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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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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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2
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FAMARISE T AR H FIRE T AN 11
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Fig. 10. Dependence of mode frequency and growth rate on
Tt . Here, T} = 2.45 keV.
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(80.7+15.2i) kHz, 3§ KR GILHPZ LA v/w ~
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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FEPEBR B 5 R i A7 FREAL A S A

B, RARBEISHERE (Y EP o “hig” 4
fzs ) 54 RBESEIR (24 EP i “4 807 531
g5 ) Ay AR LB (m, n) = (8, 6)
LFAM, BAAE J¢ BAE WIS 2% 1, #
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T LFAM, i THATZ S EP K3 Jo 3¢ 1 & i
RURFRE B KBM, Ht, B2 (13) W s

RUARFaEMESF, LEAM 5 nT DUAE T 8 G 7l
HIH R T 0 E TR X —45ie S
SCHR [33] H A SOOI () 7S A LA AR R H 4R
PRI R R A (n = 5—11) LEAM SR 1 45¢
T HT 3, A6 R0 B A T B T 1 A
AL RGBS, SO 1 PGS 30 G TS O 1) A% 11
) —E

1.00
(m,n) = (8,6)
— Analytic

0.75 | —— ECE-measured
%E 0.50

0.25

0 . . >
0 0.25 0.50 0.75 1.00

p=r/a

12 L =01 BAE W& RAELEH Sdm (r). BRI L H
T BAE BEZEHG AT (0L SR AR AN < I ELE T R
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 % #

ASCWEFE T DIIL-D K #EBY PIHE R 1 5e 525
FRR AT BT ) Alfven 3 (SAW) (Lt HE . 383
SRS A, BT B O R
(GFLDR) W4t —HUSHESE, 1e T 5501 /sl Z- i 5y
YIRS SAW 1) Jay el Al 4 SR A Al 3 3o S5 (E AN BRI S
G0, R T RBLRBIR | SRR A BT 2 A
K fe/IMA (gmin ) RIS SC R DL ARSI SAW 7E
ASRVRLF 4346 T R AR AL PR SRR, 78
DITI-D 5256 WL ZE 5 i) LFAM A1 BAE 435102
o B FFE R AR E L, H LAR] /R I5 0% (A AL
F. M AR BRI, AT RIEAEA 2 gmin
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma
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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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