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Fig. 1. Sketch of different physics phenomena, namely, Dou-
ble tearing modes (DTM) and “off-axis” sawteeth (OAS),

fast ions induced low-frequency Alfvén waves, thermal pres-

sure gradient induced low-frequency mode (LFM) and in-
ternal transport barriers (ITBs) under the condition of
Qmin < 2 in the EAST tokamak.
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Table 1.  Direct comparison between the OAS with

conventional sawteeth in EAST.
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Fig. 2. Several different conditions for the excitation of OAS: (a)—(d) Coexistence of OAS and ELM instabilities during the ICRH
(#62863); (e), (f) effect of ECRH with power threshold (#62085); (g), (h) effect of toroidal field By on the deposition of ECRH

(#66465).
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Fig. 3. The OAS can be divided into three categories: Central crash, annular crash and “generalized-sawteeth” crash events. (a) Te

for different radial positions; (b) T¢ -profiles before and after the central crash event; (c)—(e) the relative alterations of AT/T. for

the three cases (magnetic axis: Ro ~ 1.9m).
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FAAFER ¢ = 2 TR ) (o7 Fi s 2 e DX k. PRt
MR F S, AN BRI KA R I
SIS HL IR B S e T B, LSRR IR R Y AR
FHERAN AT/ Teo ~ 0% BTN T80T 3 R ok
PR SIIRAE. FEE I F A R ARG, R
e KA X 3R & A 7E Goin X385 300 (1,73 m <
R<1.82m) MM (1.95m< R<2.02m), i
EAME A AT, )T, ~ 10% .

3) TN B I i k) SR S,
WE 3(e) Frn. 24X ¢ = 2 1 17 25 A8 K s A~
A PR b B R0 4 2 SRR TN, XU SRS 1) i
RIS 3B Be. Ml g = 1R AR LR 2R
L, ¢ = 2 WP A R <) UG i R rh R A E
TE “BF A2 MR G 2427, X I 1Y 67 43 ) 7
R~1.99m (N ¢=2 Mif#&) Ml R~2.05m (¥ ¢=2
). FET U RIS, TN ¢ = 2 R
Tk 55 25 M B, R BO0 BB AR B RE 1 BT R
RN R A AR AR IR DX 5 (R
q =2 MZERIXIR), 1 R ~ 2.05 m fFITHI#E 45
PR R AEARAT AR, RIR e A XU S5 1 1 o 356 7
PRt A,

TE g HIHARPIP AT, 2% WA R E 2 4751
Fs /N R . XN R AR (R =
1.87 m) FI“EHI” (R = 1.98 m) KIRAYIREIL 7
R AT Tl (Ro<i.9 m) <10% F AT,/ Te| (r=1.98 m) =
40% , I FRIE BIRAE, 7] 225 3R [16]. 559
X AR I S I AR AR AR . R
FEAETRES T I TS AR RS, Bl U7 R BN TP Al
T 3 35 A 28 B, AN #£62085 Fl#66465 1
s AR PREE N B O RAE S ot
AR, A14£62863 MU /% ; 17 <) SCHE 15 H B
S AFARRT ST 2, AR s RERf b R B g, JF 8
# hBAE N B s 2245 I B . TR, #E S
55 bk oo IS A b R B s, STl AR A
BT IARTE G 5l g 0 TG A A T ST AT SR
W I AT DX, X N s 22 A Ny B
BRI PR L.

3.3 SERRBIFLA ANV RERH K

BT A AL, 5T 0L ST A 25 R 45
N TR] A A, S50 P A B B b 147 )
IR BL. N, A Se e i i, l AR 4y

b FR i U LA ) v A T R B A66465 M B
A I RS R B/ N, A R S i
WERIALE R~ 1.87m W IR EHL 3 AT, /T, ~ 15% ,
i 76 3% B8 WGl X 38 R ~ 1.97 m H AT, /T, ~ 40%,
WAL 2(h) H Ay BASE XA B . 34~ B 35 kR & 1Y
m/n = 2/1 JeIRIRGIE5H, W&l 4 fR. F5 2l
BH—F, & 4(b) A7KF- SXR M3 A 5% L6 5
SRR AR R, p(Z)a) REERSZZ A
HEE DS E— bR AL, p(Z/a) > 0 FEVIE
(VA=w 2y SER QTN Sa|a W= iHE sy be sl
PIMESE A 3 BBk

H G, KA/ IR TR AT R
1) /M B 5 R IR B T B R K IR, &
TR X R ~ 1.97 m, iR TR A S T
AT, /T, ~ 14% , i 1E 5T R X5 R ~ 1.94m
T FREEAUN AT, /T, ~ 5% (RBi%H Ry <1.9m).
XFHC B, T 3 35 E A R AR LA /N 2 S 1
LG | A U0 T o8 e A P DX A A R it
2) Wk B S5 W R A2 /N SR (t ~ 4.043s) 1Y
FEEH. K 4(c) Fron, 1 A w5 2]
m/n = 2/1 $FABEE 5 b G /MR 1 BT
[ B B i ke ke, IR BT E SXR F ECE {7 % I
W2 3 9% 5wl FE B 3.

HIR, FeI R tsi i s [ e D S ) RIS ) A5
5. 1) SRR FE R ATEIE X8 1.97 m< R<
2.07 m (kM) M 1.7m < R < 1.8 m (F M), If
TEME XN T B M AREES 14 (A DX S B B ) AH
PLE S AR TR B2 B85 FE 8. 2) SRR AR [m)
ZEHTE SXR FES RN L MBXTFREE R (—4>
PEWEFTPE X PRI I A 4540, ZEU 7T LIFE ECE
FES B 2 S IR PR IRLEE R, B m = 2. 3]
B n = 1IRE N AR R, iz %
&7 A T PURERS O 1. S AR TR R
m/n = 2/1 FeIRBIRERE Ty 0 B A s (WFE B 1
LGRS JT I0]).

B, FeI BRI B ) A DS SR S5 1) (1T
. 1) Fe KRB AN g = 2 T R 5 25 A8 A A S )
2.06 m < R < 2.08 m i Ao MEL 3. Bl O R AE &
ORI Sz, BRAIRGATFAWIR N (B 4(c),
[ < 2kHz), JEPERE BG5S 50 B 3 AR ) 4o
NS, Tk 4(d) T m LB E R, 2) ek
BN ¢ = 2 TH#E S 25 7EIR M 1.94m < R <
1.97 m W] LIOEE R, FAF R 1E ARG SO L. 3) 6
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B 4 BERIAR A R ETIOR m/n = 2/1 SEIRIR B (18] 2 #66465 B X R4S ) (a) ARFR ECE 55 (b) SXR FE 51 AH
XRFE T (8L /Isx ) WEAE Z T5 1) BEI (B A 43 45 4] (o) 30 R B IS 18]; (d) ECE BEFIAAXI R SME 5 (8Te/Te ) WY R I7 1)
B T 3 A 20 P S5 - A 0 A A 38 T T AW 8 B P RS [ 9 i S S (¢ = 4.043 s Fll ¢t =~ 4.05 8)

Fig. 4. The m/n = 2/1 precursor mode is taken place before the final collapse of OAS: (a) ECE signals of different radial positions;

(b) relative fluctuation of 8Isx/Ix for SXR array along Z direction; (c) spectrogram of edge magnetic signal; (d) relative fluctu-

ation of 8T¢/Te for the ECE array along R direction. Note: two different collapse events are observed successively (¢~ 4.043 s

and ¢t~ 4.05s).

YRGS 8% (FWES, 2.02m < R<2.06m;
WHESy, 1.94m < R<1.97m) BB, B m/n =
2/1 WUl AR & A i B G e AR O T SO i e 1A
H B ) R, JTAE R B B B AR R B AR
5 (E 4(c)h g, 2kHz < f <5kHz). 1F
EAST B§ilignih e IR e, slw 2sh ¢ = 2 1
(G B B e R R, BEJS A RN ¢ = 2 THIRE
5. ATREJR AR P IEBTUIRON, S g = 2 I
BRFIT PR S5 Z5 AR SE B B R L K s 7 i X IRAR 2
SyCRITIE B A 2B B R T N ¢ = 2 it
SR

4 BB T ARG AR T A

FE R B[ SR S5 AAE AR (BAEs) F1 S 1L Bh
B (ITG) AeuE = A 5C 2 B0 8k 57 Y] Bl /R
IYAMEASE (RSAEs) Il ITG ARagE = AR 62 1,
PR NERE2 42 (ITBs) YIHET B o6 A 7 1),
BAE A MR i el B2 DII-D % & 42,
L 52 A4 FAE MHD U GATO (i Z5
R BAE MR RIMERIRSSAMERL (TAE)
W —F, H BAE RYAS AR SR 5 55 85 TR Lb

ES OB HTT5 S =T B 757 0= a7 B LK 2y VA N
A PR ER AL (FLR) FIAT FRLE 55 (FOW)
BUNE, BT /R S5 4 i ] LAY 240 22 SC B W) AR AIE AR
g5y, RIS B2 b BT SR S5 AE AL (KBAE) 449,
SIS R 25 FE AT e A2 B 1647 HUBs P U By
WAL vo « BIUIE FEFE pn S5 2 H00T BAEs AaE
PR OR R BN EZAE, T g HIm AR 251
HEBT IR SFARMEALEE A Ak LA, 458 TR
PN (3 = MAIEAR) 520 BAEs H KR Al
AEAT R 1S 0L HAT GBS VIR TTBs 2546 1) 55 25
TR, B SRR — S AL B R 25 73
i (ACs) 250, FR 0 RSAEsP). RSAEs 4
HERR ) — S F AR BRI 25 BAE i
B IFAEARRL A I ] RLBEE N (29 100 ms) S8 ALIn] I
45, TAE Sy ) 8R035, BARTT LS
% GYRO RFHHLEF B RSAEs ANk et
AR RG] g T pE s, WA A& RSAEs
BB SRR S 20, T DA S8 b R 4 1 A5 R
RIS EL (AN quoin BB [A]EAL ), X FR T PR
9 MHD S6i%AY B2, % RSAEs A ke @ e &7 e
TFE WEE MY, X BRI,

P sEIs ), 78 EAST s iR my

215204-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 21 (2023)

215204

S (qmin < 2) T, MR A AR E T L
) i} 4R % &% BAEs #il RSAEs X 25 AN fa & k.
WE 5 fin, BAEs 1 RSAEs A& E P 2 18 1Y
ECE FEF sk 2], HARm 4R 1.98m < R <
2.07m (% Ro ~ 1.89 m, H—1b/NE42H 0.2 <
p <045, BMEBREHEZ N Ar~9em, Ar/ax
0.2). AW HO AL E VB TE R ~ 2.025 m, XN &
IH—1b/ N4 p =~ 0.3, BN guin FOAR A . BAES
F1 RSAEs FyAAE AR 2 7] LU T 1 1Y 2 A7

7 14453

v2 m 2
WRSAE = Rﬁé (” - ) + Whap + Aw?, (1)

Qmin
d VA d 1
awRSAE(t) ~ mf&qmin(t)’ (2)
weae ~ (2T;/mi) *(7/4+ T./T))* /R, (3)

Hrp) mi 248 OR) BFr B, T8 T 5350
THE W, va 2P RIF T, wear /215 BAE
BYYIBT /RIS ESETE B S, (continuum accumulation
point, CAP) BHE MMM, Aw 248 H THREF1Y
RT3 F0 B 030 A5t SR R B TE AR

M 50 LI 1, BAEs il RSAEs i Ff A F
FEMERAEAE 2 4 SOR[E IR 1) B o (SRR ) A5
B om) BRI ANESS 1. TR B IR R T, A
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80 1.

70

f/kHz

60

50

40

(d) R~ 2.025 m

f/kHz

4900 5000

Time/ms

5100 4900

&l 5

) R~1.989 m

(e) R~2.045 m

5000

Time/ms

[F] R ) A BAESs #5085 RSAEs [n] EI44)
IR IEAR R Y. RS S AR R T, T 28
WAL RN fo 1153 24 L2 SO [ A 4548 S50
FAFRRT 4% BAEs ASFaE M A0 45 R0 Bl R
50 kHz < fag.1b < 60 kHz , #1484 3219 BAEs iR
ZAH N A fuap ~2.5 kHz . %18 R~2.02 m [T A5
TERSEIATIAG, T, = 1.5 keV, T, = 0.75 keV,
ne ~ 3 x 1019m™3 | By ~ 2.06 T ,us ~ 5.6 x 10° m/s,
fo ~ 2.6 kHz ~ Afgap (fo = ve/(2nR) , ¥ [f] fig
R v, ~ 33km/s). | H (3) X 4455 BAE-CAP
Wi foap-car = 41 kHz. %82 7332 BAEs 1)
R n =1 — 5, FIH (3) X AT LUEE
BAE % 22 1% #AE 55 09 950 % {H 44 kHz < faar-cap+
nfp <53 kHz, fF & 2 B R B 7R 2% A AiF 45
(KBAE) 5 R¥F1E. (3) 20 HBEML L BAE 4L
A A (BAE-CAP) Bz iy, itheg 2500
%23 As eI B e 2oy QNG e QIVE T 2 4 0 ol e AN
B

M (1) AR, 2 gmin = m/n =2 FAw =0
B BT, wrsak,min = waar (RSAEs AR LA 4%
M, feae =~ 50kHz ). M (2) AT IAG ) 2 guin &
Az e I A IS TRL /N, R [A] RSAE 4332 i 4143
REZEBEE m EGINSAEE 0. ANE 5 AT LA

(c) R~ 2.008 m

15

14

13

(f) RZ'Q.OG m " 12

11

10

4900

5100 5000

Time/ms

5100

BAEs #ll RSAEs #2161 % 1.98 m < R < 2.07m (JH—{b/N2FEFR 0.2 < p <0.45), qnin i E N R~2.025m (p~0.3)

Fig. 5. Radial coverage of the pairs of BAEs-RSAEs is located at 1.98 m < R < 2.07m (the radial position of gmin should be loc-

ated at R~ 2.025m).
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BRI E] 19 RSAES 1] b5 ] 353 14 ft
B K Fa85kHz (m/n = 2/1), T Ak F
TAE AR ( f < frag~va/(4ngR)~ 110 kHz ).
ATRERY I FALEE: 1) MRERE FRRER AL (B, <
60 keV ), HESFHIRIAARTHE v, <2.4x 105 m/s (vp <
0.4va ), 2L B T RS KA 3 /N B SR 2%
BB 2) 7E gmin = 2 PSR HAREE o STHAS B BT,
RSAE i 45 5 1F LE T 55 25 IR $U I B4, et
EETRIA—fb R By < 1.

R T G b 3 BT R S5 ASFRE T 48R RN
ANRISECZ B A G R, R S A2 ARLI
1 #60212 F1#60223 AT 1N LA HT, 45 R0
K 6 fiiz~. BT 460212 F1#60223 1 NBI &4 1)
KB ZIA—FE, T B H, 2460212 X —
S () B (RS R R A2 B At ~ 590 ms . 3 AR
K AN LA A 0 R4k NBILL Fil NBILR,
NBIL1L Fl NBI1R 43l 1 & VA7 R B 45 B 11K
FL U5 ) T A R M ROk T, R R AR R (K £
h 8.7°, BAKZ L CHRk [18,55)]. ki it Th A FIAE &
I3 5IN Pag &~ 1.3 MW Fll By, ~ 52 keV . 7£ EAST 4%
T, hFrmHU R TR B 3R AR BN 1
Y, B SR A DT S - 4 POl s
PRI 25T B A B0 1A 1) A1 357 JE1 30 R b =
AN, ARATS SR AH ) 19 55 B AR B BE Wia 20570

1.3F
(@) t = tgo212— 590 ms
o[~ 602126NBIIL — 60223GNBIIR
1.3F
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EAST 8 il 405 14 4% 35 391 [0 ] % 25 I AN i M ) W R 1 %) Ll

HL IR Too T V- X5 B neo S8 B MBS EL. AR
AR, FRISAIESCA e M A e TR 5y
m7EA NBILIR B 4514 T A REROW SR, MAE V47
J7 WA NBILL B AR REEU R, Qn1E] 6(e) HTHY
YL . 50 BT IR S5 AR AR AR AR M 1) 3k TR
REAHMEZH: 1) ¢fH G, 2) BIETIHEE; 3)
BT eREG 4) R B EOR B DI SR ER,
K7 R EX T, T Flog i% 3 MR H—1k
MR 5N R/ Ly, R/Ly, M R/L,, (R/Ls=
R/A-|dA/dr|, A="T., T, vy ).

T, o HIE A G DA . PR AR T
(55 B IR RCIRS AR Y, B b U7 i v SR 30 42
i, HAEEFIARNEAARL (1.04 < < 1.1), ATRAE
DUPRFRE T 1) g I TAAH L ELT 2 gmin ~ 2. HIK,
JE 7 %6 B 50N I ARURH 25 . B RS (] ) rp s R
NBILL #il NBI1R {# A ST, H - JE ) 1
A b —2, B IR E IS AR, BAE goin 7
B AL 1) P R R B T U — A B
R/Ly, ~ 1581 R/Ly, =~ 5, WK 7(a) F1E 7(b) fr
7R. BAE W& S RN Z I SE &R, ] I
SCHR [44,57) HFITTE. B = PR T AR BREUR
). 421 o ARHL (RNC)ES 0 Al PR B 13
B A BN 7(c) FiR. nTLIE -, it
AR S - 18 %% B 43 A 52 e AN [R), R NBILL (V] 1]

10 b(®)
#60212GNBI1L (w/o AEs)
#60223@NBI1R (with AEs)
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A}
0'1 E 1 1 1
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100 F R
(f)  #60223 [RSAESs
00 b / A/f/l/\ 19
O £ a) OX
80 NV ,'\:_2@‘ i S /[_:3
7w /S
BN CERS BAEL ) Q°
60 ____\\:\.\__ __I S_ W S — —
& . B
- * ! ’ 10
50 F feaB-cap+2fp '
S srererer) 1 1 1 1
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Time/ms

(a) NBIZJ3R; (b) HF7=8i Sn; (c) EB FIRMEHE Waia ;

(d) WHBHL TR Teo ; () 216 R ~ 2.02 m [fff i ECE {5 5 W13 (f) #60223 T ECE {5 54 &
Fig. 6. Excitation conditions of Alfvén waves during the oscillation of OAS in EAST: (a) Input powers of NBI; (b) neutron yield Sy ;

(c) plasma stored energy Wi, ;
gram of ECE signal for #60223.

(d) core electron temperature Teo ; (¢) power spectra of ECE signal at R~ 2.02m; (f) spectro-
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S S #60212 | (@) o (C/— S 190 [ #60212
T “\\\\ #60223 ”//// R/LT\\\ s #60223
> A N
& S .
S 2F N z
~ ~ 4
(o)
4 ~
L1 -\ \\\
& \k\ : &F\—
ok . . = wl, .
1.9 2.0 2.1 1.9 2.0 2.1 0 0.5 1.0
R/m R/m p(Z/a) > RNC
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—— NBI1R|
3 3
= ~ ~
> > =
________ oo
\__ﬁ\
0 1 1 1 1 0 1 1 1
—1 0 0.65 1.00 —1 0 0.38 1.00 1.9 2.0 2.1
vy /v — #60212 vy /v — #60223 R/m — CXRS

B 7 S BT R 2R AR R B 3 A OC RI R

(a) MRV (Te AR R T L),

(b) M — LB R (R/ Ly, A

WLk, R/Ly HFL); (c) RNC 2 Wil ik i v T 31 5OR 28 A 43 A5 (75 A 25 T % ); (d), (e) NUBEAM/TRANSP U5 i1 5 A5 A
NBI 55 [l ™ 14 785 B 25 71 2 M0 B A () CXRS 2 W0 A 34 1) 38 8 A — AL B EE AR K ( R/ Lo, )

Fig. 7. Three correlated factors for the excitation of Alfvén eigenmodes: (a) Profiles of Te and 7j; (b) normalized temperature

gradients of R/Lr, and R/LT, ; (c) counts of neutron flux measured by RNC; (d), (e) classical distribution functions for the two
conditions are estimated by the NUBEAM/TRANSP; (f) the normalized gradient of R/Ls, » measured by CXRS.

W) BT NBIR (IR EH ) 504 T B F55E.
FIJH NUBEAM/TRANSP 1UH%, AT LIAR % 55
WP 2R R RE S T B 2B A pRER, A 7(d)
FIPE 7(e) . PiFhHZE NBIIR fil NBILL J5 [
TR BEE TR (vy /o) R vy /v~0.38 F
vy /v0.65 (WIHHHBER By~50 keV ). NUBEAM/
TRANSP A REHL S5 5 v iy PR e 25 B A e
SR S 0 0 45 SR AR 2SR, (L S50 25 R T
KE 4, WPIFME AT 4 38 RNC %55 IE{E A
B AR (S S P& NBIIR 3 A KT
NBIIL. Htt, FE R NBIR 54 qin TR
BT R R B R, XA BT R SF AR Y
—ANE B ST B, PR e R N
J¥ 52 4R IR, Yl (NBILL) 13 B (NBILIR)H: A
() PR SR A T SR R R 1 B ] Bl g A, WNAE
R~ 2.02m[ff 3 7= A= 19 26 1] e 5% 3 B A il ok
vg|1L ~ 50 km/s Fl vy|1r &~ 34 km/s. MK 7(f) AT LA
A, Yl NBILL {3 A=A ik () SR R 55 11, I
TE Guin FHEFBT VIR /NA R/ Ly, > 3, X AT RESNT
BT /RIS AMEAL A L 2 — 2 PR, IR, Bp7R 2%
AAEREATRE PRI R R ZUROH T 1R (NBILR)

TEAGRAT T RS 041 eR AR, 1T 5 R A B S
BT EEEIBIVER, (AR ) s slUe s 55 VI
IANTERE.

BRI B AT B IR FH S gin
Z [RIAETE SR BRI G & . 6 1E 6(d) TP IX
) RH SR PRI~ B Al A 14 1 335 SRR 7 53 Br, FOAmi
WA 6(f) Fr7R. K> B O R e R e R it
FEP 5358 AT /Teo =~ 36% F ATw/Teo ~ 18% ,
XA “H R T IRIE s S . PSR
P14 % 2 BT % T RSAEs AFasEt:, H5e4s
XA . B9, RSAEs Ry T /L BN “3F
T 1A 5 i B & B9 RSAEs ASFaE M HAE#E R ~
2.02 m AL ECE 155 Frfi# 2, 1 “rrC Af 35 5
$ Jc 1Y) RSAEs A 2 € 1 [ B 8% R ~ 2.02 m A1l
R ~2.06 m#4t ) ECE {55 Frfifi 3k . HK, RSAEs
] MR (k= dfpsap/dt) A < i ”
AR “ERTE 3 38 7 /T Y 3 52 RSAEs FH 45 AR 43 5
PRAERE 6() T, 1 2 40 RSAEs A5 &L R H e —
i, N 8 Fias. MG #60223 M A 401 S HCH
dfrsap/dt ~ 1.56 x 107dg ;. /dt - m . FI P FILE
M4 1 22 S AR 25 2 4 RSAEs B 1a1 248 m 43
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B m =2, 4,6 (BRHI KM guin ~ 2, n NIELEN
HARE). LA 15 TR TE 7 F “Hr L 3 387 2 /1)
Gmin P FSF ] P V4K 33 R dgpy /dEfann & 9 % 1073 Fi
dgpt /dt|een ~ 4.4 x 1073 . L, “BRIE 1357 A <rp
DRI KA ) E R ¢ IR TR, 516
T Goin B BB (cavity: dg/dr|m ) FIE LR
(dgl/dt) BIARTE. 3 4~ RSAEs 43 3 f ] REAILY
AR m/n = 2/1, m/n = 4/2 Fl m/n = 6/3.
R4 BAEs-RSAEs M5 i) i 22 F A [m) 45 44 1 —
otk dE— 2 UE TR T HEN BAEs 8935 [m) Bk
n= 15 H& Bk

192F— Annular
—— Central

dfrsar/dt/(kHz-ms—1)

0 1st 2nd 3rd 4th
Branches of RSAEs

P8 P AN ) 2 B B 4 4% 14 3 39 BT RSAES o] b 390 &)

RS0t

Fig. 8. Upward sweeping rates of RSAEs different branches

before the central/annular collapse events.

5 R kB AR AR R M

SRR B TR (KTT)BO) SR 30 Bl 9 7
T 3R FEAREEN: 1) A MR RSN 5
Y 3 B2 S ER B (KBM), 78 EASTHY A1 DIII-
DRI | R AR (LEMs) B & (A% Bl /R 25 45
(LFAM)I00.61; 2y $AES - R F 48 14 17 5 | 1) B e e
IRFFAAERL (BAE); 3) H 8l B~ B 1 1T 1 4
i -~ T PR 5 | A BT R 25 1 8 - T B A
B (AITG). — i &, AITG 37 V)l R 25 % 220
U 5% 3 RS- M) JF S BOX AT E
PEREA FE I RAAE, TAE S50 _E U FAE i 1) 34
[ EAE

B R ), R 70 B AT LA R AR
B (LFMs) ARGENE. 7 EAST | gmin = 2 551FF
AR AN Fi g P T LA 3 B K2 1) ) = 4590
LFMs AfeE M 2) m) L LEMs AaEt:, B

RS2 30k [19]. X M 2AFRE MR IS R TR 3 ]
53R HETFN R AP 43 A A A3 KN e
BT YRR IE | M o AR/ NI
AU qouin BRADE, FLRAR 2 AL ARG K
T IENTAEEL. Wi LEMs A Fa e Py X5 2R 304 -
55— 2R 1) R AR ot BEAAUA T ) A, & 9(b)
JIE 73 T 55 28 8 e A o RV 43 2 A B4 ST
1y, HAEARE A R S0 ) v Ak B, B P AR S 4
FBIRE (n =3 — 6), X1 DIII-D | WL A4 45 41
b 22610 3 FPEARA 48 LEMs ANk g PR s —2
T, TESBEBTY) qrin ~ 2 BISEI0 551, SR AE
PRSI, A T8 B IOR 19 LEMs ANESUE PRI
B IUR WIBT IR S5 ARNE BN E S A L W] B
Az, WE 9 B, LEMs (38 Ak F v H B0 T 645
Al _E AR B, XA RO R BT R S5 A
HERE BAEs #il RSAEs. LFMs A8 [ B F BAEs
AFETE R L, AR AR I E 5, B
PPN RIS ) A A B ] AR — 35, A STk [18,19)
HRTHE IR AnlE 9(c) B, Bl B 5 4k 1 R 4
B34, LFMs A BAEs 3t 77 i 18] & 25 54 fn . 76
EAST Bl py sc g b & 31, H 490 NBI 5§
ICRH R, winl MEAS R 55 Y] ¢ FIIHT ( gmin = 2)
HEFF SR IS R A, X TTBsEE S FANZ4ER5 1)
ST . L, LFMs Ml BAEs 2L 77 (0 4 14
Gmin = 2, 9 quin T B AT BREL 2 FF Bifi 257 B [10) 0 347 0
JINEF, PRES R P BT IR SS AR AR B BAEs 4t
A RSAEs AFE P, 1R 186 Bk 19 LEMs A
FoUE MR IR ] BB 28 SR 38 i, LFMs Al RSAEs 44t
B quin 8/ R B 0] 450, H LEMsH A f
RSAEs MHZEMIH G HOCA:

dwipm(t)/dt oc dg () /dt. (4)
XF e LEMs A1 RSAEs $l % 1) 455 &R 1] LU -
LFMs 7£ At ~ 35 ms [ i} [8] B N 35 R AZfL Af ~
12kHz, A k = df/dt ~ 0.35 kHz/ms . [, #Hig [
AT LFMs B EE0OCR. #4E EAST E55
—2& LFMs A fa5E 1, LFMs #il RSAEs ##7 #H2&
IR FATRRR KN, B (4) 28] DL R AT (2) 3K
ERIRIKER, BN, dwiem(t)/dt ~ (2 x 0.35/0.5)x
(va/R) X (dgmi(t)/dt) .

TE EAST bk Byl 14 iy 24 45 R rh 2 9,
1) Y328 IR Mo i s AR, AR
SRS A Z 05 (b B SR s 2 ) A
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95 I(a) é) i k:df/dtzOlﬁ kHz/ms 16 90 -(c)
sLs |y
e },/ Tz ] :‘ "/ & i/ //
< / A< ' At = 0.58(7,—85) ms
“~ / N ) il —_—
o /N g 60
Y ﬁ s B I
55 - m 7 ! ! 10 2
. . ! ! £
1At = 35 ms [« 4
(b) , i 15
20r LFMs : h
5 | fi 30 |
o P E O E [1
4 & & i e I
Q o o) ! : o II :
22} 0 I 0 I
1ol 2 2o Qs o
a) A& A “TH° LFM & BAEs
1 1 1 1 1 1 Lol 1 O 1 1 1 1
5700 5800 5900 6000 6100 6200 6300 100 140 180 220
Time/ms To/ms

9 RIS ] R S5 A AL AL 2 8] ) 3475 &
A A B IR 9 1

(a), (b) BAEs-RSAEs il LFMs f#35 14]; (c) LFMs Hl BAEs #9347 [8] 1E [L T

Fig. 9. Coexistence between LFMs and Alfvén eigenmodes: (a), (b) The spectrogram of the pairs of BAEs-RSAEs and LFMs; (c) the

coexistence time between LFMs and BAEs versus the OAS period.

Kok LEMs Aok, B AREE L r =T, /T;
MGG g WIS 2) AR S e B By A
To = 130 ms i, SEHG A L 75 By W45 3] LFMs
AR g gL, WK 9(c) frax. EAST i il
LFMs A Ft e M 9 B 780 38 45 0 an &1 10 o .
#61960 F1 461970 X P J 1) 722 W S $ LA T AH
25, W LHCD #1 ECRH B I K43 N Py ~
3.5 MW Fll Pec &~ 0.5 MW , {3 (NBILR) AL
RAEE N Pug ~ 1.7TMW fll B, ~ 57 keV . Pl
B TR BAEs e M BA HRI R KN
LBl B AR A B (0 R A 7E 461970 M, A
AENLZE 3] LFMs AfeUE Pt & . IS, LEMs i
BAEs ANFaUE M 48 ) 7 i A I — 3, HpiR
KN fem ~ 8.5 kHz , F2AI{E N 1.98 m < R <
2.07m. LFMs 1 BAEs #JBfi & % J5 7] NBI1R —
NBILL P14 i 15 2%, fe KILAEI ] 35 3] At ~
500 ms . T ZE U0 A A0, X 1) 5% 0734 % E A
TRIE], 230K e & 3 x 1010 m=3 (#61960) Fl 71 ~
2.8 x 1019 m=3 (#61970), Jf-5 | 2 T ik B %) 1 ) 2l
A5 4N 10(b) FHEl 10(c) Fis.

9T A PR AR LEMs AOB0R S E IR A
fiE, $88 EAST |- AH 56 S50 2 Bk A 3] — i £ A
BHOCR (GFLDR), 11 W&l 11 Frosgs . v]
DI, LEMs 3R MRS T4 F 20 31 S50
(mi,7), BVE S B g = L, /Ly, 7= T.)T,, Ly,
FN Loy, 43 590 0 8 7 BE A B IR B AR G, 31X
FELAR R B T B RN P 2 AR A I — Ak R R

FEAER K o (1+7)(1+n), BIE %L LEMs &~
R M T B2 0 T B 5Oy A A K, L s R
7 R A AN A R ) BORR BN . T #61960 FlI
#61970 ML (i, 7)) WISEBE S H05 51R (2, 0.96)

10 [(a) #61960 #61970
w
5 BAEs
=}
3
3 5T <«<— fLrm ~ 8.5 kHz
2 (m/n =4/2)
wn
[a W

0 . . . . . . .
0 10 20 30 40 50 60 70
f/kHz
2.7 {(b) — #61960 i (c) — w/o LFM
a 148 — With LFM

T./keV

) ) AT.z 10 cm
1.90 1.95 2.00 2.05 2.10
R/m — CXRS

1.90 1.95 2.00 2.05 2.10
R/m — ECE

Kl 10 EAST I LFMs /A B3 5 P 0 K 4% 1 19 52 36 F 52
(a) #61960 F1#61970 MM TRIEH EE; (b), (c) T ME
UL BE PRI, G P IR A A% o L Ry B (0 5 DX TR BT R

Fig. 10. Experimental investigation of the excitation condi-
tion of LFMs instability on EAST: (a) Power spectra dens-
ities for the two shots #61960 and #61970; (b), (c) profiles
of Te and Tj, where the radial position of LFMs is demon-
strated by the yellow shaded region.
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1 (2.93, 2.3), HA #61970 H4F 4 LFMs A faE
PR S50, ALK R /20 > 60 kHz KT
BB PEA B3R Qupieenp ~ 0.83 kHz . $AH 3R iR ik &
B, LFMs AHE R g #0851 B 6, n
TR SN (3555, LFMs A S Bk .
Ak, FIH GFLDR U544 EAST I LFMs #Y 3
A, FIANT: 1) LEMs 59578 5 7 Hi g
Fo AR BT, 2 30 2 2 g B AR AR AR A
2) LEMsTF & BY DI B JR S5 i £k 5 1), RS Ak A
TR |S| < 1. #HE Chavdarovski 1 Zoncalt?
ST AR AT BRSO L ] 1Y
AL R (CLAE AL 7 S ) 340 HAT B Ak
BORFE. —RCBOLT, AL T |S| ~ 1H, RAF
S ST BT SR 53 R i =2 ] (R A M AR T T R
A2 (S| < 1EF, ARRGTUIRIRIT0, P4 HE
FH[Z % MR [62,63].

Bl <—#61970 (with)

200

~/2n/kHz

2.0 2.5 3.0 3.5 4.0 4.5 5.0

T=T./T}
80T () 10°F ()
=== fupi w
o f(n=2)

q/2n

]?xp. va.luo ) ) ) )
0 2 4 6 0 2 4 6
‘Q*pi ‘Q*pi

Kl 11 #A GFLDR AURS BUE K i EAST I LFMs A2
SEVERY R S EFIHEARRE  (a) LEMs KR v Al (g =
Lp; /Ly, 7="Te/T;) Z I K E 5 ; (b) LEMs 145 5
FRBER AR v (c) AT W) |S] A Q4pi = wapi/wi Z 18] BY
KR

Fig. 11. Excitation conditions and basic features of LFMs
are numerically calculated by GFLDR in EAST: (a) Growth
rate v of LFMs versus (1y=Ln; /L1, , 7 = Te/T} ); (b) mo-
de frequency f and growth rate < ; (c) polarization |S| of
LFMs on $2.pi = Wapi/wii -

6 MOWAFREENITH R AL
B oL

fEZ M GENE U5 A3, % NBI R
B RO AT DL I ITG R, mithss -+
{4 30 T S 0 R AR ) A5 ) R R AR AN R
P, HA R BAE/GAM # R Jif i 8940, 5 37 Y
GENE fCHBALHL 6, DL & JETH Al KSTARD) % &
S AE R FH : B T X N R dE A A T
WA RES T EENIEH. EAST 2 & 857
ITBs Z5t Y SEEn 2 R, fe R rlE IR 2017 4 6469,
B, 1TBs g7 0 B2 rh A4k 5% 2] RSAEs[70667
Fifa BB (fishbone) =T RN FRE YRR & . LA,
RGOS Wi 5e T ITBs 87 mi)a 1
T AR RAE B 72, KBS 22 R B0, PR A T i T
ARETE ). TR EAST W gnin =~ 2 551,
fA 253 M ITBs FIHR B SE 5 1B BEAH AR
FEE.

6.1 T ARHEMFFNIEH

M 2(a)—(d) FTLAE H, BT R AR
SEME R K, o 2 RS 11 A5 B T AR AR X K st )
R, UL, 72 RGBT YIAIIE T D 250% 2 i 145 B 4
(SR 2R 25 4 ) SEAT A R . Al 12 B,
#61959 HFIH LHCD #1 ECRH AW ( Py ~
31 MW Hl Pac &~ 0.4 MW ), BIHES. T guin ~ 22
REBYUINIIE. B A U <ol AT IRIE” s 158
BRI, PR RHAZ R 70 ~ 100 ms . BEEAHTFIEL
(ELRAEL G SR e B, 3 a8 I 3 38 1) s T LI
SRR g = 2 T L T BN RR e M, R R
PSR LMEIG KR (3271 Sy T RN [ e 1
Xof WU B S AR, TE 461962 ThAZ Bl T
AN ATJT 7] NBIIR Al NBILL (P PEoR, E
¥ Py ~ 1.7 MW . 4 & B R NBIIRE, b
0 A8 B AU S P THE A it B3E O wgo &~ 25 km /s
AR T wgo A 50 km/s T S Gl Af A7 () 4 K A R AL
THEBET—FU L, 98 0 ~260ms. 24 F ] )
HNBILL {3 AR, G058 9 58 % o 3 32 5 5] vgo =~
80 km/s , Jf-#E NBILL EAMEEIE (At &~ 500 ms )
P, B 2 B A 31 il 0 1 A e % SR B o >
500 ms . ARG — LI TIRAM I 5T R eRs
TREE (S BY V) Fa il b ol 15 AR AR DG B
[ .
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5 F 4y — #61959 (w/o NBI) — #61962 (with NBI)
2 WNM/\JWWWWM
~
8
T
= WA~ A AW, 1
701, ) A X . , \ \ X
. 3 (b) ---- 61962@NBIIR —— 61962@NBI1L
=
~
2
<

.5
3500 4000 4500 5000 5500 6000 6500 7000 7500

Time/ms

P12 AN IR A D7 i) B v 2 S (NBILR S 3 £ 7 17,
NBILL Jg U7 1 432 A ) 52 BB Al 4 445 ) 2 gt A M ) ()
i Waia 5 (b) #61962 NBI AR, (c) 2O Ao e e ok 3
(d) SHBH FIE Teo

Fig. 12. Suppression of OAS by the different injection direc-
tion of NBI: (a) Stored energy Wiy ; (b) source power of
NBI in #61962; (c) central rotation velocity vgo ; (d) cent-

ral electron temperature T .

N
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(ne) /(10" m™2)
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Time/ms
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6.2 HBFREHEXBKMAARENE

SR HRZ ], R B R I R A
IR AR SO R s e 7181 X R o AN B 2 1 1 38
RAA SRR, DRSS R 4 SRR B B, n
& 13 Frs.

1) e HB HL IR B A 52 FN BAEs ANERUE Y
K. fﬁ]*ﬁ'\%iﬂi%%ﬂﬂﬁa (t~585s) ZJF,
ST A LR R RGBS AN, FE R ~ 2.06 m BT AR
F I BE A R (R/LT , R/ILp ) BEWM K. fEt~
5.87 sHf, LFIRERSE (R/Lr, > 16) FIE TR
BEEE (R/Ly, > 8.5) kB KA, I-EHi%E BAEs
AFEMR IR (guin = 2), TIE 7 I,
FTLUE Y, R B RN 2 Bl IR S AN e PR 3
K — B LA

2) ) 15 K R RSAEs A fa 5 M A R
t~5.92s i 2], B SOFPERE LU T B B A
Too AEFEAE, fALE 1,95 m < R < 2.1 m XA AYHL
TR EERAT TR, T Sl KB EE X i R ~
2.06 m BEF] R~2.02 m (gmin ). B, 76592 s<t <
5.93 s B[R] BE P, LER 3 ] JR IS AAE AR 1 &

(d) AA=A(t123)—A(to), to~5.92 s 16

Ane/ne/%

—0.4 -0.2 0 0.2 0.4

Bottom < Z/m
(e) 112
t3~6.01 s
M S N X
*/* e 16 \§
& #| t1~5.95s %
B : 3
i*‘* 7777777777777 I - O
< BxV|B S
, . . ¥ 4 -6
-0.6 -0.3 0 0.3 0.6

Bottom < p(Z/a)

(a) POINT 12 K A~ 5] A1 Im) 457 8 DU 4t 21 1) 5% 7 29 B ¥ 3 BE (me)

(b), (c) HF ANES ¥ S 13 — A B BE R R/ L, M R/ Ly 5 (d), (e) AR FF 13 {2 B POINT Al SXR 12 Wi Il Bt 1 ) 4%t 3t 2

i

Ane/ne il Ast/st

Fig. 13. One kinds of micro-instability is excited and suppressed during the oscillation of OAS: (a) Line-integrated electron densit-
ies (me) for different chord position of POINT array; (b), (c) normalized gradient of R/Lz, and R/L7 ; (d), (e) relative fluctu-

ations of Ane/ne and Aly /I respectively for the different toroidal positions of POINT and SXR arrays.

215204-14


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 21 (2023) 215204

A (BAEs — RSAEs, WA 5 fiR), &M
Gonin T 5 A BRASCBE ST 1] TN (Gonin < 2).

3) PO AR E P BOR RS FE 1 R SRR
SEFR L. A& 13(a) BT, EAST el #1E ~
R (Z ~ —26 cm) W THELEt > 5.92s )5
Bt S T] 28080/ )N, 17228 (] (Z ~ 26 em) B
FE TGRS RN BR (B0 ) AR
V£, RAFRMEAE EAST ARFRE AL E A POINT
1 SXR 2 Wt [l B ML F, B AE 2 34 ) 45 85 -1
H AR X R oA E M. XA R M5 |
LI L T2 B (BRI IREE) 7F ¢ ~ 5.95 s B A5 i
KAE, fEH FHEEM SXR (55 EEIHN Ane/ne ~
2% F Al /Iy =~ 6% (Lo < Zegn2 ), W 13(d) I
F 13(e) PRy RS AL EETL . A 13(e)
AL Y, BT ) A iz 1 RN R AEAE guin SN
X3 (p<—0.3, Aly/Ix <0). XMPRHOWAFE
PG RARL T s i E B F Bx VB (EH
)R Joi), X R REL (ko ki > 9 em™1) fIRAITK
SOt 5 | 7S (AR -4 T 1) — 35 (74, RIS e 08
ANFRE PP RE R W A F T ORGS0 =
PR L.

4) THORATR E PE I R BE bR X BREE )
PR, Mt > 5.95 sBf, M m ki T2z (2 <
—26 cm) P HL-% B I S [R1ZE TR 0, - B 2
R RREE R B TR . ORI R [ POINT
M SXR 55 L[ A ER 3] bR X FREs 48 APk &2
O AR R P (R 1 2 . 28 b OGEK
HIZSACAT i B RSAEs [6] b 455 1 Z2 18 W/
AT FIRE AR (R/ Ly, > 14.5) [ RESHEHIT RS
3 (R =2.05 m — 2 m), WK 13(b) H Bk
JiR. ARG, XORFE MR i AR AR AR 3
IR R B Y AR A, 2P R IR O
AR P R 0 F 3R A LK. LT
e KR 6 BE X R AR 1] vl (R X 3808 Bl Y
R T g FTH AR T B AU RN ES
(R, TE t ~ 6.45 s B 2 & A= BSR4 1 3R =

FIOMASES A PRI A (555 1T Bs 45419
HENT TR ) X TP BB iz 4 T R A P B A L
A EEM R I Eie Rz 2T R
P R HLE: BT ¢ BT E x B3]
DI AH 2 3 T e ik S AL 1) 22 TB) A7 7R PSR R 0 G
Z, BN E x B i B 3 B LN 38 2o 5 48 Bl
I (neoclassical effect) FIER MR (Reynolds

stress) YRy, T q T 32332 2 e 6 2 r gk sl i)
FI2S LRSS (R, S 55 i 8O Bl il e
SEIN B SRR A 2 IE RO R — DB E < B
TA g ETE. P 13 FTRUE Y, FEROW i i il i
e, SR T IEBEX (R/ Ly, > 14.5 )1 5b
b R BT RS 2, [ AR A 2SN ¢ i)
AR, RIS i v IS E x B 35 1]
UEEITIICIlE Y 2a oY) Gt

6.3 BEFREHE@MISLZ

TS EAST LB +fiis 28 i B iy
WA F B TR EAST W gin ~ 2 551 FES T
TR PR iz 22 AN R : ARYE RS 3 38413t
1, FIH LHCD 1 ECRH 44 1977 28 v e i 3y
YIRGA Y, T BIR TR P > 4 MW 1 NBI 5§
ICRH Jy#. [ 14 i3l fdi 1 T 5 iy NBL 3 A
F NBI+ICRH HAH A 1977 N8 T 1TBs 4514.

K 14 1Y Case A (Z251) /R T R HZ 22
ST Aok R T R BT R I AN AR I I R B S
F R AR 1) B R 2 22 2540 T 7 2L
PIEAR S POk B A . P (2 R 4%
O EIR T MRS [F] 1 52 50 45 1F, E 2 X0
LHCD 1 ECRH H8 A 6], ¥4k Pyn~2.8 MW,
Prc = 04 MW, TREEEALL Py ~ 3.3 MW, Pec ~
0.5 MW . RAEFTIESE 3 Frm AT Ahie, Ak
LHCD 1 ECRH Yy 40 & & I B e o 1) 2L
5t 2) HENT TR STIE 22 R R RBT R SRR
AREVER L. 24 NBI B RIIR (P ~ 4 MW)
BB, ATLDER S R LR
Bu BN, {HTE ¢ > 3.1 s I, WRD ST Ry 4%
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Vi S5 T Y By e fm TANETE B 14 18 O, 3%
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TG OL T B s i is 245 1 ) — ek
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WEATRE M BB TN e R 1 SR 1 R A
5%, FLBTIR IS e AR e k5 R B F I R A,
PP PR R R R B 3%, Folr O BRI A S as
ST IR, PRS0 A pRE AR X 4 B 1A 2
FR A 3] T A (0,

Kl 14 H1() Case B (£391) & 1 N b4z £
Aegpid PR AR RE S A TR A O E TR, Y
NBI ( Py ~2.5MW) L5, B 5ETE t ~ 3.5 s [T
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WA ] b BEA LFMs ANEa et WniE 14(c2) Br
/K. 2 ICRH (P ~ 1.6 MW ) TEAJT, B3R E 1
J& Tio F1 By G TH ST, PR g N ERkIE 2451 1IE
B (MEEF NBI A ICRH 09 B %8 4.1 MW). 1£
ITBs # 7 Fdedpad #2488 7 1 B Bl i
— BT, SE5G T n] ORELRI0RIEFIAE 75 kHz <
f <110 kHz W 20 AR E MR, XRARE
PRS- T BAEs Fl TAEs Z [a], 352
5< n <10, HILahEE &R S R %Y,
I A E R ATTG-like ANFaUEPE. ARIERTIHISE 5 34
Iy B S, LEMs #1 AITG 4047 T 3 B 2E 44
BT B B ANEE E M. HL-2A Fl DIT-D Y525
SEIRFI 10 ATTG ASFEE HEAE PR 4iz 22 Ffs
Kl N HES B TR R B = CEHEZEMEN. X
T AITG AFaE M RIS UE R 5 12 22 22 18] B A
K BRA) AT R — R AEAY.

&l 14 th PR E SLIT ST T Gin ~ 2 SCHEDT
YIS 2514 Case B SEIR S5 A04E: Tt ~ 3.5 s
$ & LFMs A faoE PEARER G 5y VI, 76 ¢t ~
3.7 KT LAY m/n = 2/1 $P R — 20 UER] T
WS B S8 25 R Gin & 2. (BT LT S G 5

Case A: ITBs with RSAEs

I g BT 7 20R ), BASRE: 1) LHCD 1)
YR, 43908 Pa~3.3 MW (Case A) fil Py~
2.3 MW (Case B). 2) &%l ECRH MI#AI) 3 E AR A
], %18 Pec =~ 0.5 MW | {H A 4] 46 B ZIAS [
SRty = 1.3 s (Case A) Fllty = 2.6 s (Case B).
HRIEAEGBBE (1, ~ 0.4 MA) B ZI t ~ 25,
W Case A 7£HL I 4011 ] B B B Bt C & IR F
H ECRH &2 ¢ 51, 1M Case B 2 7E B, i 1) 1ai
B E J5 T ECRH V% ¢ 1 .

& 15 P40 R R T ITBs 257 B 5 B9 16 5 3
Ti1] JE A o A AR AR A L. S IR R T =
1.4 keVHEZE Ty~ 2.1 keV, ATy /To~50% , ATe/Teo
~ 30% , T fe K 14 B8 I BE IH — e B BE K B
R/Ly ~ 10343 R/ Ly, ~ 15, 28] T 200 PERER)
KIFEETH IR Nz 285 TR L. B
TR, INTRHIZE 22 feet DX IS0 BF [ e s 3 i )
FURN, vTRE Y R 5 AR m g R AR G, X
B ERE Y, & 14 Hp B R 38 P A
ARG O, X AL HT T N #F iz 22 B Y
L.

Case B: ITBs with AITG

1.4} 14
(al) (a2) o °
With ITBs
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1ok Pyp~4 MW 10k . .:> ITBf forma‘tlion . .
21 F - ] 2.2 (b2)
. With OAS R=12.06 m 5
S &
& =
wafoy WYY T T elEtegt
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g w S 1
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(c1), (c2) ECE i Wl 4 51 iy 3% 1

Fig. 14. Energetic ions and thermal pressure gradient instabilities are observed during the establishment of ITBs: (al), (a2) Normal-

ized Bn; (bl), (b2) electron Teo and Tjp temperatures; (cl), (c2) spectrogram of ECE signal.
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Fig. 15. Profiles of (a) T, (b) R/Lt , (c) vg, (d) ATe/Te for the establishment of ITBs.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Summary of magnetohydrodynamic instabilities and internal
transport barriers under condition of ¢,;,~2 in EAST tokamak"
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Abstract

Establishment and sustainment of the structure of internal transport barriers (ITBs) is an important
guarantee for the magnetic fusion plasma. The related physics processes for the establishing and sustaining of
ITBs with gmin~ 2 are simply summarized as follows: the “off-axis sawteeth” (OAS) mode instability and
double tearing mode (DTM) instability, fast ions induced Alfvén eigenmode instability, thermal pressure
gradient induced low-frequency modes (LFMs) instability, etc. Firstly, the burst of OAS is an important
criterion for evaluating reversed g¢profile with gmin =~ 2. The excitation conditions, classifications and the
structures of precursor modes of OAS are given in detail, and the collapse event is triggered off by the magnetic
reconnection of m/n = 2/1 DTM. Secondly, the beta-induced Alfvén eigenmode and reversed shear Alfvén
eigenmode are easily excited by the fast ions during the oscillation of OAS. The toroidal mode numbers of the
two kinds of Alfvén waves are 1< n <5, respectively, which are located at 1.98 m < R <2.07m with
normalized minor radius 0.2 < p < 0.45. The excitation conditions are investigated for the condition of gmin ~ 2,
and three different physical variables, i.e. thermal pressure gradient, fast ions distribution function, and the
toroidal flow or flow shear are considered. Thirdly, the LFMs instabilities are excited by the pressure gradient
during the oscillation of OAS. The general fishbone-like dispersion relationship (GFLDR) is adopted for solving
the basic features of LFMs: 1) the frequency of LFMs scales with ion diamagnetic frequency; 2) the LFMs has
the Alfvén polarization direction; 3) the LFMs are a reactive-type kinetic ballooning mode. The excitation
of LFMs does not depend on the fast ions, which is taken place in a higher pressure gradient regime a o (14 7)
(1+mn), 7T=T./Ti, ni= Ln,/Lz, . In the end, the suppression of OAS and establishment of ITBs are achieved.
Three important processes appear under the condition of gmin &~ 2 in EAST: 1) the tangential injection (NBI1L)
of NBI is easier for the suppression of OAS than the perpendicular injection (NBI1R); 2) the micro-instability
can be suppressed during the oscillation of OAS, and the reversed shear ¢profile is more favorable in the
establishment of the structure of ITBs; 3) the establishment of ITBs is accompanied by the excitation of Alfvén
wave instability (bigger toroidal mode number: 1< n <5), the sustainment of ITBs is accompanied by the
thermal ion temperature gradient induced instability (median size: 5 < n < 10). Therefore, for the establishment
of ITBs, it is important to understand the establishment and suppression of OAS, the excitation of Alfvén wave
instability and the redistributed fast ions, and the related instability of thermal pressure gradient.

Keywords: double tearing mode, Alfvén eigenmodes, low-frequency instability, internal transport barriers

PACS: 52.30.Cv, 52.35.Bj, 52.35.Py, 52.35.Ra DOI: 10.7498 /aps.72.20230721
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