Studies of energetic particle-driven modes and energetic
particle transport via kinetic-MHD hybrid simulation

G.. Fu, J.A. Breslau, R. Budny, W.J. Deng*, E.D. Fredrickson, N. Gorelenkov,
G. Kramer, M. Podesta, F. Poli, G. Wang**, W.X. Wang, PPPL
DY. Liu, Univ. of California, Irvine
N. Crocker, S. Kubota, UCLA
B. Tobias, M. Van Zeeland, General Atomic
H.S. Cai*, USTC, China
F. Wang, J.Y. Liu, Dalian Univ. of Technology, China
W. Shen, Z.M. Sheng, Zhejiang Univ., China
R.B. Zhang, X.G. Wang, Peking Univ., China

*SicDAC Center for Nonlinear Simulation of Energetic Particles in Burning Plasmas (CSEP)
**Max Planck/Princeton Research Center for Plasma Physics (MPPC)

PPPL Theory Department Research Seminar, Feb. 14, 2014



Outline

Motivation and M3D-K hybrid model

Marker removal method for efficient simulations of EP instabilities
(W.J. Deng, G.Y. Fu, CPC 2013)

Simulations of beam-driven TAE in NSTX (D.Y. Liu et al, paper being written)

Linear Stability and Nonlinear Dynamics of Fishbone in NSTX
( F. Wang, GY. Fu, J. Breslau, J.Y. Liu, PoP 2013)

M3D-K Simulations of Sawteeth and Energetic Particle Transport in Tokamak
Plasmas (W. Shen et al., paper being written)

Future work:

Simulation of multiple beam-driven TAEs in NSTX
Simulations of fishbone in DIII-D and HL-2A

Effects of runaway electron on MHD modes in JET
Simulation of alpha-driven TAEs in ITER

Interaction of EGAM and plasma micro-turbulence



Motivation

* Energetic particle (EP)-driven instabilities can
induce significant alpha particle losses to the
first wall of fusion reactors;

* Energetic particle can interact with thermal
plasma strongly: affect equilibrium, stability
and transport. EP physics is a key element for
understanding and controlling burning
plasmas.



M3D-K Particle/MHD Hybrid Model
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Ph is calculated using gyrokinetic equation via PIC



Outline

Motivation and M3D-K hybrid model

Marker removal method for efficient simulations of EP instabilities (W.J). Deng,
G.Y. Fu, CPC 2013)

Simulations of beam-driven TAE in NSTX (D.Y. Liu et al, paper being written)

Linear Stability and Nonlinear Dynamics of Fishbone in NSTX ( F. Wang, G.Y.
Fu, J. Breslau, J.Y. Liu, PoP 2013)

M3D-K Simulations of Sawteeth and Energetic Particle Transport in Tokamak
Plasmas (W. Shen et al., paper being written)

Future work:

Simulation of multiple beam-driven TAEs in NSTX
Simulations of fishbone in DIII-D and HL-2A

Effects of runaway electron on MHD modes in JET
Simulation of alpha-driven TAEs in ITER

Interaction of EGAM and plasma micro-turbulence



Marker removal method developed and implemented in M3D-K for
efficient simulations of energetic particle-driven instabilities
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The marker removal method saves simulation particles by a
factor of 34 for the TAE saturation level

W.J. Deng and G.Y. Fu, CPC 2013
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Beam-driven Alfven modes are routinely observed in NSTX.
M3D-K is used to simulate beam-driven TAEs for code validation.

25") i ' ¢ ’ | k ' ' | ' ' | ' ' ' | ' : b | ' ' ' ]
- {(a) sh#141711 _
I TAE avalanches ]
200 ol -
i bursting/chirping . ) ]
L : i _
150 \ n=p n=6 '
T ot n=4
=, - : j
— 100 '_ n=3 i | .| H
L [ n=2 \
50 - |
I n=1 | sz:lr
Ol . o e L , R TR LA - : |
4 (b) neutrons [10™s™]
3t -
2 N -
1 — -
oL :
380 400 420 440 460 480 500

t [ms]
t=470ms



Experimental Plasma Parameters and Profiles are Used for TAE
Simulation
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Mode Structure and Mode Frequency of Simulated n=3,4,5 TAE are
in reasonable agreement with Experimental Measurements
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Linear Stability and Nonlinear Dynamics of Fishbone in NSTX
F. Wang, G.. Fu, J. Breslau, J.Y. Liu

 We consider NSTX plasmas with a weakly reversed q profile
and gq_min close but above unity.

* For such g profile, fishbone and non-resonant kink mode
(NRK) have been observed in NSTX and MAST.

e M3D-K code is used to simulate beam ion effects on n=1
mode: stabilization of NRK, excitation of fishbone and
nonlinear dynamics



Equilibrium profile and parameters
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Beam-driven fishbones are observed in NSTX




Fishbone and NRK (LLM) were observed in
STs and tokamaks
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The fishbone mode structure shows
twisting feature

fishbone




Stability diagram: stabilization of ideal kink
and excitation of fishbone at higher g_min
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Fishbone nonlinear evolution
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M3D-K Simulations of Sawteeth and Energetic Particle Transport in Tokamak Plasmas
W. Shen, GY. Fu, Z.M. Sheng
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Sawtooth movie: Poincare plot and fast trapped ion distribution
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Simulation of sawteeh with energetic particle effects
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Fig. (a) shows the results using MHD model Fig. (b) shows the results with EP loading around
without EP, Py o, <[0.75(1-y)+0.25 exp(-y/0.25)], 6601, Po; ocexp(-y/0.25), B/Biota~ 0.2, sawtooth
Bo~ 4.21%, sawtooth period is around 3271,. period is around 6557,.



Summary :M3D-K Simulations of Sawteeth and
Energetic Particle Transport: Summary

MHD simulations show repeated sawtooth cycles due to a resistive (1,1)
internal kink mode for a model tokamak equilibrium.

Test particle simulations are carried out to study the energetic particle
transport due to a sawtooth crash.

For trapped particles, the redistribution occurs for particle energy below a
critical value in agreement with previous theory.

For co-passing particles, the redistribution is strong with little dependence on
particle energy. In contrast, the redistribution level of counter-passing
particles decreases as particle energy becomes large.
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Future work: Simulation of multiple beam-driven Alfven modes in NSTX
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Future work: simulation of fishbone in DIII-D
W. Shen, G.Y. Fu, B. Tobias, M. Van Zeeland

Fishbone and saturated kink are observed between sawteeth crashes in DIlI-D
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Equilibrium profile and parameters
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Linear hybrid simulation with energetic
particles shows a fishbone-like mode
with finite frequency

MHD kink fishbone




The fishbone mode frequency is smaller
for broader beam ion radial profile
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Future work: Effects of runaway electrons on

MHD modes in JET
H.S. Cai, G.Y. Fu

Use M3D-K to investigate the MHD stability of
runaway plasmas and runaway confinement

A component of runaway electrons will be
added to the M3D-K code



Future work: simulation of alpha-driven TAEs in ITER
G.. Fu, N. Gorelenkov, R. Budny, F. Poli et al.

 DOE OFES 2014 Theory Milestone

“Understanding alpha particle confinement in ITER, the world’s
first burning plasma experiment, is a key priority for the fusion
program. In FY 2014, determine linear instability trends and
thresholds of energetic particle-driven shear Alfvén eigenmodes
in ITER for a range of parameters and profiles using a set of
complementary simulation models (gyrokinetic, hybrid, and
gyrofluid). Carry out initial nonlinear simulations to assess the
effects of the unstable modes on energetic particle transport.”

Codes involved: GEM, GTC, GYRO, M3D-K, TAEFL, NOVA-K
Collaborators: Y. Chen, Z. Lin, E. Bass, D. Spong et al.



Interaction of EGAM and plasma micro-turbulence
G. Wang, G.Y. Fu, W.X. Wang

plasma background micro-turbulence can cause
anomalous radial diffusion of energetic particles.

Recent M3D-K simulations show that the turbulence-
induced diffusion can have a significant effect on
nonlinear saturation of fast ion-driven Alfven instability.

Energetic particle instabilities may influence plasma
micro-turbulence via EP-induced zonal flow/zonal current
as well as GAM.

GTS code will be used to simulate energetic particle-
driven GAM (EGAM) and its interaction with plasma
micro-turbulence



Mode Frequency Well Below ideal GAM frequency

dB/B~10-°, n=0 at wall  N=0 GAM continuum
o = 2CJ/R

* ideal GAM can only exist
above the continuum
- no NOVA solution

f (kHz)

* Mode frequencies well
below peak in the continuum
- not the ideal GAM
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* Mode structure is global, not
the local kinetic GAM
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Energetic particle effects induce two new branches
of eigenmode (EGAM)
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First successful simulation EGAM using GTS

A linear EGAM is observed in our new developed fully kinetic GTS code
including the energetic particle species.
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The excitation threshold of EGAM on the
energetic particle’s beta is found in the
simulation. The linear mode structure is
significantly changed below the threshold.



