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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 .
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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
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* Project supported by the National Natural Science Foundation of China (Grant Nos. 12205034, 11925501, 12125502) and the
Post-doctoral Science Foundation of China (Grant No. 2021M700674).

1 Corresponding author. E-mail: zxwang@dlut.edu.cn

215210-10


http://doi.org/10.7498/aps.72.20230620
mailto:zxwang@dlut.edu.cn
mailto:zxwang@dlut.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

F6F 5 T RS A AN A8 5 P U R P 51 2 Bk 7 4ra HOVR S AR BT 5

RER HAE EF EER

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

Zhu Xiao-Long ChenWei  Wang Feng  Wang Zheng-Xiong

5] Fi{i5 &, Citation: Acta Physica Sinica, 72, 215210 (2023)  DOI: 10.7498/aps.72.20230620
TELR L View online: https://doi.org/10.7498/aps.72.20230620
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

o R A T i 2 ML R RN 70 S e sl 28 TSk 18 Xk alphadtir 5 F58 2 5 M) A8 RS {ELRAY

Numerical simulation of synergistic effect of neoclassical tearing mode and toroidal field ripple on alpha particle loss in China Fusion

Engineering Testing Reactor

YrHE2E4R. 2021, 70(11): 115201 https://doi.org/10.7498/aps.70.20201972

FE B se JORIEAE AR F AR I 25 R I e
Group velocity in spatiotemporal representation of collisionless trapped electron mode in tokamak

YrHE2E4R. 2021, 70(11): 115203 hitps://doi.org/10.7498/aps.70.20202003

HL-2 A HFR [6] e 52 M0 25 5 5~ VR0 SR HIE 3l i ey i 7
Effect of toroidal rotation on plasma response to resonant magnetic perturbations in HL-2A

PIFEAEAE. 2020, 69(19): 195201 https://doi.org/10.7498/aps.69.20200519

BUHL-2AFE R B 5w (5 5451 B MHDAZ & PEEUH TS
Numerical study on predicting MHD stability of HL-2A tokamak pedestal structure
YrEE2E 4. 2022, 71(22): 225201  hitps://doi.org/10.7498/aps.71.20221098

Fo R ST E T P SRS S OSSN X - L R

Field amplification effect of resonant magnetic perturbation on ion orbits in tokamak plasma

YIBR2EA. 2021, 70(9): 095207  hitps://doi.org/10.7498/aps.70.20201860

Bh 4% 18] S ERE AR K el vin—Helmholtz ANfa i M. — ZE5EAF9T

Kelvin—Helmbholtz instability in anisotropic viscous magnetized fluid

PPz 2019, 68(3): 035201  https://doi.org/10.7498/aps.68.20181747


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230620
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20201972
https://doi.org/10.7498/aps.70.20202003
https://doi.org/10.7498/aps.69.20200519
https://doi.org/10.7498/aps.71.20221098
https://doi.org/10.7498/aps.70.20201860
https://doi.org/10.7498/aps.68.20181747

	1 引　言
	2 数值模型和参数设置
	3 模拟结果
	3.1 情况1: $ m/n=1/1 $非共振内扭曲模与$ m/n=2/1 $撕裂模协同作用
	3.2 情况2: 只有$ m/n=1/1 $非共振内扭曲模
	3.3 非共振内扭曲模与撕裂模协同相互作用对快粒子行为的影响: 输运、损失与再分布

	4 结论与讨论
	参考文献

