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Background

• Fishbone [1]
[1] K. McGuire et al., PRL 1983;  L. Chen et al., PRL 1984; 

B. Coppi et al., PRL 1986

• Internal transport barrier（ITB）[2]

[2] K. Ida and T. Fujita, Internal transport barrier in tokamak and helical plasmas, Plasma Phys. Control. Fusion 60, 033001 (2018)
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Physics of fishbone-induced ITB
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Fishbone  à EP radial current à plasma return current
 
à plasma rotation à suppression of turbulence à ITB formation



Background: ASDEX-U experiments

üFishbone is favorable for stationary discharge [1]
[1] R. C. Wolf, O. Gruber, M. Maraschek, et. al.,, “Stationary 
advanced scenarios with internal transport barrier on ASDEX 
Upgrade”, Plasma Phys. Control. Fusion 41, B93 (1999) 

üResponsible for clamping q to the vicinity of unity 
and avoiding sawteeth [2]

[2] O. Gruber, R. Wolf, H.-S. Bosch, et. al., “Steady state H mode 
and Te≈Ti operation with internal transport barriers in ASDEX 
Upgrade”, Nucl. Fusion 40, 1145 (2000)

üRedistribution of the resonant EPs resulting in a 
sheared plasma rotation [3]

[3] S. Gunter, A. Gude, J. Hobirk, et. al., “MHD phenomena in 
advanced scenarios on ASDEX Upgrade and the influence of 
localized electron heating and current drive”, Nucl. Fusion 41, 
1283 (2001)
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Background: EAST experiments

ü ITB formation is stepwise and always appears 
after the fishbone instability [1]

[1] Y. Yang, X. Gao, H. Q. Liu, et. al., “Observation of internal 
transport barrier in ELMy H-mode plasmas on the EAST 
tokamak”, Plasma Phys. Control. Fusion 59, 085003 (2017)

üLarge E×B zonal flow can be induced in the 
nonlinear fishbone stage [2]

[2] Z. X. Liu, W. L. Ge, F. Wang, et. al., “Experimental 
observation and simulation analysis of the relationship between 
the fishbone and ITB formation on EAST tokamak”, Nucl. 
Fusion 60, 122001 (2020)
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Background: EAST experiments

ü ITB formation in the ion thermal channel strongly 
correlates to the excitation of the fishbone [3]

[3] B. Zhang , X. Gong, J. Qian, et. al., “Progress on physics 
understanding of improved confinement with fishbone instability 
at low q95 < 3.5 operation regime in EAST”, Nucl. Fusion 62, 
126064 (2022)
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Background: theory and simulation
• Quasi-linear theory [1]
[1] V. V. Lutsenko and V. S. Marchenko, “Self-consistent model for the radial current generation during fishbone activity”, Phys. 
Plasmas 9, 4819 (2002)

 ASDEX-Upgrade: HAGIS [2]

[2] S. D. Pinches, S. Gunter, A. G. Peeters and the ASDEX Upgrade Team, “Fishbone Generation of Sheared Flows and the 
Creation of Transport Barriers”, ECA Vol. 25A, 57–60 (2001)
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Background: GTC simulation of fishbone

[1] G. Brochard, C. Liu, X. Wei, et. al., “Saturation of fishbone modes by self-generated zonal flows in tokamak plasmas”, 
PHYSICAL REVIEW LETTERS 132, 075101 (2024) 
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Theoretical model: Fishbone amplitude evolution equation
• Predator-prey model [1]

[1] R. B. White et al, Phys. Fluids 26, 2958 (1983)

14

• Five free parameters



Theoretical model: Fishbone amplitude evolution equation
• Predator-prey model [1]

[1] R. B. White et al, Phys. Fluids 26, 2958 (1983)
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Theoretical model: Fishbone amplitude evolution equation
• Predator-prey model [1]

[1] R. B. White et al, Phys. Fluids 26, 2958 (1983)

• Steady solution

• Five free parameters
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Theoretical model: Fishbone amplitude evolution equation
• Predator-prey model

• Burst period

• Burst width

• Approximate solution
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Theoretical model: Fishbone amplitude evolution equation
• Numerical solution, initial condition

• Parameters [1]

[1] X. Zhu, L. Zeng, Z. Y. Qiu, et. al., Dependence of fishbone cycle on energetic particle intensity in EAST low-magnetic-shear 
plasmas. J. Plasma Phys. vol. 86, 905860610 (2020) 18



Theoretical model: EP radial current

• The flux surface averaged EP charge conservation law

• Radial structure represented by a Gaussian shape

• Integrating from 0	 to 𝑟!

• Radial current is proportional to the fishbone amplitude

19



Theoretical model: Poloidal rotation driven by EP radial current

• Radial current is proportional to the fishbone amplitude

\
• Poloidal rotation driven by radial current [1]

[1] A. G. Peeters, Phys Plasmas 5, 763 (1998)
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Theoretical model: Poloidal rotation driven by EP radial current
• Steady solution for poloidal flow and its radial shear

• Numerical solution
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Theoretical model: Poloidal rotation driven by EP radial current

• Numerical solution

• Approximate solution

22The flow shear is independent of four of five parameters



Flow shear is only dependent on D
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Theoretical model: Ion transport model

• Temporal evolution of ITG fluctuation level and ion pressure gradient [1]

Where E is turbulence energy, N is the normalized pressure gradient

[1] P. H. Diamond, V. B. Lebedev, D. E. Newman, et. al., Dynamics of Transition to Enhanced Confinement in Reversed Magnetic 
Shear Discharges. Phys. Rev. Lett. 78, 1472 (1997).
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Theoretical model: Ion transport model
• Temporal evolution of ITG fluctuation level and ion pressure gradient [1]

[1] P. H. Diamond, V. B. Lebedev, D. E. Newman, et. al., Dynamics of Transition to Enhanced Confinement in Reversed Magnetic 
Shear Discharges. Phys. Rev. Lett. 78, 1472 (1997).

• Radial ion force balance equation

• Low-confinement solution

• High-confinement solution
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Zero-dimensional model

• Initial condition

• Study the key parameter (                            )  to high-confinement solution: 𝑁 → 𝑁" = 2
26



Numerical results
• Deposition rate of trapped EP 

    within the q=1 surface: D

• As 𝐷 increases, grows 
linearly, the turbulent 
fluctuation E is suppressed, 
the ion pressure gradient N 
achieves a high-confinement 
solution
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The steady flow shear is independent of the EP loss rate Z
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• The steady flow shear is nearly independent of the EP resonant drive 
coefficient Γ 
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• The steady flow shear is nearly independent of EP beta maximum: 𝛽)*+
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• The steady flow shear is nearly independent of excitation threshold of 
fishbone: 𝛽,-./
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• The effects of EP slowing-down
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A figure of merit for fishbone stabilization of turbulence
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Summary and Conclusions
• Fishbone dynamics, five key parameters:

• EP transport leads to radial current, proportional to the fishbone amplitude

• Quasi-neutrality condition, there must be a compensating bulk plasma return current, which can 
drive plasma poloidal rotation through J×B  torque

• Steady poloidal flow can built up on condition that the burst frequency is greater than the poloidal 
flow damping rate

• A figure of merit for fishbone stabilization of turbulence
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Introduction: motivation for developing GMEC
• Energetic particle (EP) physics is crucial for burning plasmas:

• EP-driven Alfvenic modes can strongly modify alpha particle distribution and 
induce alpha particle losses in burning plasmas ;
• EP can have significant effects on thermal plasmas.

• The goal of this work is development of a highly efficient code for 
simulating energetic particle-driven Alfven modes and energetic particle 
transport in burning plasmas such as ITER;

• An initial version of GMEC has been developed based on gyrokinetic-
MHD hybrid model. Work is in progress for adding fluid nonlinear physics 
as well as applying code to present tokamak experiments and future burning 
plasmas. 
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P. Y. Jiang et al, Phys. Plasmas 31, 073904 (2024
Z.Y. Liu et al,     Phys. Plasmas 31, 073905 (2024)
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codes model type Numerical methods

MEGA Kinetic-MHD hybrid explicit，finite difference，PIC

M3D-K Kinetic-MHD hybrid Semi-implicit, finite element，PIC

M3D-C1-K Kinetic-MHD hybrid Semi-implicit, finite element，PIC

NIMROD Kinetic-MHD hybrid Semi-implicit, finite element，PIC

CLT-K Kinetic-MHD hybrid Explicit, finite difference，PIC

GMEC Gyrokinetic-MHD hybrid Explicit, finite difference, PIC
Field-aligned coordinates

Compared with existing hybrid codes, GMEC has more physics, and is highly 
optimized for computational efficiency. GMEC uses field-aligned coordinates and 
symbolic method for coding. 

Comparison with existing hybrid codes
GMEC 符号计算 验证与结果 优化1 总结和展望



Gyrokinetic MHD Hybrid Equations
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Development of GMEC

• Field-aligned coordinates
• Discretization methods
• Compile-time Symbolic Solver (CSS)
• df PIC method for solving the EP and thermal ion distributions
• Equilibrium interface with VMEC and DESC
• Code optimization
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∇∥= 𝑏 ⋅ ∇ auto Nabla_p = b*Nabla

auto dw = Div*(_va2*Nabla*dPhi)

auto dJp = - Div*(Bs2*Nabla*(dA/Bs))/Bs

auto dB = Cross(Nabla,dA*b)

auto v_star = Cross(b,Nabla*Pi)
 /(e*n*Bs)

auto v_EB = Cross(b,Nabla*Phi)/Bs

auto v_d = Cross(b,kappa)/Bs

constexpr auto dw_dt = -v_star*Nabla*dw + dB*Nabla*(Jp/Bs) + Bs*b*Nabla*(dJ/Bs) + Ratio<2>{}*v_d*Nabla*dP

constexpr auto dA_dt = -Nabla_p*dPhi - eta*dJp + Pe/(e*ne2*Bs)*dB*Nabla*ne + Pe/(e*ne2)*b*Nabla*dne

constexpr auto dP_dt = -v_EB*Nabla*(Pi+Pe) - 
Ratio<2>{}*gamma*(Pi+Pe)*v_d*Nabla*dPhi

constexpr auto dne_dt = -v_EB*Nabla*ne

Symbolic implementation of GMEC
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A GPU version of GMEC has been developed with high efficiency

理论算⼒ Float Double
Intel Xeon Gold 6348 4.6 TFLOPS 2.3 TFLOPS

RTX4090 82.58 TFLOPS 1.29 TFLOPS
A800 19.49 TFLOPS 9.746 TFLOPS

𝑛 = 6, 𝑇𝐴𝐸, 256×64×16

𝑁- = 1.6×10.

𝑑𝑡 = 0.1𝑅//𝑣&, t = 250𝑅//𝑣&
A800: 52.3𝑠

RTX4090: 59.5𝑠

GMEC 符号计算 验证与结果5 背景介绍

1个4090
≈ 600核

one A800 
≈ 640	cores

Shiyang Liu
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Verification of GMEC：RSAEs in DIII-D

S. Taimourzadeh et al 2019 Nucl. Fusion 59 066006

𝑞0"1 = 3

GMEC 符号计算
优化4 结和展望背景介绍
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Continuum (MAS)
Gap range: 3.86,4.52

A. Könies et al 2018 Nucl. Fusion 58 126027

wo FLR

with FLR

m=10

m=11

Verification of GMEC：n=6 TAE
GMEC 符号计算 优化4 背景介绍
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multi-n simulations

𝑛 = 6 𝑛 = 3 𝑛 = 4

优化4 总结和展望

𝑛	total

6

3
4

Linear 
phase
𝑛 = 6

𝑡 = 700𝑅//𝑣&

𝑛



N=30 Gamma=5/3 Frequency=65KHz

n=30 mode in ITER (BAE)



Summary II
• An initial version of GMEC has been developed for 

simulating EP-driven Alfven modes and EP transport 
in tokamak plasmas. Initial verifications have been 
done successfully. 

• A Compile-time Symbolic Solver (CSS) has been 
developed to aid the development of GMEC. CSS 
simplifies the coding greatly with great efficiency and 
small probability for code errors. It also makes the 
code easily extensible. 

• Initial results indicate GMEC is highly efficient and is 
significantly faster than existing codes. 
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