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Outline

e Validation of EP-MHD hybrid simulation on
fast ion profile stiffness and electron
temperature fluctuations in DIII-D

[Y. Todo et al., NF 54, 104012 (2014), NF 55, 073020 (2015)].

e Fast ion profile stiffness due to the resonance
overlap of multiple Alfvén eigenmodes



Energetic particles and MHD hybrid
simulation

energetic particles (fast ions, alphas) are
simulated with Particle-in-cell (PIC)
simulations

bulk plasma is described as an MHD fluid

the coupling between EP and MHD is taken

into account through the EP current in the
MHD momentum equation

neutral beam injection (NBI), collisions, and
losses are considered



An extended MHD model coupled with
energetic particles
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Multi-phase Simulation

[Y. Todo, Nucl. Fusion 54, 104012 (2014)]
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state appears

Hybrid simulation of energetic particles and an MHD
fluid

Multi-phase simulation =

— classical simulation w/o MHD perturbations for 4ms +

— EP-MHD hybrid simulation for 1ms; performed alternately
— reduce computational time to 1/5 :



Anomalous Flattening of Fast ion
Profile on DIII-D
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Anomalous flattening of the fast-ion profile during
Alfvén-eigenmode activity DIlI-D
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A rich spectrum of TAEs and RSAEs with reversed g
profile in current ramp-up phase 6



Frequency spectrum evolution in the
experiment at t~525ms #142111
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AEs with n=1-5 are observed.

In the simulation, energetic particle drive is restricted to
n=1-5 to reduce numerical noise. !
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Time evolution of stored fast ion energy

and MHD kinetic energy IFERC
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Multi phase simulation: classical phase is run w/o MHD for
4ms and then hybrid phase is run with MHD for 1ms. This
combination is repeated until stored fast ion energy is
saturated at t=70ms.

After t=70ms, the MHD fluctuation reaches to a steady level.
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PLASMA SIMULATOR

Comparison of fast ion pressure profiles

(classical, multi-phase, exp.) IFERC
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* Fast ion pressure profile flattening takes place
in the multi phase simulation.

* The fast pressure profile in the multi-phase
simulation is close to that in the experiment.
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Compa rlson Of temperatu re ﬂUCtuatlon PLASMA SIMULATOR
profile with ECE measurement for n=3 IFERC
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* good agreement in spatial profile
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Velocity space distribution of fast ions
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Study of fast ion profile stiffness with
beam deposition power scan

* With the same equilibrium and beam
deposition data as the validation study for
#142111 at t=525ms.

* Beam deposition power scan from 1.56MW to
15.6MW with the experimental value
6.25MW.
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Fast ion pressure profiles and stored — wwiwe
fast ion energy IFERC
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* (left)Fast ion pressure increases with increasing NBI
power, but

* (right) the ratio of stored fast ion energy to the classical
(w/o MHD) simulation is degraded monotonically.
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Spatial profile of the dominant TAE
(n=3)

Tl

PLASMA SIMULATOR

IFERC

/2kHz 72kHz

810°

410°

-410°
0

5107
410*
310%
210%

=" 110"

\'

-110*

210*

-310*
0

r/a r/a

P\g=6-25MW Pyg=15.6MW
69kHz 67kHz

14



TAE amplitudes increases linearly
with increasing NBI power

PLASMA SIMULATOR
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Fast ion pressure gradient and L=

fast ion energy flux profile IFERC

fast ion pressure gradient

is saturated around 0.01,
and spreads outward with
iIncreasing NBI power.

fast ion energy flux profile
normalized by NBI power

significantly increases with
increasing NBI power,
especially at r/a>0.5.

Fast lon Energy Flux
/ Beam Deposition Power




Critical fast-ion pressure gradient =

for sudden increase in energy flux "¢
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(top left) normalized pressure
gradient is saturated around 0.01.

(top right) critical gradient for
sudden increase in energy flux
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(bottom) critical beam power
depends on radial location.




Time evolution of fast ion energy flux profile TL=
[intermittency, avalanches, multiple modes,

IFERC
spreads outward]
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Resonance overlap in (R,E ) phase space 'TE
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Summary

* The hybrid simulation was successfully validated on
fast ion profile flattening and electron temperature
fluctuations measured in the DIII-D plasma

* Fast ion profile stiffness with critical gradient
— transport flux increasing suddenly above a critical gradient
— leading to the fast ion profile stiffness.

— the critical gradient and the corresponding critical beam
power depends on radial location.

— fast ion pressure gradient stays moderately above the
critical value, and the fast ion profile spreads outward.

— the sudden increase in fast ion energy flux can be
attributed to the Resonance Overlap of multiple Alfvén
eigenmodes.



