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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.
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—7.3 cm, p~ —0.1825; & 2(c) SX53, r = 12 cm,
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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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(a) HL-2A %% ¥ 2 35491 Y HL 5256, ¢ = 908 ms X B 145 B TN L, s G RETT A g = 1.5 10/ B 406 gk Zedn

FE; (b) t = 908 ms 5 ¢ = 920 ms %1 437146 B A A FE 38 A g 1) 18 4377
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.

3 EAEA

WG TRAR- S 2R A BUFE Y MEGA B Todo
AT &, W8 S50 55 B AR FH AR ) R AR 2
T ARG R, X i B H A R FH A% - Bl B 2 5
AR 27 (5 BB R A A% 3 A 1R R R LI

TG, i RE AL B B LA TP AT

T | B B AL MG AL FRL R A BTk, MEGA 727
SR BUE Ty A48 T AR ik 4L (PIC)
Jridk. 8f Jrik AR (S [ A ] L) AL
2R TR 1 1 5 7). 2 R ok 1Y) % 3 /)
T S48 AR MEGA #y AR 57 . MEGA
R THAR (R, ¢, 2), KW R, ¢, Z43
FORIEAR BRI A AN TE AR AR, A TR PR
HEAT AR E e R T, ASCRH T £ 10 PRk
4347 PRI 1O
fea(¥,0, 4)

_ IR R S S
_Cexp< A1/’> R 2elrfc( Ao

7 2crit
X exp [—W] , (2)
Horr, g RN A — AL MR 1) B8 5 v 27n PR E T 1Y
BB, A= uBo/Eo— MR AT, u HHEE,
By HEAE IRE IR EE, Ex HBNEE; Apeax FRAF IR
FEAR AT P0G A D) S22 DA SRAE 856 £ 0 A

MITERE; C h—AH i, PE I T RIERE; ven 6
ARG FEIE, v = (3v/ame/4mp) v, me 5 mp
R FR TR, v 7835 B P 1Y
HLF IR B s vy s TR AR AR TR

4 HEPHER

ASCHIH MEGA #2753 5l % HL-2A %% B
B b FHESRERER BAEs $EATBCRIHT, EHT
XTIV ¢ = 908 ms 5 t = 920 ms W/~ 2. A4
T o5 A T L RS AN g A A SR TR DL ] 4,
B X AL B T B ANAL A G T P T SE G LA
E BAEs IR0 m = 3/n = 2, MEGA # {1
HERTREEREFHEEN n =2 WRRIEAR
EE.

[ 5 & HL-2A 35255 35491 YR SCH ¢ =
908 ms Al t = 920 ms P ~HFZ0 505X 0] A 25 B8 7
RSEG . B 5(a) A FE B IHIm, N (2
O R AL (N5 B H 2 BE 43 R IR T R
WO T WAL L BRI 2 SO, P 43 R
RIS X455 B 5(b) IR R, T
TR T2 B, B e R A2 G S (250 =
TR i & A T AL, R, ISR AY R
VR T MHEOCHU (25 0 IE ). Tk
WOEET 2 BB (] 53 B HA 30 ms, BOEISSIE
B 2 A B, (A TSR TR B P BB AP A —

215211-5


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) 215211

1525 . TR 5(c) BT 3 ) e VBT o o Ac 4 S
Ak, I 5 AT B PSR TEA, BS TR
(R ARG T P, 7 AL A 53 LA /1N
WERE I 1 TF, 2E3 RARAL AN,

— t =908 ms
— t =920 ms

ne/(10Y m=3)
I

Te/keV

0.5

Ti/keV

Bl 5 HL-2A 3% 855 35491 AL 5550, ¢ = 908 ms (£1)
5t =920 ms (#) P9 A~ B 20 X R 1Y) 45 B 1R S 00 TH
(a) LT (b) HTFIRE; (o) B FIRE

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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(b), (d) t = 0.166 ms (the nonlinear phase) corresponding to Fig. 6.
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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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