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Introduction

Chinese First Quasi-axisymmetric Stellarator (CFQS)

B [nternational Joint Program between National Institute for
Fusion Science (Japan) and Southwest Jiaotong University
(China)

B Quasi-axisymmetric (QA) Stellarator (tokamak-like stellarator)
« good for reducing neoclassical transport
« good for steady state operation

B Energetic particles (EPs) driven instabilities are simulated
in CFQS. A novel nonlinear excitation mechanism will be
presented in this work. [M. Isobe er al 2019

: Plasma and Fusion
[Zhe Chen et al 2026 Nucl. Fusion 66 014003 ] 3 Research, 14 3402074.]
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MEGA code is applied for CFQS simulation

MEGA [Y. Todo, Physics of Plasmas, 2006. 13 082503]
A hybrid simulation code for EPs interacting with a
magneto-hydrodynamic (MHD) fluid.

Basic Parameters

* Major radius: Ry = 1.0m

» Magnetic field on axis: Byo= 10T

« Central electron density: n, = 1.0 x 10° m=3
 Central electron temperature: T, = 2.1 keV

» Core region By, k- Boui = 1.0%

» Plasma species: Hydrogen

* Field period number: Npp = 2

EP Parameters

* NBI energy: Eyxg; = 40keV

» Core region Bgp: Bep = 0.4%

 EP distribution: anisotropic slowing-down distribution
» Gaussian-type pitch angle variable A distribution:

2
. Vi Baxi
with A = =25
v°B

[Hao Wang et al 2022 Nucl. Fusion 62 106010] 5

, Ay = 0.4

Profile of equilibrium pressure and rotational transform ¢,
created by HINT.



Time evolution of v, ;, /,—-6 /2

Dominant velocity component in linear phase is v, ,, /n—¢ /2

linear phase

Linear phase ends at t~0.4ms.

nonlinear phase « |dentified as energetic-particle-mode
(EPM).
* |In the nonlinear phase, the amplitude
of v,.m/n=6,2 basically decreases.

« Actually, another instability appears
and becomes dominant in the
nonlinear phase.



Pressure pertu rbation [Cover image, 15t issue, Nuclear Fusion 2026]
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Frequency spectrum

vr’m/n=6/2 dominant velocity component for EPM v@,m/n=0/0 dominant velocity component for EGAM

EPM Influenced by EPM

EGAM

« EPM frequency ~ 100kHz in linear phase; EPM splits into two branches in nonlinear phase.

* EGAM appears after EPM chirping for ~0-1ms-8 Nonlinear excitation mechanism?




EP nonlinearity: resonance overlap (stage )
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Stage 1(0.2-0.4ms): linear stage

 EPM linearly grows. Hole-clump structures

are gradually formed.
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EP nonlinearity: resonance overlap (stage )
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are gradually formed. 10



EP nonlinearity: resonance overlap (stage )
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« EPM splits into two branches with chirping, Perturbed distribution &£ in (A, E) space.
corresponding to the motion of hole and clump. §f > 0: clump; 8f < 0: hole:

« EGAM appears at t =~ 0.5ms. 11



EP nonlinearity: resonance overlap (stage )

EPM

Vim/n=6/2
: V6 m/n=
Influenced by EPM ~ 2"/"=0/0
EGAM
0.0 0.2 0.4 0.6 . 0.8 1.0

time [ms]
Stage I (0.4-0.7ms): nonlinear stage
 EPM splits into two branches with chirping,

corresponding to the motion of hole and clump.

« EGAM appears att = 0.5ms.
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EP nonlinearity: resonance overlap (stage
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Stage III (0.7-0.8ms): nonlinear stage
EPM low-frequency branch disappears; the

original dominant clump disappears.
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EPM
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Stage III (0.7-0.8ms): nonlinear stage
« EPM low-frequency branch disappears; the
original dominant clump disappears.

EP nonlinearity: resonance overlap (stage
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EP nonlinearity: resonance ove

T oW
(@) End of gy &l
linear phasg s & & 4§58 SR E L =
401 t=0.40ms P 5§ §d33538 t=0.44ms w5 s 3z
; © 3% d & 389g
~ '/.
= 30} \ /
)] ; /
V4 V4 99‘4.@
LL] 20 ./ Je E[//;
R key, 40.002
- IS*GI//T/?
e 12“(8\//7-
10 --"‘"—-—-'-—. gkev/T -..- -—-——'—'
EPM resonaiit region "
§keV/T
0 I I ' ' 40.000
50 = T
2> Ay
£ T N /
ol (e) T ST
40} T S o S g 3T
t=0.60ms t=0.68ms S &g FS3s t=0.74ms g
_/ Faii Original Clump I o
'; 30t /-/ | 6fx0.65 \ N;\{ hole-clump [
@) v 4 / .
= ‘,"/-/ leffeyr ../‘/ QJZ*G-V
w 20 & o Jake@V/? i 2 Jsk:L'/}
> 15,77 Ik, T
; el = Sl -0.004
D lzkevn_ _— 12"61//7-
10 g A== eSS Skeyr iy N ey
- - Skev/T N-_ hol ( @ Skev/T
3-'<e\//’r ew nole-clum 3keV/T
lkevT Ikev/T
8.0 0.2 0.2 0.4 0.6 0.8 1.0 0.0 0. 0.4 0.6 0.8 1.0
AN

EGAM resonant lQegion
15 WEGAM = Wg



|

16



Simulation results of EP-driven instability in CFQS:
 Linear phase:

« 6/2 EPM (~ 100 kHz) is the dominant linear instability.
 Nonlinear phase:

« 6/2 EPM splits into 2 branches, with frequency chirping up and chirping down.
« An EGAM (~ 70 kHz) is excited in nonlinear phase.

* Nonlinear excitation mechanism of EGAM—resonance overlap:
 Inlinear phase, hole—clump structures of &f gradually form in (A, E) space.

* In nonlinear phase, during the chirping of EPM, one clump gradually moves
towards the EGAM resonance region, triggering EGAM nonlinear excitation.
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Thanks for your attention!
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