
MHD modes had been observedn the HL-2A during the NBI
injection, including nonlinear couplingsetweenTAE/BAE and m/n
= 2/1 TM near g = 2 surte, betweenAITG/KBM/BAE and m/n = =
1/1 kink mode near q = 1 surface, and between m/n = 1/1 kink m =
and high-frequency turbulencedere, TAE, BAE,AITG, and KBM
stand for the toroidal Alfven eigenmode, beta induced Alfv
eigenmode, Alfvenic ion temperaturgradient mode, and kinetic
ballooning mode, respectivelyExperimental results suggest the
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FIG.13. (a) The magnetic fluctuations

several couplings can exisimultaneously Alfvenic fluctuations  gpectrogram  of discharge A. (k
have an important contribution to the hiffequencyturbulence  Smulation obtained by Krook model. (c
spectra, and the couplings relvahe electromagnetic character Simulation based oRokkerPlank model.
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