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 Equilibrium and classical  transport of energetic ions (Hole, Kurki-
Sounio, Kramer, Hamamatsu, Farengo)

 Runaway electrons  (Riemann, Papp)

 Linear studies of Alfvénic and acoustic modes (Bass, Lang, Deng,
Könies, Gorelenkov, Merle, Lepiavko)

 Nonlinear dynamics of isolated modes (Lilley, Nyqvist, Lesur, Wang,
Pinches, Chen, Fu, Lin, Zhang, Zarzoso )

 Anomalous transport due to instabilities (Todo, Yakovenko,
Kolesnichenko, Ghantous, Albergante, Schneller, Breizman)

 Progress in code development (Spong, Könies, Vlad, Wong)

 Interpretation of experimental mysteries

 Predictive theoretical work

Developments and Trends
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 M. Hole “The impact of rotation and anisotropy due to NBI energetic particles in tokamaks”

The authors have computed the level of
anisotropy from a TRANSP simulation of a
neutral beam heated MAST discharge.
This showed a large level of anisotropy,
with p⊥ / p|| ~ 1.7,  sufficient to boost the
central safety factor by 15%, well in excess of
the change induced by toroidal rotation.



R. Farengo “Simulation of alpha particles current drive and heating in small aspect ratio tokamaks”

K. Hamamatsu “Fokker-Planck simulation for radial transport of high energy ions”

T. Kurki-Suonio “Orbit-following fusion alpha wall load simulations for ITER including full orbit effects”

G. J. Kramer “Full orbit simulations of fast ion losses in DIII-D and NSTX”
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J. Riemann “Energy gain of runaway electrons in vertical disruptions”



G. Papp “Runaway electron losses enhanced by resonant magnetic perturbations”
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E. M. Bass “A linear gyrokinetic analysis of beam driven Alfvén eigenmodes in DIIID”

GYRO eigenvalue solver detects three
principle unstable AEs.

n=3 Alfvén continuum
at qmin=3.22 courtesy
of Wenjun Deng

RSAE TAE/RSA
E TA

E

The RSAE lies on the qmin=3.22 surface.
The TAE peaks between singular surfaces near the interior,
but often extends to the simulation boundary.

A hybrid TAE-RSAE manifests when mode
frequencies come near each other. All modes n=3 at qmin=3.22.

Electrostatic potential φ of
three GYRO eigenfunctions.

RSAE TAE TAE/RSAE



J. Lang “M3D-K simulation of beam-driven Alfvén modes in DIII-D”

As beam speed increases, the destabilized mode jumps
from EPM to RSAE ( DIII-D shot # 142111)

n=2

qmin=3.86



W. Deng “Gyrokinetic particle simulations of reversed shear Alfvén eigenmode in nonuniform plasmas with
equilibrium curent”



A. Könies “Particle-in-cell simulations of low n energetic particle driven TAE in low aspect ratio tokamaks”



N. N. Gorelenkov “Nonperturbative simulations of fishbones and kink mode stabilization in ITER”



A. Merle “Investigation of the intrinsic properties of the electron-driven fishbone modes”



B. S. Lepiavko “Drift-sound and drift-Alfvén eigenmodes in toroidal plasmas”

 Coupled linear equations for drift-
acoustic and drift-Alfvén modes derived
for toroidal plasmas.

 These equations are applicable to
tokamaks and stellarators.

 Preliminary analysis indicates that the
modes observed in HSX can be
identified as drift-acoustic modes.
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 M. Lilley ”Nonlinear energetic particle modes: from bump-on-tail to tokamak plasmas”

  Hooked frequency chirp
     seen in BOT simulations.

  Also seen in MAST (NBI)
     and JET (ICRH)



R. Nyqvist “Adiabatic description of long range frequency sweeping”

 New adiabatic code developed  for
long-range frequency sweeping

 Only trapped particles are essential in
the simulations

 Adiabatic code accounts for:
• Fast particle collisions
• Fast particle trapping and detrapping
• Nonlinear modification of the wave profile

Separatrix drift in phase space



M. Lesur “Effects of drag and diffusion on nonlinear behavior of energetic particle-driven instabilities”

Nonlinear bifurcation diagram for a
fixed ratio νd/νf =5, which is
relevant for current large tokamaks.
Each point represents a simulation.



G. Wang “Model for spontaneous frequency chirping of an Alfvén wave in a toroidal plasma”



S. D. Pinches “Fast ion driven instabilities in MAST”

     np = 262,500, γL/ω0 = 6.12%, γd/ω0 = 6%, νei/ω0 = 0.3%, νeff/ω0 = 1%

Frequency sweeping
TAE in MAST #22807

HAGIS

MAST

      Asymmetric, repetitive, frequency sweeps: δω/ω0 ~ ± 30%

HAGIS



Y. Chen “Gyrokinetic simulation of reverse shear Alfvén eigenmodes in DIII-D plasmas”



 G. Y. Fu  “Nonlinear theory and simulation of energetic particle-induced geodesic acoustic mode”

Evolution of density fluctuation of EGAM in a DIII-D plasma

Nonlinear hybrid simulations with
realistic beam distribution function
yield mode frequency, mode amplitude
and outward radial propagation
consistent with experimental
measurement of density fluctuation
from BES.



Z. Lin “Nonlinear gyrokinetic particle simulations of Alfvén eigenmodes and energetic particle transport”

Nonlinear simulations show that the unstable BAE saturates due to
nonlinear wave-particle interaction with both thermal and energetic
particles. The saturated amplitude exhibits coherent oscillations.
Wavelet analysis shows that the mode exhibits  strong chirping
associated with nonlinear evolution of coherent structures in the
energetic particle phase space . Thermal particle nonlinearity plays a
key role in controlling the saturation amplitude.

H. S.  Zhang “Nonlinear frequency chirping of beta-induced Alfvén eigenmode”



D. Zarzoso “Kinetic description of EGAM excitation and nonlinear saturation”

Fast ions & turbulence in full-f global GYSELA-5D
simulations

Fast ions ⇒ EGAMs ⇒ ↑ ωExB ⇒
↓ χneo ⇒↑ Ti ⇒ ITG turbulence ⇒
EGAM saturation
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Y. Todo “Nonlinear MHD and energetic particles hybrid simulation of Alfvén eigenmode bursts”

TAE bursts have been simulated with NL MHD effects
and source+collision+loss

 Saturation amplitude of the dominant
harmonic with significant beam ion loss:
δB/B~5-8×10-3 at the mode peak
location and 10-3 at r/a=0.8 (comparable
to the TFTR experiment)

 Nonlinear MHD effects reduce
saturation amplitude and beam ion
losses



Yu. V. Yakovenko “Synergy of Alfvén instabilities due to Compton scattering on energetic ions---
Transformations of mode numbers of kinetic Alfvén waves in toroidal plasmas”



Ya. I. Kolesnichenko “Mechanisms of formation of a non-monotonic energy distribution of fast ions”



K. Ghantous “Quasilinear model for energetic particle interaction with TAE modes”



 M. Albergante “Anomalous fast ion redistribution in burning plasma experiments”

This work presents a numerical platform to study interaction between
energetic ions and micro-turbulence. A beam deposition module in a
single particle code (VENUS) is coupled to a gyro-kinetic code (GENE).
The energetic ion motion is calculated in the VENUS code with the
inclusion of unperturbed drifts, collisions and anomalous radial transport.



M. Schneller “Investigation of Alfvénic transport mechanisms with HAGIS”



B. N. Breizman “Global transport of energetic particles due to hole-clump production”

Final marginal distribution
Initial distribution function

F

V

Near-threshold  quasilinear relaxation

Global relaxation via recurrent sweeping events

”Stacked up” holes and clumps 
modify the distribution globally



 Equilibrium and classical  transport of energetic ions (Hole, Kurki-
Sounio, Kramer, Hamamatsu, Farengo)

 Runaway electrons  (Riemann, Papp)

 Linear studies of Alfvénic and acoustic modes (Bass, Lang, Deng,
Könies, Gorelenkov, Merle, Lepiavko)

 Nonlinear dynamics of isolated modes (Lilley, Nyqvist, Lesur, Wang,
Pinches, Chen, Fu, Lin, Zhang, Zarzoso )

 Anomalous transport due to instabilities (Todo, Yakovenko,
Kolesnichenko, Ghantous, Albergante, Schneller, Breizman)

 Progress in code development (Spong, Könies, Vlad, Wong)

 Interpretation of experimental mysteries

 Predictive theoretical work

Developments and Trends



D. A. Spong “3D effects on energetic particle physics and Alfvén instabilities”



A. Könies (for T. Fehér) “Simulation of the interaction between Alfvén waves and fast particles in
stellarators”



G. Vlad “Hybrid MHD-gyrokinetic codes: extended models, new implementations and forthcoming
applications”

Electron fishbone instability simulated using eXtended HMGC:

•highly anisotropic energetic electrons with mostly perpendicular energy;
•thermal ions treated kinetically (Landau damping and finite compressibility retained);
•detailed description of power exchange between particles and wave in (u, µ) plane
   (u: parallel velocity, µ: magnetic moment);
•precession frequency of energetic electrons crucial in driving the mode unstable

Benchmark of gyro-kinetic module of new code HYMAGYC vs. HMGC and analytical solution

Counter-‐passing Co-‐passingTrapped

Wave-‐par2cle	  power	  exchange	  in	  	  (u,	  μ)	  plane
(from	  green	  to	  red:	  drive,	  from	  light	  blue	  to	  violet:	  damping)



V. Wong “Simulation of the toroidal geodesic-acoustic mode destabilized by energetic particles”
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