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スブラマニアン・チャンドラセカール プラズマ物理学賞とは

チャンドラセカール賞（Subramanyan Chandrasekhar Prize of 
Plasma Physics）は、ノーベル物理学賞を受賞したインド生まれ

のアメリカの天体物理学者であるスブラマニアン・チャンドラセ
カールの名を冠した、プラズマ物理学の顕著な進歩に貢献した

研究者に贈る賞として、アジア・太平洋物理学会連合(AAPPS)プ
ラズマ物理部門が2014年に設立。（ウィキペディア）

受賞理由：
乱流駆動流、H モード状態の電場シアー、磁気トポロジーと非局所性の輸送への影響など、

磁場核融合プラズマの様々な乱流状態の実験的発見に対する先駆的な貢献に対して

磁場核融合プラズマには様々な乱流状態が存在し、それがプラズマ温度分布の多様性を
生み出していることを明らかにした。
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核融合装置のプラズマ

トーラス状の磁場

イオン

磁場閉じ込めプラズマ
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Fig. 6.7. Motion of trapped positive particles in a dipole-like field. A and A' are conjugate mirror 
points. CD represents the azimuth drift motion. Adapted from Whalen and McDiarmid (1974). 

(2) A second constant quantity is the integral, J of parallel particle momentum 
along the flux tube between the two mirror points, A,A' just discussed in (1). Utilizing 
the first invariant this is given by 

A' 

J = mv f JI-B/Bmax ds (6A.3) 

A 

If the magnetic field were to change slowly with time so that the distance between the 
mirror points becomes smaller, the integral would become smaller so mv would have 
to increase. This is the Fermi energization process which is analogous to the increase 
in temperature of a gas compressed in cylinder by a piston. 

When the field B does not vary with time and in the absence of electric fields the 
particle momentum mv remains constant so that 1= J/mv remains constant. Usually 

A' 

I = f JI-B/Bmax ds (6A.4) 

A 

is called the second invariant. For given values of Bmax on a given field line it depends 
only on field geometry. 

The utility of the second invariant arises when the longitudinal drifts due to line 
curvature and field intensity gradient in a_direction perpendicular are taken into 
account. These effects lead to a drift of the guiding center ú ë = given by the two right 

類似性：1) 磁場の形状：共にトーラス形状
2) ダイナミックな変化と多様性

自然界の磁気圏プラズマ

直径10m
地球半径の
10-100倍

3



磁場閉じ込めプラズマと磁気圏プラズマ（オーロラ）の多様性

磁場閉じ込めプラズマ

磁気圏プラズマ（オーロラ）

タイプa: 上部が赤く見えるオーロラ
タイプb: 下部が赤く見えるオーロラ

タイプc: 緑が卓越しているオーロラ
タイプd: 上部から下部に至るまで赤く見えるオーロラ

タイプe: 下部が赤く見える動きがあるオーロラ
タイプf: 紫または青が卓越した動きがあるオーロラ

色の分布とその動きで分類
されている（1963年〜）

Lモード： 全体的に温度が低いプラズマ
Hモード： 周辺部の温度が突然高くなったプラズマ

電子輸送障壁モード： 中心部の電子温度が突然高くなったプラズマ
イオン輸送障壁モード： 中心部のイオン温度が突然高くなったプラズマ

温度分布とその変化で分類
されている（1990年〜）

これらのプラズマにおいて多様性を決める物理機構は未解決問題 4



磁場閉じ込めプラズマの多様性とは？

核融合研究における学術的な問い
加熱がほぼ同じでも温度分布に多様
性がある?（モードという名前）
この多様な温度分布を決めているも
のは何か？

Lモード Hモード 内部輸送障壁モード

トーラスプラズマ

磁
場

磁気面
（等温面）

熱流束

温度分布

乱流

加熱

乱流

熱流束

乱流強度

乱流強度

熱流束

熱流束

温度勾配

温度勾配

乱流強度

熱流束温度勾配 5



物理機構の候補

温度分布の多様性を決める物理機構として有力視されていたのが、閉じ込め
磁場による乱流の違いであった。閉じ込め磁場を変化させて、温度分布がど
のような形状になるかを調べる研究が、1950年代から行われてきた。

しかしながら、閉じ込め磁場の変化は遅く、突然起こる温度上昇を説明でき
ない。

この速い温度上昇を説明する物理パラメータとして、電場と流速が多様性の
原因として考えられるようになった。

磁場の構造

電場（流れ）の構造

プラズマの渦（乱流）
の大きさ

温度勾配と温度
分布形状

ゆっくり変化

速く変化 6



プラズマ流速の計測手法の開発

荷電交換分光法

C5+ (n=8) -> C5+ (n=7) +hvC 6+

C 5+
H 0

H +

NBI

C 6+

C 6+

ドップラー幅 Dlà イオン温度

ドップラーシフト dl à プラズマの流速

Downloaded 04 Aug 2002 to 133.75.242.4. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp

核融合プラズマに中性粒子
ビームを入射して、その荷

電交換反応を利用し、プラ
ズマのイオン温度と流速を

計測する手法

C6 + + H0 à C5+ (n=8)+ H+

プリンストンプラ
ズマ物理研究所

のレイモンド・
フォンク博士に

よって1982年に
発明された。
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実験プラットフォーム（異なる磁場構造）
JFT-2M(旧原子力研究所) JT-60U

 (量子科学技術研究開発機構)

CHS（核融合科学研究所） LHD （核融合科学研究所）

DIII-D 
(ジェネラルアトミクス)

異なる磁場構造を持つ様々な実験装置でプラズマ流を計測 8



乱流によるプラズマのミキシング効果

小さい渦大きい渦

同位体非混合同位体混合

水素(赤)と重水素（青）
が混ざる

水素(赤)と重水素
（青）が分離

PRL 2020

水素

重水素

重水素

水素
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プラズマの流れとその勾配の役割

小さい乱流

弱い流れの勾配 中程度の勾配 強い流れの勾配

大きい乱流
中間サイズ

乱流

vortex

シアー流

温度勾配大温度勾配小

乱流はシアー流によって減少

乱流à非捕食者 シアー流à 補食者
10



プラズマの流れの発生原因

ランダムな乱流 傾きが揃った乱流

乱流の向きが揃うことで、シアー流が発生する。
à シアー流（補食者）を支えているのは、 乱流（非補食者）であった。

シアー流と 乱流は
微妙なバランスを
保って共存している
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乱流駆動によるプラズマ流の発見

乱流に駆動され
たトロイダル流

の観測に成功
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FIG. 1. Radial profile of (a) the toroidal rotation velocity, (b) the ion temperature and (c) the electron density for
plasmas with NBI alone and plasmas heated by NBI+ICRH.
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FIG. 2. (a) Radial electric field and (b) distribution of the plasma space potential. The dashed lines
indicate estimates from the neoclassical ripple transport theory; the solid lines indicate estimates from
the model of particle fluxes.

the toroidal rotation velocity and the ion temperature
profiles are measured with a multichord spectrograph
using charge exchange recombination spectroscopy
[18]. Figure 1 shows the radial profiles of the toroidal
rotation velocity, the ion temperature and the electron
density for a 0.7 MW perpendicular NBI discharge
and for a 0.7 MW NBI plus 1.4 MW ion cyclotron
resonance frequency (ICRF) heated discharge. The
plasma rotates in the direction opposite to the plasma
current (counter-direction) during NBI (the beam line

is slightly tilted in the co-direction). The plasma rota-
tion profile is hollow and is significantly different from
that observed in plasmas heated with tangential neutral
beams. The direction and the profile of the toroidal
rotation velocity cannot be explained by the momentum
input of NBI. This velocity increases as the ion tem-
perature is increased by applying ICRF waves [19].
As shown in Fig. 2(a), the profile of the radial electric
field Er is peaked at a radius r = (2/3)a, where a is
the plasma minor radius. The peak values are Er =

944 NUCLEAR FUSION, Vol.31, No.5 (1991)

-150

-100

-50

0

50

100

550 600 650 700 750 800 850 900 950

1.35
1.40
1.45

1.50
1.55
1.60

V
φ
 (

k
m

/s
)

time (ms)

(a)
I
p
 = 243 kA

乱流の対称性の破れ

右回りの乱流と、左回
りの乱流の強度に差
が生じる

kll
CW ≠ kll

CCW

PRL 1995

JFT-2M
JFT-2MJIPP T-IIU

12



乱流駆動によるプラズマ流の論文の評価

出版11年後
から引用が増える

K.Ida Phys. Rev. Lett. 
111 (2013) 055001 

Figure 6 shows the radial profile of the nondiffusive
term of the momentum flux estimated from the difference
between the (coþ ctr) and the curve fitted to the
(coþ ctr) data in Fig. 4. Before the formation of the
ITB (phase II in Fig. 1), the nondiffusive term of
the evaluated momentum flux is negative due to the
intrinsic torque in the counterdirection. However, the
nondiffusive term of the momentum flux changes sign
to positive in the direction to drive the intrinsic rotation in
the codirection. This change starts from the edge region
and propagates inward. The radial profile of the intrinsic
torque evaluated from the nondiffusive term of the
momentum flux is plotted in Fig. 6(b). Before the ITB
formation, the intrinsic torque is in the counterdirection in
the core (reff=a99 < 0:4), while it is in the codirection
in the outer region (reff=a99 > 0:4). The intrinsic torques
in the core region change sign from the counterdirection
to the codirection after the formation of the ITB, which
clearly shows the strong coupling between the heat trans-
port and the momentum transport. The intrinsic torque in
the L-mode region is in the counterdirection, while it
reverses to the codirection inside the ITB. The reversal
of intrinsic torque from counterdirection to codirection is
observed to be associated with the formation of ion ITB,
where the ITG mode is expected to be unstable and the
TEM is considered to be stabilized due to the increase of
ion temperature gradient and flattening of electron density
profile [15]. This result is in contrast to the reversal of
rotation from codirection to counterdirection associated

with the transition from the TEM to the ITG mode during
the density scan [3].
There are two important features in this experiment. One

is that the critical gradient transport feature appears just
before the formation of the ITB. The other is the nonlocal
response of the transport observed during the formation of
ITB. Here, the improvement of transport inside ITB region
and the degradation of transport outside ITB region take
place simultaneously. The reversal of the intrinsic torque
from the counterdirection to the codirection is observed to
be associated with the formation of the ITB. The intrinsic
torque is in the counterdirection in phase II (degradation of
confinement due to critical gradient transport), while it
reverses to the codirection in phase III (during the forma-
tion of ITB), while the intrinsic torque is always in the
codirection near the plasma edge. This experiment dem-
onstrates that the sign of the nondiffusive term of momen-
tum transport is sensitive to the confinement mode of heat
transport.
This work is partly supported by a Grant-in-Aid for

Specially-Promoted Research (No. 21224014) and for
Scientific research (No. 23246164) of MEXT Japan. This
work is also partly supported by NIFS10ULHH021.
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内部トルクの反転
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Figure 6. Relation between the ion temperature gradient and the
toroidal rotation velocity gradient in plasmas with the counter-NBI
dominant discharges.
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Figure 7. Time evolution of (a) ion pressure gradient, (b) ion
temperature gradient and (c) velocity shear in the co-NBI dominant
discharge with carbon pellet injection.

while the velocity shear increases. This observation suggests
that the ion temperature gradient rather than the ion pressure
gradient is the driving force of spontaneous rotation velocity,
which is in contrast to the spontaneous rotation observed in
JT-60U [17].

It is interesting to study the hysteresis in the relation
between the velocity and the temperature gradient because
the mechanism driving the spontaneous rotation has non-linear
characteristics. A clear hysteresis is observed in the stronger
ITB, where the ion temperature gradient reaches 9 keV m−1 as
seen in figure 8. Please note that this is the discharge with
the co-NBI dominant and the velocity shear near the plasma
centre increases in the direction of co-NBI. Although the ion
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Figure 8. The hysteresis curve in the relation between the ion
temperature gradient and toroidal rotation velocity gradient in the
plasmas with the co-NBI dominant discharges.

temperature gradient starts to decrease in the later phase of
the ITB period, the velocity gradient maintains a large value
at reff/a99 = 0.35, 0.85. This observation indicates that the
spontaneous rotation is a transitional phenomenon and there
are two modes in the spontaneous rotation; one is a small
spontaneous rotation and the other is a large spontaneous
rotation. The control parameter for this transition seems to be
a temperature gradient. It is interesting that the non-diffusive
term as well as the diffusive term of the momentum transport
(µN

1 and µN
2 as well as µD) can be bifurcate, while only the

diffusive term (χi) can be bifurcate in the heat transport.
The deposition of beam energy and the beam torque to

ions becomes significant only after the beam energy decreases
to the critical energy of ∼15Te (Te is electron temperature),
where the beam energy deposition to ions is equal to that to
electrons. Therefore, the ion heating is delayed with respect
to the electron heating by ∼0.15 s. However, after the beam
energy drops to the critical energy, the slowing down time
of the beam energy and the velocity becomes ∼0.03 s and

7

自発回転の遷移

K.Ida Nucl. Fusion 
50 (2010) 064007 

K.Ida Phys. Rev. Lett. 
74 (1995) 1990

自発回転の原因となってい
る運動量輸送の非拡散項
を発見し論文を出版

K.Ida Phys Rev Lett 86 (2001) 3040

ECH駆動自発回転

仁科記念賞
受賞
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乱流駆動によるプラズマ流の論文は、出版後１０年以上経ってから評価された
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乱流駆動によるプラズマ流の発見 ２
different locations displaced by 5 mm [Fig. 2(b)] in a
radial direction. The waveforms in both cases alter tem-
porally in a synchronized way but differently in phase.
Obviously, the phase differences of the first and second
cases are in and out of phases, respectively. The autocor-
relation analysis of the waveform allows one to estimate
the lifetime of the residual zonal flow. The average of a
dozen shots yields !auto ! 1:4" 0:2 ms.

The waveforms indicate that the fluctuation ampli-
tude of #1 V. This follows that the absolute value of
the zonal electric field (or the zonal flow velocity) is
0:05–0:1 kV=m (or 0:06–0:11 km=s) from the sample
volume distance obtained in the trajectory calculation,
!reff # 1:5" 0:5 cm; cf. the mean radial electric field (or
mean flow) at the position of r ! 12 cm is #1 kV=m (or
#1:1 km=s). The error bar comes from the change in the
center of gravity of sample volumes due to the beam
focusing property. The electric field can be 2 times larger
by taking into account the effect of the sample volume
average.

The waveforms without any phase shift in Fig. 2(a)
clearly demonstrate the toroidal symmetry (n ! 0) of
electric field fluctuation. The fact is also circumstantial
evidence to support the poloidal symmetry $m ! 0% as
follows. By tracing the magnetic field line, an observation
point of an HIBP can be projected onto the poloidal cross
section in which another observation point of the other is
located. The electric field fluctuations at these two points
with a finite poloidal angle should be in phase if one
assumes that electric field fluctuations are coherent on a
magnetic field line. This consideration verifies the poloi-
dal symmetry in the range of the poloidal angle approxi-
mately from 30& (r ! 4 cm) to 50& (r ! 12 cm), since the
existence of toroidal symmetry in the zonal flow activity

has been already confirmed for other magnetic flux sur-
faces (r ! 4–12 cm) in our experiments.

The measurements of phase difference hint a possi-
bility to infer a radial structure of the residual zonal
flow by altering the observed position of potential dif-
ference, r2, while fixing the other at r1. The phase be-
tween electric fields at two locations can be deduced
from traditional correlation coefficient and the FFT
analysis of coherence and phase. The correlation between
the potential differences, C$r1;r2%! h!"$r1% '!"$r2%i=
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

h!"$r1%2i ' h!"$r2%2i
p

is evaluated where h i!$1=2T%(
Rt)T
t*T  dt. Figure 3 shows the correlation coefficient

(closed circles) as a function of the observation position
r2. The plotted values are the ensemble averages of the
correlation coefficients for time windows in stationary
states.

The open circles in Fig. 3 show the other indicators to
reflect the structure, that is, h# cos$if (an average of the
frequencies in the range of 0:5< f < 1 kHz), where #
and $ are the coherence and phase difference in the FFT
analysis. Both analyses demonstrate a sinusoidally chang-
ing structure. In the latter case, a Fourier transformation
on # cos$ curves of individual frequencies allows us to
give an averaged wavelength of % ! 1:6" 0:2 cm. This
corresponds to approximately 15 times ion Lamour radius
and shorter than one-tenth of plasma minor radius. The
wave number allows one to give a rough estimation of the
shearing rate of the zonal flow being as!E(B # kr ~E=B !
0:3( 105 s*1, while the turbulence decorrelation rate
could be #turb # 1:2( 105 s*1 from the width of the
broadband spectrum around #50 kHz.

Besides, a prospective result has been obtained to in-
dicate the relation between zonal flow and confinement. A
clear difference is recognized between the amplitude of
the zonal flow among cases with and without a transport

-1

-0.5

0

0.5

1

10 11 12 13 14

r( 
C

1,r 2)

r
2
 (cm)

r
1
=12cm

FIG. 3 (color online). Radial structure of zonal flow. The
structure is estimated from correlation between potential dif-
ferences at different toroidal locations. In this experiment, the
observation radius of the second HIBP is varied around r2 !
12 cm with the observation point of the first HIBP being fixed
at r1 ! 12 cm. The closed circles represent the traditional
correlation coefficient as a function of the observation radius
of the second HIBP, while the open circles do coherent struc-
ture from FFT analysis.

(a)

(
 
b

 
)

-1

0

1

55 60 65 70 75

∆φ
 (

V
)

t (ms)

∆ φ
in

 (r
1
=12cm)

∆ φ
in
 (r

2
=12cm)

-1

0

1

55 60 65 70 75

∆
φ 

(V
)

t (ms)

∆ φ
in

 (r
1
=12cm)

∆ φ
in
 (r

2
=12.5cm)

FIG. 2 (color online). Time evolution of zonal flow. (a) Wave-
forms of electric field (or potential difference) on the same
magnetic flux surface in different toroidal positions. (b) Wave-
forms of electric field (or potential difference) on slightly
different magnetic flux surface in different toroidal positions.

VOLUME 93, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S week ending
15 OCTOBER 2004

165002-3 165002-3

different locations displaced by 5 mm [Fig. 2(b)] in a
radial direction. The waveforms in both cases alter tem-
porally in a synchronized way but differently in phase.
Obviously, the phase differences of the first and second
cases are in and out of phases, respectively. The autocor-
relation analysis of the waveform allows one to estimate
the lifetime of the residual zonal flow. The average of a
dozen shots yields !auto ! 1:4" 0:2 ms.

The waveforms indicate that the fluctuation ampli-
tude of #1 V. This follows that the absolute value of
the zonal electric field (or the zonal flow velocity) is
0:05–0:1 kV=m (or 0:06–0:11 km=s) from the sample
volume distance obtained in the trajectory calculation,
!reff # 1:5" 0:5 cm; cf. the mean radial electric field (or
mean flow) at the position of r ! 12 cm is #1 kV=m (or
#1:1 km=s). The error bar comes from the change in the
center of gravity of sample volumes due to the beam
focusing property. The electric field can be 2 times larger
by taking into account the effect of the sample volume
average.

The waveforms without any phase shift in Fig. 2(a)
clearly demonstrate the toroidal symmetry (n ! 0) of
electric field fluctuation. The fact is also circumstantial
evidence to support the poloidal symmetry $m ! 0% as
follows. By tracing the magnetic field line, an observation
point of an HIBP can be projected onto the poloidal cross
section in which another observation point of the other is
located. The electric field fluctuations at these two points
with a finite poloidal angle should be in phase if one
assumes that electric field fluctuations are coherent on a
magnetic field line. This consideration verifies the poloi-
dal symmetry in the range of the poloidal angle approxi-
mately from 30& (r ! 4 cm) to 50& (r ! 12 cm), since the
existence of toroidal symmetry in the zonal flow activity

has been already confirmed for other magnetic flux sur-
faces (r ! 4–12 cm) in our experiments.

The measurements of phase difference hint a possi-
bility to infer a radial structure of the residual zonal
flow by altering the observed position of potential dif-
ference, r2, while fixing the other at r1. The phase be-
tween electric fields at two locations can be deduced
from traditional correlation coefficient and the FFT
analysis of coherence and phase. The correlation between
the potential differences, C$r1;r2%! h!"$r1% '!"$r2%i=
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

h!"$r1%2i ' h!"$r2%2i
p

is evaluated where h i!$1=2T%(
Rt)T
t*T  dt. Figure 3 shows the correlation coefficient

(closed circles) as a function of the observation position
r2. The plotted values are the ensemble averages of the
correlation coefficients for time windows in stationary
states.

The open circles in Fig. 3 show the other indicators to
reflect the structure, that is, h# cos$if (an average of the
frequencies in the range of 0:5< f < 1 kHz), where #
and $ are the coherence and phase difference in the FFT
analysis. Both analyses demonstrate a sinusoidally chang-
ing structure. In the latter case, a Fourier transformation
on # cos$ curves of individual frequencies allows us to
give an averaged wavelength of % ! 1:6" 0:2 cm. This
corresponds to approximately 15 times ion Lamour radius
and shorter than one-tenth of plasma minor radius. The
wave number allows one to give a rough estimation of the
shearing rate of the zonal flow being as!E(B # kr ~E=B !
0:3( 105 s*1, while the turbulence decorrelation rate
could be #turb # 1:2( 105 s*1 from the width of the
broadband spectrum around #50 kHz.

Besides, a prospective result has been obtained to in-
dicate the relation between zonal flow and confinement. A
clear difference is recognized between the amplitude of
the zonal flow among cases with and without a transport
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negative radial electric field is crucial for the bifurcation phenomena 
between L-mode and H-mode phase.

Since the radial electric field shear, which is equivalent to the mean E⇥ B 
flow, was found to play an important role for the suppression of the 
turbulence in theory [53,54], the measurements of radial structure of edge 
radial electric field were urgent issues for clarifying the mechanism for 
L-H transition. The details of radial structure of ion temperature, electron 
temperature, electron density, and radial electric field were measured in 
JFT-2 M as seen in Figure 10. In the H-mode phase, the sharp gradient of 
electron density and electron/ion temperature appears just inside the last 
closed flux surface (LCFS) at r/a , 1. It should be noted that the location of 
the sharp gradient is different between density and temperature. The tem-
perature pedestal (sharp gradient of temperature) is located deeper in the 
inner region than the density pedestal (sharp gradient of electron density). 
In contrast, both electron and ion temperature gradients are almost 
unchanged across the LCFS in the L-mode state.

Radial structure of the radial electric field was derived from the 
1=ÖniZieÜ—Pi term and V ⇥ B term of carbon impurity. The radial electric 
field Er shows the well structure in the H-mode state, where Er has a negative 
peak and the second derivative of Er becomes maximum at the LCFS. There 
is no well structure in the radial electric field in the L-mode state. The radial 

Figure 10. Radial profile of (a) electron density, (b) electron temperature, (c) ion temperature, 
and (d) radial electric field in L-mode and H-mode phase. Here ds is a distance from LCFS and is 
negative inside LCFS and positive outside LCFS (from Figure 2(c)(a)(b) and Figure 3(b) in [51]).
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電場とプラズマ流（イオンの流れ）の関係

径方向電場

磁場に垂直な方向のプラズマ流

磁場閉じ込めプラズマでは、径方向の電場と磁場に垂直な方向
のプラズマ流は直接結びついているので、電場勾配＝シアー流と
なっている
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negative radial electric field is crucial for the bifurcation phenomena 
between L-mode and H-mode phase.

Since the radial electric field shear, which is equivalent to the mean E⇥ B 
flow, was found to play an important role for the suppression of the 
turbulence in theory [53,54], the measurements of radial structure of edge 
radial electric field were urgent issues for clarifying the mechanism for 
L-H transition. The details of radial structure of ion temperature, electron 
temperature, electron density, and radial electric field were measured in 
JFT-2 M as seen in Figure 10. In the H-mode phase, the sharp gradient of 
electron density and electron/ion temperature appears just inside the last 
closed flux surface (LCFS) at r/a , 1. It should be noted that the location of 
the sharp gradient is different between density and temperature. The tem-
perature pedestal (sharp gradient of temperature) is located deeper in the 
inner region than the density pedestal (sharp gradient of electron density). 
In contrast, both electron and ion temperature gradients are almost 
unchanged across the LCFS in the L-mode state.

Radial structure of the radial electric field was derived from the 
1=ÖniZieÜ—Pi term and V ⇥ B term of carbon impurity. The radial electric 
field Er shows the well structure in the H-mode state, where Er has a negative 
peak and the second derivative of Er becomes maximum at the LCFS. There 
is no well structure in the radial electric field in the L-mode state. The radial 

Figure 10. Radial profile of (a) electron density, (b) electron temperature, (c) ion temperature, 
and (d) radial electric field in L-mode and H-mode phase. Here ds is a distance from LCFS and is 
negative inside LCFS and positive outside LCFS (from Figure 2(c)(a)(b) and Figure 3(b) in [51]).
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内部輸送障壁モードにおけるプラズマのシアー流

transport. This is because the large positive Er reduce the damping rate of 
zonal flow and enhances the amplitude of zonal flow. Then the turbulent 
transport is reduced by the large positive Er in the region with no Er shear 
through the enhancement of zonal flow (see review [31,32]).

The formation of electron internal transport barrier (ITB) is also observed 
in the plasma heated by NBI and ECH in helical plasmas [33–40]. Figure 8 
shows the radial profiles of electron temperature, radial electric field, and 
electron thermal diffusivity in the plasma heated by NBI with 1.3 MW and 
ECH with 0.58 MW (below the threshold) and 0.78 MW (above the thresh-
old) in LHD. As seen in Figure 8(a), the central electron temperature increases 
significantly with a large temperature gradient inside the ITB region (ρ < 
0.35) when the ECH power exceeds the threshold. This significant increase of 
central temperature by a slight increase of heating power of 0.2 MW, which is 
only 10% of the total heating power of 2 MW, is clear evidence of the 
formation of ITB. The radial electric field measured with charge exchange 
spectroscopy shows the bifurcation of Er from ion root (small Er) to electron 
root (large positive Er) in the core region (ρ < 0.4) associated with the 
formation of ITB. In this plasma, the radial electric field is positive in the 

Figure 8. Radial profiles of (a) electron temperature, (b) radial electric field, (c) electron thermal 
diffusivity, and (d) electron heat diffusivity normalized by the electron density as a function of 
electron temperature gradients at various radii (ρ = 0.15, 0.4, and 0.8) for the L-mode and ITB 
plasmas (from Figure 2(b)(d)(e) and Figure 3(b) in [34]).
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No ITB of the particle transport is observed in the helical
plasmas as shown in figure 19(a). The central electron density
of the ITB plasma in the LHD is much lower than that in DIII-
D by a factor of 6∼7 as shown in figures 19(a) and (e). In
the LHD, simultaneous formation of the ITB of particle and
ion heat transport is not achieved because the ion ITB usually
disappears when the electron density is increased. Because the
ITB in particle transport and ion transport are simultaneously
obtained in the tokamak, the central electron density in the ion
ITB in the tokamak is relatively high. In contrast, the ion ITB

is achieved in the low density regime in the LHD [116]. The
difference between the particle transport in helical and toka-
mak plasmas is one of the mysteries which has not yet been
solved.

The other difference between LHD and DIII-D plasmas is
observed in the toroidal angular velocity. The toroidal angular
velocity of the ITB plasma in the LHD is much smaller than
that in DIII-D by a factor of 6∼7. The small toroidal angular
velocity in the LHD plasma is not due to the large perpend-
icular viscosity (momentum diffusivity) but rather to the
parallel viscosity in the toroidal direction [117, 118] which
does not exist in tokamak plasma. The Prantl number eval-
uated near the magnetic axis, where the damping of ExB flow
due to the parallel viscosity is smaller than that of perpend-
icular viscosity, is close to unity in the LHD [119]. The
increase of toroidal angular velocity in the codirection and its
gradients is observed in the ITB plasma in the LHD and this is
due to the increase of intrinsic torque in the codirection [120]
as well as the reduction in perpendicular viscosity
(improvement of momentum transport). It should be noted
that the foot point of the ion temperature differs from that of
the toroidal angular velocity.

In the tokamak, simultaneous formation of the ITBs in
electron and ion heat transport are often observed [121–124].
However, in some cases, the reduction of heat transport only
in the ion channel is observed. Figures 20(a) and (b) show
examples of the radial profiles of the heat diffusivity in the ion
ITB plasmas where the ITB is observed in only the ion
transport in DIII-D. The ion heat diffusivity decreases from
r ~ 0.7 going inward and drops below the level predicted by
neoclassical theory at r = -0.3 0.5 in DIII-D as shown in
figures 20(a) and (b) [115]. The reduction in ion thermal
diffusivity, ci, is observed near the q minimum region at
r ~ 0.5, but the electron thermal diffusivity, ce, shows a
sharp increase towards the magnetic axis. The ion thermal
diffusivity drops to the level near or below the standard
neoclassical values, which indicates a strong reduction of
only ion turbulent transport but not electron transport. In
contrast, in the stationary discharges with the improved
H-mode with hybrid scenarios, improved confinement for
both ion and electron heat transport has been obtained on
ASDEX Upgrade [121]. In this discharge, the safety factor q
profile is flat in the central region of r < 0.45 and close to
unity, which is just above the threshold of the appearance of a
sawtooth. In this discharge, the plasma ci drops to neo-
classical values in the central regions, and ce is at a low level
indicating that the transport reduction is not limited to the ions
as shown in figure 20(c).

Although there are many experimental results that sug-
gest the role of the integer q minimum in the formation of the
ITB, the relationship of the ion ITB location, rITB (see
figure 1 for the definition of the ITB location) to the q
minimum location is unclear and thus is also an interesting
topic for study [125, 126]. Figure 21 shows the radial profiles
of ion temperature (Ti) and safety factor (q) in two ITB
plasmas in JT-60U. Figures 21(a) and (c) show the Ti and q
profiles in the ITB plasma where the ion ITB locates at the q
minimum location. Figures 21(b) and (d) show the Ti and q

Figure 19. Radial profile of the (a), (e) electron density, (b), (f)
electron temperature, (c), (g) ion temperature, and (d), (h) toroidal
angular velocity in the L-mode and ion ITB plasmas in the LHD
((a)–(d)) and in the ion ITB plasma in DIII-D ((e)–(h)). Reprinted
from [115], with the permission of AIP Publishing.
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a reduction in neoclassical transport due to a large positive
electric field and the other is a reduction in turbulent transport
due to the large electric field shear in the boundary layer
between the electron root and the ion root. Due to the com-
plexity of the transport reduction process, the improved
transport in helical plasmas are referred to as ITB triggered by
neoclassical transport [100], neoclassical ITBs [101–103],
and core electron root confinement (CERC) [104, 105].

Figure 17 shows the radial profiles of electron and ion
temperature and electron density and rotational transform
(i = q1 , where q is the safety factor) with the ECH power
above the threshold (0.78 MW) and below the threshold (0.58
MW) of the electron ITB plasma in the LHD [92]. The

profiles of the plasma without additional ECH are also plotted
as a reference (indicated by NBI). The central electron density
drops slightly due to the poor confinement of perpendicularly
accelerated electrons by ECH (pump out effect) and central
Te increases only less than 30% (from 1.72–2.18 keV) for the
ECH power of 0.58 MW. However, when the ECH power
exceeds the power threshold, the central Te increases sig-
nificantly and a large temperature gradient appears near the
plasma center at r < 0.3, while there is little change observed
in the profiles of electron density, rotational transform, and
ion temperature. Although there is a significant observed
increase of Te, no increases (or even slight decrease) of ion
temperature and density are observed in the electron ITB
plasma in the LHD. These results imply that the turbulence
suppression is due to the increases of E×B shear is canceled
by the enhancement of a long wavelength turbulence con-
tributing the ion heat transport due to the increase in the T Te i

ratio. This observation is in contrast to that in which there are
no increases in electron temperature and density in the plasma
with the ion heat transport barrier, which is discussed in
section 3.2. A transport analysis shows the clear reduction of
ce associated with the formation of the ITB by a factor of 5 at
r < 0.3, which is consistent with the cold pulse propagation
experiment, where the propagation speed of a cold pulse is
slower inside the ITB by a factor of 5 [106]. It should be
noted that the formation of the ITB is due to the reduction in

Figure 16. Radial profiles of the (a) electron density, (b) electron
temperature, (c) ion temperature, and (d) safety factor q of the
electron ITB plasma in JT-60U. Reprinted with permission from
[86]. Copyright (1997) by the American Physical Society.

Figure 17. Radial profiles of the (a) electron temperature, (b) ion
temperature, and (c) electron density and rotational transform in the
LHD. Reprinted with permission from [92], Copyright (2003) by the
American Physical Society.
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show that the mode has an even poloidal mode number.
Based on the location of the mode and the q profile, this mode
is considered to be an m/n=2/1 mode. These experimental
observations show that the MHD activity causes the termi-
nation of ITBs.

However, there are experimental results which show that
MHD activity does not impact the collapse of the ITB. In
ASDEX Upgrade, ITBs are observed to collapse after only
several energy confinement times but already before the first
type I ELM occurs, and the ELMs are not the cause of the
deterioration of the confinement. Strong MHD activity,
usually m/n = 2/1 or 3/1, is found to limit the core energy
confinement and the ITBs are observed to collapse as shown
in figure 28(e) [175]. Figure 28(f) shows the MHD activity
(fishbones and neoclassical tearing modes) at the beginning of
the collapse of the ITB indicated by the shaded vertical
region. In particular, the highest amplitude of the MHD
activity was observed before the ITB collapses. The MHD
activity varies significantly in time due to the rapid increase in
the background density and the supra-thermal ion population,
and is not correlated to the trigger and termination of the ITBs
in the ASDEX Upgrade experiment.

5. Non-diffusive momentum and particle transport in
the ITB plasma

The non-diffusive term of the momentum and particle trans-
port is expected to be more sensitive to the change in tur-
bulence state rather than the diffusive term, because the slight
change in the phase relationship can change the sign of the
non-diffusive term. Therefore, when the ITB is formed, non-
diffusive term of momentum transport (intrinsic torque and
rotation) and non-diffusive term of particle (inward or out-
ward convection) are expected to change. In this section, how
the intrinsic torque and rotation and convection of impurity
transport change after the formation of the ITB in tokamak
and helical plasmas is discussed.

5.1. Intrinsic rotation in ITB plasmas

The intrinsic torque and rotation are commonly observed in
the ohmic, L-mode, H-mode, and ITB plasmas in tokamak
and helical plasmas [4]. The residual stress due to the sym-
metry breaking of the turbulence is a strong candidate for the
intrinsic torque and rotation [3, 176] and is supported by the
experimental result in DIII-D [177] and ASDEX Upgrade
[178, 179]. Therefore, the changes in the intrinsic torque and
rotation are good indications for the change in turbulence
structure at the transition from the L-mode to the ITB
plasmas.

A large increase in the toroidal rotation in the counter-
direction in the narrow region of the ITB is observed in JT-
60U, which is called the notched fV profile [63]. Figure 29
shows the radial profiles of the ion temperature Ti and the
toroidal rotation velocity, fV , of carbon impurities measured
by charge exchange spectroscopy, which was obtained by
jogging the plasma, which was moved inwards by 0.1 m in

0.1 s during the quasi-state phase of the ITB. A steep ion
temperature gradient was formed at half of the plasma minor
radius, but becomes flat in the core region. Similar char-
acteristics are observed in the radial profiles of the electron
temperature and density, while the heating deposition profile
is peaked at the magnetic axis. The notched feature in the fV
profile was formed near the ITB, which indicates that a
substantial radial electric field shear was formed in the layer
of the ITB. The notched profile often appears in the measured
fV profile of carbon impurities in reversed magnetic shear
with ITBs, mainly for balanced momentum injection. This
indicates that there are non-diffusive terms in toroidal
momentum transport because the notch structure of toroidal
rotation suggests that the intrinsic rotation in the counter-
direction is driven by the sharp temperature gradient at the
ITB region.

There is a difference in the toroidal rotation velocity
between the bulk ion and carbon impurity as predicted by the
neoclassical theory. The difference depends on the magnetic
field geometry and ion temperature gradient and vanishes at
the magnetic axis. Therefore it is important to investigate
whether there is a disparity of toroidal rotation due to the

Figure 29. Radial profiles of the (a) ion temperature and (b) toroidal
rotation velocity obtained by jogging the plasma in JT-60U.
Different symbols indicate different times during this discharge.
Here, the ITB location, the ITB foot point, and the ITB width are
indicated as rITB, rfoot, andDITBt, respectively. Reproduced courtesy
of IAEA. Figure from [63]. Copyright (2001) IAEA.
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内部輸送障壁の崩壊

プラズマの中心部の高い温度勾配
は、プラズマに発生した層流によっ
て支えられている

ダイナミックな変化を起こす
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磁気島内部に現れるシアー流
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Fig. 1(c), the plasma starts to rotate gradually from
t ¼ 7:20 s (the X point of the magnetic island is still
located at the position of the ECE measurements) to
t ¼ 7:207 s (the O point of the magnetic island is located
at the ECE measurements), and then starts to rotate, in-
creasing the rotation speed afterwards. During the mode
locking phase, the measurements of electron temperature
with ECE are along the X point of the magnetic island,
while the measurements of ion temperature profiles with
charge exchange spectroscopy are along the O point of the
magnetic island.

Figure 2 shows the radial profiles of ion temperature and
toroidal rotation velocity in theH mode (t ¼ 6:57 s) and L
mode (t ¼ 6:72, 6.92, and 7.07 s) phases. The edge ion
temperature at r=a ¼ 0:85 drops from 3.3 to 2.0 keVat the
back transition from the H mode to the L mode phase.
After the back transition from the H mode to the L mode
phase, the peaked ion temperature profile appears, and this
peaked profile is sustained at least 200 ms without any
decay, suggesting significant improvement of ion heat
transport inside the magnetic island. The peaking of ion
temperature becomes less pronounced and the core rotation
increases in the counter direction after one perpendicular
NBI and two tangential NBIs in the codirection are turned
off at t ¼ 7:0 s (total NBI power drops from 15 to 9 MW).

As seen in the radial profile of toroidal rotation velocity,
the plasma inside the magnetic island does not rotate,
which is similar to the behavior observed in helical plas-
mas [5]. Since the plasma outside the magnetic island
rotates in the counter direction, there is a strong rotation
shear at the boundary of the magnetic island (at r=a" 0:4
and 0.6). After the tangential beams in codirection are
turned off at t ¼ 7:0 s (switching from balanced NBI to
counter NBI), counter rotation increases more and strong
rotation shear is observed at the boundary of magnetic
island at r=a" 0:6. This strong rotation shear would con-
tribute to the improvement of confinement at the outer
separatrix of the magnetic island (r=a" 0:6), where a
local large ion temperature gradient is observed. Since
there is no toroidal rotation velocity shear inside the mag-
netic island, one of the candidates for a mechanism for
improvement of the ion heat confinement is the convective
poloidal flow inside the magnetic island [5]. It is interesting
that the magnetic island plays an important role in causing
the damping of toroidal rotation and producing rotation
shear at the boundary of the magnetic island.
Although the peaked ion temperature profile observed

inside the magnetic island is significant [Ti(O point)—
TiðseparatrixÞ ¼ 1–2 keV], the peaking of the electron
temperature is weak [Te(O point)—TeðseparatrixÞ "
0:1 keV]. The radial profiles of carbon density are eval-
uated from the intensity of the charge exchange line of
carbon during the H mode and L mode phases as seen in

r/a r/a

FIG. 2 (color online). Radial profiles of (a) ion temperature
and (b) toroidal rotation velocity before (t ¼ 6:57 s) and after
(t ¼ 6:72, 6.92, and 7.07 s) the back transition from the H mode
to the L mode phase (#49578).
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FIG. 1 (color online). Time evolution of (a) electron tempera-
ture near the boundary of a magnetic island (at r=a ¼ 0:39 and
0.56) and expanded plot at the (b) onset (t ¼ 6:52 s) and
(c) termination (t ¼ 7:207 s) of the mode locking, when the
magnetic island does not rotate (#49578). The radial profiles of
the oscillation amplitude of the electron temperature at t ¼ 6:43
and 7.27 s are also indicated.
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磁気島に温度の平坦化
が現れる PRL 2002 PRL 2012
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内部輸送障壁モード形成における磁気島の役割
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It should be noted that the abrupt increase in temperature
due to the reduction of transport is not always observed only
in integer q. The reduction in transport is also observed in half
integer q (q=3.5 in JT-60U [67]) and also there is no
reduction in transport observed at the integer q in similar
discharges [68]. This experiment suggests that the rational
surface itself may not be enough to trigger the transition to the
ITB phase and an additional mechanism is required to explain
the observations. One of the candidates for the mechanisms to
explain these observations is a small magnetic island because
a magnetic island can exist at the half integer q location and
also the magnetic island at the rational surface may disappear
by plasma response.

2.4. Magnetic island

In general, the electron temperature and pressure profile
inside the magnetic island is flat in the steady state. This is
due to the lack of heat flux inside the magnetic island and not
due to the enhancement of transport. Good particle transport
was observed in the plasma where the impurity is accumu-
lated inside the magnetic island in Princeton Beta Experiment
(PBX) [69] or the pellet injected into the O-point of the
magnetic island in JET [70]. The peaked ion temperature due
to the low ion thermal diffusivity inside the magnetic island
has been observed after the back transition from the H-mode
to the L-mode phase in JT-60U [71]. The electron cross-field
thermal diffusivity at the O-point of the magnetic island was
investigated in DIII-D [72]. It was reported that the thermal
diffusivity is decreased at the O-point by at least by a factor of
3 compared to the background plasma. The reduction in
turbulence at the O-point of the magnetic island has also been
reported in DIII-D [73].

The reduction of transport inside the magnetic island is
clearly observed in the perturbation transport experiment by
the slow pulse propagation inside the magnetic island in the
Large Helical Device (LHD) [74]. More recently the self-
regulated bifurcation between slow and extremely slow heat
pulse propagation inside the magnetic island was reported in
DIII-D [75]. These experiments demonstrate that the reduc-
tion in transport inside the magnetic island, which is eval-
uated as the effective thermal diffusivity, exceeds an order of
magnitude (10–40). Because the reduction in transport inside
the magnetic island is so large, most of the heat flux con-
centrates at the X-point and the heat flux which has been
treated as flux averaged quantity has a strong poloidal
asymmetry. Therefore, the magnetic island could contribute
to the increase in the local heat flux at the X-point above the
threshold of the transition from the L-mode to the ITB.

In order to distinguish the role of the magnetic island and
the rational surface, the resonant magnetic perturbation (RMP)
field, which produces an m/n = 2/1 magnetic island, is applied
to the plasma where the heating power is slightly below the
threshold power to the formation of the ITB in the LHD [76].
Figure 14 shows the time evolution of the electron temperature
in the plasma with and without a magnetic island produced by
RMP. When there is no RMP, the electron temperature increases
after the on-axis electron cyclotron heating (ECH), and then it

saturates in the energy confinement time of 15 ms. However,
when the RMP field is applied, the electron temperature keeps
increasing after the onset of on-axis ECH, which is a clear
indication of the formation of the ITB. This RMP experiment in
LHD helical plasmas clearly shows that the existence of the 2/1
magnetic island reduces the threshold heating power for the
transition from the L-mode to the ITB phase. This experiment
supports the idea that the magnetic island at the rational surface
contributes to the transition from the L-mode to the ITB rather
than to the rational surface itself.

2.5. Bootstrap (BS) plasma current

BS current is an important issue in sustaining ITB plasma in the
steady state. The reversed magnetic shear is initiated by the
hollow inductive current at the startup phase of the discharge.
Because the hollow current profiles will relax to take the shape
of a peaked profile in the steady-state phase, additional plasma
current to sustain the hollow current and reversed magnetic shear
is necessary. The BS current driven by the steep gradient of the
pressure in the ITB region could contribute to the sustainment of
the reversed magnetic shear [77–80].

The fraction of the BS current can be 80% of the total
plasma current in the high bp RS plasma in JT-60U [78].
Figure 15 shows the radial profiles of the ion and electron
temperature, safety factor, and toroidal plasma current measured.
In this discharge, sharp temperature gradients are observed in the
region of reversed magnetic shear and the ITB foot locates at
r = 0.7 where the safety factor q has a minimum value. The
measured profile of the current has a peak at r = 0.6 just inside
the minimum q location and the ion and electron temperature
gradients have maximum values. The radial profiles of toroidal
current measured agree with the sum of the BS current and beam
driven (BD) current calculated. In the steady-state phase (t= 8.5
s), the BD current is peaked at the current density of
0.15MAm−2. The BS current is extremely hollow because
of the sharp pressure gradient with the peak current density of

Figure 14. Time evolution of the electron temperature measured with
electron cyclotron emission (ECE) at various radii for the plasma (a)
without a 2/1 island and (b) with a 2/1 islan. Reprinted from [76],
with the permission of AIP Publishing.
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磁気島の境界に現れるシアー流が内部輸送障壁モードの形成を助ける

磁気島あり
à輸送障壁の形成あり

PoP 2004

磁気島なし
à 輸送障壁の形成なし

磁気島

輸送障壁

磁気島の内部は乱流が発生していない領域？
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磁気島の輸送

Heat pulse propagation

temperature

island

temperature

island

cold pulse propagation

磁気島にパルスを入射して観測

閉じ込めが良いàパルス伝播が遅い
閉じ込めが悪いàパルス伝播が速い

Fig. 3. After back transition from the H mode to the L
mode phase, the carbon density decreases by a factor of 2.
There is no peaking of the carbon density profile in the
region of the magnetic island (r=a ¼ 0:42–0:64). The
carbon density profile is slightly hollow in this discharge,
suggesting the outward (from theO point to the separatrix)
convection of impurity transport due to the ion temperature
gradient [16,17]. This is in contrast to the ‘‘Snake,’’ where
the impurities or bulk particles are confined inside the
magnetic island for a long period of the discharge [6,7].

In order to evaluate the thermal diffusivity inside the
magnetic island, the flux surface of the magnetic island
should be determined. The island flux surface can be ex-
pressed with a simple formula of ! ¼ ð!# rsÞ2=w2

h #
½cosðm"# n#Þ # 1&=2. Here rs,wh, ", and# are theminor
radius of the O point of the magnetic island, the half width
of the magnetic island, the poloidal angle, and the toroidal
angle, respectively. The island flux surface label is! ¼ 1 at
the separatrix and! ¼ 0 at theO point. In this analysis, the
plasma is divided into three areas: (i) the inner region out-
side the magnetic island (r=a < 0:42), (ii) the region inside
the magnetic island (0:42< r=a < 0:63), and (iii) the outer
region outside the magnetic island (0:62< r=a); the heat
flux for each region is calculated by integrating the heat
deposition in the divided region with the boundary condi-

tion of continuity of integrated heat flux as
R
QðiiiÞ

i ðr=a ¼
0:63ÞdS ¼ R

QðiÞ
i ðr=a ¼ 0:42ÞdS þ R

QðiiÞ
i ð! ¼ 1ÞdS.

Because of this condition, there are jumps of heat flux
normalized by density, and hence the thermal diffusivity
at the separatrix of! ¼ 1. Because the area of themagnetic
island ismuch smaller than that outside themagnetic island,
the heat flux inside the magnetic island is smaller than that
outside the magnetic island by an order of magnitude.
However, as seen in Fig. 4(a), the temperature gradient
inside the magnetic island is comparable or even larger
than that outside the magnetic island.

The thermal diffusivity near the magnetic axis is low
(0:1 m2=s) and around 1 m2=s at half of the plasma minor

radius and increases sharply up to 5 m2=s toward the plas-
ma periphery. The thermal diffusivity inside the magnetic
island is constant in space and very low (( 0:1 m2=s),
while that outside the magnetic island is much higher
((1 m2=s). This result is different from the experimental
results in TEXTOR, where the transport inside the island is
comparable to the transport in the ambient plasma [10].
The reduction of ion thermal diffusivity inside the mag-
netic island is triggered by back transition from the H
mode phase to the L mode phase. Since the heating power
deposited in region (i) flows to region (iii) through the X
point of the magnetic island, the global confinement time
drops when the large magnetic island appears. However,
the drop of confinement time is not due to the poor con-
finement inside the magnetic island surrounded by the
separatrix.
After the back transition, the ion temperature at the

separatrix (! ¼ 1) drops, causing a transient peaking of
the ion temperature. If there is no reduction of ion trans-
port, this peak should disappear within a few tens of ms.
Because the reduction of thermal diffusivity simulta-
neously takes place, the peaked ion temperature can be
sustained by a small heat flux inside the magnetic island.
Figure 5 shows the time evolution of the ion temperature
gradients at both sides of the peaked ion temperature

r/a

FIG. 3 (color online). Radial profiles of carbon density before
(t ¼ 6:4 s) and after (t ¼ 6:8 s) back transition from theH mode
to the L mode phase (#49576).

Q
T

i
i

i

FIG. 4 (color online). Radial profile of (a) ion temperature,
(b) heat flux normalized by density, and (c) ion thermal diffu-
sivity in the L mode phase (t ¼ 6:77 s). The magnetic flux
surface model used to evaluate the heat flux is also indicated
(#49576).
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磁気島にピークした温
度分布が観測される時
は閉じ込めが良い（熱
拡散係数が小さい）

Fig. 1(c), the plasma starts to rotate gradually from
t ¼ 7:20 s (the X point of the magnetic island is still
located at the position of the ECE measurements) to
t ¼ 7:207 s (the O point of the magnetic island is located
at the ECE measurements), and then starts to rotate, in-
creasing the rotation speed afterwards. During the mode
locking phase, the measurements of electron temperature
with ECE are along the X point of the magnetic island,
while the measurements of ion temperature profiles with
charge exchange spectroscopy are along the O point of the
magnetic island.

Figure 2 shows the radial profiles of ion temperature and
toroidal rotation velocity in theH mode (t ¼ 6:57 s) and L
mode (t ¼ 6:72, 6.92, and 7.07 s) phases. The edge ion
temperature at r=a ¼ 0:85 drops from 3.3 to 2.0 keVat the
back transition from the H mode to the L mode phase.
After the back transition from the H mode to the L mode
phase, the peaked ion temperature profile appears, and this
peaked profile is sustained at least 200 ms without any
decay, suggesting significant improvement of ion heat
transport inside the magnetic island. The peaking of ion
temperature becomes less pronounced and the core rotation
increases in the counter direction after one perpendicular
NBI and two tangential NBIs in the codirection are turned
off at t ¼ 7:0 s (total NBI power drops from 15 to 9 MW).

As seen in the radial profile of toroidal rotation velocity,
the plasma inside the magnetic island does not rotate,
which is similar to the behavior observed in helical plas-
mas [5]. Since the plasma outside the magnetic island
rotates in the counter direction, there is a strong rotation
shear at the boundary of the magnetic island (at r=a" 0:4
and 0.6). After the tangential beams in codirection are
turned off at t ¼ 7:0 s (switching from balanced NBI to
counter NBI), counter rotation increases more and strong
rotation shear is observed at the boundary of magnetic
island at r=a" 0:6. This strong rotation shear would con-
tribute to the improvement of confinement at the outer
separatrix of the magnetic island (r=a" 0:6), where a
local large ion temperature gradient is observed. Since
there is no toroidal rotation velocity shear inside the mag-
netic island, one of the candidates for a mechanism for
improvement of the ion heat confinement is the convective
poloidal flow inside the magnetic island [5]. It is interesting
that the magnetic island plays an important role in causing
the damping of toroidal rotation and producing rotation
shear at the boundary of the magnetic island.
Although the peaked ion temperature profile observed

inside the magnetic island is significant [Ti(O point)—
TiðseparatrixÞ ¼ 1–2 keV], the peaking of the electron
temperature is weak [Te(O point)—TeðseparatrixÞ "
0:1 keV]. The radial profiles of carbon density are eval-
uated from the intensity of the charge exchange line of
carbon during the H mode and L mode phases as seen in

r/a r/a

FIG. 2 (color online). Radial profiles of (a) ion temperature
and (b) toroidal rotation velocity before (t ¼ 6:57 s) and after
(t ¼ 6:72, 6.92, and 7.07 s) the back transition from the H mode
to the L mode phase (#49578).
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r/a

r/a

r/ar/a

r/a

FIG. 1 (color online). Time evolution of (a) electron tempera-
ture near the boundary of a magnetic island (at r=a ¼ 0:39 and
0.56) and expanded plot at the (b) onset (t ¼ 6:52 s) and
(c) termination (t ¼ 7:207 s) of the mode locking, when the
magnetic island does not rotate (#49578). The radial profiles of
the oscillation amplitude of the electron temperature at t ¼ 6:43
and 7.27 s are also indicated.
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t ¼ 7:20 s (the X point of the magnetic island is still
located at the position of the ECE measurements) to
t ¼ 7:207 s (the O point of the magnetic island is located
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off at t ¼ 7:0 s (total NBI power drops from 15 to 9 MW).

As seen in the radial profile of toroidal rotation velocity,
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there is no toroidal rotation velocity shear inside the mag-
netic island, one of the candidates for a mechanism for
improvement of the ion heat confinement is the convective
poloidal flow inside the magnetic island [5]. It is interesting
that the magnetic island plays an important role in causing
the damping of toroidal rotation and producing rotation
shear at the boundary of the magnetic island.
Although the peaked ion temperature profile observed
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uated from the intensity of the charge exchange line of
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FIG. 2 (color online). Radial profiles of (a) ion temperature
and (b) toroidal rotation velocity before (t ¼ 6:57 s) and after
(t ¼ 6:72, 6.92, and 7.07 s) the back transition from the H mode
to the L mode phase (#49578).
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FIG. 1 (color online). Time evolution of (a) electron tempera-
ture near the boundary of a magnetic island (at r=a ¼ 0:39 and
0.56) and expanded plot at the (b) onset (t ¼ 6:52 s) and
(c) termination (t ¼ 7:207 s) of the mode locking, when the
magnetic island does not rotate (#49578). The radial profiles of
the oscillation amplitude of the electron temperature at t ¼ 6:43
and 7.27 s are also indicated.
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では、磁気島に平坦な温度分
布が観測される時は閉じ込め
が悪い（熱拡散係数が大き
い）？

K.Ida et. al.,Phys Rev 
Lett 109 (2012) 065001 21
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磁気島内部の乱流とヒートパルス伝播の研究
ヒートパルスの伝播は磁気島内部の状態の計測に応用され、
DIII-Dの状態遷移の発見へと繋がった

K.Ida et al., Sci. Rep. 5 (2015) 16165

ヒートパルスが侵入しやすい ヒートパルスが侵入しにくい

状態遷移
は数ミリ秒
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乱流伝播の発見

乱流が磁気島の内部に伝播する様子が捉えられた

乱流はXポイントから
侵入

there is a clear difference in the hysteresis relation between
the O point and the X point. In the X point, the hysteresis
relation shows counter clockwise (CCW) direction, while it
shows clockwise (CW) direction in the O point. These
results show that the change in Te precedes the change in
ñ=n in the X point, while the change in ñ=n precedes the
change in Te at the O point.
The delay time difference between modulation of Te and

ñ=n (δτ) is evaluated from the phase delay of sinusoidal
wave function which gives the best fit to the measurements.
As seen in Figs. 3(c) and 3(d), the δτ is 2–3 ms at the X
point, while this δτ becomes negative (−2– − 3 ms) at
ρ ¼ 0.74 at the O point. It should be noted that density
fluctuations in the X-point region exhibit higher harmonic
oscillations, while there is little higher harmonic oscillation
in the density fluctuation inO point, which is also shown in
Fig. 1(c). Radial profiles of δτ at the X point and the O
point are plotted in Fig. 3(e). The δτ is positive in the entire
region at the X point, which indicates that the fluctuation
responds to the change in the Te gradient due to the heat
pulse propagation. The Te gradient across the X point is
larger than the one across theO point as shown in Fig. 2(a),

which causes the thermal transport to lead the change in the
ñ=n resulting in the positive (CCW) hysteresis. This result
is consistent with the previous result that the ñ=n level
increases as the Te gradient is increased [11]. However, the
δτ in the O point is positive in the inner region (ρ < 0.68)
and negative in the outer region (ρ > 0.68). The negative
δτ observed shows that the propagation of fluctuation is
faster than that of the heat pulse, which is similar to the
observation in Large Helical Device [14].
The positive and negative δτ observed in this experi-

ment imply the existence of the nonlocality of the
transport, because the existence of hysteresis is evidence
of nonlocality in the transport [15,16]. The negative δτ is
associated with the CW hysteresis in the O point due to
the ñ=n leading the heat pulse in the island O point. A
possible physics model here is that the heat pulse is
shunted in the parallel direction around the good internal
island flux surfaces while the perpendicular thermal
transport into the island O point is slow, as seen in
Fig. 2(c) and can only be enhanced once the ñ=n increase
sufficiently to enhance the cross-field thermal transport.
On the other hand, the thermal transport at the X point
is enhanced by the stochastic field lines which allows
the fast parallel thermal transport to lead the ñ=n across
that region of the island compared to the O point. The
negative δτ indicates that the fluctuation propagates from
the X point of the magnetic island by turbulence spread-
ing before the heat pulse propagates into the O point of
the magnetic island.
The enhancement of heat pulse propagation speed due to

the turbulence spreading could be one of the candidates to
explain the bifurcation between the high-accessibility state
(with larger amplitude and fast heat pulse propagation) and
low-accessibility state (with smaller amplitude and slower
heat pulse propagation) of the O point of the magnetic
island [17]. In the high-accessibility state, the ñ penetrates
into the O point across the X point by turbulence spreading
and leads the enhancement of transport and heat pulse
propagation. Turbulence spreading can be shielded by
the radial electric field shear (Er) shear [18], which is
localized at the boundary of the stationary magnetic island
[12,13,19]. Therefore, if the Er shear becomes large
enough to shield the turbulence spreading, the ñ does
not penetrate into the O point of the magnetic island and
results in the reduction of transport and slow heat pulse
propagation inside the magnetic island as seen in the
low-accessibility state. Once the turbulence spreading is
shielded, the Er shear is expected to increases due to the
reduction of viscosity. Then the bifurcation between the
following two states are possible: one is weak turbulence
spreading with the large Er shear and the other is strong
turbulence spreading with the small Er shear. The slight
change in Er field shear at the boundary of the magnetic
island can cause the bifurcation between the high-
accessibility and low-accessibility state.
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FIG. 3. Hysteresis of amplitude between ñ=n and Te modula-
tion at ρ ¼ 0.74 in the (a) X point and (b) O point, time evolution
of Te and ñ=n at ρ ¼ 0.74 in the (c) X-point and (d) O-point
phase with the relative time (τ) respect to the onset of ECH, and
(e) radial profiles of delay time difference between modulation of
Te and ñ=n (δτ) at X-point phase and the O-point phase.
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乱流伝播発見の意義
プラズマ中では乱流（非捕食者）が支配的な領域と、シアー流（捕食者）が支配的な領域
が共存する。

シアー流が支配的となる場所では温度勾配が大きくなるので、その位置と幅が温度分布

を決める。 温度分布

乱流が
支配的

乱流が
支配的 シアー流

が支配

的

乱流（非捕食者）がシアー流（捕食者）領域に進出する
ことで、シアー流を支える。

乱流

乱流

乱流領域とシアー流領域の
境界が移動することで、ダ

イナミックな温度分布の変
化が起こる。
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Hモード 磁気島内部輸送障壁

Lモード

シアー流の違いによる温度分布の多様性

乱流駆動トロイダル流

乱流駆動ポロイダル流
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温度分布を決定する要素

Therefore the understanding of the relationship between the
particle/heat flux and density/temperature gradient is crucial
in providing good prospects for the performance of a nuclear
fusion reactor in the future. This flux–gradient relationship
between particle, momentum, electron/ion heat flux and
density, toroidal rotation velocity, and electron/ion temper-
ature gradient are called particle, toroidal momentum, and
electron/ion heat transport, and has been intensively studied
in experiments and theory [1]. Although these transports are
not independent, a simple diffusion model for each relation-
ship, particle flux versus density gradient, toroidal momentum
flux versus toroidal velocity gradient, electron heat flux ver-
sus electron temperature gradient, ion heat flux versus ion
temperature gradient is adapted for simplicity. The coupling
between the transport is considered as additional terms, which
are the so-called convection or non-diffusive term of the
transport, or is included as a parameter dependence of
transport coefficients of diffusion (D), perpendicular viscosity
(m̂ ) and electron thermal diffusivity (ce), and ion thermal
diffusivity (ci).

The radial fluxes of particle (Γ), momentum ( fP ), and
electron and ion heat transport (Qe, Qi) can be expressed with
these transport coefficients as

G
= -


-

⎡
⎣⎢

⎤
⎦⎥

( ) ( )r
n

D n
n

V , 1conv

where n is the electron density and Vconv is the convection
velocity [2].
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where mi, fV , Vpinch, and Gf
RS are ion mass, toroidal rotation

velocity, momentum pinch velocity, and radial flux due to
residual stress [3, 4]. (The perpendicular viscosity (m̂ ) is
often expressed as toroidal momentum diffusivity (cf).)
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where Te and Ti are the electron and ion temperature,
respectively. These fluxes are determined by integrating the
particle source, S, toroidal torque, T, and heating power to
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In general, there are significant contributions of the non-
diffusive term in particle and toroidal momentum transport.
The convection terms in the particle transport can be inward
(pinch) or outward (exhaust) by turbulence [2], and the
mechanism of the physics causing the non-diffusive term of
toroidal momentum transport is complicated [4]. In contrast,
the non-diffusive terms of electron/ion heat transport are not
very visible, although there have been experimental results
suggesting a heat pinch for electron transport [5, 6]. When the
density, velocity, and temperature gradient become large due
to the decrease in the diffusion coefficient, D, viscosity, m̂ ,
and thermal diffusivity, ce i, , the region in the plasma is called
the transport barrier. Although the increase in the gradients
results from the reduction of transport coefficients due to the
change in turbulence amplitude and phase, the direct mea-
surements of these transport coefficients from turbulence
amplitude and phase are extremely challenging in experi-
ments especially for the viscosity, m̂ , and thermal diffusivity,
ce i, . Therefore, the transport coefficients are derived from the
ratio of the radial flux determined by equations (4)–(6) and
the gradients measured using equations (1)–(3) in the
experiment. This is in contrast to the transport coefficients
directly calculated from the gradients in the theory and
simulation (the radial flux is the output not the input of
simulation). Many varieties of plasmas with an internal
transport barrier (ITB) have been discussed in previous
reviews [7–10] and the definition of ITB has not been unified
because of its variety. In this review, the discontinuity of
transport inside the plasma, which results in the discontinuity
of temperature or density gradient in the radius, is used to
define the ITB plasma.

1.2. Edge transport barrier (ETB)

The ETB is characterized by an abrupt reduction in thermal
diffusivity near the plasma edge. Because the reduction in
edge thermal diffusivity contributes to the formation of sharp
temperature and density gradients at the plasma edge, which
is called the pedestal structure, the plasma kinetic energy
significantly increases associated with the formation of the
ETB. Therefore the abrupt reduction in edge thermal diffu-
sivity is called the transition from the low confinement mode
(L-mode) to the high confinement mode (H-mode) [11, 12].
The radial electric field was found to play an important role in
the transition from the L-mode to the H-mode [13, 14] and the
turbulence suppression by the E×B shear, the so-called
radial electric field (Er) shear, was recognized to be the most
important mechanism in the transition [15, 16].

Figure 1. Radial profiles of density and temperature in the plasma
with (a) ITB) and (b) ETB. Here W/a is the ITB and pedestal width,
rITB, and rETB is the normalized minor radius of the ITB and ETB
regions, respectively, and R/LT is the normalized temperature
gradient.
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Therefore the understanding of the relationship between the
particle/heat flux and density/temperature gradient is crucial
in providing good prospects for the performance of a nuclear
fusion reactor in the future. This flux–gradient relationship
between particle, momentum, electron/ion heat flux and
density, toroidal rotation velocity, and electron/ion temper-
ature gradient are called particle, toroidal momentum, and
electron/ion heat transport, and has been intensively studied
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not independent, a simple diffusion model for each relation-
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flux versus toroidal velocity gradient, electron heat flux ver-
sus electron temperature gradient, ion heat flux versus ion
temperature gradient is adapted for simplicity. The coupling
between the transport is considered as additional terms, which
are the so-called convection or non-diffusive term of the
transport, or is included as a parameter dependence of
transport coefficients of diffusion (D), perpendicular viscosity
(m̂ ) and electron thermal diffusivity (ce), and ion thermal
diffusivity (ci).

The radial fluxes of particle (Γ), momentum ( fP ), and
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these transport coefficients as

G
= -


-

⎡
⎣⎢

⎤
⎦⎥

( ) ( )r
n

D n
n

V , 1conv

where n is the electron density and Vconv is the convection
velocity [2].

m= -  + + Gf
f f f^

( ) ( )P r

m n
V V V , 2

i
pinch

RS

where mi, fV , Vpinch, and Gf
RS are ion mass, toroidal rotation

velocity, momentum pinch velocity, and radial flux due to
residual stress [3, 4]. (The perpendicular viscosity (m̂ ) is
often expressed as toroidal momentum diffusivity (cf).)

c= - 
( ) ( )Q r

n
T , 3e i

e i e i
,

, ,

where Te and Ti are the electron and ion temperature,
respectively. These fluxes are determined by integrating the
particle source, S, toroidal torque, T, and heating power to

electrons and ions, Pe i, per unit volume as

òG = ¢ ¢ -
¢

¢
⎛
⎝⎜

⎞
⎠⎟( ) ( ) [ ( )] ( )r

r
r S r

n r
t

r
1 d

d
d 4

r

0

ò= ¢ ¢ -
¢ ¢

¢f
f⎛

⎝⎜
⎞
⎠⎟( ) ( ) [ ( ) ( )] ( )P r

r
r T r

m n r V r

t
r

1 d

d
d 5

r i i

0

ò= ¢ ¢ -
¢ ¢

¢
⎛
⎝⎜

⎞
⎠⎟( ) ( ) [ ( ) ( )] ( )Q r

r
r P r

n r T r

t
r

1 d
d

d . 6e i

r

e i
e i

,
0

,
,

In general, there are significant contributions of the non-
diffusive term in particle and toroidal momentum transport.
The convection terms in the particle transport can be inward
(pinch) or outward (exhaust) by turbulence [2], and the
mechanism of the physics causing the non-diffusive term of
toroidal momentum transport is complicated [4]. In contrast,
the non-diffusive terms of electron/ion heat transport are not
very visible, although there have been experimental results
suggesting a heat pinch for electron transport [5, 6]. When the
density, velocity, and temperature gradient become large due
to the decrease in the diffusion coefficient, D, viscosity, m̂ ,
and thermal diffusivity, ce i, , the region in the plasma is called
the transport barrier. Although the increase in the gradients
results from the reduction of transport coefficients due to the
change in turbulence amplitude and phase, the direct mea-
surements of these transport coefficients from turbulence
amplitude and phase are extremely challenging in experi-
ments especially for the viscosity, m̂ , and thermal diffusivity,
ce i, . Therefore, the transport coefficients are derived from the
ratio of the radial flux determined by equations (4)–(6) and
the gradients measured using equations (1)–(3) in the
experiment. This is in contrast to the transport coefficients
directly calculated from the gradients in the theory and
simulation (the radial flux is the output not the input of
simulation). Many varieties of plasmas with an internal
transport barrier (ITB) have been discussed in previous
reviews [7–10] and the definition of ITB has not been unified
because of its variety. In this review, the discontinuity of
transport inside the plasma, which results in the discontinuity
of temperature or density gradient in the radius, is used to
define the ITB plasma.

1.2. Edge transport barrier (ETB)

The ETB is characterized by an abrupt reduction in thermal
diffusivity near the plasma edge. Because the reduction in
edge thermal diffusivity contributes to the formation of sharp
temperature and density gradients at the plasma edge, which
is called the pedestal structure, the plasma kinetic energy
significantly increases associated with the formation of the
ETB. Therefore the abrupt reduction in edge thermal diffu-
sivity is called the transition from the low confinement mode
(L-mode) to the high confinement mode (H-mode) [11, 12].
The radial electric field was found to play an important role in
the transition from the L-mode to the H-mode [13, 14] and the
turbulence suppression by the E×B shear, the so-called
radial electric field (Er) shear, was recognized to be the most
important mechanism in the transition [15, 16].

Figure 1. Radial profiles of density and temperature in the plasma
with (a) ITB) and (b) ETB. Here W/a is the ITB and pedestal width,
rITB, and rETB is the normalized minor radius of the ITB and ETB
regions, respectively, and R/LT is the normalized temperature
gradient.
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Hモードと内部輸送障壁プラズマを特徴付けるシアー流
１）位置 rITB
２）幅 W/a
３）強さ R/LT

PPCF 2018

シアー流を伴う輸送障壁の
位置・幅・強さが自発的に

変化することで、温度勾配
と温度分布の多様性とダイ

ナミックな変化が生まれる

was observed in JT-60U. The radial propagation of a steep ion
temperature gradient is also observed in JET with the pro-
pagation speed of 0.1 m/s.

Figure 26 shows the time evolution of the ion temper-
ature gradient at various normalized radii and the contour of
the ion temperature gradient in the time and normalized minor
radius of the normal magnetic shear ITB in JT-60U and the
ion ITB in the LHD [162, 163]. The increase in the ion
temperature gradient at r = 0.39 appears first and the location
of the increase in the ion temperature gradient moves outward
to r = 0.57 in normal (positive) magnetic shear in JT-60U.
The movement of the ITB region is clearly indicated in the
contour of the ion temperature gradients. The region of the
large ion temperature gradient is rD = 0.2 (strong narrow
ITB) and relatively constant in time. In contrast, the increase
in the ion temperature gradient at r = 0.44 appears first and
the location of the increase in the ion temperature gradient
moves inward to r = 0.17 in normal (negative) magnetic
shear in the LHD. The contour of the ion temperature gra-
dients shows the expansion of the ITB region in time and the
region of the large ion temperature gradient is rD = 0.5

(weak wide ITB), which is much larger than that in the ITB in
JT-60U. In JT-60U, the ITB location moves outward during
the formation of ITB both in the normal (positive) magnetic
shear ITB and in the strong reversed (negative) magnetic
shear ITB (see figure 27). In contrast, the location of the ITB
location moves inward in the LHD, while the location of the
ITB moves outward during the formation of the ITB,
regardless of the sign of the magnetic shear in JT-60U. It is a
mystery as to why the direction of the ITB region movement
is opposite between the ITBs in the JT-60U and the LHD.
One of the possible mechanisms for the weak wide ITB in the
LHD is a large neoclassical ion transport in the helical
plasma. The large neoclassical transport in helical plasma
limits the increase of the ion temperature gradient and pre-
vents the formation of a strong narrow ITB. In the weak wide

Figure 25. (a) Time evolution and (b) radial profile of the ion
temperature in the high bp ITB in JT-60U (from figure 3(a) and
figure 1(a) in [160]), and (c) time evolution and (d) radial profile of
the ion temperature in the weak magnetic shear ITB in JET.
Reproduced from [161]. © IOP Publishing Ltd. All rights reserved.

Figure 26. (a) Time evolution and (b) contour of ion temperature
gradients in the normal (positive) magnetic shear ITB in JT-60U
(Reproduced courtesy of IAEA. Figure from [162]. Copyright
(2009) IAEA.), and (c) time evolution and (d) contour of ion
temperature gradients in the ion ITB in the LHD. [163] John Wiley
& Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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location moves inward in the LHD, while the location of the
ITB moves outward during the formation of the ITB,
regardless of the sign of the magnetic shear in JT-60U. It is a
mystery as to why the direction of the ITB region movement
is opposite between the ITBs in the JT-60U and the LHD.
One of the possible mechanisms for the weak wide ITB in the
LHD is a large neoclassical ion transport in the helical
plasma. The large neoclassical transport in helical plasma
limits the increase of the ion temperature gradient and pre-
vents the formation of a strong narrow ITB. In the weak wide

Figure 25. (a) Time evolution and (b) radial profile of the ion
temperature in the high bp ITB in JT-60U (from figure 3(a) and
figure 1(a) in [160]), and (c) time evolution and (d) radial profile of
the ion temperature in the weak magnetic shear ITB in JET.
Reproduced from [161]. © IOP Publishing Ltd. All rights reserved.

Figure 26. (a) Time evolution and (b) contour of ion temperature
gradients in the normal (positive) magnetic shear ITB in JT-60U
(Reproduced courtesy of IAEA. Figure from [162]. Copyright
(2009) IAEA.), and (c) time evolution and (d) contour of ion
temperature gradients in the ion ITB in the LHD. [163] John Wiley
& Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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ITB, only a moderate reduction in turbulent transport is
necessary where the reduced turbulent transport is still higher
than the large neoclassical transport.

Figures 27(a) and (b) show the time evolution of the ion
temperature at various normalized radii and the contour of the
confidence factor for identifying an ITB determined by the
normalized ion temperature gradient in JET [164]. Here the
confidence factor used to identify an ITB is defined by the
probability of the normal distribution with the center of cri-
tical dimensionless number and the standard deviation of

measurement uncertainty (error bar). Then the confidence
factor becomes 50% when the normalized ion temperature
gradient is equal to the critical number and 84.1, 97.7, and
99.9% when the normalized ion temperature gradient exceeds
the critical number by 1, 2, and 3 times the error bar,
respectively. The critical normalized gradient, defined as the
ratio of the ion Larmor radius to scale the length of the ion
temperature gradient (r Ls T ), was chosen to be 1.4×10−2

from a discharge ITB with a perfectly visible barrier whose
emergence time was well defined and which was used as a
reference. The movement of the location of the ITB foot
outward in time is more significant at the formation of the
ITB. Figures 27(c) and (d) show the contour of the ion
temperature gradient in the time and normalized minor radii in
JT-60U [163]. This is a discharge with narrow and strong
ITBs and the temperature gradient reaches 75 keV/m, which
corresponds to the normalized gradient of 2.4×10−2. The
minimum q location moves inward from 0.75–0.65 in time. In
this discharge, the ITB appears at r = 0.3, then the location
of the maximum ion temperature moves outward sponta-
neously with the increase in gradient. When the location of
the maximum ion temperature reaches the location of the
minimum q, the outward movement stops and the ITB foot
stays just inside the location of the minimum q.

From these experiments, the location of the minimum safety
factor, qmin, has a strong impact on the transport and formation
of the ITB in the plasma with strong reversed magnetic shear
regardless of the value of qmin. As clearly demonstrated in a JT-
60U experiment, the outward movement of the ITB foot stops at
the minimum q location, and the ITB foot point tracks to the
location of the qmin in the steady-state phase as shown in
figure 10. These results are in contrast to the DIII-D exper-
imental results in the plasma with weak magnetic shear, where
the temperature gradient increases when the minimum q cross
the rational surface and the JET experimental results in the
plasma with positive magnetic shear where the ITB foot locates
at the rotational surface as described in sections 2.3 and 2.4.
These results imply that the rational surface plays an important
role in determining the location of the ITB foot in the plasma
with positive or weakly reversed magnetic shear but not in the
plasma with strong reversed magnetic shear. Note that all local
transport models fail to explain the movement of the ITB region,
which requires the abrupt reduction and enhancement of thermal
diffusivity when the ITB region moves from the inner to the
outer side of the given radii (ρ = 0.5 and 0.58) as shown in
figure 27(c). Therefore, the radial propagation of the ITB region
is strong evidence for the existence of the non-locality of the
transport in the plasma.

The non-locality of the transport is considered to exist in the
L-mode plasma as well as in the ITB plasma. However, it is
impossible to detect the non-locality of the transport from the
power balance transport analysis in the steady-state phase
because the non-locality of the transport is masked by the radial
dependence of the local transport coefficient. Therefore, the non-
locality of the transport can be identified by the dynamic
transport analysis (flux–gradient relationship analysis in the
transient phase). The simultaneous rise and decay of the electron
temperature and temperature gradients in two zones is clear

Figure 27. (a) Time evolution of the ion temperature at various
normalized radii and (b) contour of the confidence factor for
identifying an ITB determined by the normalized ion temperature
gradient in the strong reversed (negative) magnetic shear ITB in JET
(Reproduced courtesy of IAEA. Figure from [164]. Copyright
(2002) IAEA.), (c) time evolution of ion temperature gradient, and
(d) contour of the ion temperature gradient in time and normalized
minor radii in the strong reversed (negative) magnetic shear ITB in
JT-60U. Reproduced courtesy of IAEA. Figure from [162]. Copy-
right (2009) IAEA. [163] John Wiley & Sons. Copyright © 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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温度勾配の時空間変化
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結論

乱流・シアー流の分布の多様性が、温度勾配・分布の多様性を生み出している

シアー領域の位置、幅、強さの多様性は、捕食者であるシアー流と非捕食
者である乱流のせめぎ合いで決まる。
その結果、さまざまな乱流とシアー流の共存状態が生じる

シアー流領域乱流領域 境界

乱流の
進出

シアー流
の拡⼤

プラズマ全域にシアー流が発生すれば、温度勾配が大きい高温のプラズマが生成できる。

しかしながら、乱流のみの状態（捕食者がいない状態）はできるが、シアー流のみの状態
（非捕食者がいない状態）は作れない。à 核融合プラズマの高温達成が困難な原因
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本研究の学際的な展開

磁場とプラズマが織りなす多様性と突発性の研究

１） 太陽フレアー
太陽フレアーでは磁力線のリコネクションが起こり、プラズマが放出されて爆発を起こす。

リコネクションの時間が理論予想よりも短い。磁場のトポロジーの変化に伴う突発的現象
において、核融合プラズマと共通の研究課題がある。何故突発的に起こるのか？

２） 磁気圏における電磁波を介したエネルギー輸送
磁気圏では高エネルギープラズマから発生した電磁波で、ヘリウムプラズマが加速され

るという現象が観測された。この粒子加速・エネルギー輸送において、核融合プラズマと
共通の研究課題がある。エネルギー輸送に質量依存があるのか？
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トポロジー変化: 入れ子状の磁気面à 壊れた磁気面

the magnetic field was observed in LHD as seen in Figure 34 [18]. After the 
switch of the NBI direction from co-NBI to counter-NBI at 5.3 sec, the 
magnetic shear decreases from 1 to 0.5. Because the magnetic medium shear 
is necessary for the overlapping of higher harmonic magnetic islands at 
different rational surfaces nearby, the magnetic shear was controlled to be 
0.5. In this experiment, the magnetic topology was identified by modulation 
ECH (MECH). The ECH power deposition is localized near the magnetic 
axis at reff=a99 à 0:2 which is experimentally determined by the location of 
zero delay time. The delay time profile before the stochastization of mag-
netic field (t = 5.75 sec) shows the monotonic increase from deposition 
location to the plasma edge, which is evidence for the nested magnetic flux 
surface. Magnetic stochastization occurs at t = 6.0 sec (0.3 sec after the 
magnetic shear reaches 0.5). The wide stochastization of the magnetic field 
in the core region (reff=a99 < 0:6) was identified by the wide flat region of the 
delay time of heat pulse provided by the modulation ECH (MECH) as seen 
in the delay time profile at t = 6.25s . The sudden drop of toroidal flow in the 
plasma core (reff=a99 = 0 and reff=a99 = 0.25) was observed associated with 
the transition from nested magnetic flux surface to stochastic magnetic field. 
The flow measurement with high time resolution shows that the drop of 
toroidal flow due to the stochastization is linear decay and not the expo-
nential decay because of the feedback process between stochastization and 
flow damping. These results suggest that the damping of the flow is due to 
the change in the non-diffusive term of momentum transport [139] or 
a direct electromagnetic effect associated with the stochastization of the 

Figure 34. (a) Time evolution of (a) toroidal flow velocity (b) magnetic shear and radial profiles 
of (c) toroidal flow velocity, (d) electron temperature, (e) ion temperature, and (f) electron 
density before (t = 5.64 sec) and after (t = 6.44 sec) the stochastization of magnetic field (from 
Figure 1(a)(d) and Figure 2 in [18]).

ADVANCES IN PHYSICS: X 57

太陽フレアー

N.Nishizuka and K.Shibata
Phys. Rev. Lett. 110 (2013) 051101

フラクタル
な電流
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乱流的磁力線の
リコネクション

乱流 MHD
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Figure 5. Poincaré map of the magnetic field of line calculated by the 3D
equilibrium code in the plasmas with (a) an m/n = 2/1 magnetic island and (b)
a stochastic region with m/n = 2/1, 4/2, 6/3 and 8/4 perturbations of toroidal
current using the iota profile consistent with the measurements.

flat region; one is simultaneous propagation at two separate points (figure 3(a)) and the other
is very fast propagation (figure 3(b)). The former is consistent with a magnetic flux surface
with a magnetic island [17, 18]. The perturbation is felt simultaneously at two points separated
in radius, which might be interpreted as a surface equilibration of the magnetic surfaces that
form the island via fast parallel transport. The result is consistent with the observation of a
fast growth of the m/n = 2/1 perturbation magnetic field measured with the saddle loop in the
discharge with the fast shear drop in figure 4. In contrast, in the latter case, the delay time is
uniform throughout that radial region, and the m/n = 2/1 perturbation magnetic field is weak
as seen in the discharge with a slow shear drop in figure 4, which implies the disappearance of
the magnetic island with the lowest mode number of m/n = 2/1 and a stochastic magnetic field
due to the overlapping of magnetic islands with higher order at the rational surface of ◆ = 0.5.

Based on the differences in the heat pulse propagation characteristics, there is a possibility
of a topology bifurcation between the two magnetic flux surfaces; one has a magnetic island
and the other has a stochastic magnetic field due to the overlapping of magnetic islands with
higher order. Since there is no magnetic fluctuation observed at the onset (or just before) the
flattening of the electron temperature profiles in both cases, the flattening of temperature and
delay time profiles are not due to the fluctuation, which is in contrast to the RFP plasmas,
where the magnetic fluctuation plays an important role in transport [15]. In order to investigate
the possibility of stochastization due to the steady-state perturbation magnetic field, two 3D
equilibria with m/n = 2/1 and with m/n = 2/1, 4/2, 6/3 and 8/4 perturbations, respectively,
of toroidal current are calculated. Figure 5 shows the Poincaré map of magnetic field of lines
in the plasmas with a magnetic island and stochastic region calculated by an equilibrium code
(HINT [23]) and a magnetic field tracing code (MGTRC [24]) with a perturbation magnetic
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the possibility of stochastization due to the steady-state perturbation magnetic field, two 3D
equilibria with m/n = 2/1 and with m/n = 2/1, 4/2, 6/3 and 8/4 perturbations, respectively,
of toroidal current are calculated. Figure 5 shows the Poincaré map of magnetic field of lines
in the plasmas with a magnetic island and stochastic region calculated by an equilibrium code
(HINT [23]) and a magnetic field tracing code (MGTRC [24]) with a perturbation magnetic

New Journal of Physics 15 (2013) 013061 (http://www.njp.org/)

磁場閉じ込め
核融合

壊れた磁気面

入れ子状の磁気面

磁気面の壊れに伴うプラズマ流の減衰

NJP  2013
Nat. Comm.  2015

29

LHD



自己発生した波による粒子加速

0

100

200

-800 -400 0 400 800

プ
ラ
ズ
マ
粒
⼦
の
数

0.1	ミリ
秒後

0.1	ミリ
秒前

速度（キロメートル毎秒）

プラズマ中のエネルギー
が大きい粒子による不安
定性が電磁波を発生

電磁波が発生すると、 ０.
１ミリ秒（１万分の１秒）後
に速度分布の変形が発現

核融合プラズマにおいて、
プラズマの波を介した粒
子のエネルギー輸送を観
測

�� �� � � �

磁
場
強
度
( ガ
ウ
ス
) -20

-10

10

20

0

時間（ミリ秒）

0.1	ミリ秒後0.1	ミリ秒前

電磁波発生

１ミリ秒＝１０００分の１秒
１キロメートル毎秒〜マッハ３

Comm. Phys. 2022 30

磁気圏プラズマ

LHD

LHD



無衝突エネルギー移送の質量依存性

������ ������


�	�
�
�����

��

Goldreich and Schridar’s (GS95) analysis of anisotropic MHD turbu-
lence]17,26 or / k!3=2? (consistent with Boldyrev’s theory for dynamic
alignment within anisotropic MHD turbulence).27 This anisotropic,
Alfv!enic cascade continues without dissipation through the inertial
range until it reaches perpendicular length scales that are on the order
of the ion gyroradius,3 qi, where the dissipation range begins. At these
scales, the MHD fluid approximation is no longer valid and the plasma
must be modeled kinetically.3,17,21 In the dissipation range, the individ-
ual ions, and later electrons, interact collisionlessly with the turbulent
structures and the cascade spectrum steepens due to both the disper-
sive nature of the plasma response at sub-ion scales and to the particles
removing energy from the turbulence to generate non-thermal energy
in their velocity distributions. Ultimately, this non-thermal energy can
be transferred via a phase-space cascade to small scales in both config-
uration and velocity–space, where arbitrarily weak collisions can ther-
malize that energy, increasing the entropy and thereby irreversibly
heating the plasma species.3,9,21

In this work, we specifically focus on the energization of electrons
within the dissipation range. Due to the large ion-to-electron tempera-
ture ratio in the MMS interval, Ti=Te ¼ 9, the scales corresponding to
the electron gyroradius, k?qe # 1, are in terms of the ion gyroradius
approximately k?qi # 128. Resolving this large separation of scales is
extremely challenging for a kinetic simulation, so we choose to drive
our cascade well into the dissipation range at k?0qi ¼ 8. Based on
expectations from linear kinetic theory, the collisionless damping rate
remains small at ion scales (c=x $ 10!2, see the Appendix). Thus, we
expect little of the turbulent energy to be transferred to the ions, and
essentially all of the turbulent energy to cascade to sub-ion scales, be
transferred to the electrons by collisionless mechanisms, and ulti-
mately lead to electron heating. Therefore, we require a fully kinetic
simulation with high resolution in the dissipation range in order to
accurately model the MMS interval.

B. Field–particle correlation analysis of electron
Landau damping

Electron Landau damping in a turbulent plasma has not previ-
ously been studied in detail by the field–particle correlation technique.
Though some important differences are expected to exist between elec-
tron and ion Landau damping, the better-studied example of ions
gives important insight into what we can expect for electrons. In ion
Landau damping, one finds a bipolar velocity–space signature of ener-
gization using the field–particle correlation technique.10,11,13,20

The left hand column of Fig. 1 illustrates the physics behind this
bipolar signature. In panel (a), we present a Maxwellian velocity distri-
bution function of ions moving along the mean magnetic field fiðvkÞ.
The resonant denominator in kinetic theory that governs the Landau
resonance has the form x! kkvk ¼ 0, so ions with parallel velocities
near the phase velocity of the Alfv!en wave, vk ’ x=kk, will interact
resonantly with the Alfv!en wave at this phase velocity. Note that we
adopt the convention that x > 0, so that the sign of kk determines the
direction of propagation of the Alfv!en wave: x=kk > 0 corresponds to
an Alfv!en wave propagating up the magnetic field and x=kk < 0 to
one propagating down the field. Therefore, the Alfv!en wave shown in
Fig. 1(a) is propagating up the field and interacts resonantly with ions
moving in the same direction with vk > 0.

The net effect of this resonant interaction, as shown in Fig. 1(b),
is that ions initially moving at velocities slightly greater than the phase

velocity, vk > x=kk, will lose energy to the wave; those initially mov-
ing at velocities slightly lower than the phase velocity, vk < x=kk, will
gain energy from it. If the slope of the distribution function is negative
at the resonance, the number of particles initially moving slower than
the resonant velocity is greater than the number of particles initially
moving faster, resulting in a net loss of particles with vk < x=kk and a
net gain of particles with vk > x=kk. Effectively, Landau damping
results in a quasilinear flattening of the ion distribution function at the
resonant velocity, as shown in panel (b). This perturbation to the
velocity distribution leads to an overall increase in phase-space energy
density, wðvkÞ ¼ mv2kfiðvkÞ=2, because of its weighting by v

2
k. The cor-

responding rate of change of phase-space energy density as a function
of vk, determined by computing the reduced parallel field–particle cor-
relation CEkðvkÞ, yields the characteristic bipolar velocity–space
signature of ion Landau damping, shown in panel (c): a loss of
phase-space energy density just below the resonance at vk ’ x=kk
and a gain of phase-space energy density just above this resonance.
The velocity–space signature is a visual representation of the gain
and loss of energy in phase-space, and its quantitative and qualita-
tive characteristics enable one to distinguish different processes of
particle energization.11–14

For ions, both MHD and kinetic Alfv!en waves are relatively non-
dispersive over the narrow range of k?qi at which the ion damping
rate is significant. Therefore, a single bipolar velocity–space signature
of Landau damping is typically the only feature observed in the ion
correlation,11–14 as illustrated in panel (c). For electrons, however,

FIG. 1. (Left) Illustration of ion Landau damping: (a) a Maxwellian ion velocity distri-
bution function and Alfv!en wave phase velocity, x=kk ; (b) velocity distribution
changes due to Ion Landau damping of the Alfv!en wave; and (c) resulting phase-
space signature of the correlation, CðvkÞ, after field–particle correlation analysis.
(Right) Speculative illustration of electron Landau damping by dispersive KAWs: (d)
a Maxwellian electron velocity distribution and three KAWs of varying phase
velocity; (e) the individual field–particle correlation signatures; and (f) a possible
resultant signature superposition.
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Goldreich and Schridar’s (GS95) analysis of anisotropic MHD turbu-
lence]17,26 or / k!3=2? (consistent with Boldyrev’s theory for dynamic
alignment within anisotropic MHD turbulence).27 This anisotropic,
Alfv!enic cascade continues without dissipation through the inertial
range until it reaches perpendicular length scales that are on the order
of the ion gyroradius,3 qi, where the dissipation range begins. At these
scales, the MHD fluid approximation is no longer valid and the plasma
must be modeled kinetically.3,17,21 In the dissipation range, the individ-
ual ions, and later electrons, interact collisionlessly with the turbulent
structures and the cascade spectrum steepens due to both the disper-
sive nature of the plasma response at sub-ion scales and to the particles
removing energy from the turbulence to generate non-thermal energy
in their velocity distributions. Ultimately, this non-thermal energy can
be transferred via a phase-space cascade to small scales in both config-
uration and velocity–space, where arbitrarily weak collisions can ther-
malize that energy, increasing the entropy and thereby irreversibly
heating the plasma species.3,9,21

In this work, we specifically focus on the energization of electrons
within the dissipation range. Due to the large ion-to-electron tempera-
ture ratio in the MMS interval, Ti=Te ¼ 9, the scales corresponding to
the electron gyroradius, k?qe # 1, are in terms of the ion gyroradius
approximately k?qi # 128. Resolving this large separation of scales is
extremely challenging for a kinetic simulation, so we choose to drive
our cascade well into the dissipation range at k?0qi ¼ 8. Based on
expectations from linear kinetic theory, the collisionless damping rate
remains small at ion scales (c=x $ 10!2, see the Appendix). Thus, we
expect little of the turbulent energy to be transferred to the ions, and
essentially all of the turbulent energy to cascade to sub-ion scales, be
transferred to the electrons by collisionless mechanisms, and ulti-
mately lead to electron heating. Therefore, we require a fully kinetic
simulation with high resolution in the dissipation range in order to
accurately model the MMS interval.

B. Field–particle correlation analysis of electron
Landau damping

Electron Landau damping in a turbulent plasma has not previ-
ously been studied in detail by the field–particle correlation technique.
Though some important differences are expected to exist between elec-
tron and ion Landau damping, the better-studied example of ions
gives important insight into what we can expect for electrons. In ion
Landau damping, one finds a bipolar velocity–space signature of ener-
gization using the field–particle correlation technique.10,11,13,20

The left hand column of Fig. 1 illustrates the physics behind this
bipolar signature. In panel (a), we present a Maxwellian velocity distri-
bution function of ions moving along the mean magnetic field fiðvkÞ.
The resonant denominator in kinetic theory that governs the Landau
resonance has the form x! kkvk ¼ 0, so ions with parallel velocities
near the phase velocity of the Alfv!en wave, vk ’ x=kk, will interact
resonantly with the Alfv!en wave at this phase velocity. Note that we
adopt the convention that x > 0, so that the sign of kk determines the
direction of propagation of the Alfv!en wave: x=kk > 0 corresponds to
an Alfv!en wave propagating up the magnetic field and x=kk < 0 to
one propagating down the field. Therefore, the Alfv!en wave shown in
Fig. 1(a) is propagating up the field and interacts resonantly with ions
moving in the same direction with vk > 0.

The net effect of this resonant interaction, as shown in Fig. 1(b),
is that ions initially moving at velocities slightly greater than the phase

velocity, vk > x=kk, will lose energy to the wave; those initially mov-
ing at velocities slightly lower than the phase velocity, vk < x=kk, will
gain energy from it. If the slope of the distribution function is negative
at the resonance, the number of particles initially moving slower than
the resonant velocity is greater than the number of particles initially
moving faster, resulting in a net loss of particles with vk < x=kk and a
net gain of particles with vk > x=kk. Effectively, Landau damping
results in a quasilinear flattening of the ion distribution function at the
resonant velocity, as shown in panel (b). This perturbation to the
velocity distribution leads to an overall increase in phase-space energy
density, wðvkÞ ¼ mv2kfiðvkÞ=2, because of its weighting by v

2
k. The cor-

responding rate of change of phase-space energy density as a function
of vk, determined by computing the reduced parallel field–particle cor-
relation CEkðvkÞ, yields the characteristic bipolar velocity–space
signature of ion Landau damping, shown in panel (c): a loss of
phase-space energy density just below the resonance at vk ’ x=kk
and a gain of phase-space energy density just above this resonance.
The velocity–space signature is a visual representation of the gain
and loss of energy in phase-space, and its quantitative and qualita-
tive characteristics enable one to distinguish different processes of
particle energization.11–14

For ions, both MHD and kinetic Alfv!en waves are relatively non-
dispersive over the narrow range of k?qi at which the ion damping
rate is significant. Therefore, a single bipolar velocity–space signature
of Landau damping is typically the only feature observed in the ion
correlation,11–14 as illustrated in panel (c). For electrons, however,

FIG. 1. (Left) Illustration of ion Landau damping: (a) a Maxwellian ion velocity distri-
bution function and Alfv!en wave phase velocity, x=kk ; (b) velocity distribution
changes due to Ion Landau damping of the Alfv!en wave; and (c) resulting phase-
space signature of the correlation, CðvkÞ, after field–particle correlation analysis.
(Right) Speculative illustration of electron Landau damping by dispersive KAWs: (d)
a Maxwellian electron velocity distribution and three KAWs of varying phase
velocity; (e) the individual field–particle correlation signatures; and (f) a possible
resultant signature superposition.
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The energy gain from solitary wave to carbon impurity ions is
2–3 times larger than that of bulk ions, as seen in Fig. 6f. This
observation clearly shows that the energy transfer from solitary
wave to the particle is higher for the carbon impurity ions with
larger atomic mass (M= 12) than the bulk ions with smaller
atomic mass (M= 1.75) (Methods). This mass dependence in
collisionless energy transfer rate contrasts with the charge-to-
mass ratio dependence in collisional energy transport usually
observed in magnetized plasma. The energy transfer from solitary
wave to carbon impurity ions is larger than that of bulk ions by
approximately the square root of a mass ratio of 7. More
observations of energy gain in the wide range of mass ratios are
necessary to discuss the detailed mass dependence of energy gain.
The mechanism of this mass dependence of energy transfer from
a wave to a particle is also a future study. Collisional energy
transfers from carbon impurity ions to bulk ions in the ion-ion
collision time scale. Therefore, carbon impurity plays a vital role
as a mediator in the collisionless energy transfer from energetic
ions to bulk ions.

Discussion
In collisionless space and astrophysical plasmas, Landau and
transit-time damping are essential processes for energy
transfer17,40. The collisionless energy transfer between distinct
particle populations through two-way wave-particle energy
transfer has been observed in laboratory and space plasma. In the
Earth’s magnetosphere, the Landau damping is observed for
Alfven waves excited by interplanetary shock41, whistler-mode
waves42, and obliquely propagating electromagnetic ion cyclotron
(EMIC) waves43,44. Theoretical studies suggest that both electrons
and ions interact with obliquely propagating EMIC waves
through Landau resonance43,45. Electron heating by EMIC waves
inside the plasmaspheric plume has been reported and explained
by the Landau damping of EMIC waves44. The energy transfer via
wave-particle interaction can occur both at the Landau and
cyclotron resonance. The energy transfer from hot protons to
cold Helium through the cyclotron resonance between an EMIC
wave and ions has been directly confirmed in the Earth’s
magnetosphere46–48. The collisionless energy transfer between
different species is a crucial issue in understanding the energy
balance between species in plasma, regardless of the resonance
process. In this experiment, the energy transfer from trapped
energetic ions to thermalized ions was higher for the species with
heavier mass. The mass dependence of energy transfer from wave
to the particle is crucial to evaluate the energy balance in multi-
species collisionless plasma. Therefore, the mass-dependent col-
lisionless energy transfer observed in this experiment gives new
insight into understanding the acceleration of ions with different
mass, through the interaction between the particle and chirping
wave or solitary wave in space and astrophysical plasmas as well
as in magnetically confined plasma.

Methods
Large Helical Device: experimental device. The Large Helical Device (LHD) is a
heliotron type device for the magnetic confinement of high-temperature plasmas
with a magnetic field, B, of 2.75 T at the magnetic axis in the vacuum field, major,
Rax, and effective minor radius reff, of 3.6 m and 60–65 cm, respectively. The LHD
is equipped with five neutral beams (NBs), and three of them are injected in the
direction parallel to the magnetic field, and two are injected perpendicular to the
magnetic field. The central electron and ion temperatures are 4 and 6 keV,
respectively, and the central electron density is 1 × 1019 m−3. In this experiment,
the beam species of three parallel NBs are hydrogen, the beam species of two
perpendicular NBs are deuterium, and neutrons are mainly created by the reaction
between the perpendicular beams and plasma. The fraction of hydrogen and
deuterium ions is measured by spectroscopy. The bulk ions are mainly deuterium,
but the parallel beams cause hydrogen contamination (~25%). Therefore, the
average mass of a bulk ion is 1.75. Therefore, the amount of trapped energetic ions
injected by perpendicular deuterium NBs is monitored by the neutron flux, mea-
sured with a scintillation detector30. The RF intensity measured with an RF
radiation probe32 is widely used as a timing indicator for the energetic ion loss
from the plasma. The jump of RF intensity measured with 880MHz at a toroidal
angle of ϕ= 121° is used for conditional averaging as a reference time for the onset
of the MHD burst. Charge exchange spectroscopy35 is used to measure ion velocity
distribution along the line of sight. There are two lines of sight, one is parallel to the
magnetic field, and the other is perpendicular to the magnetic field. The magnetic
probes are installed inside the vacuum vessel at toroidal angles of 18°, 90°, 126°,
198°, 270°, and 342°. The intensity of the electron cyclotron emission (ECE)36 is
proportional to the plasma electron temperature, Te. The ECE diagnostic is located
at a toroidal angle of 198°. Because the plasma electron temperature is constant on
a magnetic field line, the perturbation of the equi-temperature plasma surface is
equivalent to the perturbation of the magnetic flux surface. Therefore, the per-
turbation of the magnetic field inside the plasma can be measured from the dis-
placement of the equi-temperature plasma surface as −δTe/∇ Te, where δTe is the
temperature fluctuation in the frequency range of 1–10 kHz and∇ Te is the quasi-
state (<40 Hz) temperature gradient.

Beam pressure evaluated from neutron flux. We estimate the amount of stored
beam energy by measuring the neutron emission rate from the D-D reaction.
Although the thermal-thermal fusion reaction could be dominant in tokamaks, the
beam-thermal reaction is dominant in LHD plasmas. In the experiment, the
neutron rate does not depend much on the density and temperature of bulk ions
but strongly depends on the stored deuterium beam energy. The neutron emission
rate Sn is proportional to the product of the number of beam ions (n) and cross-

-0.4
-0.2
0.0
0.2

0 100 200 300 400 500 600 700 800
2.5ms
2.0ms
1.5ms

1.0ms
0.5ms
0ms

δf
/f 0

V(km/s)

bulk iond

-0.4
-0.2
0.0
0.2

2.15ms
1.75ms
1.35ms

0.95ms
0.55ms
0.15msδf

/f 0

c carbon ion

0
20
40
60
80

100

f (
a.

u.
) carbon ionτ = -0.2ms

τ = 0.15ms

a

Vres
Vth

0

5

10

f (
a.

u.
)

bulk ionτ = -0.5ms
τ = 0 ms

b

VthVres

0

100

200

300

V
ze

ro
 (

km
/s

)

e bulk ion 

carbon ion

-1 0 1 2 3

en
er

gy
 g

ai
n

τ(ms)

0.1

0.2

0

bulk ion 

carbon ionf

Fig. 6 Energy gain of carbon impurity ions and bulk ions after the transit-
time damping. Distribution function of ion velocity at reff/a99= 0.79,
before (black circles and lines) and at the onset of solitary wave (red and
blue circles and lines) for a carbon impurity ions and for b bulk ion and the
difference of velocity distribution function before and 0.15ms (red),
0.55ms (gray), 0.95ms (green), 1.35 ms (purple), 1.75 ms (black), 2.15 ms
(orange) after the onset of solitary wave for c carbon impurity ions and
0ms (blue), 0.5 ms (gray), 1.0 ms (green), 1.5 ms (purple), 2.0 ms (black),
2.5 ms (orange) after the onset of solitary wave for d bulk ions. The time
evolution of e zero-cross velocity and f energy gain (M2M0) of bulk ions
(blue circles) and carbon impurity ions (red circles). The error bars in e and
f are uncertainties attributed to an evaluation of zero-cross velocity and
integration of bipolar signature, respectively, and they are smaller than the
symbols. (#175095, #175097, #175104, #175364, #175366).
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The energy gain from solitary wave to carbon impurity ions is
2–3 times larger than that of bulk ions, as seen in Fig. 6f. This
observation clearly shows that the energy transfer from solitary
wave to the particle is higher for the carbon impurity ions with
larger atomic mass (M= 12) than the bulk ions with smaller
atomic mass (M= 1.75) (Methods). This mass dependence in
collisionless energy transfer rate contrasts with the charge-to-
mass ratio dependence in collisional energy transport usually
observed in magnetized plasma. The energy transfer from solitary
wave to carbon impurity ions is larger than that of bulk ions by
approximately the square root of a mass ratio of 7. More
observations of energy gain in the wide range of mass ratios are
necessary to discuss the detailed mass dependence of energy gain.
The mechanism of this mass dependence of energy transfer from
a wave to a particle is also a future study. Collisional energy
transfers from carbon impurity ions to bulk ions in the ion-ion
collision time scale. Therefore, carbon impurity plays a vital role
as a mediator in the collisionless energy transfer from energetic
ions to bulk ions.

Discussion
In collisionless space and astrophysical plasmas, Landau and
transit-time damping are essential processes for energy
transfer17,40. The collisionless energy transfer between distinct
particle populations through two-way wave-particle energy
transfer has been observed in laboratory and space plasma. In the
Earth’s magnetosphere, the Landau damping is observed for
Alfven waves excited by interplanetary shock41, whistler-mode
waves42, and obliquely propagating electromagnetic ion cyclotron
(EMIC) waves43,44. Theoretical studies suggest that both electrons
and ions interact with obliquely propagating EMIC waves
through Landau resonance43,45. Electron heating by EMIC waves
inside the plasmaspheric plume has been reported and explained
by the Landau damping of EMIC waves44. The energy transfer via
wave-particle interaction can occur both at the Landau and
cyclotron resonance. The energy transfer from hot protons to
cold Helium through the cyclotron resonance between an EMIC
wave and ions has been directly confirmed in the Earth’s
magnetosphere46–48. The collisionless energy transfer between
different species is a crucial issue in understanding the energy
balance between species in plasma, regardless of the resonance
process. In this experiment, the energy transfer from trapped
energetic ions to thermalized ions was higher for the species with
heavier mass. The mass dependence of energy transfer from wave
to the particle is crucial to evaluate the energy balance in multi-
species collisionless plasma. Therefore, the mass-dependent col-
lisionless energy transfer observed in this experiment gives new
insight into understanding the acceleration of ions with different
mass, through the interaction between the particle and chirping
wave or solitary wave in space and astrophysical plasmas as well
as in magnetically confined plasma.

Methods
Large Helical Device: experimental device. The Large Helical Device (LHD) is a
heliotron type device for the magnetic confinement of high-temperature plasmas
with a magnetic field, B, of 2.75 T at the magnetic axis in the vacuum field, major,
Rax, and effective minor radius reff, of 3.6 m and 60–65 cm, respectively. The LHD
is equipped with five neutral beams (NBs), and three of them are injected in the
direction parallel to the magnetic field, and two are injected perpendicular to the
magnetic field. The central electron and ion temperatures are 4 and 6 keV,
respectively, and the central electron density is 1 × 1019 m−3. In this experiment,
the beam species of three parallel NBs are hydrogen, the beam species of two
perpendicular NBs are deuterium, and neutrons are mainly created by the reaction
between the perpendicular beams and plasma. The fraction of hydrogen and
deuterium ions is measured by spectroscopy. The bulk ions are mainly deuterium,
but the parallel beams cause hydrogen contamination (~25%). Therefore, the
average mass of a bulk ion is 1.75. Therefore, the amount of trapped energetic ions
injected by perpendicular deuterium NBs is monitored by the neutron flux, mea-
sured with a scintillation detector30. The RF intensity measured with an RF
radiation probe32 is widely used as a timing indicator for the energetic ion loss
from the plasma. The jump of RF intensity measured with 880MHz at a toroidal
angle of ϕ= 121° is used for conditional averaging as a reference time for the onset
of the MHD burst. Charge exchange spectroscopy35 is used to measure ion velocity
distribution along the line of sight. There are two lines of sight, one is parallel to the
magnetic field, and the other is perpendicular to the magnetic field. The magnetic
probes are installed inside the vacuum vessel at toroidal angles of 18°, 90°, 126°,
198°, 270°, and 342°. The intensity of the electron cyclotron emission (ECE)36 is
proportional to the plasma electron temperature, Te. The ECE diagnostic is located
at a toroidal angle of 198°. Because the plasma electron temperature is constant on
a magnetic field line, the perturbation of the equi-temperature plasma surface is
equivalent to the perturbation of the magnetic flux surface. Therefore, the per-
turbation of the magnetic field inside the plasma can be measured from the dis-
placement of the equi-temperature plasma surface as −δTe/∇ Te, where δTe is the
temperature fluctuation in the frequency range of 1–10 kHz and∇ Te is the quasi-
state (<40 Hz) temperature gradient.

Beam pressure evaluated from neutron flux. We estimate the amount of stored
beam energy by measuring the neutron emission rate from the D-D reaction.
Although the thermal-thermal fusion reaction could be dominant in tokamaks, the
beam-thermal reaction is dominant in LHD plasmas. In the experiment, the
neutron rate does not depend much on the density and temperature of bulk ions
but strongly depends on the stored deuterium beam energy. The neutron emission
rate Sn is proportional to the product of the number of beam ions (n) and cross-
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Fig. 6 Energy gain of carbon impurity ions and bulk ions after the transit-
time damping. Distribution function of ion velocity at reff/a99= 0.79,
before (black circles and lines) and at the onset of solitary wave (red and
blue circles and lines) for a carbon impurity ions and for b bulk ion and the
difference of velocity distribution function before and 0.15ms (red),
0.55ms (gray), 0.95ms (green), 1.35 ms (purple), 1.75 ms (black), 2.15 ms
(orange) after the onset of solitary wave for c carbon impurity ions and
0ms (blue), 0.5 ms (gray), 1.0 ms (green), 1.5 ms (purple), 2.0 ms (black),
2.5 ms (orange) after the onset of solitary wave for d bulk ions. The time
evolution of e zero-cross velocity and f energy gain (M2M0) of bulk ions
(blue circles) and carbon impurity ions (red circles). The error bars in e and
f are uncertainties attributed to an evaluation of zero-cross velocity and
integration of bipolar signature, respectively, and they are smaller than the
symbols. (#175095, #175097, #175104, #175364, #175366).
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• 両極性特徴が炭素とバルク粒子（重水素）で観測さ
れた。

• 炭素のエネルギー移送の量（エネルギーゲイン）は
重水素の数倍であることが観測された。
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