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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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1) LHCD 4= i i 3K 8 (7 B3R LR (Uy) ~
0V); 2) ECRH ByFEHRMFAA S, 1 ARG 200
IR DN A E - R NA VYN EZ i)
2, ASN ICRH A, 25 B IR 1, R/, B
HMRETIRLAC LY o, HH 4 Jm A BT (0 v B 5. JRATTHE
EAST I 2016 4F 2 %l 9 14 5 & 1) 2 5 X [) gk A7
Giit, v DIARSE Ry PO T nes
3x10" m™3 | 5.3< go5 <6.8 (0.4 MA< I, <0.45 MA
Wi e F NS Byo ~ 2.2 T), LHCD A1 ECRH
W3R 2Z N 32MWL P <42 MW ( Pg=Pip+
Pec), BAMERPIRK L 1.6 < v < 1.7 RSB TR
B < L < 1.2, PRI 25 3R [16].

3.2 BEHBEATUASA=ZELEH

TETR %8 Wi ey 1 B aas 5 i A
[Rld BRI IR, )5S, Tore Supra
% B I A R B0 32 R R BB TR 2R (93360
PE— 2P R T IX M. I, XU AR AL 2
SR BT SCE B (X AR ¢ = 2) Z AR
/TSI (1Y) 2 S, R 2SS Akl 7 53 A
—ANSHXE]: 1) Ht (Central) AIHIX; 2) HIE

(Annular) #i51X; 3) oAU SLBRE SR AR 55 (No-
Crash) X, 76 EAST 3RAEN < ARG LA
T VLR, TS s AR R il 5t
Do, K55, 7T SO 47 R LA 14 A 2L
FETE SR G, IR 4 D kb5 5.
K 3(a) BT, 24777 NBI ELl 2 452 ¢ 401 1Y
ZAEN, B AR A PR A a2 B DL B =k
FAF. 8 XSSP e B R R AR A e
AT, [Te(to) = [Te(te) — Te(to)]/Te(to) , Ho v to N ¢
S AR BRI ).

1) Ht B, anE 3(b) A 3(c) .
XU SRR B TR K AR TE i IO XL g = 2
AT Z [0, 2235 A A7 2L T ) 25 R Ao sk R A B T
SEVRERIT, IR A S EOSHRY H R B B
B R ) A s R ARG R, A
BB DI PN Y IR A R R 2, R — R
FRIEARL, 0l B30 ) P IR AR AL B AT/ Teo >
30% (B W1 IE 3] AT/ Teo ~ 50% ). HASS AT 2
LR 5 1) e IS A X AR, FEAR S AT LU 3|
R RRIELE qun KB 2m < R<21Im (X H
R AART SRR TR BRI

Central 3 r(b)

Te/keV

Central

Time/ms

5800 6000 6200 6400 6600 6800

7000 .7 1.8 19 20 21
R/m—ECE

10 F(d)

AT,/ To)%
AT,/ Te/%

Ao

—40 L

—10

Annular

T
No-crash

AT,/ To)%

1.7 1.8 1.9 20 2.1
R/m —> ECE

B 3 B v LIy ol (Central), #9E (Annular) H14T S8

1.7 1.8 1.9 2.0 2.1
R/m —ECE

—10

R/m — ECE

WSS =R (a) AR Te {55 BER ] 4L (b)

O R TG B9 Te BT B AR (c)—(e) =2 mgRIF R LRI JG iR B AR bt AT /Te (W% Ro ~ 1.9m)

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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2) IR, WE 3(d) Fis. IR gE
R AR SR X q = 2 TR BN T s i 3
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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—55
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<
= 5L
1F . —70
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9
0

-9

1.7
4042 4044 4046 4048 4050
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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
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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

R () R~ 1975 mor R = 2.08'm

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
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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]
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60 ____\\:\.\__ __I S_ W S — —
& . B
- * ! ’ 10
50 F feaB-cap+2fp '
S srererer) 1 1 1 1
6850 6900 6950 7000 7050
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
—— NBI1L
—— 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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“~ / N ) il —_—
o /N g 60
Y ﬁ fesod By I
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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;
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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
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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)
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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
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A2 (S| < 1EF, ARRGTUIRIRIT0, P4 HE
FH[Z % MR [62,63].
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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 -
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fA 253 M ITBs FIHR B SE 5 1B BEAH AR
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REBYUINIIE. B A U <ol AT IRIE” s 158
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PSR LMEIG KR (3271 Sy T RN [ e 1
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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 .
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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.
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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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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

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

Xu Ming Yt Xu Li-Qing!  Zhao Hai-Lin!  Li Ying-Ying??  Zhong Guo-
Qiang?  Hao Bao-Long"%  Ma Rui-Rui¥  Chen Wei*  Liu Hai-Qing"
Xu Guo-Sheng!  Hu Jian-Sheng!)  Wan Bao-Nian?  the EAST Team

1) (Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China)
2) (Hebei Key Laboratory of Compact Fusion, Langfang 065001, China)
3) (ENN Science and Technology Development Co., Ltd., Langfang 065001, China)
4) (Southwestern Institute of Physics, Chengdu 610041, China)

( Received 4 May 2023; revised manuscript received 5 June 2023 )
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

* Project supported by the National Key R&D Program of China (Grant Nos. 2019YFE03020000, 2018YFE0304100) and the
National Natural Science Foundation of China (Grant Nos. 12175271, 11975267).
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REGHTIEFDREE TR PR
BT 7R S5 iR HUIE IR A 3

Do KD S FY

1) (BT AR T BE, ALHE 610041)
2) (BT R AR, HUM 310027)
3) (N RZERK SRS K=&, I CA 92697-4574)

(2023 4F 2 A 21 Hig#); 2023 45 6 A 14 HU2HEHH)

2 Bl B 2 R B B S % AR BT 2% S 2l PR AT L e R e b B S PR R AR A LA T
TTTZ SR AR S — B B B BOR RIS AEZE T, B X SO BT UTHE R 1 vd A% 85 1 A v 0L 21 f) e
AE KL T B0 T 5 BORL T UK B AR BT DI B JRK S5 B Y PR PR EAT T — RO BIE B S . o T ik 2B oY
IR R Z5 55 2019 4F DIT-D JF )& 59 % 11052 e RE 8 5 K S IR B2 10 S 96 B DI AR G, DRLIH A S 3 R
F DIN-D B A AN 52560 1P 245, SR 1 9256 b LI A4 IR AR A L B 2R S5 AR AL 3 31 2 DA BT 2R 25 4%
P 5 1 S 0 T RRE BRSNS B RE A, DRI, 5 T A RO BT Z% S8 B Af .l T 52 3008 Tl AR AR B B
SR S, AR B0 7% 254 B AT L7 T X (430 24 /N T 04 ) A i S AT % ) 15 L T TR S5 P BRI, L
AT RULE e A DX (030 R T s AR5 T 3R B 1 B MR ) 5 R Bl R S A RS 4. BEAh, i T 32 B [l ok
B B0 | 15 ) A 2 4 DR e /)M(ELAT S T B S0 9 R0 ) ZR S5 EAR LU, 9K 8 LG s BT 7 S5 AR AEASE ) 8 E 2
R B o JRE T i 2 2 4 PR e/ (L ) AT B TR 8 38 e (L, A B4 E TR BT 2R S5 AR IR A F) AR A bR KR A 55 BE
R T IR B R A AR i o A B R A R 2 e TN T e /MBS b E BT S b N A LE R B R SR
ASEASE FNARAT BT /R S5 64 b THARE R AE . 5830 W, LU T B R S5 P A 1l T 52 ) ik 2 04 B T BELJE , PR T AR o

B RE AL TR, X5 S T — D ) B TN RS AR SR — B AR SCIE W] T — £ R 0 O AR L

TR RO S5 6 15 (L ASE AU 285 51 5 T ) 58 K g

KR RBY DI ROF e, W REihL T, AR, el Hy:

PACS: 52.35.Bj, 52.55.Pi, 52.35.Py, 52.30.Gz

1 3

= BE T R T (energetic particle, EP) 7 A8
S B T 0 2 SRR X R 214 T A A Sfe 2 30T 5
T SN HESEL X A AT G R S i PEE HoA &
BRSNS T SRR (D-T) 555 TR, 40
PONTE D-T 28 RN H 7 A i BT R s 1 kA T

il
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A 1 1 BE R B T LA 32 B R 29 A BE
i S AE S FAIAACRD /B R Bk 3. A H i
TFECHEHE X EP 59k PFHs 2T T H, 5
X —HLS A SR A7 AR ™ B Y 1), [n) B R 2ok § T
H EP & B EARIR G Bt R EP B R Hiis
WA, X TR USSR AR [ SRR F
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O G A AL B R BT SY (I ME S 2022YFE03040002, 2018YFE0304103). F 5 H ARl 24 3L 4 (kS 12261131622,
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Fig. 1. Continuous spectra of low-frequency shear Alfvén and acoustic branches for n = 3, m = 4—8: (al)—(cl) Considering the dia-

magnetic effects and thermal ion compressibility as well as drift Alfvén wave and drift wave sideband coupling via the wave-

thermal-passing-ion interaction and diamagnetic effect!”); (a2)—(c2) considering the diamagnetic effects and thermal ion compressib-

ility (well passing and deeply trapped particle dynamics)®®3. The equilibrium profiles of DIII-D #178631 at 1200 ms are adopted.
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R U BAE. X BN T J5 3508 I 132, I
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2 Heidbrink % B4 %} DIII-D 2 % 4 44178631 43 7 1y
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Fig. 2. The DIII-D experimental results from Ref. [34] by
Heidbrink et al.: (a) Cross-power spectrogram in the refer-
ence shot for ECE channels between 192—201 cm; (b) mea-
sured ¢min from EFIT reconstructions vs. time. The RSAE
(%), BAE(¢), and LFAM(O) symbols represent the val-

ues of m/n shown on the spectrogram.
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Fig. 3. Radial dependences of the typical scale lengths of
thermal and energetic particle pressure (Lp, and Lp; ),

magnetic shear (s) as well as the estimated radial mode
width ( Ap ).
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Fig. 4. Radial dependence of the normalized pressure gradi-
ent of EPs with the classical profile. Here, the normalized
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0.19, X2 EP WUk B Ih ST E 17 B Y AL Ry
fik; X KBM, 488 TRHEZL T A5 FIE 1A
J(=3.2+5.71) kHz, v/w ~ 1.8; X R M HAFE
FEMERYHBURRAE . X —RUE S5 RS 3Tk [40] HhfE
AR 2 R — 3L

4

3,/5/5’

A Re(w/wy) of KBM
A Im(w/wy) of KBM
—— Re(w/wy;) of BAE
-8- Im(w/wy;) of BAE

Bl 11 KBM(=FMTEARIC) M BAE(HFRICHIMLZR) B (i
GHRC) FIE K (ZLAPRT) 57 B L I HRBOC R
Fig. 11. Dependence of the real frequencies (blue markers)
and growth rates (red markers) of the KBM (triangle mark-
ers) and BAE (line with markers) on the radial mode num-
ber L.
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Fig. 12. Radial mode structure 8¢, (r) for the L =0
BAE. The approximate experimental measurement of the

mode structure of BAE is also shown.

# 1 SRR &R (m, n) = (8, 6) Ik
WSAW M (w/wi ) FIXTEE

Table 1.  Comparison of the low-frequency SAW frequen-
cies (w/wygi ) with (m, n) = (8, 6) calculated by local and
the global models.

i B N
LFAM 0.224 + 0.704i —0.111 + 0.1971
BAAE 0.824 — 0.9081 0.971 — 0.7341

BAE 2.537 + 0.251i1 2.807 + 0.527i1

4 % #
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Theoretical studies of low-frequency shear Alfvén waves in
reversed shear tokamak plasmas”

Ma Rui-Rui ¥t Chen Liu??  Qiu Zhi-Yong?
1) (Southwestern Institute of Physics, Chengdu 610041, China)
2) (Department of Physics, Zhejiang University, Hangzhou 310027, China)
3) (Deptartment of Physics and Astronomy, University of California, Irvine, California 92697-4574, USA)

( Received 21 February 2023; revised manuscript received 14 June 2023 )

Abstract

The low-frequency Alfvénic fluctuations in the kinetic thermal-ion gap frequency range have aroused the
interest of researchers since they can interact with background thermal particles and/or energetic particles. In
the theoretical framework of the general fishbone-like dispersion relation (GFLDR), we theoretically investigate
and delineate the linear wave properties of the low-frequency shear Alfvén wave excited by energetic and/or
thermal particles observed in tokamak experiments with reversed magnetic shear. These low-frequency shear
Alfvén waves are closely related to the dedicated experiment on energetic ion-driven low-frequency instabilities
conducted on DIII-D in 2019. Therefore, adopting the representative experimental equilibrium parameters of
DIII-D, in this work we demonstrate that the experimentally observed low-frequency modes and beta-induced
Alfvén eigenmodes (BAEs) are, respectively, the reactive-type unstable mode and dissipative-type unstable
mode, each with dominant Alfvénic polarization, thus the former being more precisely called low-frequency
Alfvén modes (LFAMs). More specifically, due to diamagnetic and trapped particle effects, the LFAM can be
coupled with the beta-induced Alfvén-acoustic mode (BAAE) in the low-frequency range (frequency much less
than the thermal-ion transit frequency and/or bounce frequency), or with the BAE in the high frequency range
(frequency higher than or comparable to the thermal-ion transit frequency), resulting in reactive-type
instabilities. Moreover, due to different instability mechanisms, the maximal drive of BAEs occurs in
comparison with LFAMs, when the minimum of the safety factor (gmn) deviates from a rational number.
Meanwhile, the BAE eigenfunction peaks at the radial position of the maximum energetic particle pressure
gradient, resulting in a large deviation from the ¢min surface. The ascending frequency spectrum patterns of the
experimentally observed BAEs and LFAMs can be theoretically reproduced by varying gmin, and they can also
be well explained based on the GFLDR. In particular, it is confirmed that the stability of the BAAE is not
affected by energetic ions, which is consistent with the first-principle-based theory predictions and simulation
results. The present analysis illustrates the solid predictive capability of the GFLDR and its practical

applications in enhancing the ability to explain experimental and numerical simulation results.
Keywords: low frequency shear Alfvén waves, energetic particles, instabilities, gyrokinetic
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Fig. 1. (a) Demonstration of trapped ion acceleration at the ion cyclotron resonance layer; (b) demonstration of basic mechanism of

high harmonic ICRF heating.
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Fig. 6. NBI heating alone (blue) and NBI-ICRF synergetic heating (red) induced fast Deuterium ion distribution as a function of

(a) radial position and (b) pitch angle. The dark red color in the figure is due to the overlap of the blue and red colors.
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Fig. 7. NBI heating alone and NBI-ICRF synergetic heating induced fast Deuterium ion distribution in the 2D magnetic torque and
toroidal momentum map with energy of (a) 60 keV and (b) 100 keV, respectively. It can be inferred from the figure that when the

energy of the fast ions are different, their distributions in the 2D map are also different.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Investigation of ICRF-NBI synergetic heating induced fast
ion distribution and transport in EAST tokamak”

Zhang Wei)  Zhang Xin-JunY® Liu Lu-Nan  Zhu Guang-Hui?
Yang Hua')  Zhang Hua-Peng?®  Zheng Yi-Feng! He Kai-Yang!
Huang Juan !

1) (Institute of Plasma Physics, Hefei Institute of Physical Science, Chinese Academy of Sciences, Hefei 230031, China)
2) (College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)
3) (School of Nuclear Sciences and Technology, University of Science and Technology of China, Hefei 230026, China)

( Received 29 March 2023; revised manuscript received 31 May 2023 )

Abstract

In magnetic confinement fusion plasmas, radio-frequency wave heating in the ion cyclotron range of
frequencies (ICRF) and neutral beam injection (NBI) are two main heating methods. Their synergetic heating
has long been a key topic in fusion research. In this work, we clarify the basic principles of ICRF high harmonic
heating and the synergetic heating between ICRF and NBI. Then, we perform a series of experiments on EAST
tokamak and carry out the corresponding TRANSP simulations. The results indicate that the ICRF-NBI
synergetic heating not only significantly increases the plasma parameters (including poloidal beta, plasma stored
energy, ion temperature and neutron yield), but also generates a large number of energetic particles and
develops an energetic particle tail in its distribution function. For instance, the ICRF third harmonic heating
with 1 MW of power can increase the energy of NBI fast ions from 60 to 600 keV. By changing the hydrogen
minority concentration, improving the ICRF and NBI heating power, using the on-axis ICRF heating or
optimizing the NBI injection angle, the ICRF-NBI synergetic heating effect can be further enhanced,
accompanied with an increase of fast ion energy. Moreover, by using the fast ion distribution as input in the
orbit tracing code, the transport and loss of energetic particles are calculated. The results show that the initial
positions of the lost energetic particles are on the low field side, and their orbits are mainly trapped orbits. The
loss of energetic particles is mainly located in the middle and upper plane of the main limiter, ICRF and LH
antenna limiters. The lost of these energetic particles are considered as one of the main reasons why hot spots

occur on the limiters.
Keywords: ion cyclotron resonance heating, neutral beam injection, synergetic heating, fast ion distribution

PACS: 52.25.Xz, 52.20.Dq, 52.35.Hr, 52.50.Gj DOI: 10.7498 /aps.72.20230482
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Numerical simulations of fishbones driven by fast ions in
negative triangularity tokamak”

Ren Zhen-Zhen!)  Shen Wei 2t

1) (School of Physics and Optoelectronic Engineering, Anhui University, Hefei 230601, China)
2) (Institute of Plasma Physics, Chinese Academy of Science, Hefei 230031, China)

( Received 23 April 2023; revised manuscript received 17 July 2023 )

Abstract

The discharges with negative triangularity have lower turbulence induced transport and better energy
confinement, so the tokamak with negative triangularity is recognized to be a better choice for future fusion
device. In order to explore the features of the energetic particle driven instabilities with negative triangularity,
the kinetic-magnetohydrodynamic hybrid code M3D-K is used to investigate the linear instability and nonlinear
evolution of the fishbone driven by energetic ions with different triangularity. Based on EAST-like parameters,
it is found that the negative triangularity destabilizes the ideal internal kink mode, but stabilizes the fishbone
instability. Nonlinear simulations show that the fishbone instability with negative triangularity is hard to
saturate without fluid nonlinearity. The possible explanation is that the orbits of fast ions are located more
centrally with negative triagularity, so the energy exchange between energetic ions and the fishbone is more
efficient than that with positive triangularity. These simulation results demonstrate that the negative
triangularity does not have an obvious advantage over the positive triangularity, with the fishbone driven by
energetic particles considered.

Keywords: negative triangularity, fast ions, fishbone instability

PACS: 52.25.Xz, 52.35.Bj, 52.30.Gz, 52.35.Py DOI: 10.7498 /aps.72.20230650
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Fig. 1. Layout of four neutral beams, the O and B-port view of FIDA, the location of the NES on EAST: (a) Top view; (b) poloidal
view. The red lines-of-sight are analyzed in this paper for shot #113648.
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Fig. 3. Time traces of shot #113648: (a) Neutron yield;
(b) poloidal beta; (c) neutral beam injection power; (d) ICRF
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Fig. 8. Reconstructions of the fast ion distribution function based on FIDA diagnostic measurements during NBI only heating:

(a) Zero-order Tikhonov regularization; (b) first-order Tikhonov regularization; (c) first-order Tikhonov regularization, null meas-

urement; (d) first-order Tikhonov regularization, known peak.
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Fig. 9. Reconstructions of synthetic signal based on the TRANSP distributions: (a) Zero-order Tikhonov regularization; (b) first-or-

der Tikhonov regularization; (c) first-order Tikhonov regularization, null measurement.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Tomography of fast ion distribution function under neutral
beam injection and ion cyclotron resonance heating on EAST"
Sun Yan-Xub?  Huang Juan’ Gao Wei! Chang Jia-Feng!

Zhang Wei  Shi Chang!  Li Yun-He?

1) (Institute of Plasma Physics, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China)
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3) (State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China)

( Received 24 May 2023; revised manuscript received 30 June 2023 )

Abstract

In magnetic confinement fusion devices, velocity-space tomography of fast-ion velocity distribution function
is crucial for investigating fast-ion distribution and transport. In the neutral beam injection (NBI) and ion
cyclotron resonance heating (ICRF) synergistic heating experiments in Experimental Advanced Superconducting
Tokamak (EAST), high-energy particles with energy exceeding the particle energy in NBI are observed.
Simulations of synergistic effect on fast-ion velocity distribution function given by TRANSP also show the
existence of particles with energy higher than the particle energy in NBI. To investigate the behaviors of fast
ion distribution and calculate the velocity distribution functions under different heating conditions, the first-
order Tikhonov regularization tomographic inversion method with higher inversion accuracy is introduced by
comparing various regularization techniques. The limitations of the dual-view fast-ion D, (FIDA) diagnostic
measurements in velocity space are addressed by incorporating prior information such as null measurement and
the known peaks and effectively mitigate the occurrence of artifacts. This method is first employed in the case
of NBI heating. The NBI peak is successfully reconstructed at the expected location in velocity space, which
shows significant improvement in the inversion results. In order to further validate the synergistic effect of NBI-
ICRF heating and study the mechanism of fast ion distribution under synergistic heating, the combination of
FIDA and neutron emission spectrometer (NES) is applied to the first-order Tikhonov regularization
tomographic inversion method for enhancing the coverage of velocity space, through which the issue of artifacts
in the inversion results is significantly improved, and thus the precision of the obtained fast-ion velocity
distribution functions is enhanced. Based on the benefit described above, the method of combining NES
diagnosis and FIDA diagnosis is used to obtain fast-ion velocity distribution functions in the NBI and ICRF
synergistic heating discharge. The synergistic heating effect is manifested in the fast-ion velocity distribution.
The availability of this inversion method in reconstructing fast-ion velocity distribution functions during high-
performance operation of NBI-ICRF synergistic heating in the EAST experiment is confirmed. In the next-step
EAST research, high performance discharge will demand more efficiency NBI and ICRF synergistic heating, the
present work builds the stage for investigating the underlying mechanism of synergistic heating and the
intricate behaviors associated with fast ion distribution and transport.

Keywords: velocity-space tomography, fast-ion D, spectroscopy, neutral beam injection, ion cyclotron

resonance heating.
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Fig. 1. (a) Comparison of the radial dependence of the rota-
tional transform and pressure, ¢/2n with (8) =0.5%,
between the HINT and VMEC codes; (b) the Poincaré plots
of initial magnetic surfaces with (8) = 0.5% at toroidal
angle ¢ = 0°, where the black, blue and red colors mark
the regions of p/pg < 1% , 1% < p/po < 10% , and p/po >
10% , respectively. The green line denotes the boundary of

the vacuum vessel.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Suppression mechanism of equilibrium magnetic islands in
CFQS low-3 plasma’

Su Xiang Wang Xian-Qu' Fu Tian  Xu Yu-Hong

(Institute of Fusion Science, School of Physical Science and Technology, Southwest Jiaotong University, Chengdu 610031, China)

( Received 6 April 2023; revised manuscript received 18 July 2023 )

Abstract

Magnetic island produced in toroidal magnetic confinement plasma has a three-dimensional helical
structure because of the rotational transform, especially the equilibrium magnetic surface of the stellarator is
three-dimensional helical structure. Thus, the formation and instability of the magnetic island of the Stellarator
is a typical issue of the three-dimensional physics and is also one of the key topics of the physics research of the
Stellarator. Magnetic islands and related tearing mode physics are major issues in stellarator. The non-
inductively current drive, i.e. electron cyclotron current drive (ECCD) can be used as one of the approaches to
adjusting the rotational transform, and hence, affecting the generation of magnetic islands. In this study, we use
an additional toroidal magnetic field to generate m/n = 5/2 magnetic islands in the low-8 operation on the
Chinese First Quasi-axisymmetric Stellarator (CFQS) so that the influence of the bootstrap current is
negligible. Then, we investigate the suppression mechanism of magnetic islands in low-8 plasma by using the
HINT code. It is found that in the case of the constant current, when the current direction is positive, with the
increase of current, the width of island increases. When the direction of current is reversed, the island is
suppressed when the current is larger than 6 kA. The main reason is that the rotational transform is away from
t/2n = 0.4 rational surface and the m/n=>5/2 magnetic island does not meet the resonance conditions. In the
case of local current profile, the magnetic island width decreases as a result of the enhanced magnetic shear at
t/2n = 0.4 rational surface. Moreover, effects of the direction and the amplitude of the current on the

suppression of magnetic islands are also discussed in more detail.
Keywords: quasi-axisymmetric stellarator, three-dimensional magnetic islands, toroidal current

PACS: 52.30.Cv, 52.35.Py, 52.55.Hc DOI: 10.7498 /aps.72.20230546
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2019YFE03020002), the National Natural Science Foundation of China (Grant Nos. 11975188, U22A20262), and the Science
and Technology Plan Project of Sichuan Province, China (Grant No. 2022JDJQ0036).
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Fig. 1. (a) Growth rate and (b) frequency as a function of
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luted by numerical noise. For comparison, the MEGA res-

ults are depicted by the black lines.
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Fig. 4. Representative trajectories of (a) trapped and (b) counter passing particles by including AE perturbation; the high magnetic

field side of (b) is enlarged in (c¢) to reveal trajectory variations.
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Fig. 5. (a) Loss boundary in (p, v/,/v) space with different energies; the loss region is on the right side of the curve. (b) loss cone

without/with AE perturbation. The blue area represents the loss cone without AE, and the additional loss by including AE is high-

lighted by the red area.
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Fig. 6. (a) Evolution of energy with n = 1—5 TAEs by MEGA; (b) cosine part of radial velocity for the most unstable n = 3 TAE.
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Fig. 7. (a) Growth rate in each flux surface of n = 1—5 TAEs by TGLFEP; (b) comparison between critical a/L,pp profiles with

n=1—4and n = 3.
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Fig. 8. (a) Density profile comparison: Black curve repres-
ents classical slowing down; the red curve is inferred from
experiment data; blue curve represents original CGM
without loss cone effect; purple/green curve is improved
CGM with loss cone from AE perturbed/unperturbed or-
bits; yellow curve represents MEGA results. (b) EP redistri-

bution in pitch angle space.
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Fig. 9. Spatial profile of n = 4 TAE, where cosine and sine
part of radial velocity are depicted by solid and dash curve,

respectively.
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Fig. 11. Pressure profile of classical slowing down (black),
previous (blue) and improved (red) CGM. For comparison,
experimental data is depicted by green triangles with error

bar.
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Fig. 12. Flow chart of the neutral network (NN). The NN
estimates if the AE can be excited at first, and calculates

the two coefficients k; and k, for AE unstable location.
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Fig. 13. (a) Loss (mean square error) and (b) accuracy for AE stability estimation versus training epoch.
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Fig. 16. Coefficients of k; and k, predicted by NN with loss function of MSE (blue) and custom loss function (red): (a), (b) Case 1;
(c), (d) Case 2; (e), (f) Case 3. For comparison, TGLFEP results are depicted by black curve.
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Fig. 17. EP profile comparison for the equilibrium with (a) monotonic, (b) weak and (c) strong shear ¢-profile. In each panel, green
curve depicts initial EP profile with classical slowing down distribution and black curve depicts EP profile with the critical gradient
calculated by TGLFEP. The blue and red curves depict EP profiles by NN with loss function of MSE and custom loss function, re-

spectively.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Improvement of critical gradient model and establishment of
an energetic particle module for integrated simulation”

Zou Yun-Peng "  Chan Vincent??3  Chen Weil)

1) (Southwestern Institute of Physics, Chengdu 610041, China)
2) (General Atomics, California 92186-5608, USA)
3) (School of Nuclear Science and Technology, University of Science and Technology of China, Hefei 230026, China)

( Received 27 April 2023; revised manuscript received 4 July 2023 )

Abstract

Based on the critical gradient model , the combination of the TGLFEP code and EPtran code is employed
to predict energetic particle (EP) transport induced by Alfvén eigenmodes (AEs). To be consistent with the
experimental results, the model was improved recently by taking into consideration the threshold evolution and
orbit loss mechanism. The threshold is modified to be the normalized critical gradient ((dn/dr)/(n/a)) instead
of the critical gradient (dn/dr), and the new threshold is defined as a function inversely proportional to the EP
density as obtained by the TGLFEP code. Additionally, the EP loss cone calculated by ORBIT is added into
the EPtran code, which provides an important additional core loss channel for EPs due to finite orbits. With
these two improvements, the EP redistribution profiles are found to very well reproduce the experimental
profiles of two DIII-D validation cases (#142111 and #153071) with multiple unstable AEs and large-scale EP
transport. In addition, a neural network is established to replace TGLFEP for critical gradient calculation, and
EPtran code is rewritten with parallel computing. Based on this, a module of EP is established and it is added
into the integrated simulation of OMFIT framework. The integrated simulation of HL-3 with AE transported
neutral beam EP profile indicates that EP transport reduces the total pressure and current as expected, but

under some condition it could also raise the safety factor in the core.
Keywords: energetic particle, Alfvén eigenmode, critical gradient model, transport
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Fig. 1. History evolution of basic parameters during the
27214 and 27216 discharges on HL-2A tokamak: (a) Plasma
current; (b) toroidal magnetic field; (c) line-averaged elec-
tron density (solid) and voltage signal of gas puffing (dot);
(d) electron temperature; (e) ion temperature; (f) rotation
frequency; (g) plasma beta; (h) power of NBI and ECRH.
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Fig. 2. Power deposition position of ECRH during the
27214 (black) and 27216 (red) discharges.
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Fig. 3. Magnetic spectrum for the 27214 (a) and 27216 (b)

discharges. Noted that, the black curves are the power of
ECRH ( x40).

215208-3


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)

215208

U AR, ECRH T AR #5258 2
(R IR ) RS A n =2 Fln=3
A S BT VIR R SFAIERR. RSAE & S 85 YN T 455
TR AR S PR, JHE F BRI R A
Bl E e /N A T (gmin ) 2B A0S AR 26270 A I
AIARE RSAE MM e i/ N+ o TR
B gmin 8 B, 5l AT Van Zeeland £ 57 /) RSAE
R A AR (8] HARGN T

fTAE - fRSAE-min

V2-1

HP frsapmin M B/ RSAE B8, A ] 10 5256 %
W], RSAE A8 2T BR 5 bb He BT JR 25 AR A543 4

1 7 T, /2T
R LN Suiby £ A e
fBAE A + T : AH 28 B fRs AR-min
feaE~40 kHz ; frap 2 0[] BA] R 25 A AR 1) 31 2%

WA S S RO frae ~ 250 kHz; fro = 10 kHz;

f _ 2(m B HQmin) 2+1 1 -9
s — [(2m _ znqmin)p + 1]1/p 9 p= )

K/ NER T Goin PEE T YT /R S5 AR
R AL, B 495 T AR L R AR 3 Y
RSAE SR A/ NE 2T, Hd 20485078 g,
W o x 7 BRI n = 2 Fln = 3
) RSAE SR, (HA345 H 12, KRIRE R ERET 7T LA
2 RSAE [ B 1) AR50 (H 2 0 32 0 2 i [ 485K,
AT HL-2A 3 8 f/ N FHTE ¢ = 1 HHEIE
H RSAE JE38AE gunin A, AR B m = n.
FEABE MR R e/ NG 4 R IR 25 1 T, AT R
) n = 2 Fln = 3 RSAE Hl 3R 5 556§ R FL A AH
5. AT HEWT, 7 RSAE #i 26 M\ 95 kHz F & &
75 kHz i B2 1, gmin N 1.085 F [ £ 1.035. X
SRR S8 2930« gin > 1 H ngmin —m > 0
BF, RSAE BEA qmin 980/1NT 22 30 [0] R $50000 (4 R AIE”
— . SR BN, Y ECRH AR %4 H T
KA, B R Gin < 1728 K guin > 1.
AN TR 7 D F 3 3K Bh BB AR T S T Ak
HLL % ¥, ECRH R ZIIReE IS & iR A
SRR TR A AR . WL, 45
B PR R R SR A% 4 H il it Grad-
Shafranov 7 REREA7E—i, B4R Bl

1
Jo = RP'+ L FF, 2)

Hop, P RSB TR F = RBy I RETH PREL,
By NI, PR TR, J, N

JRSAE = fRSAE-min T+ f5 + nfror, (1)

A TR ARREIE, o WELASHE R, H (2) R
AL, PR T, L. T e T
5 B I, R T LS o O B 1k
PRSI0 % B TV B e 2 T

105 - - 1.11

o 1.09

85

f/kHz

730 750 770 790
t/ms

4 H 27216 WAR RS TR AR P R BT DI T R SR AR AT
BT AR /N2 2
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charge.
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quency frot; (c) electron temperature Te, the dotted lines indicate locations of internal transport barrier in electron temperature;

(d) ion temperature T;; (e) plasma pressure P = ne(T: + T;)K , K is the Kelvin constant; (f) safety factor.
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Fig. 7. (al), (a2) Electron temperature profile, (bl), (b2) temperature gradient and (cl), (¢2) pressure gradient during 700—750 ms
for the 27124 (left) and 27216 (right) discharges.
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215208-6


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)

215208

WEE 1.03 B, v/ wa BEAE N 1.0x1073 | HY guin=0.89
BFREAR T 1/3. ASXEHEWT, a0 R fe/ Ve 2 R il —
HAR, BRI R AR Y 0, BB RIYE o8
A [EREER R, AEEREA T =16
PRTAT AT 43 oy g #0045 R0 A TR 0 1 452 7 288 120,
X guin > VHENRE ¢ = 1 A, M3D-K
B3 1t B AR AR IR IR 1Y . AR ILIR BB A
FRHIE 5 AR A0 B AR K DX, iR ]
AEREA AR S/ NI BE AR Ak S5 25 38 DR A A

3 K& 5tk

AL FBEAE T HL-2A 38 |7t
TR 3 PR 2 4 PR 5 M 1 A o 35 SR 1 B
S FEAHFE AT R, B AnzCR th
PRI R 4. Y UTRU B e N 4 7 Ry 3
7 B 5 NS S 2 AR A B A — SO, S
A BE S BT B AR 52 A . R RE A 4 BEAIL
B, KUJREE L PUE e AR, 45 8RR
BEEE AR L 2N FRT 1, &4 ¢= 1 AHH
(RIS BB R SE . AR, XU
ECRH 5% Wi g i i) —Fh ml gtk 2 —. ECRH
A B3 3 5 0 0 R AT EIOR S i £ B AR, 3 TT g E
U 1R R HL 0 A R DI 52 X ) 6 K%
EERAGEREMNRLGAER FWEAL. i T ECRH
MR SHOR 2, X AR 32 S il = e R A
R Py LG AR S e, ik B/ H ok N
I LB Be . A, ZEWFSE R R s A JLAN ]
ARG, 1) ECRH AR, ¢ = 1A HAIHE
365 SRR TR R Ao SC IR AE — S Y 7 SE 0
RIL, FEMRIE AR, RATURTE N
iz BRI, ¢ = 1 HHEMEASHEK. 4 ECRH ¥
INEE N B AN X IR, ¢ = 1A B AR SR AE.
BT 5= T2 W0 (UNshZAS i s frdiR Y
SO AL AR ), FRATTICTE X 2 4 R+
AT, HAEA IR fa B AU R . RSAE H)
E g =1 HHEEREE/E. 2T ECRH VIR
A {7 # B B ECRH WIRI 7 AR, 224 Bk 0
Ap A AL N XE T #4 5 . 2) ECRH A [A] TR 8 % e
TGS AT ? SEERZE SR, LRl AR AT
F 3B PR AR AR B AT re T
R HA K K AR X R TR S
2, FTREXT 2T ECRH IR B EZE X, (E
feit—2 M. 3) AT I BRECE FEIL ECRH 330

P 1) B AT L AR P 25 A5 B IR 2 P RE AT R 1Y 111
T2 ? R BIEAFHE H 02, ECRHIE AR BTl
FEMFRE 2 keV FEIRE] 1 keV, WA K
SN TTREARG, SO0 T 2R HAT 5 B iR B A
L9 B A 46 B8 IR AR AR AL, i T AR
Frm e A RUE MR TRISOR , [Ri )CE R
TR ok /M o) TF- BT R AN B R, 75 B R IR
AR ESERIEAR TR, B E PR R AR5
Wy AW T, S Re AT IE AR T T
PRI T A ke B i 2 A A FH 3340, T = B AR AN
R MR A Ry 2 T 24 1 B A 2 SR M i Y O B
PRI 2R 9, S s P o £ 52 T BRI

S 30k

[1] McGuire K, Goldston R, Bell M, et al. 1983 Phys. Rev. Lett.
50 891
[2] Chen L, White R B, Rosenbluth M N 1984 Phys. Rev. Lett.
52 1122
(3] Heidbrink W W, Sager G 1990 Nucl. Fusion 30 1015
[4] Nave M F F, Campbell D J, Joffrin E, et al. 1991 Nucl.
Fusion 31 697
[5] Zonca F, Chen L, Botrugno A, et al. 2009 Nucl. Fusion 49
085009
6] Wong K L, Chu M S, Luce T C, et al. 2000 Phys. Rev. Lett.
85 996
[7 Yu L M, Ding X T, Chen W, et al. 2013 Nucl. Fusion 53
053002
[8] Perez von Thun C, Perona A, Johnson T, et al. 2010 Nucl.
Fusion 50 084009
[9] Perez von Thun C, Salmi A, Perona A, et al. 2012 Nucl.
Fusion 52 094010
[10] Kiptily V G, Fitzgerald M, Goloborodko V| et al. 2018 Nucl.
Fusion 58 014003
[11] Anderson D, Elevant T, Hamnén H, et al. 1993 Fusion Sci.
Tech. 23 5
[12] Hender T C, Buratti P, Casson F J, et al. 2016 Nucl. Fusion
56 066002
[13] Fredrickson E D, Belova E V, Battaglia D J, et al. 2017
Phys. Rev. Lett. 118 265001
[14] Bortolon A, Heidbrink W W, Kramer G J, et al. 2013 Phys.
Rev. Lett. 110 265008
[15] Maslovsky D, Levitt B, Mauel M E, et al. 2003 Phys. Rev.
Lett. 90 185001
[16] Nagaoka K, Ido T, Ascastbar E, et al. 2013 Nucl. Fusion 53
072004
[17] Van Zeeland M A, Heidbrink W W, Nazikian R, et al. 2009
Nucl. Fusion 49 065003
[18] Van Zeeland M A, Heidbrink W W, Sharapov S E, et al. 2016
Nucl. Fusion 56 112007
[19] Yamamoto S, Nagasaki K, Kobayashi S, et al. 2017 Nucl.
Fusion 57 126065
[20) Chen W, Yu L M, Shi P W, et al. 2018 Nucl. Fusion 58
014001
[21] Shi P W, Chen W, Duan X R 2021 Chin. Phys. Lett. 38
035202
[22] Seol J, Lee S G, Park B H, et al. 2012 Phys. Rev. Lett. 109

215208-7


https://doi.org/10.1103/PhysRevLett.50.891
https://doi.org/10.1103/PhysRevLett.50.891
https://doi.org/10.1103/PhysRevLett.50.891
https://doi.org/10.1103/PhysRevLett.50.891
https://doi.org/10.1103/PhysRevLett.50.891
https://doi.org/10.1103/PhysRevLett.50.891
https://doi.org/10.1103/PhysRevLett.52.1122
https://doi.org/10.1103/PhysRevLett.52.1122
https://doi.org/10.1103/PhysRevLett.52.1122
https://doi.org/10.1103/PhysRevLett.52.1122
https://doi.org/10.1103/PhysRevLett.52.1122
https://doi.org/10.1103/PhysRevLett.52.1122
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/30/6/004
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/31/4/007
https://doi.org/10.1088/0029-5515/49/8/085009
https://doi.org/10.1088/0029-5515/49/8/085009
https://doi.org/10.1088/0029-5515/49/8/085009
https://doi.org/10.1088/0029-5515/49/8/085009
https://doi.org/10.1088/0029-5515/49/8/085009
https://doi.org/10.1088/0029-5515/49/8/085009
https://doi.org/10.1103/PhysRevLett.85.996
https://doi.org/10.1103/PhysRevLett.85.996
https://doi.org/10.1103/PhysRevLett.85.996
https://doi.org/10.1103/PhysRevLett.85.996
https://doi.org/10.1103/PhysRevLett.85.996
https://doi.org/10.1103/PhysRevLett.85.996
https://doi.org/10.1088/0029-5515/53/5/053002
https://doi.org/10.1088/0029-5515/53/5/053002
https://doi.org/10.1088/0029-5515/53/5/053002
https://doi.org/10.1088/0029-5515/53/5/053002
https://doi.org/10.1088/0029-5515/53/5/053002
https://doi.org/10.1088/0029-5515/53/5/053002
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/50/8/084009
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/0029-5515/52/9/094010
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.1088/1741-4326/aa9340
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.13182/FST93-A30117
https://doi.org/10.1088/0029-5515/56/6/066002
https://doi.org/10.1088/0029-5515/56/6/066002
https://doi.org/10.1088/0029-5515/56/6/066002
https://doi.org/10.1088/0029-5515/56/6/066002
https://doi.org/10.1088/0029-5515/56/6/066002
https://doi.org/10.1088/0029-5515/56/6/066002
https://doi.org/10.1103/PhysRevLett.118.265001
https://doi.org/10.1103/PhysRevLett.118.265001
https://doi.org/10.1103/PhysRevLett.118.265001
https://doi.org/10.1103/PhysRevLett.118.265001
https://doi.org/10.1103/PhysRevLett.118.265001
https://doi.org/10.1103/PhysRevLett.118.265001
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.110.265008
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1103/PhysRevLett.90.185001
https://doi.org/10.1088/0029-5515/53/7/072004
https://doi.org/10.1088/0029-5515/53/7/072004
https://doi.org/10.1088/0029-5515/53/7/072004
https://doi.org/10.1088/0029-5515/53/7/072004
https://doi.org/10.1088/0029-5515/53/7/072004
https://doi.org/10.1088/0029-5515/53/7/072004
https://doi.org/10.1088/0029-5515/49/6/065003
https://doi.org/10.1088/0029-5515/49/6/065003
https://doi.org/10.1088/0029-5515/49/6/065003
https://doi.org/10.1088/0029-5515/49/6/065003
https://doi.org/10.1088/0029-5515/49/6/065003
https://doi.org/10.1088/0029-5515/49/6/065003
https://doi.org/10.1088/0029-5515/56/11/112007
https://doi.org/10.1088/0029-5515/56/11/112007
https://doi.org/10.1088/0029-5515/56/11/112007
https://doi.org/10.1088/0029-5515/56/11/112007
https://doi.org/10.1088/0029-5515/56/11/112007
https://doi.org/10.1088/0029-5515/56/11/112007
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa8f04
https://doi.org/10.1088/1741-4326/aa928c
https://doi.org/10.1088/1741-4326/aa928c
https://doi.org/10.1088/1741-4326/aa928c
https://doi.org/10.1088/1741-4326/aa928c
https://doi.org/10.1088/1741-4326/aa928c
https://doi.org/10.1088/1741-4326/aa928c
https://doi.org/10.1088/0256-307X/38/3/035202
https://doi.org/10.1088/0256-307X/38/3/035202
https://doi.org/10.1088/0256-307X/38/3/035202
https://doi.org/10.1088/0256-307X/38/3/035202
https://doi.org/10.1088/0256-307X/38/3/035202
https://doi.org/10.1088/0256-307X/38/3/035202
https://doi.org/10.1103/PhysRevLett.109.195003
https://doi.org/10.1103/PhysRevLett.109.195003
https://doi.org/10.1103/PhysRevLett.109.195003
https://doi.org/10.1103/PhysRevLett.109.195003
https://doi.org/10.1103/PhysRevLett.109.195003
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)

215208

(23]
[24]
(25]
[26]
(27]

28]

195003

Shi P W, Zhu X L, Liang A S, et al. 2022 Nucl. Fusion 62
106009

Wei W, Li M H, Wang X J 2018 Nucl. Fusion Plasma Phys.
38 144

Chen W, Ding X T, Yu L M, et al. 2010 Nucl. Fusion 50
084008

Berk H L, Borba, D N, Breizman B N, et al. 2001 Phys. Rev.
Lett. 87 185002

Shi P W, Yang Y R, Chen W, et al. 2022 Chin. Phys. Lett.
39 105201

Shi P W, Chen W, Shi Z B, et al. 2019 Nucl. Fusion 59

29]
(30]

(31]
(32]
(33]

(34]
35]

215208-8

066015

Chen W, Yu L M, Liu Y, et al. 2014 Nucl. Fusion 54 104002
Yang Y R, Chen W, Ye M Y, et al. 2020 Nucl. Fusion 60
106012

Chen W J, Ma Z W, Zhang H W, et al. 2022 Plasma Sci.
Tech. 24 035101

Yu L M, Chen W, Jiang M, et al. 2017 Nucl. Fusion 57
036023

Chen L, Zonca F 2016 Rev. Mod. Phys. 88 015008

Chen W, Wang Z X 2020 Chin. Phys. Lett. 37 125001
Heidbrink W W 2002 Phys. Plasmas 9 2113


https://doi.org/10.1103/PhysRevLett.109.195003
https://doi.org/10.1088/1741-4326/ac8691
https://doi.org/10.1088/1741-4326/ac8691
https://doi.org/10.1088/1741-4326/ac8691
https://doi.org/10.1088/1741-4326/ac8691
https://doi.org/10.1088/1741-4326/ac8691
https://doi.org/10.1088/1741-4326/ac8691
https://doi.org/DOI: 10.16568/j.0254-6086.201802004
https://doi.org/DOI: 10.16568/j.0254-6086.201802004
https://doi.org/DOI: 10.16568/j.0254-6086.201802004
https://doi.org/DOI: 10.16568/j.0254-6086.201802004
https://doi.org/DOI: 10.16568/j.0254-6086.201802004
https://doi.org/DOI: 10.16568/j.0254-6086.201802004
https://doi.org/10.1088/0029-5515/50/8/084008
https://doi.org/10.1088/0029-5515/50/8/084008
https://doi.org/10.1088/0029-5515/50/8/084008
https://doi.org/10.1088/0029-5515/50/8/084008
https://doi.org/10.1088/0029-5515/50/8/084008
https://doi.org/10.1088/0029-5515/50/8/084008
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1103/PhysRevLett.87.185002
https://doi.org/10.1088/0256-307X/39/10/105201
https://doi.org/10.1088/0256-307X/39/10/105201
https://doi.org/10.1088/0256-307X/39/10/105201
https://doi.org/10.1088/0256-307X/39/10/105201
https://doi.org/10.1088/0256-307X/39/10/105201
https://doi.org/10.1088/0256-307X/39/10/105201
https://doi.org/10.1088/1741-4326/ab05ee
https://doi.org/10.1088/1741-4326/ab05ee
https://doi.org/10.1088/1741-4326/ab05ee
https://doi.org/10.1088/1741-4326/ab05ee
https://doi.org/10.1088/1741-4326/ab05ee
https://doi.org/10.1088/1741-4326/ab05ee
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/0029-5515/54/10/104002
https://doi.org/10.1088/1741-4326/aba673
https://doi.org/10.1088/1741-4326/aba673
https://doi.org/10.1088/1741-4326/aba673
https://doi.org/10.1088/1741-4326/aba673
https://doi.org/10.1088/1741-4326/aba673
https://doi.org/10.1088/1741-4326/aba673
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/2058-6272/ac48de
https://doi.org/10.1088/1741-4326/aa4f5e
https://doi.org/10.1088/1741-4326/aa4f5e
https://doi.org/10.1088/1741-4326/aa4f5e
https://doi.org/10.1088/1741-4326/aa4f5e
https://doi.org/10.1088/1741-4326/aa4f5e
https://doi.org/10.1088/1741-4326/aa4f5e
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1103/RevModPhys.88.015008
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1088/0256-307X/37/12/125001
https://doi.org/10.1063/1.1461383
https://doi.org/10.1063/1.1461383
https://doi.org/10.1063/1.1461383
https://doi.org/10.1063/1.1461383
https://doi.org/10.1063/1.1461383
https://doi.org/10.1063/1.1461383
https://doi.org/10.1063/1.1461383
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) 215208

SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Effect of deposition location of electron cyclotron resonance

heating on active control of fishbone modes
in the HL-2A tokamak”

Shi Pei-Wan!)  Zhu Xiao-Long?  Chen Wei!" Yu XinV
Yang Zeng-Chen?  He Xiao-Xue!  Wang Zheng-Xiong?
1) (Southwestern Institute of Physics, Chengdu 610041, China)

2) (Key Laboratory of Materials Modification by Laser, Ion, and Electron Beams, School of Physics,

Dalian University of Technology, Dalian 116024, China)

( Received 28 April 2023; revised manuscript received 20 July 2023 )

Abstract

Experiment on suppressing fishbone activities is carried out in HL-2A tokamak by electron cyclotron
resonance heating (ECRH). To achieve multiple deposition locations of ECRH, the magnetic field is in a range
of 1.22—1.4 T from shot to shot. It is found that the fishbone modes exhibit different characteristics at different
radial deposition locations. With the same injected power, the effect of off-axis ECRH is much better than that
of on-axis heating. The fishbone modes can be completely suppressed when ECRH is deposited nearby the ¢ = 1
rational surface, but would only mitigate in other cases. Further analysis indicate that injection of high power
ECRH leads the electron temperature to increase, then the pressure gradient and plasma current density to
change, finally safety factor to change and the minimum safety factor to reach a value larger than 1.
Meanwhile, M3D-K simulation results show that the growth rate of fishbone mode declines with the increase of
Gmin- In other words, the growth of safety factor and disappearance of ¢ = 1 rational surface induced by ECRH
contribute to the suppression of fishbone activities. The experimental results reported here may not only help to
better understand complex effects of ECRH on magnetohydrodynamic instability, but also provide a physics
basis for actively controlling the energetic particle driven modes in the future magnetic confined fusion devices.

Keywords: electron cyclotron resonance heating, deposition location, active control, fishbone modes

PACS: 52.35.Mw, 52.35.Bj, 52.35.Py, 52.35.Fp DOI: 10.7498 /aps.72.20230696
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Fig. 1. Classical energy slowing-down distributions f;, f, and
f3 obtained for the electron temperatures of 27.78, 14.4 and

6.7 keV, and their corresponding electron densities of
1.14x10%, 9.34x 10" and 7.47x10" m~3.
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Fig. 2. Background plasma profiles in CFETR: (a) Density, temperature, and safety factor profiles in steady-state scenario;

(b) density, temperature and safety factor profiles in hybrid scenario.
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Fig. 3. Time evolution of various physical quantities in CFETR steady-state scenario (solid lines) and hybrid scenario (dashed

lines): (a) Number of « particles; (b) loss rate of « particles; (c) heating power of a particles to the background plasma; (d) aver-

age energy of « particles.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Numerical simulation of a particle slowing-down process
under CFETR scenario”

Wu Xiang-Feng  Wang Feng!’ Lin Zhan-Hong  Chen Luo-Yu
Yu Zhao-Ke  Wu Kai-Bang  Wang Zheng-Xiong

(Dalian University of Technology, Dalian 116024, China)

( Received 29 April 2023; revised manuscript received 8 June 2023 )

Abstract

The high-energy o particles produced by deuterium-tritium fusion are the primary heating source for
maintaining high temperatures in future tokamak plasma. Effective confinement of a particles is crucial for
sustaining steady-state burning plasma. The initial energy of « particles is 3.5 MeV. According to theoretical
calculations, it takes approximately 1 second to slow down « particles through Coulomb collisions to an energy
range similar to the energy range of the background plasma. In the slowing-down process, some « particles may
be lost owing to various transport processes. One significant research problem is how to utilize a particles to
effectively heat fuel ions so as to sustain fusion reactions in a reactor. Assuming local Coulomb collisions and
neglecting orbital effects, a classical slowing-down distribution for « particles can be derived. However,
considering the substantial drift orbit width of « particles and the importance of spatial transport, numerical
calculations are required to obtain more accurate a particle distribution function. In this study, the particle
tracer code (PTC) is used to numerically simulate the slowing-down process of « particles under different
scenarios in the Chinese Fusion Engineering Test Reactor (CFETR). By combining particle orbit tracing
method with Monte Carlo collision method, a more realistic a particle distribution function can be obtained and
compared with the classical slowing-down distribution. The results show significant differences between this
distribution function and the classical slowing-down distribution, particularly in the moderate energy range.
Further analysis indicates that these disparities are primarily caused by the strong radial transport of «
particles at these energy levels. The research findings hold profound implications for the precise evaluating of
ability of «a particles to heat the background plasma. Understanding and characterizing the behavior of «
particles in the slowing-down process and their interaction with the plasma is critical for designing and
optimizing future fusion reactors. By attaining a deeper comprehension of the spatial transport and distribution
of a particles, it becomes possible to enhance the efficiency of fuel ion heating and sustain fusion reactions more
effectively. This study establishes a foundation for subsequent investigations and evaluation of « particles as a

highly efficient heating source for fusion plasmas.
Keywords: tokamak, a particles, slowing-down distribution

PACS: 52.50.Gj, 52.55.Fa, 52.55.Pi, 52.65.—y DOI: 10.7498 /aps.72.20230700
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Fig. 1. Equilibrium profiles used in the simulation, namely
the experimental profiles at t=0.64s on NSTX shot 134020:
(a) Safety factor profile ¢ denoted by red solid line corres-
ponding to case 1, the down-shifted ¢ profile denoted by
black dotted line corresponding to case 2; (b) total pressure
profile p including fast ion pressure and thermal plasma
pressure; (c) plasma density profile n. Blue dotted line de-

notes ¢ = 2.
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Fig. 2. (a) Mode structure U of coupled m/n =1/1 non-resonant kink mode and m/n =2/1 tearing mode at ¢t = 30074 , the

two red circles from inner to outer respectively denotes ¢ = 1.24 and ¢ = 2 resonant surfaces; (b) the Poincare plot for the per-

turbed magnetic field line at toroidal angle ¢ =0 (t = 30074 ); (c) the mode structure U of coupled m/n = 1/1 non-resonant

kink mode and m/n = 2/1 tearing mode at t = 7507, .
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Fig. 3. (a) Nonlinear evolution of amplitude for coupled
m/n = 1/1 non-resonant kink mode and m/n =2/1 tear-
ing mode; (b) the evolution of frequency spectrum of
coupled m/n =1/1 non-resonant kink mode and m/n =

2/1 tearing mode.
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Fig. 4. (a) Mode structure of coupled m/n = 1/1 non-resonant kink mode at ¢t = 15074 , the red circle denotes the location of ¢ =

1.24 resonance surface; (b) the Poincare plot for the perturbed magnetic field line at toroidal angle ¢ =0 (t = 1507 ); (c) the

mode structure of coupled m/n = 1/1 non-resonant kink mode at ¢ = 30074 .
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Fig. 5. (a) Nonlinear evolution of amplitude for m/n =1/1

non-resonant kink mode; (b) the evolution of frequency

spectrum of m/n = 1/1 non-resonant kink mode.
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Fig. 6. During the nonlinear evolution of m/n =1/1 non-resonant kink mode, the distribution function F around magnetic mo-

ment x4 = 0.3343 in ( Py, E') space at the initial moment (a) ¢ = 0, the initial saturation moment (b) t = 2017, , the late satura-

tion moments (¢) t = 3007a and (d) t = 4007, .
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Fig. 7. During the nonlinear evolution of coupled m/n = 1/1 non-resonant kink mode and m/n = 2/1 tearing mode, the distribu-

tion function F' around magnetic moment x4 = 0.3343 in ( Py, E') space at the initial moment (a) ¢ = 0, the initial saturation mo-
ment (b) t = 40074 , the late saturation moments (c) ¢t = 60075y and (d) ¢t = 90074 .

PR, T LA BRI ERER —0.42 < Py < —0.38 X1,
(PR~ A1 R AR BA S 0 R 9%, DB Frax A~
FHZS [ PR T & AR T BB k. 008 kAt
PRAHEAEHI 0 R, F850 AT LA S350 2 ] rh
LT UIE B B 77 A ) I e R TR RN B B R B BT
(7] B, ] DA BOR - LR AR B4R R ™ A i ik
5 H TS RN B J3E e B 158, ok ks A A s | 4
KRG ) EZE YRR B 7(c) RIELtEA
L2 A AR AR AR B B 1) 43 A1 pR R, 7T
VIEBIEIR A e A8 R J7 ) L, Pk —E )
Bz, WINTE 0.3 < B < 0.6 X8, AHX T3 4k i 21
A1 7(a) FEAEL A R S8 Bery &l 7(b), fEHY
FHRe AL KW A LB E. K 7(d) R
SETEARZE S I AR R Be 1) o3 A pR R, — 7
5 7(a), (b) F1 (c) ML, 7T LAE BI7E 45 1K
R Py < —0.4 X3, W& RE AR T7 10 Bk
i i — DY R O — 5 AR SRR A A
NIRRT Py > 0.3, 4 K B POk 7 9 iz
B 7 AEIE S ih B L R AR R s | B
AR, X — IR AT FHA 3 AaFZIE 7(a),
(b) A1 (c) JAEH A B Ay, HR N 22 A TS 1)
m/n = 1/1IEHIRNFH BTN m/n = 2/1 #5482
[ PR RIAH EAE R, B TS AA e T Rl A PR
NS RS v B N R S BL TR A= Bl SR YN Am aY-24

MR, —T7HHEATEER m/n = 1/1 R4 A
AR LRSS, T 5050 A8 PROE T 16] A 22 R 9 77 1] L
iz, AL AT LR 0 B A PR 2 A2 1] 1) 1
15, Fi—J5i il m/n = 2/1 i3] DLE— R ok
TUTE AR SN TT T s KRR KRS A
m/n = 1/13F 4R P HL AR ) 175 B0 AH EEAT DX B9
EERN. F 8 X THEGE I m/n = 1/1EIHR N
LA m /0 = 2/1 BiRBAR DL, 3 i A B PRk 1

25
0 fioss VS Amax
— floss X Amax
20 ()
o
o 156F o
X
~
8
= 10}
o
5 L
0 0.005 0.010 0.015 0.020
Amax

8 MEH m/n=1/13E RN M B m/n =
2/ 1 2 R R IR Amax 5 PR T3 fioss HY
FERRKFR

Fig. 8. In the case of coupled m/n =1/1 non-resonant
kink mode and m/n =2/1 tearing mode, lost particle

fraction floss as a function of the mode amplitude.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Hybrid numerical simulation on fast particle transport
induced by synergistic interaction of low- and
medium-frequency magnetohydrodynamic
instabilities in tokamak plasma’

Zhu Xiao-Long!  Chen Wei? Wang Feng!) Wang Zheng-Xiong 1
1) (Key Laboratory of Materials Modification by Laser, Ion, and Electron Beams, School of Physics,
Dalian University of Technology, Dalian 116024, China)
2) (Southwestern Institute of Physics, Chengdu 610041, China)

( Received 17 April 2023; revised manuscript received 30 May 2023 )

Abstract

In tokamak experiments, various magnetohydrodynamic (MHD) instabilities usually co-exist and interact
with fast particles. It can cause the fast particles to significantly transport and lose, which results in damaging
the first wall and quenching discharge in tokamak. Therefore, the understanding of the physical mechanism of
fast particle transport caused by MHD instabilities is crucial and this physical problem needs solving urgently
for the steady-state long pulse operation of future reactor-graded devices. According to the phenomenon of
synergy between non-resonant internal kink mode and tearing mode, observed experimentally on NSTX, a
spherical tokamak device, we utilize the global nonlinear hybrid-kinetic simulation code M3D-K to study and
compare the characteristics of loss, transport and redistribution of fast particles in the two cases: 1) the synergy
between the non-resonant internal kink mode and tearing mode and 2) only non-resonant internal kink modes.
The physical mechanisms of transport, loss, and redistribution of fast particles caused by such synergy are
studied, respectively. The results show that the synergy between the non-resonant internal kink mode and the
tearing mode can significantly enhance the loss and transport of fast particles. The main reason is that such a
synergy can provide a radial channel for fast particles to migrate from the plasma core to the plasma boundary
accompanied with the total stochasticity of the magnetic topology. These results can help understand the
physical mechanism of the transport and loss of fast particles caused by the synergy of low-frequency MHD
instabilities in future fusion reactors, and provide some new ideas for finding strategies to control and mitigate
the loss and transport level of fast particles in future fusion reactors.

Keywords: tokamak, tearing mode, non-resonant internal kink mode, synergy, fast-particle transport

PACS: 52.55.Fa, 52.35.Py, 52.55.Pi DOI: 10.7498 /aps.72.20230620

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12205034, 11925501, 12125502) and the
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PACS: 52.55.Fa, 52.55.Pi, 52.35.Mw
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R R R ARG B D, SR E T
PR A (neutral beam injection, NBI), & F
[ e MR IR A R SR AR S . HAR B JBE 1Y) e
Tt TR S [A) 3 A s RS R A A B T B4 B R RE,
I3 3o R AR FAE IO BT R S5 A RS (Alfvén
eigenmodes, AEs)'. {5 fE & 2 1 3K Sl (1 BT /R 75 A
TEASE AT REKE 25 e A 15 DA A B A TR R 2R i 2%
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e-BAEs T 2010 455 — IR A, 57K e-BAEs
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BT HUR R BAEs, JF A ] A A A0 IS (ge-
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HATRA B 1. 2018 4, 76 EAST 38 FH I
W E] T 58 Zee (A RCRATEL) 220 AR VIR
FEIRATR HBON L BAEs!.

PR REL R ARG rh, — i UL = BE Bk
FEKB AR LM TR P — AR I (chirping)
1309 AEME R TP R B AE H D A IR (—
Ml ms s, B BRI AT R 1A FR e P
LR PR EAE 25 5 XY = RE T
iz i B A EEE Y. £ DII-DI, JT-60 UM,
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ST AR I R AN BEL S, iR — A ) A S A
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Berk-Breizman FRi¢5, HAT SR IR AT R 1 Bl 2% 2%
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B BB, IF 5 LI AS R AT X H A
5 5 PR RS0 T 4.

2 HL-2A R B H A IREHHATHE
BAEs

HL-2A %523, EH — D BHA mIE S AIE
FeR Gt ®, HICERRAV/NER N R =
165 cm, a = 40 cm. A PE R [ 5 1E S FIE (1)
PR AR SE, R SRR 31.9°fM Yl i
ANGFBE TR, HET, SRR A DR IR BE & 5 ]
ik 1 MW, 45 keV. HL-2A % % H A4 Flm i) 25 43
BERAIZWT RS, AT TR AN TS P A LI Je A5
SRR I S AT AR AL R SCRF, A Mirnov
RESRET | R X SR B A0 1 95 5512 Wi T B A
Yool BB L R F IR P 845 22 07 R R 5
RERIAATRENE. AN, HL-2A %8 K J T 7 [0
TSRS W B2 I OGS B RO T
A4 AT 4 2 R 19 D R i s 2 e A
T O AR IR TR TIRESS
B2

A ELA ) bR ) R PRE AR TN 1) BAES
LR 1. Hor, HL-2A %5 8S2058 35491 YOiH
A5 B FIRIEARSHANT : BRmE B, = 1.38 T;
R PETR I Papr~0.45 MW | TR BER Engr~40 keV |
PR EARTZ] ¢ = 900 ms. & 1(a), (b)45I A HL
iR NBI T3 B o (] i 3 £k, Bifi 2 B[] A 4 B H
RN EE ETH S B 1 () 8 Mirnov £
R IRE S, JE B R e R TR R AR
AFEMEGI R LA ; B 1(d) FIH Mirnov
PREME Z A T L A 415 2 A 1]

DL BRI R 0 BAEs 78 P P dOE A S
B TR O E] Y (~ 2 ms) Bk, RS 4
Bt =902-—909 ms. I}, BAEs A AE 4 K 2
R 60 kHz, [ M RER/INS f ~ 5 kHz, 4
) JE 0 55 0 8t ~ 1 ms. 7E LR E S E S W
BAEs fE7E ], L3t i 28 A ROBE /I s
R IR REE PR AT, BT
PLSR N FURARAE &7 £ 50 BAEs. HARMEARZ)
65 kHz, $9M31 14 RE B K 8f ~ 10 kHz, 945 /Y Jil
WK 6t ~ 1.5 ms, R W HE K ¢t = 913—
930 ms. MK T EFWAT R, FHEMT BAEs A4k
W R, B Mirnov #REF (55 B 58, 7F HL-2A

B SR TP T R A LUT SRR
FYFELRPEATR T, anfaE i 67 EPMBY | TAEsP
1 BAEsRS 45, HA M A BT R SR AAE A 1
PRAAI R, H T R E AR, HR
MG FIRSEALFICTH BB BLah, xRy
HRESRAE (2 0.45 MW), {HF {5 A X 45
A5 B TR .
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ek B BAEs BYSIE &

Fig. 1. Evolution of (a) electric current and (b) the power
of NBI; (c) the original signal of Mirnov probes; (d) the fre-
quency spectrogram of BEAs obtained by using Fourier

transform with Mirnov probes’ signal.

FIFH R X I 2 9 30 45 3] 04 45035 UL 1] 2. %%
X 94k 3B TIN5 B R BURE T (P o
Zam2T,M? Horh, Py WBIBURE IR, Z FATAL
AL, n, W TR, T, W FIRE). mAEE s
TR AT E 20 R IR R #GRR, A
T3 B0 2 R IR ST 28 A, AR XS 4k [ 971
WE H TR E S I N AR E . i T
BCX LA BB — P b Z2 AR5 A, ol
MY 2T B ARG T DL R A5 2 5 19 SRy AL
B AR L B AL 5 1) SR ERE. HL-2A %
B 35491 YOO SEER Y, R IR A AR XA
ZRAIE (p~ 0—0.4) WIE T UL BT M &
T BAEs. ) X 24538 18 X A9 7 LI 2(a)
SX51, r = 2.5 cm, p~0.065; & 2(b) SX49, r =
—7.3 cm, p~ —0.1825; & 2(c) SX53, r = 12 cm,
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p~0.3; [ 2(d) SX54, r = 16.3 cm, p ~0.4075.
Hob, r R L&A, p R H—fLF4e. T
SX52 JHE 55 Hh e, BEH T XFRAE AT 5
MM TE SX49. I 2(b) nl A, BA 5 RIE AT
) BEAs F 240 T4 B AR X, HEA XS
BETERIBLZE ).

70
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#/kHz
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f/kHz
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t/ms

2RI X SHLMSIE SRR BHER  (a) SX51, r=
2.5 ¢cm, p~0.065; (b) SX49, =—7.3 cm, p~ —0.1825; (c)
SX53, r = 12cm, p~0.3; (d) SX54, 7 = 16.3 cm, p~
0.4075

Fig. 2. Frequency spectrogram obtained with soft X-ray ar-
rays’ signal: (a) SX51, » = 2.5 ¢cm, p ~0.065; (b) SX49,
r=—7.3 cm, p~—0.1825; (¢) SX53, r = 12 c¢cm, p ~0.3;
(d) SX54, r=16.3 cm, p ~ 0.4075.
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Fig. 3. (a) Toroidal and (b) porloidal Mirnov probe signal. Toroidal and porloidal mode number are confirmed as n = 2 and m = 3

by using the phase shift method with toroidal filtered Mirnov signal arrays.
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Fig. 4. (a) Magnetic surface shape of HL-2A discharge # 35491 at 908 ms, the last-closed-flux-surface and ¢ = 1.5 surface are indic-

ated in red and green, respectively; (b) radial profiles of the total pressure and safety factor at ¢ = 908 ms and ¢ = 920 ms.
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Fig. 5. Profile of plasma parameters at ¢ = 908 ms (red)
and ¢ = 920 ms (blue) in the shot #35491 of HL-2A Toka-
mak: (a) Electron density; (b) electron temperature; (c) ion

temperature.
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Fig. 6. (a) Poloidal velocity and (b) the frequency spectro-
gram of up-chirping BAEs obtained by MEGA code.
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Fig. 7. The 2D mode structure and radial mode structure for different times of (a), (c) ¢t = 0.122 ms (the linear growth phase) and

(b), (d) t = 0.166 ms (the nonlinear phase) corresponding to Fig. 6.
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Fig. 9. The 2D mode structure and radial mode structure for different times of (a), (¢) ¢t = 0.147 ms (the linear growth phase) and
(b), (d) t = 0.203 ms (the nonlinear phase) corresponding to Fig. 8.
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Fig. 10. Initial distribution of energetic ions in phase space, in the simulation of (a) the up- and (b) down-chirping, respectively.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Beta-induced Alfvén eigenmodes with frequency chirping
driven by energetic ions in the HL-2A Tokamak”

Hou Yu-Mei  Chen Wei’ Zou Yun-Peng  Yu Li-Ming
Shi Zhong-Bing  Duan Xu-Ru

(Southwestern Institute of Physics, Chengdu 610041, China)

( Received 4 May 2023; revised manuscript received 7 July 2023 )

Abstract

The beta-induced Alfvén eigenmodes (BAEs) with frequency chirping, observed in the HL-2A Tokamak, are
analysed by a MHD-kinetic hybrid code MEGA. Realistic parameters are applied to the code, such as
equilibrium, electron density and temperature, ion temperature, which is different from the kinetic Berk-
Breizman theory. The BAEs are observed by Mirnov probes and soft X-ray arrays. Toroidal and porloidal mode
number are confirmed to be n/m = 2/3 by using the phase shift method with toroidal filtered Mirnov signal
arrays. And the soft X-ray arrays’ signal shows that BAEs are located at the core of the plasma and they have
a relatively broad mode structure. The BAEs with up- and down-chirping are reproduced with MEGA code.
The simulation results of mode structure accord well with experimental observations. Compared with up-
chirping BAEs, the down-chirping BAEs are excited with higher plasma parameters and beta value, thus the
energetic ion distribution in pitch angle has a broader width, and the beta value of energetic ions in the core of
plasma and diffusion value are higher in the down-chirping simulation. The simulation results show that the
phase space distribution of energetic ions affects the wave chirping direction. The energetic ions parallel to the
magnetic field drive the up-chirping behavior. When the down-chirping behavior dominates, the density of
energetic ions perpendicular to the magnetic field increases significantly. It shows that the down-chirping BAEs

require higher beta and energetic ion density, which is consistent with the previous simulation result.
Keywords: MEGA code, beta-induced Alfvén eigenmodes, frequency chirping
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Wbk vz N AR H v Ay R A 1318 R
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e SRR R o SN NS RE oy AR S 1 FUR AU i HE
B, FFhm v R A RS ) S R R AR B R
T (DT, BRI B R (9 F S e B &%
W Z W25 ) (f =ev x B, Horf, e Jy B
i, B WA ENGHE W) VE I RE: 180°)5
FI BN IR b= 980, R F R RE R AR, R
BAE (ra= V2Emi/(eB), H T, mi R/ DT
Frit) MR, FERAR 122 mi SRR 7 i 9k n)
BE BRI, DRI BB A 5 B e e T 35 o 31 TR MR
PR b AR . DA 6 A v LI A A 3 i
TR BEHAS S BIHA €, 356, e, g,
FEAREINZITR, Forilsian s e 16 Hil.

Carbon foils

Entry hole

Viewing window

1 HL-2A %% INPA 2 W R G010 5454 B s T 10
I 2 308 7

Fig. 1. Structure of the INPA and flight trajectories of FIs
on HL-2A.
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SR TE = RN R VA N B R N N O R SO
g KRRl EL S NBLAEA SR

215212-2


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)

215212

INPA view window

B 2 HL-2A 3% b 2# NBIAYIEABAR A INPA 12 W7 2 5 rb 6 40 23 38 7 X I8 A9 SO 457
Fig. 2. Injection path of 2# NBI system and the observed positions for 6 channels of INPA on HL-2A.

#* 1 INPAZWIRSGHY 6 e i AT OLIDsL 1 i (0 B AR TR S

Table 1.  Observed positions and characteristic information of particles from the 6 channels of the INPA system.
4238 38 (No. ) 1 2 3 4 5 6
R/cm 172.6 170.6 170.9 175.8 180.5 211.8
Z/cm —10.5 —10.5 —10.5 —10.5 —10.5 —10.5
0/(°) 90.0 121.9 149.2 170.9 172.0 158.4
vy /v 0 0.53 0.86 0.98 0.99 0.93

M. INPA Wi 250 6 AU B 1) 43 37
T R¥EHR R = 172.6, 170.6, 170.9, 175.8, 180.5
F1211.8 cm Ab. F348, 32326 A & R AT R4 EZS [A]
ESPRBR I N K INPA RS L% HL-2A 25 &
PRI N, R AR BT N Z =
—10.5 cm 4b.

T A 6 A0 2 A E B R SRR
5B ) 55 0 A A6 AL G 35 T 1) 22 Ta) R S A
RO AT A3 2P 1 (2 B £ . 18] 3 45 1 T HL-2A %%
EAEAS 38140 I (55 3 1 RN ) S 5
B, =13 T M I, = (155+3) kA BYSPRAEIL T,
I EFTTACRS s 38 1 24 B we A0 B0, 1135
B 7 AN B0 PR B 0 7 A A B R X N A R
s R, HIZW M v, /o = 0,053, 0.86, 0.98,

0.4

U///U
1.0

0.2
0.8
é (S 0.6

N

—02F 0.4
—/\ 0.2

—0.4

1.1 1.3 1.5 1.7 1.9 2.1
R/m

Bl 3 fE HL-2A % E A ) R R /9 INPAF G5 0000 2
FARL - 37 R B A
Fig. 3. Positions and pitch angles of the observed particles

from INPA system in the poloidal cross section in HL-2A.

0.99 1 0.93, Bl 6 =~ 90.0°, 121.9°, 149.2°, 170.9°,
172.0°F01 158.4° (v;//v= cosf). HHi HL-2A % &
I INPAR G0 B0 TREE B, L& 38140 Ik
RIS SHL, AT LA ANZ INPA RG7EHA TS
0T T I b7 1 A Y LR R A S R, A
%1 4.

INPA 2 W Z Ge I # ] (& 1) XF R 1) SE 4 45
UK 4 iR . INPA (SN2 R 304 A 854N
il 1 O T8 B AR, SRR 10.6 em x
12.0 cm x 9.5 cm, Hidsf PR Z5AE AT DL BH e 25 B 71K
H KA RO TR 755 . 76 INPA AN SR
b, AR EEE AN ER ¢ =3 cm
Bk F A GHL, 76 INPA = WA SFLIG 7 3 cm
AENZKSEHEA A 6 ANTRIEE A 1.2 cm (1) HAL oy st 25
F, DOUEINFLER 26 A 1) 20 Ho g 5y 1—6. HL A
FIE AR A/ 10 nm J& . ¢ = 5 mm BY[FETE
W SRR B . A T 38 I e A b, AN
JIE e 1 52 76 N /4% 1.0/0.5 cm, J& 0.5 mm 8 I
SARER L i H R ERIA [ 2 7 T AT 300 K 1)
AW _E GNP 4(c) B, BRI AR A i R 4
SR TR B4 — W RE I (SE), 8F |
ASHRFRRES (E) MR REE (d) REARE ~
4.4 x 1072dVE , Hip EF d 4390 keV Fl nm Ky
7. HL-2A 358 | NBLK T & S R = 249
42 keV, BRI B AY R FE A 10 nm B, R+ 284
FIB R 577 E R KRB I OE = 2.85 keV.
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O

gérbon foil

INPA box

Bl 4  HL-2A 38 | INPA i R 5 £ B A0 L0 KN
A AT E L (a) INPA BYSRURIE S (b) P 20 A2 Al I8 K
PRI R P 5 () BRI MR I RS R4 44

Fig. 4. External figure and arrangement inside the chamber
of INPA diagnostics on HL-2A: (a) External figure; (b) ar-
rangement of carbon microcrystal diaphragm and scintillat-
or inside the chamber: (c) detail structure of carbon micro-
crystal diaphragm.

WALAF B2 (ZnS(Ag)) IVIRAATT LA & 5
KA A 450 nm AEEE AT WG, HRGHERA R
BRI 300%, Yo R} 294 200 ns, REASTE
PR R 38 RN B R INPA {5 M L, T LA
INPA P8I A 22 o 7 B Fll 1 5545 B i A
WRBERI T ZnS(Ag) INBRIR. 2T HL-2A 2 E 1Y
W AT G R BE N2 42 keV 10 B FREHE T BR,
ZnS(Ag) INMRAIR SR 7.0 em x 10.0 cm.

/\

40 |

30 F

E/keV

20 F

10 |

0.04
D/cm

0 0.02 0.06

5  INPA 2 R G b LA SR 0912 53 B

AE/keV

HTERN¢ = 5 mm BYRTE RS
RGP AR (ANRERCEEHAR A 52, I RE A
A ASS 5 A AN R R A I 4T 2190
i 0 3 R S AFAE N 5(a) FFR 09 & BUiE B, B
TERS 1) RGN ) T2 L EAT — i B RO IR TR 55 o B
2 h B RSH BE A SR il 2 LA S ) S 3 3 9 AR
AANEL 5(b) iz, JH-4 10 [ R S 57 2 1] 1) J 2
XTI R R AR VERE I 0 F R AE . 6 118
B ERF 7 s SRR O rEER D (D =
2rq ) FRLF AGFRE 8 A C R A& 5(c) B, 5
RI T RASBOR . X 2—42 keV fiEHEE Bl AL
F1E 6 -8 8 R RE R BRI S R AN E] 5(d)
fii7n. 78 HL-2A /) INPA RGN, 2055 1 )5 iE
XF SR RE 53 B R A 25, FEN R T RE 1R
42 keV BITE LT AE ~4.5 keV. 4, 1 T ok
i AR AL S B R S U LR G2
LI g 25 AR R B, ] 2 v SEAEDULI
FHLZE P ANZR T 7. F s B 1) 4538 1 i) o 1)
B REAE Roax « /DAL Riin « VA STARTK A 6 UL
% 2 FrH).

INPA R G B85 % N Y SE PR 2 2 v & N
[ 6(b) Frs. T REAR A P 1w O 2 el A

0.5

0 10 20 30 40
E/keV

(a) BT SULERE S 19 i e TR ZE DM L 955 T B85 (b) INPA 2 W R 48 6

043 S A TR DR AR L A998 055 (o) LT TR IR L % s (o B RS RE SR R (d) RERE MR SR T REREI C &

Fig. 5. Analysis of errors caused by geometric mechanisms of diagnostic systems: (a) Flight orbits and impact spots of the meas-

ured particles on scintillator; (b) positions of impact spots from the particles from 6 channels in INPA; (c) relationship between the

position of the particle’s landing point on the scintillator and the incident energy; (d) relationship between energy of particles and

energy resolution.
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# 2 INPAZWIRGEH) 6 I X A A

Table 2.  Measurement ranges corresponding to the 6 channels of the INPA diagnostic system.

33 (No.) 1 2 3 4 5 6
Ruin /cm 172.1 170.4 170.6 174.3 185.5 201.5
Rpnax /cm 173.2 170.9 171.5 177.8 194.1 219.1

#/(°) 1.25 1.00 0.59 0.33 0.19 0.1

* Fast speed..,,
cahiera)

-

% Entry hole

Flange f s

INPA box

I

Bl 6 HL-2A 2% | INPA ZWi RGMWEH  (a) INPA K RGAEELT ENMZLRALE; (b) INPA 2W RGEE S FIMY & #

HIBL SBLT AR 22 4

Fig. 6. Installation of INPA system on HL-2A: (a) Installation of the INPA on the flange inside the vacuum chamber; (b) arrange-

ment of the fast speed camera, light fiber bundle and flange.

Wi H1, INPA FT7E HAR N 63 cm (3L 226 F
PR 15 em Ab. St AL L, R AL
FrHFE T 10.5 em &b, B2 F46, Ead KGOk
21 UK LS N R AR 3 s B RS S B AT
2y =R AL, WA 6(a) s, SERTORAH T & F
BORIE(H S ZnS(Ag) INMRA R GIA WE(E A 1T
A B Tk & #ANL (LUMENERA Lt225) id 5% A
JRAAR IR A B, R B 70 16 AR 5 R 4 1 i
B AT LATE 26 us— 500 ms F1 170 fps 3 [ P AR 5 52
B (U NBI SRZR5R I | Hkatihr 0 3 w2 A1 D R
PRI B GR BE A ) SHEA TRy

3 INPA LB Z G W3 L4 R R
il

1E HL-2A %% '8 F g NBI I it ook 1
WA WIEOL T, INPA 2K R TP T5
1o B S ANARUE M 22 ) AR A FRAF 9T, Wl TR 4%
FhATRE VTR T HOHRFAE. 7E26 38140 YR HL 3L 5
Hi, 76 INPA 2 R 48 LA 5] T 8000 52 56 500
FFRA E FE X YR S B i R T KR (LLM) A
FeE PP F R RE & | (o7 IR EE A SFR RS .

55 38140 WK HL R B SLIRSAL . F TR
B PRI ES TR AR A LR 7. FEIX
YRR, 25 B PR NN 7R B 43 ok 1, =

(155 + 3) kA FIl B, = 1.3 T, A TR ] 5938 1k
WAl 7(a) o 4L E N EE @ 2 s . 17 NBI, 27
NBI FILHCD 5514 Pasr, =0.42 MW, Pygr, =
0.38 MW Fll P.ucp = 0.6 MW, 2 NBI i A %L T
B fig f Fy ~ 30—32keV , Hom ik 40 & 7(b)
Ji7s. 78 NBLm#AEA 850—1100 ms F1 1500—
1750 ms BBt N, S5 B TR Ab F & 4 iia F A
(HA), D, fFESA IR I H 3L T h 255
11 (ELM) 5 R EBIPEIRY; 1i7E 1100—1500 ms
WA, SR TR TR HEE T (L), D, 5
A RAMIXS RS, Wi 7(c) s, TR AT
H BLE T E 0N AR REIE T LA, I AE e
TRFEPERE (ne ) N LEUEA T 1.8 x 109 m—3
TFE H AR 2.2x109—2.5% 10" m=3, U
B 7(a) 2k o il 2 BT 7R . 78 A4S NBLIN#A Y
800—1800 ms ] [&] A] 75 K /R i#5 2K (Mirnov) #4144
FHAE 5 I 3] b PR S 0K 1 e e A AR T
fE ULAY LLM, LLM £ Mirnov B#R4H 5 5 F 5|
AL Y B S R B (5 5 AR ] A Sl an 5] 7(d)
FE 7(e) Frs, LLM BIR ((fum ) FEARTRE FE
10—12 kHz Z[8], 3 H7E L #H2473E LLM 5]
) TG B B0 25 A A T A v s R L A IR A ﬁﬁf
H B2 171 MR, LLM 2 8% 8 3 9% 48 % 1) ELM 5%

M T SR A8 3 0 8 P B s/ N 2 g R R
A, RITEATRE b D)2 S SO A T R 2K
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B ne M1 By ; (b) 1% 0 2% NBL AL (IS R F; (¢) IR o (D,
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o ) EHE S (d) Mirnov BEFREN 55 I (e) MIZR 1 5]

Fig. 7. Discharge parameters and the observed LLM instabilities in shot 38140 on HL-2A: (a) Main discharge parameters, I, line-

averaged electron density me and By ; (b) heating power of 1# and 2% NBI systems and evolution; (¢) D signal; (d) Mirnov sig-

nal and (e) its spectrogram.

3 o P T P AR HLIC % T NBI A E U A
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FHREA B FARER, 68 R P es 7 f far 58 ik %
PEALAYIEA th R4, DL REF T 5 BN R A L
PR TR E 30, Sl BEIRA S . SR FHDGER st
DR R A DR D R A 7 A% i 1) T 58 2 i il s b 2k
25 30%. AR DN R A 2% 1 TN DERICR,, A
LY B ' Fsf 1) TR AR B 1] 43 31 49 R B2 24 24 30 ms
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Wit EFIT SCHR45 1 B9 55 38140 YR L i 72
HgE INPA v 8 11 ELAR G 3778 B2 53 A 1 50 7T LA
AWK A INPA 2 W R S0 A [A) 0 & 3l GE (7

B R AE DN KRB L A5 5 S, B ) I )
A3 B R I R T R BE A . B9 R T A
1356 ms B Z1 {5 3 A HLIC 5% 2 19 N R AR B R 2%
dBEEE (R TR 8(h)) RL R & R E Y

AE R B PORS. SE X e A B, LLM A Pk
PR RN RR B I ok T 25 5 BE 2 i INPA £
TS 3 38 TE I B . AR RS BEAE Ky ] A 7 B
FIG 1] 537 3 B ] 60l I sy 2 B0k [ R
£ R = 170.9 cm &b, HAE S B FIREE /A 45 0
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(i) t = 1393 ms (j) t=1430 ms ¢

e ] F3 : L]
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Fig. 8. Impact spots caused by LLM instabilities on scintillator screen: (a)—(1) impact light spots of measured particles caused by

LLM on scintillator screen in different time during H- and L-mode operation scenarios.
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Fig. 9. Energy and birthplace of FIs based on the impact
light spot on scintillator screen.
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Fig. 10. Locations of LLM confirmed by the fluctuations in electron-density by far-infrared laser interferometer with a rough spatial
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Fig. 11. (a) Variations of plasma rotation frequency with R around 1356 ms; (b) variations of plasma rotation frequency with time

for R around 170 cm.
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F# 3 AT T ELE T RCR S LI LLM AR E R L
Table 3. Comparisons between the calculated frequency of Els and frim -
E/keV fp/kHz fi/kHz frab = fp + fi/kHz fim /kHz
12.5 2.4 8.1 2.4+ 81=10.5 13.4
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Abstract

The imaging neutral particle analyzer (INPA) based on scintillator (ZnS(Ag)) is designed and used on HL-
2A tokamak to investigate the distribution of energetic particles (EPs) and even their interactions with
magnetohydrodynamic instabilities. The collimation system is composed of a pinhole of 3 mm in diameter and
six circular carbon microcrystal diaphragms each with a thickness of 10 nm. The neutral particles escape from
six definite positions in the neutral beam injection path and pass through the collimator system at a certain
pitch angle, and the neutral particles become fast ions after passing through the carbon microcrystal diaphragm.
The fast ions will hit the scintillator after a 180° deflection by the edge magnetic field. The energy, pitch angle
and birthplace can be calculated by the position and light intensity of the impact spots. The images of impact
spots caused by long-lived mode are recorded by a high-speed camera through the fiber optic bundle. The long-
lived mode instabilities approve to be excited by the core EPs with energy value in a range of E ~12.5—
32 keV, pitch angle of v,,/v ~0.86, and the birthplace in a range of R ~170.5—171.5 cm.

Keywords: fast ions, imaging neutral particle analyzer, long-lived mode instability
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EXL-50U kA2 EA IR B FRE37 5 5L SR BY
AR 3T

MEED  ZHHEIT O HKEY ST AY FHDY IEEY
FIHERE?Y FHEFD FHLY FoHY) A KLY
WA EDD X EPH  ENN TEAM

1) (BT PErE W HEESEBE, BLAE 610041)
2) (WAL BB R RASE S SCEE, BT 065001)
3) CHriplH: & RABRAT, JEEYF  065001)

(2023 4E 5 H 8 AYEI; 2023 4E 8 H 3 AYEIBR)

EXL-50U %% 8 5 S50 5 5 7 (R i S B A e A L (NBT) 0 B0 45 8 38 5 508K, 10138 NBI B 74
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WEAL SR 2 5 AR B T AR 22, IR AT I %52
AR 2 IR 3R B0 R AN MRS B A RS, HL
BURRLT Sy DU B BN R M2 2 4 121,

F# 1 EXL-50U AT R Sy d EHSHO 1
Table 1. Main parameters comparison of EXL-50U
and other tokomak facilities.
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Fig. 1. Distribution of bulk electron density n,, electron

temperature 7, and bulk ion temperature 7} in EXL-50U

integrated modeling.
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Fig. 2. Distribution of toroidal field ripple perturbation amplitude in EXL-50U: (a) Ripple data by analytical equation; (b) engineer-

ing data in design.
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Fig. 3. Ripple comparison between engineering design and fitting curve in different Z plane of EXL-50U: (a) Z = O m; (b) Z =
0.3m; (¢) Z=0.6m; (d) Z=0.9 m.
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Fig. 4. Ripple comparison between engineering design and fitting curve in different R plane of EXL-50U: (a) R = 0.5 m; (b) R =
0.7m; (¢) R=09m; (d) R=11m.

# 2 EXL-50U 5HAUFER D e B SOAR 5 25 R0 L
Table 2.  Ripple field fitting parameters comparison of EXL-50U and other tokomak facilities.
Item CFETR ITER EAST EXL-50U
do 1.57 x 10~° 3.75 x 10-6 1.26 x 10~* 4.19 x 10—
Ry=a+ bZ? (m) 6 + 0.06222 6.75 — 0.034 Z2 1.71 — 0.18 Z2 1.77 x 10=% + 0.106 Z?
beip 0.021 0.26 0.26 0.297
Wi,/ M 0.63 0.53 0.15 0.1034
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Fig. 5. Initial distribution of beam ions in EXL-50U: (a) Bird’s view; (b) poloidal cross section.
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Fig. 6. Initial distribution of NBI fast ions read by Orbit code: (a) Particle location in RZ coordinate; (b) particle density distribu-

tion in poloidal flux; (¢) energy distribution; (d) pitch angle distribution.
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Fig. 7. Equilibrium and ripple loss region in EXL-50U integrated modeling: (a) Magnetic flux surface in Boozer coordinate;

(b) ripple well loss region, where banana tips in here will lost; (c) collisionless ripple stochastic diffusion region, plot with GWB cri-

terion.
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Fig. 8. (a) Orbit classification in the plane of ( P¢, uBo/ E') with fixed initial energy of NBI fast ions; (b) region of stochastic ripple

diffusion by GWB criterion; (c) co-tang initial NBI fast ion distribution; (d) co-perp initial NBI fast ion distribution.
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Fig. 9. NBI fast ions distribution after one slowing down time calculation: (a) Particle location in RZ coordinate; (b) poloidal flux
distribution; (c) particle energy in final time; (d) pitch angle distribution in final time.
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Fig. 10. (a) Poloidal distribution of lost particle, (b) lost time and energy record, (c) time evolution of loss fraction for co-perp beam
ion distribution.
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Table 3. Ripple loss results of full calculation 3.2 B% 1& IEZ QI %’g Zj] % %'ﬂ:ﬁ_ﬂ E ﬂl 7]”

based on integrated modeling equilibrium and beam
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Table 4. Ripple loss results of different R, of
LCFS equilibrium with 7, = 500 kA in EXL-50U.

Trapped fraction/%  Total loss/%

Ry =1.323 m 53.7 30.5
Ry =1.298 m 525 28.4
Ry =1.163 m 45.8 20.8

F 5 A[E NBI AR R HRES 120 A b B loR:

TH
Table 5. Trapped particle faction of beam ions
with different NBI geometry.
Zelev/m
Trapped fraction
0.2 0.4 0.6

Ry =040Tm 037 038 039  0.39
Ring=0.607Tm 030 030 0295  0.305
Ry =0807Tm 0255 0245 0245  0.25
Rime =1.007Tm 0295 0285 027 027
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Fig. 12. The GWB stochastic ripple diffusion regime: (a) RZ poloidal cross section; (b) in the plane of ( Ps, uBo/ E ).
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Fig. 13. Ripple well regime (a), (c) and stochastic ripple diffusion regime (b), (d) in 500 kA, R,,,~1.16 m equilibrium: (a), (b) TF

ripple; (¢), (d) TF+FI ripple.

%6 VML LCFS Ry ~1.16 m, I, = 500 kA BFAS[H] NBI £ B RIRAE By, FAOPGES T2 0040
Table 6.  Loss faction of NBI fast ions with different NBI geometry and beam energy in LCFS R,,,,~1.16 m, I, = 500 kA
equilibrium.
Total loss B/ keV
20 25 30 35 40 45 50

R =0.428 m 0.1988 0.2157 0.2319 0.2433 0.2588 0.2687 0.2766

R = 0.607 m 0.125 0.1286 0.1343 0.1432 0.1455 0.15 0.1547

R =0.807 m 0.1148 0.1179 0.1197 0.1214 0.125 0.1293 0.127
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B 14 AS[E NBIH: A A BT A9 NBLUT R #4809 B ) 3% T

(a) DI A2 Ry = 0.8 m, & T IRIE B T T4 T Zgey = 0 my;
(b) VI 242 Ry = 1.0 m, & TIRIE B P HAHTF Zygey = 0.6 m

Fig. 14. Cross section of NBI deposition trajectory with different NBI geometry: (a) Beam tangency radius Ry,,, = 0.8 m, elevation

of beam ion source above midplane Z,,, = 0 m; (b) beam tangency radius Ry,,, = 1.0 m, elevation of beam ion source above mid-

plane Z,., = 0.6 m.
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7 RF I, TR NBLYRE T Sk F 4
Table 7. Trapped particle faction of NBI fast ions

with different I,.

Plasma current Trapped Prompt Total
I,/kA fraction/% loss/% loss/%
500 46.5 4.2 20
600 38.2 3.6 12.4
700 38.6 1.9 9.4
800 39 1.09 7.8
1000 43.4 0.43 7.7
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Optimizing numerical simulation of beam ion loss due to
toroidal field ripple on EXL-50U spherical torus®

Hao Bao-Long!  Li Ying-Ying?3®f Chen Wei) Hao Guang-Zhou'
Gu Xiang??  Sun Tian-Tian??3  Wang Yu-Min??  Dong Jia-Qi??
Yuan Bao-Shan??  Peng Yuan-Kai??  Shi Yue-Jiang??

Xie Hua-Sheng??®  Liu Min-Sheng?? ENN TEAM

1) (Southwestern Institute of Physics, Chengdu 610041, China)
2) (Hebei Key Laboratory of Compact Fusion, Langfang 065001, China)
3) (ENN Science and Technology Development Co., Ltd., Langfang 065001, China)

( Received 8 May 2023; revised manuscript received 3 August 2023 )

Abstract

Realization of high performance plasma of EXL-50U is very sensitive to NBI (neutral beam injection)
heating, and it is expected that the fast ions of NBI are confined well and their energy is transferred to the
background plasma by collision moderating. In this paper, the loss of fast ion ripple is simulated based on the
equilibrium configuration, fast ion distribution and device waviness data given by the integrated simulation. It
is found that the loss fraction of fast ion ripple is about 37%, and the local hot spot is about 0.6 MW /m?, which
is unacceptable for the experimental operation of the device. The optimization method includes moving the
plasma position and adding FI (ferritic steel plug-in) to reduce the ripple degree, increasing the I, (plasma
current) and optimizing the NBI injection angle. The results show that the ripple distribution must be
controlled and the [, must be increased to more than 600 kA, so that the fast ion loss can be reduced to
3%—4% and the local heat spot can be reduced by an order of magnitude. In this paper, the evaluation methods
of fast ion ripple loss in device design are summarized, including the fast ion distribution in phase space, the
overlap degree of ripple loss area, and the particle tracking on the time scale of total factor slowing down. The
engineering and physical ways to reduce ripple loss are also summarized to provide simulation support for

integrated simulation iterative optimization and plant operation.
Keywords: magnetic confinement for nuclear fusion, spherical torus, fast ions, magnetic ripple

PACS: 52.20.Dq, 52.55.Pi, 52.65.Cc DOI: 10.7498/aps.72.20230749
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Fig. 2. (a)—(d) Continuous spectra of toroidal mode numbers n =2, n =3, n =4 and n =5, where the thin line represents the
acoustic branch, the thick line represents the Alfvénic branch, and the colorbar represents the normalized radial amplitude of
e-BAE.
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Fig. 3. (al)—(d1) The 2D poloidal mode structures of electrostatic potential 8¢ of toroidal mode numbers n =2, n =3, n=4
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Global simulations of energetic electron excitation of
beta-induced Alfvén eigenmodes”

Bao JianT Zhang Wen-Lu  Li Ding
(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
( Received 16 May 2023; revised manuscript received 10 October 2023 )

Abstract

The energetic electron (EE) excitation of beta-induced Alfvén eigenmodes is investigated by using the
newly developed global eigenvalue code MAS, which is based on a hybrid model that consists of Landau fluid
bulk plasma and drift kinetic EE. Specifically, the bulk plasma kinetic effects such as finite Larmor radius,
diamagnetic drifts and Landau dampings, and the EE adiabatic fluid response of convection and non-adiabatic
kinetic response of precessional drift resonance are incorporated in the simulations. The global eigenmode
equation is solved for e-BAE mode structure and linear dispersion relation in tokamak non-perturbatively. The
radial width of e-BAE mode structure becomes narrower as the toroidal mode number increases, which can be
explained by the change of Alfvén continuous spectra that interact with kinetic Alfvén waves for corresponding
eigenmode formation. The e-BAE growth rate exhibits a non-monotonic variation with toroidal mode number
for precessional drift resonance destabilization, while the e-BAE real frequency is close to the continuum
accumulation point that almost remains the same. The parametric dependence of e-BAE stability on EE density
and that on temperature are analyzed by MAS non-perturbative simulations, which shows that the EE density
can affect e-BAE real frequency and thus changes the resonance condition, resulting in e-BAE stabilization in
the strong EE drive regime. Further, the EE non-perturbative effect on the symmetry breaking of e-BAE mode
structure is reported. The poloidal symmetry breaking characterized by the ‘boomerang’ shape two-dimensional
(2D) structure can be greatly enhanced by increasing EE temperature, together with the large radial variation
of the poloidal phase angle of dominant principal poloidal harmonic. The radial symmetry breaking of e-BAE
mode structure arises when EE density/temperature drive is not symmetric with respect to corresponding
rational surface, which can lead to a net volume-averaged value of e-BAE parallel wave number which drives
plasma intrinsic rotation. These results are helpful in understanding the e-BAE dynamics observed in recent
experiments.

Keywords: energetic electron, beta-induced Alfvén eigenmode, non-perturbative effect, symmetry breaking
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Fig. 1. Distribution of the real ({2:) and imaginary ({2 )
parts of eigenvalues of ITG when ed¢g/T; =0 (a) and
0.1 (b) in the short-wavelength limit. In both cases, the

ground state with [ = 0 is the most unstable eigenstate.
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Fig. 2. Mode structure of the most unstable mode of ITG.
The blue solid and red dashed lines represent the cases with
edpp/T; =0 and ed¢g/T; = 0.1, respectively.
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Fig. 3. Dependence of the growth rate (a) and real fre-
quency (b) of ITG on the amplitude of EGAM ed¢g/T; in
short-wavelength limit. The blue circles represent the nu-
merical value obtained by directly solving the eigenmode
equation (9); while the red crosses represent the theoretical
value obtained by solving the dispersion relation (14). The
real frequency and growth rate of ITG are normalized to
Cs/L7, , with C2 =2T./m; representing sound velocity.

The parameters used here are er; = 0.2 and b=1.
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Fig. 4. Dependence of the growth rate of ITG in presence of
poloidal rotation and/or density modulation in short-
wavelength limit. The green solid and red dashed lines rep-
resent the cases with only density modulation and poloidal
rotation, respectively; while the blue line represents the case
with both effects.
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Fig. 5. Distribution of eigenvalues of ITG when ed¢g/T;=0
(a) and 0.1 (b) in the long-wavelength limit. In both cases,

the ground state with [ = 0 is the most unstable eigenstate.
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Fig. 6. Mode structure of the most unstable mode of ITG.

The blue solid and red dashed lines represent the cases with
edpp/T; =0 and ed¢g/T; = 0.1, respectively.
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Fig. 7. Dependence of the growth rate (a) and real fre-
quency (b) of ITG on the amplitude of EGAM ed¢g/T; in
long-wavelength limit. The blue circles represent the numer-
ical value obtained by directly solving the eigenmode equa-
tion (9); while the red crosses represent the theoretical
value obtained by solving the dispersion relation (19). The

parameters used here are e7; = 0.2 and b = 0.01.
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Fig. 8. Dependence of the growth rate of ITG in presence of
poloidal rotation and/or density modulation in long-
wavelength limit. The green solid and red dashed lines rep-
resent the cases with only density modulation and poloidal
rotation, respectively; while the blue line represents the case
with both effects.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Effect of radial electric field on ion-temperature gradient
driven mode stability”

Chen Ning-Fei  Wei Guang-Yu!  Qiu Zhi-Yong V2T
1) (Institute for Fusion Theory and Simulation, School of Physics, Zhejiang University, Hangzhou 310027, China)

2) (Center for Nonlinear Plasma Science and ENEA C.R. Frascati, Frascati, Italy)

( Received 17 May 2023; revised manuscript received 26 September 2023 )

Abstract

To understand the effect of given radial electric field on ion-temperature gradient driven mode (ITG)
stability in tokamak plasmas, we derive the eigenmode equation for ITG including the poloidal rotation and
density modulation associated with radial electric field by using nonlinear gyrokinetic theory. The equation is
solved for the eigenfrequency, growth rate and parallel mode structure of ITG both in short- and long-
wavelength limit with energetic-particle-induced geodesic acoustic mode (EGAM) as a specific form. The
eigenmode equation is not only solved analytically, but also solved numerically to validate the analytic
solutions. It is found that, the radial electric field induced poloidal rotation can significantly stabilize ITG, while
the density perturbation of the radial electric field may slightly distort the ITG parallel mode structure, but has
little effect on ITG stability. The result is consistent with the common picture of turbulence suppression by
poloidal shear flow. The general model is also applicable to the investigation of the indirect interaction of ITG
and energetic particle driven Alfvén instabilities via zonal structures generation, by introducing poloidal
rotation and density modulation associated with zonal structures spontaneously excited by Alfvén instabilities.
The indirect channel is supplement to the direct interaction of microturbulences and energetic particle driven

Alfvén instabilities.

Keywords: ion-temperature gradient driven mode, radial electric field, energetic-particle induced geodesic

acoustic mode, nonlinear gyrokinetic theory
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