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Impact of turbulence on the transport of energetic particles
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In order to realize high performance burning plasmas in magnetic-confinement
fusion device, both bulk plasma transport and that of energetic fusion alpha-particles have to be
reduced simultaneously. We investigate nonlinear multi-scale interactions between toroidal Alfven
eigenmode (TAE), which is unstable at low wavenumber, and drift-wave (DW) turbulence, which is
driven by micro-instabilities at high wavenumber, by means of the global gyrokinetic simulation code
GKNET. We have revealed that TAE suppresses the most unstable DW mode, and the TAE transfers the
energy from the most unstable DW mode to lower wavenumber modes to modulate turbulence, because the
TAE has a finite wavenumber in contrast to zonal flows. This modulation of DW turbulence by TAE
leads to an enhancement of ener?y flux of bulk ions and particle flux of energetic ions. Hence, TAE
and DW turbulence synergistically enhance the transport of both bulk plasma and energetic particles



(TAE) (MHD)

(DW)
MHD DW
MHD
[1]
DW
2] MHD
DW [1]
MHD
TAE
MHD
MHD TAE
GKENT [3,4] TAE
GKNET 5
4 MP1
4.1
n=2
TAE Alfven continuum
1 n>5
KBM ( 1 ) TAE(n=2) KBM(n=12)

1



1 @) yl—.l— . 1w (b) TAE n=2 . (c) KBM n=12
& | 04— i : |0 77 |
F 03 . drift-wave instability B ‘0‘ - “;(( ,"5
= TAE (KBM) ! H <o L =
g or oL il S
d VNS N

-05 e =
100 1 I 1 100 I 1 1
-100 -50 0 50 100 -100 -50 0 50 100
-1 o X/ pri X/ pri

0 2 4 6 8 10 12 14 16 18
Toroidal mode number n

1 Alfven continuum
TAE(n=2) KBM(n=12)

4.2
TAE (KBM)
" TAE+DWT” 2
" only DWT”
2 TAE
" only TAE” TAE
" TAE+DWT” KBM
3 t=12, 16 1 KBM TAE
TAE 3 t=22, 36
TAE
oo (TAESDWT t=12 . TAE:DWT t=16 100 TAE*DWT _1=36
50 | {///,‘% 4 st 50 | 50 | g -
go—‘,‘ E:—E:'o— i:'o- \fo- 1
.t —_
50 \\\\\\ 4 50 F 50 |- 50 |- -
-100 1 1 1 100 1 1 1 100 1 1 1 100 1 | 1 1
00 50 0 50 100 100 50 0 S 100 100 S0 0 S 100 100 50 0 50 100

3 TAE KBM " TAE+DWT”



TAE TAE
4 " TAE+DWT” " TAE+DWT” " only DWT”
» TAE+DWT” (n=12) " only DWT”
n=12 " TAE+DWT” n=10 " only DWT” n=10
4 TAE(n=2)
4
" only DWT” n=12
" TAE+DWT” n=10 4
TAE " only TAE”
" TAE+DWT” 4
0.1 E T T T T T 3 - Energy flux of bulk ions
‘ TAE+DWT —e—3 'F00012 L
2 001" only DWT —=—1  F20.0008 TAE+DWT —e—
SR ly TAE i £0.0006
v o] e
0.001 ¢ C 0 T e—e— | |
E Vv
0 0 5 10 15 20 25 30
00001 ¥ E Particle flux of energetic
3 | ’T‘:Obo (1) % article flux of energetic ions
0 5 10 15 20 25 30 20008 TAE+DWT —e— |
Toroidal mode number n =0.006 only TAE —o— |
%.0.004 -
~0.002 .
\' 0 b
0 5 10 15 20 25 30
n
4 ) TAE
" TAE+DWT” " only DWT" TAE " only TAE”
Qi rf
4.3.
TAE
GKENT [3,4] (i) TAE
)
[5]
Ex B
[6]

[1] A. Ishizawa, Y. Kishimoto, and Y. Nakamura, Plasma Phys. Control. Fusion, 054006 (2019).

[2] K. Ida, K. Kamiya, A. Isayama and Y. Sakamoto (JT-60 Team), Phys. Rev. Lett. 109 065001 (2012).
[3] K. Imadera, Y. Kishimoto, K. Obrejan, T. Kobiki and J. Q. Li, IAEA-FEC, TH/P5-8 (2014).

[4] A. Ishizawa, K. Imadera, Y. Nakamura, and Y. Kishimoto, Phys. Plasmas, 082301 (2019).

[5] A. Ishizawa, K. Imadera, Y. Nakamura and Y. Kishimoto, Nuclear Fusion 61, 114002 (2021).

[6] H. Masui, A. Ishizawa, K. Imadera, Y. Kishimoto, Y. Nakamura, Nuclear Fusion 62, 074001 (2022).



20 20 2 5

Masui H. Ishizawa A. Imadera K. Kishimoto Y. Nakamura Y.

62

Global saturation physics of ion temperature gradient turbulence in finite normalized pressure
tokamaks

2022

Nuclear Fusion

074001 074001

DOl
10.1088/1741-4326/ac667f

Kawagoe S Ishizawa A Aiba N Nakamura Y

64

Two types of helical-core equilibrium states in tokamak plasmas

2022

Plasma Physics and Controlled Fusion

105004 105004

DOl
10.1088/1361-6587/ac828c

Maeyama Shinya Watanabe Tomo-Hiko Nakata Motoki Nunami Masanori Asahi Yuuichi Ishizawa 13

Akihiro

Multi-scale turbulence simulation suggesting improvement of electron heated plasma confinement 2022

Nature Communications 1-8
DOl

10.1038/s41467-022-30852-0

Kishimoto Y. Imadera K. Ishizawa A. Wang W. Li J. Q. 381

Characteristics of constrained turbulent transport in flux-driven toroidal plasmas 2023

Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering 1-20

Sciences

DOl
10.1098/rsta.2021.0231




Ishizawa A. Imadera K. Nakamura Y. Kishimoto Y.

61

Multi-scale interactions between turbulence and magnetohydrodynamic instability driven by
energetic particles

2021

Nuclear Fusion

114002 114002

DOl
10.1088/1741-4326/ac1f61

McKinney 1.J. Pueschel M.J. Faber B.J. Hegna C.C. Ishizawa A. Terry P.W. 87

Kinetic-ballooning-mode turbulence in low-average-magnetic-shear equilibria 2021

Journal of Plasma Physics 905870311
DOI

10.1017/s0022377821000581

Ishida Y. Ishizawa A. Imadera K. Kishimoto Y. Nakamura Y. 27

Global gyrokinetic nonlinear simulations of kinetic infernal modes in reversed shear tokamaks 2020

Physics of Plasmas

092302 092302

DOl
10.1063/5.0013349

Nakamura Y. Ishizawa A. Ishida Y.

27

Influence of plasma boundary shape on helical core/long-lived mode in tokamak plasmas

2020

Physics of Plasmas

092509 092509

DOl
10.1063/5.0013652




Pueschel M.J. Hatch D.R. Kotschenreuther M. Ishizawa A. Merlo G.

60

Multi-scale interactions of microtearing turbulence in the tokamak pedestal

2020

Nuclear Fusion

124005 124005

DOl
10.1088/1741-4326/abbad9

Ishizawa A. Urano D. Nakamura Y. Maeyama S. Watanabe T.-H. 123

Persistence of lon Temperature Gradient Turbulent Transport at Finite Normalized Pressure 2019

Physical Review Letters 25003
DOI

10.1103/PhysRevLett.123.025003

Ishizawa A. Imadera K. Nakamura Y. Kishimoto Y. 26

Global gyrokinetic simulation of turbulence driven by kinetic ballooning mode 2019

Physics of Plasmas

082301 082301

DOl
10.1063/1.5100308

Ishizawa A Kishimoto Y Nakamura Y

61

Multi-scale interactions between turbulence and magnetic islands and parity mixture - a review

2019

Plasma Physics and Controlled Fusion

054006 054006

DOl
10.1088/1361-6587/ab06a8




Nunami Masanori Nakata Motoki Toda Shinichiro Ishizawa Akihiro Kanno Ryutaro Sugama Hideo

25

Simulation studies on temperature profile stiffness in ITG turbulent transport of helical
plasmas for flux-matching technique

2018

Physics of Plasmas

082504 082504

DOl
10.1063/1.5036564

Toda S. Nakata M. Nunami M. Ishizawa A. Watanabe T.-H. Sugama H.

26

Modeling of turbulent particle and heat transport in helical plasmas based on gyrokinetic
analysis

2019

Physics of Plasmas

012510 012510

DOl
10.1063/1.5058720

Ishizawa A. Kishimoto Y. Watanabe T.-H. Sugama H. Tanaka K. Satake S. Kobayashi S. 57
Nagasaki K. Nakamura Y.
Multi-machine analysis of turbulent transport in helical systems via gyrokinetic simulation 2017

Nuclear Fusion

066010 066010

DOl
10.1088/1741-4326/2a6603

Sato M. Ishizawa A.

24

Nonlinear parity mixtures controlling the propagation of interchange modes

2017

Physics of Plasmas

082501 082501

DOl
10.1063/1.4993472




Maeyama S. Watanabe T.-H. Ishizawa A.

119

Suppression of lon-Scale Microtearing Modes by Electron-Scale Turbulence via Cross-Scale
Nonlinear Interactions in Tokamak Plasmas

2017

Physical Review Letters

195002-195002

DOl
10.1103/PhysRevLett.119.195002

Ishizawa A. Kishimoto Y. Imadera K. Nakamura Y. Maeyama S.

64

Plasma beta dependence of turbulent transport suggesting an advantage of weak magnetic shear
from local and global gyrokinetic simulations

2024

Nuclear Fusion

066008 066008

DOl
10.1088/1741-4326/ad3d6d

Niiro M Ishizawa A Nakamura Y Maeyama S Watanabe T-H

65

Plasma beta dependence of ion temperature gradient driven turbulence influenced by Shafranov
shift

2023

Plasma Physics and Controlled Fusion

065004 065004

DOl
10.1088/1361-6587/acc8fc

Adulsiriswad P. Todo Y. Yamamoto S. Kado S. Kobayashi S. Ohshima S. Okada H. Minami T. 64
Nakamura Y. [Ishizawa A. Konoshima S. Mizuuchi T. Nagasaki K.
Effects of the resonance modification by electron cyclotron current drive on the linear and 2023

nonlinear dynamics of energetic particle driven magnetohydrodynamics modes in Heliotron J

Nuclear Fusion

016036 016036

DOl
10.1088/1741-4326/ad0a0c




38 6 16

2023

2023

Akihiro Ishizawa

Lecture on Parity of MHD fluctuations

US-Japan MHD Workshop on "MHD activity measurement and control in long-pulse operations towards DEMO"

2023

A. Ishizawa, H. Masui, K. Imadera, Y. Kishimoto, Y. Nakamura

Saturation mechanism of ion temperature gradient driven turbulence in finite beta tokamaks studied by global gyrokinetic
simulation

he 27th International Conference on Numerical Simulation of Plasmas (ICNSP2022)

2022

27 NEXT

2022




38

2021

38
2021

38
2021

A. Ishizawa, K. Imadera, Y. Nakamura, Y. Kishimoto

Multi-scale interaction between toroidal Alfven eigenmode and drift-wave turbulence

The 30th International Toki Conference on Plasma and Fusion Research

2021




Hideaki Masui, Akihiro Ishizawa, Kenji Imadera, Yasuaki Kishimoto, Yuji Nakamura

Saturation mechanism of drift-wave turbulence in finite-beta plasmas

The 30th International Toki Conference on Plasma and Fusion Research

2021

2021

2021

K. Nakatani, A. Ishizawa, Y. Nakamura, S. Maeyama, T. -H. Watanabe

Normalized pressure dependence of turbulent transport influenced by the Shafranov shift

47th European Physical Society Conference on Plasma Physics

2021

A. Ishizawa, K. Imadera, Y. Nakamura, Y. Kishimoto

Interaction Between Energetic-Particle-Driven MHD Mode and Drift-Wave Turbulence Based on Global Gyrokinetic Simulation

28th 1AEA Fusion Energy Conference

2021




Akihiro Ishizawa

Interaction between Energetic- Particle-Driven MHD Mode and Drift-Wave Turbulence

2021 Max-Planck Princeton Center Annual Meeting

2021
MHD
2020
2020
2020
76

2021




2020

2020

MHD

36

2019

2019

2019

Akihiro Ishizawa

Interaction between MHD and turbulence and helical core

5th UNIST- Kyoto Univ. Workshop

2019




MHD

36
2019
MHD
2019
2019
MHD
74
2019
35

2018




MHD

35

2018

Akihiro Ishizawa

Multi-scale interaction and parity mixture between turbulence and magnetic islands

2nd Asia-Pacific Conference on Plasma Physics

2018

Akihiro Ishizawa

The study of multi-scale interaction and parity in turbulence/MHD system based on global flux driven simulation

THEORY OF FUSION PLASMAS

2018

A. Ishizawa, K. Imadera, Y. Nakamura, Y. Kishimoto

Electromagnetic global gyrokinetic simulation for the analysis of MHD instabilities and turbulence

The 45th European Physical Society Conference on Plasma Physics

2018




12

2018

MHD

73

2018

Akihiro Ishizawa, Kenji Imadera, Yuji Nakamura, Yasuaki Kishimoto

Code development of global electromagnetic gyrokinetic simulation

Plasma Conference 2017

2017

A. Ishizawa, Y. Kishimoto, T.-H. Watanabe, H. Sugama, K. Tanaka, S. Satake, S. Kobayashi, K. Nagasaki and Y. Nakamura

Gyrokinetic analysis of turbulent transport in LHD and Heliotron J plasmas

21st International Stellarator-Heliotron Workshop

2017




Akihiro Ishizawa

Multi-scale interaction between magnetic island and turbulence

12th Japan-Korea Workshop on "Modeling and Simulation of Magnetic Fusion Plasmas"

2017

A. Ishizawa, Y. Kishimoto, T.-H. Watanabe, H. Sugama, K. Tanaka, S. Satake, S. Kobayashi, K. Nagasaki and Y. Nakamura

Turbulent transport in LHD and Heliotron J plasmas

Asia-Pacific Transport Working Group Conference

2017

Akihiro Ishizawa

Multi-scale interaction between island and turbulence

3rd UNIST- Kyoto Univ. Workshop on “ Physics validation andcontrol of turbulent transport and MHD in fusion plasmas"

2017

73

2018




A. Ishizawa, Y. Kishimoto, K. Imadera, Y. Nakamura, S. Maeyama

Plasma beta dependence of turbulent transport suggesting an advantage of weak magnetic shear

29th 1AEA Fusion Energy Conference

2023

2024

2024

http://www.em-energy.energy.kyoto-u.ac.jp/ishizawa/

http://www.em-energy.energy.kyoto-u.ac.jp/




University of Texas at Austin

University of Texas at Austin

University of Texas at Austin

University of Texas at Austin




