17pC34-1 AAYERSE ENEERAS
201743A17H
RRAZEE £ 00 /8%

RBEANNAINEREIZEITHAMBEEEE—FD
g FR 57 B IR 2R D SEER R AR GE

Experimental Identification of Subcritical Instability
of Geodesic Acoustic Mode in the LHD
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® Background
Abrupt phenomena and subcritical instabilities

® Experimental results on abrupt excitation of the Geodesic
Acoustic Mode (GAM) in the LHD
* Characteristics of the abrupt excitation phenomenon
» Spatial structure
» Mode coupling
» Nonlinear evolution and threshold in the amplitude

@® Interpretation of the abrupt excitation of the GAM
 Newly proposed excitation mechanism
» Subcritical instability of GAM

® Summary



Background: Abrupt phenomena

Abrupt phenomena are widely observed Reviewed in S.-I. Itoh, et al. Plasma
. Phys. Controll. Fusion 40, 879 (1998)
in laboratory plasmas and space plasmas.
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Why does the growth rate increase suddenly and rapidly? ’



Why does the growth rate increase suddenly and

Amplitude

Figures from F.F. Chen “Introduction to
Plasma Physics and Controlled Fusion”

The rate of change in the growth rate is

determined by the rate of

change in driving or

damping source, such as I’p, current profiles, and
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— The rate of change in linear growth rate is too
slow to explain the abrupt phenomena.
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Subcritical instability

Linear instability Subcritical instability
du du

E=yu+lu3 (y <0,1>0)

Unstable { Stable ! Unstable

. Figures from F.F. Chen “Introduction to
Am pl itude Plasma Physics and Controlled Fusion”

1
_ _ Amplitude
The rate of change in the growth rate is

determined by the rate of change in driving or The instability is driven when the
damping source, such as I’p, current profiles, and amplitude exceeds a threshold, even if
So on. macro parameters don’t change.

dy B dy df dydq — Although a sufficient trigger is

ot op dt + dq Ot te necessary , sudden and rapid growth
— The rate of change in linear growth rate is too is possible, regardless of change in

slow to explain the abrupt phenomena. the macro parameters. i



Subcritical instability

Unstable { Stable { Unstable
e Threshold

* Trigger
 Rapid change in the
growth rate

Amplitude

Subcritical instabilities appear widely in nature.
(see M. Lesur, J. Plasma Fusion Res. 92, 665(2016))

Neutral fluid (theory , Experiment) High temperature plasma (theory)
e Planer Couette flow e Current diffusive interchange mode[Yagi, PoP(1995)]
e Planer Poiseuille flow * Neoclassical tearing mode[Carrera, PoF(1986)]

* Energetic particle driven instabilities(e.g. Berk-
Braizman model)
* Onset of solar flare [Kusano, Astrophys. J. (2012)]
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Experiment in the LHD: Experimental setup
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A intense mode is abruptly excited during frequency

chirping of an EGAM.

* Tangential Neutral Beam Injection (NBI) T. Ido, et al. Nucl. Fusion 55, 083024 (2015)
* ECH is applied. T. Ido, et al., Phys. Rev. Lett. 116, 015002 (2016)

*n, ~0.1x10%* (m3), Hplasma
* T,,~8 keV, T, pa~0.6 keV.

Energetic particle-driven GAM (EGAM) is
observed routinely in LHD plasmas.
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 When the frequency of this chirping EGAM reaches twice the GAM frequency,
another strong mode with the GAM frequency is abruptly and transiently excitéd.



A GAM is abruptly excited during frequency

chirping of an EGAM

L2t e Time scale of the abrupt
g g | - - excitation (<1 ms) <<
X 100 < \° e that of the EGAM(a few
o) %) _ : = ms).
@ o
:% 50 % * The amplitude of the
s r abruptly-excited GAM is 2-

3 times larger than that of

(b) z: ..... | ....... P52 - (e the EGAM.
Jeiany W
ENE 25 - 55 kHz ©
....... Ko oAl
© ‘21_5'2_'5' T ceamt @
ERE — X
o 7 :
5t My T ]
3.812 3816  3.820 3.812 3.816  3.820
Time (s) Time (s) 10

< 10ms —>



Spatial structures of the abruptly-excited mode

agree with those of the GAM.
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Phase relation between the EGAM and the

abruptly-excited GAM
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The phase relation between the EGAM and the abruptly-excited GAM
shows a common tendency in the two events (also in the other events).
- Mode coupling between the EGAM and the abruptly-excited GAM

is suggested.
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A GAM is abruptly excited during frequency

chirping of an EGAM

g %_ ~« Time scale of the abrupt excitation (< 1
=< 100 £ - ms) << that of the EGAM.
== -
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g 0F = (9 - = theEGAM.
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Nonlinear evolution of the abruptly-excited GAM

has been observed.
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(DAfter the growth rate increases, it decreases as the amplitude increases
because the driving source is consumed by the mode excitation.

(This behavior is common for linear instabilities.)
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Nonlinear evolution of the abruptly-excited GAM

has been observed.
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Nonlinear evolution of the abruptly-excited GAM

has been observed.

T. Ido, et al., Phys. Rev. Lett. 116, 015002 (2016)
(4 bursts are plotted.)
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(DAfter the growth rate increases, it decreases as the amplitude increases
because the driving source is consumed by the mode excitation.
@When the amplitude exceeds a threshold, the growth rate becomes an
increasing function of amplitude. (nonlinear growth)



Theoretical model of the abrupt excitation of the

GAM

M. Lesur, Phys. Rev. Lett. 116, 015003 (2016), K. Itoh, Plasma Phys. Reports 42 428 (2016)

= GAM (Freq. w; ~ wgapy, Amplitude Z;) (i = kjx — w;t
dz, %
— = —y,Z x,v,t)e ¥1dxdv — i — Z,7; e~ 10t
dt Ya41 — 4qm0ff( ) a)12
Kinetic nonlinearity Fluid nonlinearity

M. Sasaki, Phys. Plasma (2009)
K. Itoh, Phys Plasma (2005)

- Parametric instability
" EGAM (Freq. w, ~ 2wg sy, Amplitude Z5,)

—=—1—/Zje _
dt W - (frequency mismatch)

= Distribution function
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The simulation reproduces the observed temporal

behaviors.

M. Lesur, Phys. Rev. Lett. 116, 015003 (2016).

~ 5 Experiment i Simulation
| ! ! ! L | y
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g = I
= 1 | |amplitude of the
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0 i
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The simulation reproduces the experiment:
e The GAM is excited when the frequency of EGAM approaches twice the GAM frequency.
e Time constant of the evolution of the GAM.

* The amplitude of the GAM becomes larger than that of the EGAM. "



The simulation also reproduces the observed phase

relation.

M. Lesur, Phys. Rev. Lett. 116, 015003 (2016)
_ _Nucl. Fusion 56 056009 (2016)
Simulation
ul I T

N

O

The phase relation between GAM and EGAM is also simulated
by the proposed theoretical model. 19



MEGA code may simulate a kinetic coupling as the trigger.

H. Wang, 26th IAEA Fusion Energy Conference

MEGA code [Y Todo, Nucl Fusion(2010)084016

: LY Todo, Nucl Fusion{2010) ] (2016) TH/P4-11
* MHD fluid (Lecture of Young Scientist Award of Physical
* Kinetic energetic particle Society of Japan(2017) 20aC34-11)

— EGAM can also be simulated.

Simulation /

See Fig. 4(a) in
https://conferences.iaea.org/indico/event
/98/session/22/contribution/565/material

/paper/0.pdf

EGAM Experiment

GAM 3812 3816  3.820
Time (s)

Interaction between the EGAM and the GAM via energetic particles 20



Threshold in the amplitude of the EGAM

: T.1do, Nucl. Fusion, 57,
Simulation M. Lesur, Nucl. Fusion 56 Experiment
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Subcritical instability of the GAM
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The EGAM triggers the GAM through parametric coupling (and/or kinetic coupling).
N2

Once the amplitude of the GAM exceeds a threshold, kinetic nonlinearity and fluid mode
coupling make the GAM unstable.

Subcritical instability 22



Impact of this study

Onset of abrupt phenomena, Stability « This study show an experimental

Nonlinearly unstable path to explore the trigger problem
of abrupt phenomena.

* Even if the system is linearly stable
and global parameters don’t change,
it can be abruptly destabilized by a
trigger.

Wave-particle interaction See Fig. 1in
http://www.nifs.ac.jp/report/IAEA201
Lower frequency(slower vy 45e) 4/EX-10-3_Osakabe.pdf

Larger amplitude

Y

Larger effect on bulk plasma

(e.g. GAM channeling (m. sasaki, PPCF, 085017 (2011))) >



Summary

» Abrupt excitation of a GAM is found in the LHD.

» The characteristics of the abruptly-excited GAM have been investigated:

* The abruptly-excited GAM appears when the frequency of the chirping
EGAM reaches twice the GAM frequency.

* The growth rate and amplitude are larger than those of the EGAM.

* The phase between the GAM and the EGAM suggests the mode coupling
between the GAM and the EGAM.

* The behaviors of the growth rate suggests that the GAM grows through
nonlinear process.

» Newly proposed theoretical model, which take into account fluid nonlinearity
and kinetic nonlinearity, can reproduce the experimental results (phase
relation, amplitude, and time scale of the abrupt excitation), quantitatively.

» The abrupt excitation phenomenon observed in the LHD is interpreted as the
excitation of subcritical instability.

» This study show an experimental path to explore the trigger problem of
abrupt phenomena. ”



