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An analytic model is developed for understanding the abrupt onset of geodesic acoustic mode (GAM) in the
presence of chirping energetic-particle-driven GAM (EGAM). This abrupt excitation phenomenon has been
observed on LHD plasma. Threshold conditions for the onset of abrupt growth of GAM are derived, and the
period doubling phenomenon is explained. The phase relation between the mother mode (EGAM) and the
daughter mode (GAM) is also discussed. This result contributes to the understanding of ‘trigger problems’ of

laboratory and nature plasmas.
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1. INRODUCTION

The abrupt onset of large-amplitude deformation
is often observed in laboratory and astro-space plas-
mas, such as disruptions in toroidal plasmas and burst
of solar flares. One of the key issues is the mechanism,
which gives a fast growth of the perturbation, like the
fast reconnection in high temperature plasmas [1, 2].
The other essential problem is the sudden increase of
the growth rate of the perturbation. For instance, the
appearance of the m = 1 mode perturbation (m is the
poloidal mode number) at the beginning of the saw-
tooth crash has been reported in detail. For instance,
the JET experiment [3] has reported that (1) the
growth rate of the m =1 mode perturbation is of the

order of (25 ],Ls)fl, and that (2) the growth rate in-
creases to this large value within less than 100 us. That
is, the growth rate itself increases with the growing rate
which is of the order of the large growth rate. This
abrupt onset of increase of the growth rate has been
known as the ‘trigger problem’, and remains to be a
mystery for more than a couple of decades.

The standard concept, which is constructed on
the evolution of linear instabilities, is difficult to ex-
plain the trigger problem. The linear growth rate of a
global mode is described by global equilibrium pa-
rameters, e.g. current profile, pressure gradient, etc.,
so that it changes with the time scale that governs
global equilibrium parameters (which is denoted by T
in this article). When the linear stability boundary is

crossed at ¢ =0, the linear growth rate evolves as
Yr = Yro(t/u) + ..., where v, , is a characteristic value

of growth rate in fully unstable cases. After the insta-
bility appears, the perturbation evolves as

X(@) ~ X(0)exp(y L,O(tz /27)). Therefore, the growth of
the perturbation occurs with the time scale of

J(@/YLo)- The relation \/t/y,, > 1/Y,, usually holds,
because T belongs to global long time scales, so that
the observation of abrupt increase of the growth rate
(like [3]) cannot be explained. In the review [1], the
working hypothesis based on the subcritical instability
is explained to understand the trigger problem.

Recently, an abrupt onset of geodesic acoustic
mode (GAM) [4, 5] has been observed on LHD [6, 7].
An energetic particle driven GAM (EGAM) [8—10] is
observed in the NBI heated plasma in LHD [11]. The
EGAM is associated with a frequency chirping, which
is caused by the nonlinear instability mechanism asso-
ciated with deformation of velocity distribution func-
tion [12]. It was found that when the frequency of the
chirping EGAM becomes closer to the twice of the
GAM frequency, the GAM is abruptly destabilized

[7]. The growth rate is of the order of (40 us)_l, and
the growth rate jumps to this large value within a few
10 ps. Thus, the understanding of this phenomenon
will shed a light on the physics of trigger problem.

A physics model has been proposed [13], in which
the subcritical instability of GAM in the presence of
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energetic particles [14] is combined with the paramet-
ric instability of EGAM—GAM system. The paramet-
ric instability induces the energy transfer from EGAM
(mother mode) to GAM (daughter mode) so as to
make a seed of GAM. If this seed amplitude is larger
than the threshold of subcritical instability, nonlinear
growth rate gives a large growth rate without modify-
ing the global plasma parameters. Direct nonlinear
simulation has been performed. The comparison with
the experiments seems encouraging. The sensitivity of
the simulation result to the parameters has been ana-
lyzed. In this article, we discuss the analytic model for
the abrupt onset of GAM in the presence of chirping
EGAM. Threshold condition is derived, and the peri-
od doubling phenomenon is explained. The phase re-
lation between the mother and daughter modes are al-
so discussed.

2. MODEL

We first summarize the experimental observation
on LHD about the sudden onset of GAM, in order to
clarify the motivation to construct the model. Next,
the basic model equation is revisited, which was for-
mulated as nonlinear kinetic equation in [13, 15].
Then the linearized model is deduced, in order to
study the condition of the onset of daughter mode in
the presence of the chirping mother mode.

2.1. Short summary of experimental observation

The experimental observations, which form the ba-
sis of the model, are described in [7, 11]. The LHD is
a helical system (major (R) and averaged minor radii
of plasma are 3.75 m and about 0.6 m, respectively). In
this experiment, the magnetic field is 1.375 T at the
magnetic axis, and the ion species is hydrogen. The
plasmas are sustained by a neutral beam injection
(NBI) (the injected beam energy is 175 keV, and the
absorbed power is about 140 kW). The line averaged

electron density is 0.1 X 10" m_3, the central electron
temperature (heated by the electron cyclotron heating
with a power of 2.5 MW) is approximately 8 keV, the
ion temperature is several 100 eV, and the slowing-
down time of the injected ion beam is about 20 s. A
positive gradient in the velocity space of the beam is
realized for strong EGAM excitation.

Under this circumstance, the EGAMs (frequency
of which is in the range of a few tens kHz to 100 kHz)
are observed. The identification has been done care-
fully. The potential and density perturbations were
measured by ion beam probe, and the correlations
with the signals from arrays of magnetic probes are
evaluated. The toroidal mode number is found to be
zero. The poloidal mode number is zero for potential
perturbation and one for density perturbation. The
frequency was compared with the theory with plausi-
ble distribution function of fast ions. With these exam-
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inations, the excitation of EGAM was identified [11].
When the mode is excited, the chirping of frequency to
higher frequency is often observed. The time scale of
one burst of chirping EGAM is of the order of 10 ms
(which we refer to ‘slow’ in this article). The envelope
grows and decays in this time scale as the frequency
chirping takes place.

The most striking discovery is that during a slow
burst of chirping EGAMs, a very sharp burst (time
scale of which is a few 100 us) happens. This time scale
is referred to ‘fast’ here. If it occurs, the amplitude of
oscillation becomes a few times larger, and as a result
of this large perturbation, the change in the ion mea-
surement (like effective temperature) is observed [16].
Such a sharp burst has a frequency close to the GAM
eigenmode. The onset occurs, when the frequency of
the chirping EGAM is close to twice of that of excited
GAM. In addition, when the GAM appears, the phase
relation between the EGAM and GAM is not random
but preserved, so that the onset appears as a period
doubling bifurcation of EGAM. In addition, the grow-
ing rate of the growth rate of GAM is close to the peak
growth rate of GAM.

These observations stimulate to construct a model
as follows: Since the GAM appears abruptly (and the
mean plasma parameters, that determine the linear
growth rate, change only very little during a short time
of onset), we consider that the GAM is not driven by
linear instability mechanism. The intensity of micro-
scopic turbulence, which may drive GAMs, does not
change substantially during this short time. Thus, we
choose the hypothesis that the observed GAM may be
induced by subcritical mechanism, which has been
theoretically pointed out. For the subcritical exci-
tation, some seed is necessary [17]. Considering the
observation that the excitation takes place when the
frequency of the chirping EGAM is close to twice of
the excited GAM frequency, thepossibility of transfer-
ring the energy from EGAM to GAM via parametric
coupling is investigated in the model.

2.2. Brief description of nonlinear model

Here we consider the interaction of two modes. In
order to treat the present problem, we split the electric
field £ between the two waves, £ = E, + E,, and in-
troduce a hybrid model. The daughter mode (E,) is
treated by the kinetic 1D model, and the mother mode
(E,) is treated as a simple medium for nonlinear ener-
gy transfer. For E,, we prescribe the initial amplitude
Z,, and the time evolution of frequency w,(¢) from
the experimental data. We assume that the impact of
the mother on particles near the resonant interaction
of the daughter is negligible. The interaction between
the two modes is modeled by the equation of period
doubling. The evolution of the energetic particle dis-
tribution f(x,v,?), in the neighborhood of the reso-
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nance of the daughter mode E,, is given by a kinetic
equation [18, 19]

U, U GEY VI v
at dx mov k av ki ov’
where 8f = f — f,, and f,(v) is the initial velocity dis-

tribution. The right hand side is a collision operator,
where v , and v, are input parameters characterizing
dynamical friction and velocity-space diffusion, re-
spectively. Thisoperator is obtained by projecting a
Fokker—Planck operator that describes Coulomb col-
lisions perceived by energetic ions, on the resonant
phase space surface [19].

The evolution of the two parts of electric field is
given by

dz, _ J-f(x v,0)e " dxdv —
dt 4nqn0 )
Ydamle Z2Z* let’
1
% — _I.KZIZe—iQY (3)
dt o, ’
where
E; =Zexplilk;x —m;1)]+cc., 4)

n, is the total density, and 0 = 2m, — ®, is the mis-
match frequency. The term proportional to v,,,, is an
external wave damping, which is a model for all linear
dissipative mechanism of the wave energy to the back-
ground plasma [18]. It is assumed to be constant in
time in this model.

2.3. Linearized model

The subject of the article is to study the onset condi-
tion of the subcritical GAM instability in the presence
of energetic particle driven GAM which is chirping in
frequency. The parametric instability of the daughter
mode in the presence of mother mode, the frequency of
which is close to the twice of the daughter mode, is in-
vestigated. For the study of parametric instability of the
daughter mode, we take the amplitude of the daughter
mode as a smallness parameter. When the daughter
mode is excited by parametric instability, the amplitude
is much below the subcritical nonlinear destabilization,
and the kinetic process (the first term in the RHS of Eq.
(2)) is represented by its linear limit as

If(x v, e “dxdv = Y02y (5)
4nqn0

where {, = k,x — ®;#. Combining this kinetic growth
process and other damping process, the linear damp-

ITOH et al.

ing rate of the daughter mode is represented by one pa-
rameter as

~Ya = Yo~ Ydamp (6)

The amplitude of the mother mode is the zeroth-order
term, and the correction due to the growth of the
daughter mode is the second order correction. The
frequency mismatch is slowly varying in time, so that
it is assumed to be constant in the process of the
growth of the daughter mode. With these consider-
ation of the ordering, we study the time evolution of

Z,(t) and Z}(t), and other terms like Z, and 0 are
treated as constant. Based on these analytical assump-
tions, one has a linearized equation as

=Y, — 522Z* e, (7

1

3. CONDITION FOR PARAMETRIC
EXCITATION

3.1. Eigenvalue equation

Based on Eq. (7), the onset of parametric instabil-
ity of the daughter mode is analyzed. Taking the time
derivative of Eq. (7), one has

= ,2,+ 087,722 -V 7. 7% (8)
0

1 ©,

Time derivative dZ}* /dt is given by taking the complex
conjugate of Eq. (7), and is substituted into Eq. (8) to
give

Z,=(=2y, +i0)Z, + 0y, — v, + DZ,,  (9)

where D? is defined as

2
D* = @|22|2. (10)
W,
By imposing the time dependence
Z, < e (11)
in Eq. (9), one has the eigenvalue equation
A+ Qy, —iOL+Y, —iBy, — D’ = 0. (12)
The eigenvalue is obtained as
2
A=y, +0+ [p?-& 13
Ya t+ > 4 (13)

3.2. Instability condition

Equation (13) gives the condition for the onset of
parametric instability as

0’ 2 2
? < D" —vy. (14)
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Fig. 1. Condition for the onset of parametric instability.

Figure 1 illustrates the domain of parametric instabil-
ity of the daughter mode. The necessary condition for
the parametric instability is that

D>y, (15)

The mother mode has a threshold, above which the
parametric instability is induced. Once the mother
mode exceeds the necessary amplitude so that Eq. (15)
is satisfied, the parametric instability takes place when
the frequency mismatch is small as to satisfy Eq. (14).
It explains the observations in experiment and simula-
tion that the onset of daughter mode takes place when
the frequency of the mother mode is slightly lower
than the twice of the daughter mode frequency. The
boundary of domain of excitation of the daughter
mode in Fig. 3 of [13] is close to D ~ v, in the limit of
large D, confirming Eq. (14). The onset of excitation
of the daughter mode occurs even if the frequency
mismatch does not vanish.

3.3. Phase-locking and period doubling

The eigenvalue Eq. (13) gives
Im). = %. (16)

That is, Z, is oscillating at the half frequency of the
mismatch, and oscillatory part is given as

Z, o exp (@z). (17)
2
OU3UKA TTJTASMBI TOM 42 Ne 5 2016

431

The oscillatory part of the daughter mode has a half
frequency of the mother mode as

—iot+ik
E =Ze """ +cc <

oc exp (—’%t + iklx) +ee, (18)

E, < exp(—io,t + ik,x) + c.c.

For any value of the frequency mismatch 6, the daugh-
ter mode has a half frequency of the mother mode.
Thus the period doubling of the mother mode hap-
pens when the daughter mode is excited via parametric
instability.

The phase of the daughter mode (with respect to
the mother mode) is also obtained. We take the origin

of time so that the variable Z, is real. Here we write

V7, =iDe® (19)
W,

where D, = VD’ and [ indicates the phase of the cou-

pling constant J'. The phase difference 3 is considered

to be small [20]. With this choice, and substituting

Egs. (11) and Eq. (13) into Eq. (7), one has

2. i )
[1 D - % + ?} Z, = Dye TP zxe ™. (20a)
Let us abbreviate as
[ 2 2 .
D —9/4+19/2Ee1a (20b)
D,
to rewrite Eq. (20a) as
Zl — e(—rt/2—(x+ﬁ)izl*ei6t. (20C)
Introducing Z to indicate the phase
Z, = Z e (21a)

in Eq. (20c), one sees that the daughter mode has a rel-
ative phase with respect to Z, as

Zy =|Zg|e™ (21b)
with
§=T o B 2lc)
4 2 2

The daughter mode has a relative phase of 9, and is in
advance with respect to the mother mode. In the case
of marginal condition of D ~ 6/2, one has o ~ 7wt/2. If
D > 0 holds, o ~ 0. The phase difference o is between
/2 and Tt/4.

3.4. Back-interaction on the mother mode

One can also study the quasilinear response of the
mother mode after the onset of daughter mode. From
Eq. (3), one has

42y _ 1V zxz2e

Z3
dt o,

(22)
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The complex conjugate of Eq. (22) isadded to Eq. (22)
to have

% .
4z, =2Im [V—Z2Zl*ze'e’].
dt o

2

(23)

The amplitude of the mother mode is subject to the
second order correction owing to the growth of the
daughter mode. The LHS is the second order term
(with respect to the daughter mode), so that the Z,
term in the RHS is evaluated by the zero-th order
term, which is the original amplitude. We have

d 2 2 1d 2
—\Z,|" ==-Rel'|Z,| =—=—=|Z,|". 24
dt| i el'|Z)| 2dt| i (24)

Here Rel = 2Im((V*/®,)Z,Z{*e®)/|Z|’. The re-

duction in the amplitude of|Z,| is equal to a half of| Z,|*.

4. DISCUSSION

Before closing, the necessary amplitude of the
mother mode to actually observe the growth of daugh-
ter mode is discussed. Eq. (14) indicates that, if the
damping rate becomes smaller (closer to the linear sta-
bility boundary), the threshold amplitude of mother
mode for parametric instability becomes smaller.
When the mother mode frequency is chirping, the fre-
quency mismatch goes to zero as time goes. Thus, for
the case of small v,, Eq. (14) can be satisfied for small
value of Z,, (when mother mode frequency is chirp-
ing as is in experimental observation). It looks that if

Y4 goes to zero, necessary value of Z,, to satisfy
Eq. (14) can approach to zero. However, for the very
small values of Z,, and 0, the onset of daughter mode
cannot be observed. Let us denote the value of mis-
match 6 by 0,, when marginal condition (from
Eq. (14)) is satisfied. The time period #,,,,,,, during
which Eq. (14) is satisfied, is evaluated as
de\™
tduranon 2ec(dt) > (25)
where d0/dt is the frequency chirping rate of the
mother mode. In order that the growth of the daughter
mode is observed, the time period multiplied by the
growth rate must be longer than e. We evaluate

0, ~ 2\/D2 - yi and typical growth rate ~D —vy,, and
the condition that the growth of the daughter mode is
observed is written as

D=y WD -y =B 6
In the small y, limit, one has
D= ‘;—?. (26b)
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Equations (26a) and (26b) describe the minimum am-
plitude for observing the growth of the daughter mode.

The ‘abruptness of onset’ is also reproduced in this
model. We consider the case that the frequency mis-
match 0 is changing up in time owing to the frequency
chirping of the mother mode, and that d6/dt causes
the temporal change of the growth rate (given by
Eq. (13)). The time derivative of the growth rate,
vy = Re()A), is evaluated by taking into account of
d0/dt. One has

ay _ =6/ 2)(00 / d¢)

o np*-0’r4
At the onset of daughter mode, the frequency mis-
match satisfies the relation 0, = N yf, , SO that

9y _ &(_@) D’ -,

—8_9 (28)
ot 4y,\ ot 2y, ot

The characteristic growth rate of the daughter mode vy,
is given as

(27)

Yo ~ D=7y 29)
The parameter that denotes the abruptness,
Loy (30)
Y 01

(i.e., the onset of the mode is very fast if

Yo (dy/91) = 1), is given as

19y D' -y, a_e‘~ I a_e‘
Yoot 2y,.(D—-vy,) 10t y,DIorl

We see that the change of the growth rate is governed
by the chirping rate of the mother mode (which is ow-
ing to the nonlinear dynamics in the wave response),
not by the change of global plasma parameters. In the
experimental observation [7], parameters were evalu-

ated as —00/d7 ~ 5x10'w;, v, ~ 0.03w,, and

D = v, [13]. Substituting these parameters into

Eq. (31), the estimate is given as
LI o),
Yo Ot

We see that the present model can explain the abrupt-

ness of the onset of daughter mode, which is observed

in experiments [7].

At the end, a possible further application of this
model is commented. This model can be applied to the
case of Alfvén eigenmodes, which have been known to
evolve nonlinearly with frequency chirping. In addi-
tion, they could become subcritically unstable. Thus,
the model in this article could be applied to the case of
Alfvén eigenmodes. The application to neoclassical
tearing mode, which is known to be subcritically un-
stable, also can be possible. In the analysis [21], it was

1)

(32)

OU3UKA TTJIABMBI  tom 42 Ne 5 2016



ONSET CONDITION OF THE SUBCRITICAL GEODESIC ACOUSTIC MODE

demonstrated that the ambient turbulence transfers
the energy so as to excite the neoclassical tearing
mode. The parametric coupling of neoclassical tearing
mode with chirping mode merits further studies.

5. SUMMARY

In this article, we discussed the analytic model for
the abrupt onset of GAM in the presence of chirping
EGAM. Threshold conditions for the onset of abrupt
growth are derived, and the period doubling phenom-
enon is explained. The phase relation between the
mother and daughter modes are also discussed. It ex-
plains that the onset of daughter mode takes place
when the frequency of the mother mode is slightly
lower than the twice of the daughter mode frequency.
The phenomenon is also interpreted as a period dou-
bling bifurcation of the mother mode (EGAM). It is
noticed that conditions of Egs. (14) and (26a) are close
to what have been empirically observed by direct non-
linear simulations (Fig. 3 of [13]). The increasing rate
of the growth rate is discussed. It was shown that the

growth rate reaches the characteristic large value vy,

within the short time, which is of the order of 1/7,.
Thus, the onset condition as well as the abruptness of
the excitation is derived in an analytic manner. They
are the essential elements in the ‘trigger problem’,
which has been studied in conjunction with the onset
of large-scale deformation in the wide area of plasma
physics. The result helps as a guide for experiments.
The analysis here contributes to the understanding of
‘trigger problems’ of plasmas in laboratory and nature.

Discussion with S. Inagaki and K. Ida is acknowl-
edged. This work was supported by Grant-in-Aid for
Scientific Research (15H02155, 23244113),
NIFS/NINS under NIFS1I0ULHHO020, and the Col-
laborative Research Programs of Research Institute
for Applied Mechanics, Kyushu University and of
NIFS, and by Asada Science Foundation.

REFERENCES

1. S.-1. Itoh, K. Itoh, H. Zushi, and A. Fukuyama, Plas-
ma Phys. Control. Fusion 40, 879 (1998).

2. A. Bhattacharjee, Z. W. Ma, and X. Wang, Lecture
Notes in Physics 614: Turbulence and Magnetic Fields in
Astrophysics, Springer, Berlin, 2003.

3. JET Team (presented by D.J. Campbell) 1991 Plasma
Physics and Controlled Nuclear Fusion Research 1990
Vol. 1 (Vienna: IAEA) p. 437.

4. N. Winsor, J. L. Johnson, and J. M. Dawson, Phys.
Fluids 11, 2448 (1968).

5. K. Hallatschek and D. Biskamp, Phys. Rev. Lett. 86,
1223 (2001).

6. T.Ido, M. Osakabe, A. Shimizu, M. Nishiura, T. Itoh,
Y. Yoshimura, K. Toi, K. Ogawa, K. Itoh, T. Watari,
S. Satake, M. Nakamura, M. Isobe, K. Nagaoka, S. Ya-
mamoto, S. Kato, R. Makino, and LHD experiment
group, Proc. 24th IAEA Fusion Energy Conf. PD/P8-
16 (San Diego, 2012).

OU3UKA ITJTIABMBI  toMm 42 Ne 5 2016

433

7. T. Ido, K. Itoh, M. Osakabe, M. Lesur, A. Shimizu,
K. Ogawa, K. Toi, M. Nishiura, S. Kato, M. Sasaki,
K. Ida, S. Inagaki, S.-I. Itoh, and the LHD Experiment
Group, accepted to Phys. Rev. Lett. (2015).

8. H. Berk, C. J. Boswell, D. Borba, A. C. A. Figueiredo,
T. Johnson, M. F. F. Nave, S. D. Pinches, S. E. Shara-
pov, and JET EFDA contributors, Nucl. Fusion 46,
S888 (2006).

9. G. Fu, Phys. Rev. Lett. 101 185002 (2008).

10. M. Sasaki, K. Itoh, and S.-I. Itoh, Plasma Phys. Con-
trol. Fusion 53, 085017 (2011).

11. T. Ido, M. Osakabe, A. Shimizu, T. Watari, M. Nishi-
ura, K. Toi, K. Ogawa, K. Itoh, I. Yamada, R. Yasuha-
ra, Nucl. Fusion 55, 083024 (2015).

12. H. Berk, B. Breizman, and N. Petviashvili, Phys. Lett.
A 234,213 (1997).

13. M. Lesur, K. Itoh, T. Ido, M. Osakabe, K. Ogawa,
A. Shimizu, M. Sasaki, K. Ida, S. Inagaki, S.-1. Itoh,
and the LHD experiment group, accepted to Phys. Rev.
Lett. (2015)

14. M. Lesur and P.H. Diamond, Phys. Rev. E 87, 031101
(2013).

15. M. Lesur, K. Itoh, T. Ido, S.-1. Itoh, Y. Kosuga, M. Sa-
saki, S. Inagaki, M. Osakabe, K. Ogawa, A. Shimizu,
K. Ida, submitted to Nucl. Fusion (2015).

16. K.Ida, K. Nagaoka, S. Inagaki, H. Kasahara, T. Evans,
M. Yoshinuma, K. Kamiya, S. Ohdachi, M. Osakabe,
M. Kobayashi, S. Sudo, K. Itoh, T. Akiyama, M. Emo-
to, A. Dinklage, X. Du, K. Fujii, M. Goto, T. Goto,
M. Hasuo, C. Hidalgo, K. Ichiguchi, A.Ishizawa,
M. Jakubowski, G. Kawamura, D. Kato, S. Morita,
K. Mukai, I. Murakami, S. Murakami, Y. Narushima,
M. Nunami, N. Ohno, N. Pablant, S. Sakakibara,
T. Seki, T. Shimozuma, M. Shoji, K. Tanaka, T. Toku-
zawa, Y. Todo, H. Wang, M. Yokoyama, H. Yamada,
Y. Takeiri, T. Mutoh, S. Imagawa, T. Mito, Y. Nagaya-
ma, K.Y. Watanabe, N. Ashikawa, H. Chikaraishi,
A. Ejiri, M. Furukawa, T. Fujita, S. Hamaguchi, H. Ig-
ami, M. Isobe, S. Masuzaki, T. Morisaki, G. Motoji-
ma, K. Nagasaki, H. Nakano, Y. Oya, C. Suzuki, Y. Su-
zuki, R. Sakamoto, M. Sakamoto, A. Sanpei, H. Taka-
hashi, H. Tsuchiya, M. Tokitani, Y. Ueda, Y. Yoshi-
mura, S. Yamamoto, K. Nishimura, H. Sugama, T. Ya-
mamoto, H. Idei, A. Isayama, S. Kitajima, S. Masa-
mune, K. Shinohara, P. S. Bawankar, E. Bernard,
M. von Berkel, H. Funaba, X. L. Huang, T. Ii, T. Ido,
K. Ikeda, S. Kamio, R. Kumazawa, T. Kobayashi,
C. Moon, S. Muto, J. Miyazawa, T. Ming, Y. Nakamu-
ra, S. Nishimura, K. Ogawa, T. Ozaki, T. Oishi,
M. Ohno, S. Pandya, A. Shimizu, R. Seki, R. Sano,
K. Saito, H. Sakaue, Y. Takemura, K. Tsumori, N. Ta-
mura, H. Tanaka, K. Toi, B. Wicland, 1. Yamada,
R. Yasuhara, H. Zhang, O. Kaneko, A. Komori, and
Collaborators, Nucl. Fusion 55, 104018 (2015).

17. S.-1. Itoh, K. Itoh, H. Zushi, and A. Fukuyama, Plas-
ma Phys. Control. Fusion 40, 879 (1998).

18. H. L. Berk, B. N. Breizman, and M. Pekker, Phys.
Plasmas 2, 3007 (1995).

19. M. Lesur, Y. Idomura, K. Shinohara, X. Garbet, and
the JT60 Team, Phys. Plasmas 17, 122311 (2010).

20. K. Itoh, K. Hallatschek, S.-I. Itoh, P. H. Diamond,
and S. Toda, Phys. Plasmas 12, 062303 (2005).

21. M. Yagi, S.-1. Itoh, K. Itoh, M. Azumi, P. H. Dia-
mond, A. Fukuyama, and T. Hayashi, Plasma Fusion
Res. 2, 025 (2007).



