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Bifurcation physics of the magnetic island was investigated using the heat pulse propagation tech-
nique produced by the modulation of electron cyclotron heating. There are two types of bifurcation
phenomena observed in LHD and DIII-D. One is a bifurcation of the magnetic topology between
nested and stochastic fields. The nested state is characterized by the bi-directional (inward and
outward) propagation of the heat pulse with slow propagation speed. The stochastic state is char-
acterized by the fast propagation of the heat pulse with electron temperature flattening. The other
bifurcation is between magnetic island with larger thermal diffusivity and that with smaller thermal
diffusivity. The damping of toroidal flow is observed at the O-point of the magnetic island both in
helical plasmas and in tokamak plasmas during a mode locking phase with strong flow shears at
the boundary of the magnetic island. Associated with the stochastization of the magnetic field, the
abrupt damping of toroidal flow is observed in LHD. The toroidal flow shear shows a linear decay,
while the ion temperature gradient shows an exponential decay. This observation suggests that this
flow damping is due to the change in the non-diffusive term of momentum transport.

PACS numbers: 52.55.Hc, 52.55.Fa, 52.50.Sw, 52.50.Gj

I. INTRODUCTION

The instability of neoclassical tearing mode has been
studied in order to understand the growth and heal-
ing of the magnetic island [1–6]. The stabilization of
this mode by electron cyclotron heating (ECH) has also
been studied to eliminate the magnetic island[7–9]. In
helical plasma, usually the neoclassical tearing mode is
metastable and the healing of the magnetic island pro-
duced by the error field has been observed [10, 11]. The
magnetic island is a unique confinement region because
it produces a strong poloidal asymmetry of radial heat
flux. Most of the heat flux perpendicular to the mag-
netic field is concentrated to the X-point of the magnetic
island. The radial heat flux across the O-point of the
magnetic island is significantly reduced and the temper-
ature gradient inside the magnetic island becomes zero
or has a small finite value in the high collisional region
[12]. Although the temperature profile inside the mag-
netic island is usually flat (or slightly peaked [13, 14]),
there are various experimental observations that suggest
good confinement (at least in particle transport of bulk
ion and impurity ions) inside magnetic islands [15–17].
The magnetic island has been recognized to play an im-
portant role in the formation of the internal transport
barrier (ITB), because the foot point of the ITB locates
near the rational surface in the steady state phase in toka-
mak plasmas [18–22], and the transition from L-mode to
H-mode phase is observed in the narrow window of ro-
tational transform near the low order rational magnetic
surface in helical plasmas [23].

The impact of stochastic magnetic field on electron

heat transport has been intensively studied in reverse
field pinch (RFP) plasmas, where the magnetic field
is usually stochastic [24–28]. In RFP plasmas, good
agreement between the electron thermal diffusivity esti-
mated from power balance and the analytic predictions of
the Rechester-Rosenbluth model [29] has been reported.
However, few papers have been published regarding the
impact of stochastic field on electron and ion heat trans-
port and momentum transport in other configurations
such as tokamak and helical configuration. This is partly
because of a lack of experimental tools to identify the
stochastization in tokamak and helical devices. In RFP
plasma, the stochastization can be identified by the ex-
istence of large magnetic field perturbations with multi-
mode using a large number of magnetic probes located
around the vacuum vessel. However, the magnetic fluc-
tuations with higher toroidal and poloidal mode numbers
are relatively weak and the transport is governed by the
electro-static turbulence rather than the electro-magnetic
turbulence in tokamak and helical plasmas.

Heat pulse propagation is a useful tool to investi-
gate the magnetic topology and transport in the toroidal
plasma. Recently, the heat pulse propagation has been
applied to identify the stochastization of magnetic field in
helical and tokamak plasmas. Originally, the heat pulse
propagation technique has been used to estimate heat
conductivity of plasmas [30–32]. The heat pulse propa-
gation has been recognized to be a powerful tool to study
the magnetic topology as well as transport and it is ap-
plied to the plasma with magnetic islands or stochastic
magnetic field [33]. The heat pulses are produced by the
modulation electron cyclotron heating (MECH) with a
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frequency of 30∼ 50 Hz. The amplitude of the heat pulse,
δTe/Te, is derived from the power of Fourier spectrum,

p(f), as δTe/Te =
√
p(f)∆f , where f is a frequency

of MECH and ∆f is a bandwidth of Fourier transform
(FFT). The time delay, τd, is calculated from the phase
delay, δϕ, as τd = δϕ/(2πf). In order to analyze the heat
pulse propagation in the non-steady state plasma, where
the amplitude and phase delay of the heat pulse change
rapidly, the wavelet analysis for the heat pulse propa-
gation has been developed [34]. In the wavelet analy-
sis, the amplitude and phase delay are derived from the
wavelet transform complex. In this paper, the experi-
mental results of bifurcation phenomena identified by the
heat pulse propagation technique in Large Helical Device
(LHD) and DIII-D tokamak [35] are described.

II. BIFURCATION OF TOPOLOGY AND
TRANSPORT IN MAGNETIC ISLANDS

A. Radial profile of amplitude and delay time of
heat pulse

Bifurcation of topology and transport in magnetic is-
lands are observed in LHD and DIII-D plasmas. In LHD
experiment, the magnetic field strength is 2.7T with the
vacuum magnetic axis of 3.6m and minor radius of 0.6
m. The direction of NBI is changed from co-injection
to counter-injection during the discharge. The counter-
NBI with 5 MW is to drive the negative plasma current
(in the counter-direction) and to decrease the magnetic
shear, while the counter-NBI with the power of 1.5 MW
is for the MSE measurements. The total plasma current
driven by the neutral beam is in the range of -100 kA
(counterdirection) to 50 kA (codirection), which is only
3 - 6% of the equivalent plasma current (1.8 MA) pro-
duced by the external helical coils. The edge rotational
transform decreases due to the NB current drive (NBCD)
and the central rotational transform increases due to the
inductive current; the magnetic shear at the ι/2π = 0.5
(q=2) rational surface starts to decrease and reaches the
steady-state value of 0.5 after the switch of the NBI. The
line averaged electron density is 1 × 1019 m−3 and the
central electron temperature is 2 - 3 keV for these three
discharges. There is no RMP field applied. The heat
deposition of the centrally focused MECH is localized at
the magnetic axis within reff/a99 < 0.1.
In DIII-D experiment, the poloidal cross section is D-

shape with a major radius of 1.7 m and minor radius of
0.6 m for magnetic confinement of high temperature plas-
mas. The plasma current was 1.3 MA and the toroidal
magnetic field is 2 T with an inner wall limiter configura-
tion and a safety factor of q95 = 3.76. The line-averaged
electron density was 3 - 4 × 1019 m−3 and the electron
temperature in the core region was ∼ 2 keV. In this ex-
periment, an n = 1 perturbation magnetic field is applied
to produce a large m/n = 2/1 (m and n are the poloidal
and toroidal mode numbers of the island respectively)

non-rotating magnetic island at a normalized minor ra-
dius ρ = 0.64 - 0.8 with the C-coil amplitude of 3.35 kA.
A phase flip in the C-coil between 5◦ and 185◦ phases is
performed. As a result of this phase flip, the X-point and
O-point of the magnetic island appears, respectively, at
the toroidal angle of electron cyclotron emission (ECE)
measurement. The deposition of the modulation electron
cyclotron heating (ECH) with a modulation frequency of
50 Hz is focused near the q = 1 surface at ρ = 0.42 in
order to suppress the sawteeth crash.

There are two types of bifurcation phenomena at the
magnetic island. One is a bifurcation of magnetic topol-
ogy between the nested magnetic flux surface and the
stochastic magnetic field. The other is a bifurcation of
transport between the nested magnetic island with re-
duced thermal diffusivity and that with extremely re-
duced thermal diffusivity. The former state is character-
ized by high accessibility of heat pulses into the magnetic
island, while the latter state is characterized by low ac-
cessibility of heat pulses into the magnetic island. These
two states are called ”high” and ”low” accessibility mag-
netic island.

After switching the NBI direction from co-injection
to counter-injection, the magnetic shear at the rational
surface located at the normalized averaged minor radius
of 0.35 decreases due to the decrease of edge rotational
transform due to NBCD and the increase of core rota-
tional transform due to the inductive current. When the
magnetic shear drops to close to 0.5, the bifurcation of
magnetic topology from nested magnetic flux surface to
m/n = 2/1 magnetic island or to stochastic magnetic
field occurs. Whether the magnetic island or the stochas-
tic magnetic field depends on how fast the magnetic shear
decreases. The magnetic island appears when the mag-
netic shear decreases fast (−ds/dt > 0.25) in the dis-
charge with lower density, while the stochastic magnetic
field appears when the magnetic shear decreases slowly
(−ds/dt < 0.25) in the discharge with higher density.

The modulation ECH with a frequency of 39 Hz is ap-
plied to investigate the change in magnetic topology. The
temperature gradient is almost zero even at the nested
magnetic flux surface inside the magnetic island because
of a lack of radial heat flux across the O-point of the
magnetic island. Although the flattening of electron tem-
perature profiles are observed both for the nested mag-
netic island and the stochastic magnetic field, the ra-
dial profiles of the delay time of the heat pulse show
significant differences between the nested magnetic is-
land and stochastic magnetic field as seen in Fig.1(a)(b).
When the heat pulse propagating from the plasma cen-
ter reaches the boundary of the magnetic island (at 0.23
and 0.48 of normalized averaged minor radius of reff/a99),
it starts to propagate towards the O-point of the mag-
netic island (outward for reff/a99 < 0.35 and inward for
reff/a99 > 0.35). Here, a99 is the effective minor radius
in which 99% of the plasma kinetic energy is confined
and is 0.63m. Therefore, the radial profile of the delay
time shows a clear peak at the O-point of the magnetic
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FIG. 1: Radial profiles of (a) electron temperature, (b) delay time, (c) amplitude of heat pulse at the O-point of m/n=2/1
magnetic island with nested flux magnetic flux surface and stochastic magnetic field in LHD plasma, (d) electron temperature,
(e) delay time, and (f) amplitude of heat pulse at the O-point of m/n=2/1 magnetic island with low accessibility and high
accessibility in DIII-D plasma (From figure 5 in [42] modified).

island [36]. The larger slope of the delay time inside the
magnetic island indicates that the thermal diffusivity is
lower inside the magnetic island. The reduction of the
thermal diffusivity inside the magnetic island observed in
this experiment is consistent with the results of the cold
pulse propagation experiment [37, 38].
In contrast, when the magnetic field becomes stochas-

tic, the delay time profile shows a flattening because
the heat pulse propagates very fast radially along the
stochastic magnetic field lines. As seen in Fig.1(c), the
reduction of the amplitude of the heat pulse is observed
at the O-point of the nested magnetic island. This is
because the heat flux across the X-point of the mag-
netic island becomes more dominant and the heat flux
across the O-point of the magnetic island is reduced. The
magnetic field perturbation with the lowest mode num-
ber (m/n = 2/1) is dominant in the plasma with mag-
netic islands, while the magnetic field perturbation with
higher mode number (m/n = 4/2, 6/3, 8/4) becomes
more dominant in the plasma with stochastization [33].

The similar topology bifurcation has also been observed
in the spontaneous transition from the stochastic state
to helical equilibrium state in reverse field pinch (RFP)
plasmas. At the transition, the magnetic field perturba-
tions with multimode in the stochastic state disappears
and the magnetic field perturbations with only one single
mode becomes dominant [27, 39–41].

In DIII-D, a bifurcation of transport inside m/n=2/1
nested magnetic island was observed. The bifurcation
is between a high accessibility states mantic island and
a low accessibility states mantic island [42, 43]. Here,
an external perturbation coil referred to as the C-coil
[44] is used to control the size and phase of the mag-
netic island. The radial profiles of electron temperature,
the delay time, and the amplitude of the heat pulse are
plotted in Fig.1(d)(e)(f). The radial profile of electron
temperature is identical between these two states within
the accuracy and spatial resolution of the measurements.
The magnetic island with high accessibility shows the
peaked delay time profile which is similar to the nested
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FIG. 2: Delay time of the heat pulse inside magnetic island
as a function of the ratio of amplitude inside to outside the
magnetic island for the magnetic island with low and high
accessibility in DIII-D and the magnetic island with nested
flux surface and stochastic magnetic field in LHD.

magnetic island in LHD. In contrast, the magnetic island
with low accessibility shows an extremely long delay time
of ∼ 20 ms, which indicates extremely reduced thermal
diffusivity. Because of slow propagation of heat pulse, the
amplitude of heat pulses δTe/Te are reduced significantly
inside the magnetic island.
In the two states of a magnetic island, the first state

shows low accessibility of the heat pulses and the second
state shows high accessibility of the heat pulses appear
in one discharge as a self-regulated oscillation with a fre-
quency of 5 Hz in DIII-D during the application of an
RMP field. It should be noted that this self-regulated
oscillation occurs while the external C-coil perturbation
field is held constant in time. Thus, this is represents a
spontaneous bifurcation due to a change in plasma re-
sponse. The self-regulated oscillation occurs when the
m/n = 2/1 magnetic island is static (not rotating) and
its width is relatively large (15% of minor radius) with
the balanced NBI where the screening of perturbation
field due to the plasma toroidal rotation is small enough.

B. Relation between amplitude and delay time

The reduction of the amplitude of the heat pulse is due
to the slower heat pulse propagation inside than outside
the magnetic island. The X-point of the magnetic is-
land acts like a bypass of the heat pulse. The relation
between the amplitude and the delay time of the heat
pulse is studied in the bifurcation phenomena of mag-
netic topology and transport of magnetic islands in LHD
and DIII-D plasmas. Figure 2 shows the delay time as a
function of the ratio of the amplitude of the heat pulse in-
side to that outside the magnetic island. The delay time
of the heat pulse is almost zero for the stochastic mag-
netic field within the accuracy of the measurements ( ∼

50 µ sec), which indicates a large effective thermal diffu-
sivity. The effective thermal diffusivity in the stochastic
region, χst, was estimated to be 2 ∼ 3 × 102 m2/s [33],
which is much larger than that in the nested magnetic
flux (χe ∼ 4 m2/s) by one to two orders of magnitude
[45].

In the nested magnetic islands, the delay time is longer
(heat pulse propagation becomes slower) and the ratio of
the amplitude of the heat pulse inside to that outside the
magnetic island becomes smaller. The heat pulse propa-
gation speeds inside magnetic island are 5 times and 40
times slower than that outside the magnetic island for the
high accessibility and low accessibility magnetic island,
respectively. The slow heat pulse propagation indicates
a significant reduction of thermal diffusivity. This obser-
vation is consistent with the significant reduction of ion
transport inside the magnetic island in JT-60U, where
the thermal diffusivity evaluated inside the magnetic is-
land after the back-transition from H-mode to L-mode
is χi = 0.1 m2/s and much smaller than that (χi ∼ 1
m2/s) outside the magnetic island by an order of magni-
tude [46].

C. Time scale of transition between two states in
the bifurcation phenomena

Time scales of the transition between two states in
the bifurcation phenomena of magnetic topology and
transport are important parameters in understanding
the mechanism of the bifurcation. Figure 3(a)(b) show
the contour of the modulation amplitude (δTe/Te) and
the delay time (τd) of a fundamental component of the
heat pulse in space and time in the discharges with for-
ward and backward transitions from magnetic island to
stochastic magnetic field and vise-versa in LHD plasmas.
Here the running FFT with a time window length of
240ms, which corresponds to six periods of the MECH,
and a time shift of 0.5ms was performed to obtain the
time evolution of the amplitude and phase delay profiles.
The Hanning window was used as the window function,
whose half width of the half maximum is 0.5 times the
window length. Therefore, the effective time resolution
is 120ms that corresponds to 3 periods of the MECH.
The transition of topology bifurcation is more clearly ob-
served in the contour of the delay time. The small peak
of the delay time at t = 5.85 sec and t = 6.45 sec indicate
the appearance of magnetic inlands, while a large area of
small delay time (close to zero) at t = 5.94 - 6.32 sec
indicate the stochastization of the magnetic field. It is
interesting that the region of the stochastic magnetic field
shows abrupt expansion at t = 6.14 sec as the location of
rational surface of q = 2 (ι/(2π) = 0.5) moves outwards.
The outward movement of rational surface is consistent
with the jump of magnetic island location from reff/a99
∼ 0.3 (at t = 5.85 sec) to reff/a99 ∼ 0.4 (at t = 6.45 sec).

The time scale of the transition is evaluated from the
time derivative of the delay time at the transition from
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FIG. 3: Contour of (a) temperature modulation amplitude
(δTe/Te) and (b) delay time of a fundamental component of
a heat pulse in space and time for the discharges with the
transition from magnetic island to stochastic magnetic field
and stochastic magnetic field to magnetic island, (c) time evo-
lution of the delay time at reff/a99 = 0.28 and 0.4, and (d)
time derivative of delay time for the transition from magnetic
island to stochastic magnetic field and the transition from
stochastic field to magnetic island in LHD plasmas.

magnetic island to stochastic field (t = 5.95 sec) and the
transition from magnetic island to stochastic field (t =
6.35 sec) as seen in Fig.3(c)(d). The transition time de-
fined by the 1/e width of the peak of time derivative delay
time (dτd/dt) are 120 ms and 160 ms for the transition
from magnetic island to stochastic field and vise-versa,
respectively. This is not the time scale of local stochas-
tization of magnetic field at the rational surface but the
time scale of radial expansion of the stochastic region
from the rational surface to the magnetic axis as seen
in the radial propagation of the onset time of the flow
damping [47]. Therefore, the transition time scale from
magnetic island to stochastic field discussed here is deter-
mined by the speed of radial expansion of the stochastic
region from the rational surface to the magnetic axis and
depends on the change in ι/(2π) profiles.
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In general, the magnetic perturbation field of m/n =
1/1 magnetic island can be easily detected by the poloidal
array of the saddle loop in LHD. When the size of the
m/n = 2/1 magnetic island becomes large, the m = 2
component overlaps to the m = 1 component of the mag-
netic perturbation field. Figure 4(a) shows the contour of
amplitude of the perturbation field measured with saddle
loop in poloidal angle and time for the discharge plotted
in Fig.3. The peak of the magnetic perturbation field
shifts from - 30 degree to +90 degree in time due to a slow
phase shift of the m/n = 1/1 magnetic island[48]. At the
transition from stochastic field to magnetic island (t =
6.4 sec), the m = 2 component of the magnetic perturba-
tion field suddenly appears. Then the m = 2 component
becomes weak and finally disappears at t = 7.0 sec. As
seen in Fig4(b)(c), the poloidal distribution of the per-
turbation field before the transition from stochastic field
to magnetic island (t = 6.28 sec) showsm = 1 component
due to the m/n = 1/1 magnetic island near the plasma
periphery (reff/a99 ∼ 0.9) and there is no clear m = 2
component due to the m/n = 2/1 magnetic island ob-
served. In contrast, after the transition from stochastic
field to magnetic island (t = 6.44 sec), m = 2 compo-
nent due to the m/n = 2/1 magnetic island located in
the plasma core (reff/a99 ∼ 0.4) becomes significant and
even larger than the m = 1 component due to the m/n
= 1/1 magnetic island near the plasma periphery. The
change in poloidal distribution of the perturbation field
at the transition is consistent with the change in delay
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time profiles evaluated from heat pulse propagation.

In contrast, the transition between two states of trans-
port inside the magnetic island observed in DIII-D is
much faster than the transition of magnetic topology.
Because the transition time scale is even smaller than
one period of the modulation of ECH, it is difficult to
evaluate the transition time from the delay time but can
be estimated from the amplitude of heat pulse. The time
evolution of the temperature perturbation amplitude was
obtained with the rectangular windowed running FFT
having a time window length of 20ms, which corresponds
to one period of the MECH, and a time shift of 1 ms.

Note that the edge discontinuity of each FFT window
was negligibly small, since the temperature perturbation
amplitude was sufficiently larger than the noise ampli-
tude and the slow drift of the mean temperature. Fig-
ure 5(a)(b) show the contour of modulation amplitude
(δTe/Te) near the magnetic island (ρ = 0.64 - 0.8 ) for
the forward transition (from high accessibility to low ac-
cessibility) and backward (from low accessibility to high
accessibility) transition in DIII-D plasmas. In the high
accessibility magnetic island, the heat pulse penetrates
into the magnetic island, while the penetration of the
heat pulse is suppressed in the low accessibility magnetic
island. The time evolutions of the normalized minor ra-
dius (ρm) with equal modulation amplitude and their
time derivative are plotted in Fig.5(c)(d) for the forward
and backward transitions. The transition time defined
by the 1/e width of the peak of time derivative delay
time (dρm/dt) is 4 ms and 7 ms for the forward and
backward transition of transport in the magnetic island,
respectively. The time scale of the transition of trans-
port observed in DIII-D is much shorter than that of the
magnetic topology observed in LHD plasmas.

The difference of mechanism in the topology bifurca-
tion in LHD and the transport bifurcation is discussed.
Time derivative of the width of magnetic island, W , nor-
malized by minor radius of magnetic island, rs, is deter-
mined by 1) the neoclassical tearing instability, 2) the
bootstrap current near the O-point of the island, and 3)
the ion-polarization current effect, and can be expressed
by the Rutherford equation (e.g., [49]) as

τR
∂(W/rs)

∂t
= ∆

′
rs + α

√
ϵβ

′

p(W/rs)

(Wc/rs)2 + (W/rs)2
+ g

(V∗/VH)2

(W/τ s)3
(1)

and

∆
′
= ∆

′

0(1− δ2/W 2) (2)

where ∆
′

0 is the tearing-stability parameter and δ is the
island width due to the vacuum external magnetic field,
indicating the induction of the magnetic island produced
by external coil [50, 51]. Here, Wc denotes the critical
width of island and is determined by the competition
between parallel thermal conductivity and perpendicular
thermal conductivity given in [52] as,

Wc

τs
∼

( χ⊥
ϵ2χ∥

)1/4

. (3)

χ⊥, is the perpendicular thermal diffusely inside the mag-
netic island and is determined by the turbulence which
is penetrated from outside the magnetic island by tur-
bulence spreading [53, 54]. If the perpendicular thermal
diffusivity is large, the finite temperature gradient pene-
trates into the island, so that the Bootstrap current re-
mains in the island, making the island thinner.
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The time scale for the stochastization evaluated by the
growth of flattening region of the electron temperature
profile is ∼ 50 ms [55]. The time scale of the topology
bifurcation and growth of island width, W , observed in
LHD is consistent with that predicted by the Rutherford
equation above, because the growth rate of the magnetic
island is accelerated by (2|∆′

0|rs/Wc) ≈ 102 compared
with τR (2 - 3 sec) in this experiment. In contrast, the
transition between the low accessibility and high acces-
sibility magnetic islands in DIII-D plasmas is due to the
bifurcation of the critical width of island of Wc which is
determined by the rapid change in perpendicular thermal
diffusivity.

III. PLASMA FLOW AT MAGNETIC ISLANDS

It is well known that the size of the magnetic island is
sensitive to the plasma rotation because of the shielding
of perturbation field externally applied. When the width
of the magnetic island becomes large, the mode locking
and stooping of the plasma rotation occurs. Therefore
the plasma rotation is one of the key plasma parameter
in the feedback process of growing/suppression the mag-
netic island and may contribute the bifurcation of the
magnetic topology. In this paper the impact of magnetic
islands and stochasticity on momentum transport is dis-
cussed. The impact of magnetic island on the momentum
transport is different from the heat transport because the
perturbation of the magnetic field has a direct influence
on plasma flow. The damping of poloidal flow at the
magnetic island was observed in LHD [56]. The damping
of toroidal flow has been commonly observed as mode
locking in tokamak plasmas and as a response of reso-
nant magnetic perturbation (RMP) field in tokamak and
helical plasmas.
Figure 6 shows the radial profiles of toroidal rotation

velocity during the scan of toroidal torque in time (co-
injection to counter-injection) in the RMP experiment
in LHD and the mode locking phase in JT-60U [46, 57].
When there is no RMP field (IRMP = 0A), the toroidal
rotation velocity in the core region ( reff/a99 < 1) changes
as the direction of toroidal torque by the neutral beam
injection (NBI) is reversed from co- to counter-direction
as seen in Fig.6(a). The direction of core ( reff/a99 < 0.7)
rotation is parallel to the direction of toroidal torque of
NBI, while there is offset of toroidal rotation velocity
due to the intrinsic torque in the counter direction in the
plasma [58, 59]. However, when the RMP field is applied,
the toroidal rotation velocity inside the O-point of the
magnetic island is unchanged regardless of the direction
of toroidal torque. It is interesting that the X-point of
the magnetic island acts like a pivot point of toroidal
rotation velocity, where the counter-rotation increases on
the inner side of the X-point reff/a99 < 0.94, while it
decreases on the outer side of the X-point reff/a99 > 0.94.
In contrast, the magnetic islands are usually rotating

in tokamak plasma. When the magnetic island becomes
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FIG. 6: Radial profiles of toroidal rotation velocity in the
LHD plasmas at t = 4.19, 4.79, 5.39, 5.99, and 6.59 sec after
the switch of the beam from co-injection to counter-injection
at t = 5.3 sec (a) without resonance magnetic perturbation
(RMP) field, (b) X-point and (c) O-point in the plasma with
RMP, and (d) during mode locking phase and mode rotating
phase in the JT-60U plasmas.

large enough with the low toroidal rotation, the mode
locking takes place. Then the toroidal rotation velocity
inside the magnetic island becomes zero, while there is
significant rotation velocity outside the magnetic island
as seen in toroidal rotation velocity profiles at the mode
locking phase in Fig.6(d). The damping of toroidal ro-
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tation velocity inside the magnetic island produces the
large velocity shear at the boundary of the magnetic is-
land, which may contribute to the reduction turbulence
and the thermal diffusivity at the boundary of the mag-
netic island. Then, the suppression of turbulence at the
boundary of the magnetic island contributes to the im-
provement of momentum transport (reduction of viscos-
ity) and hence the further increase of velocity shear. This
complex interplay between transport and velocity shear
is one of the candidates of the reduction of turbulence-
driven transport in the proximity of rational surfaces
[60]. When the mode is rotating, the toroidal rotation in-
side the magnetic island becomes finite and large velocity
shear at the boundary of the magnetic island disappears.

IV. STOCHASTIC MAGNETIC FIELD

When the size of the magnetic island reaches a crit-
ical value, magnetic braiding or appearance of the sec-
ondary magnetic island can occur. The phenomena has
been predicted theoretically [61] and also observed in ex-
periment [62]. The stochastization of the magnetic field
in the core plasma can trigger a major disruption in the
tokamak plasmas [63, 64] while the stochastization of the
magnetic field in the edge region may enhance the edge
transport and contribute to the mitigation of edge local-
ized mode (EML) in the RMP experiment [65, 66]. It is
one of the important issues whether the magnetic field
becomes stochastic or nested when the RMP field is ap-
plied to the plasma for ELM suppression. The heat pulse
propagation method is considered to be a powerful tool
to identify the magnetic topology in RMP experiments.

A. Stochastization in plasma core

Large stochastization of the magnetic field has been
observed in LHD. The stochastization of the magnetic
field starts from the rational surface of q = 2 located
at half of the plasma minor radius and the stochastic
magnetic field region can extend to the magnetic axis.
Even though the magnetic field in the large region in
the core plasma reff/a99 < 0.6 becomes stochastic due
to the overlapping of magnetic fields with fundamental
and higher harmonic mode, there is no major disruption
because the poloidal field is produced by the external coil
current, not the plasma current inside.
Figure 7 shows the Poincaré map of magnetic field line

for stochastic magnetic field and nested magnetic flux
surface and radial profiles of (b) electron temperature, (c)
delay time, and (d) amplitude of the heat pulse for nested
magnetic field and stochastic magnetic field. Poincare
map of magnetic field lines in the plasmas with a mag-
netic island and stochastic region calculated by an 3D
equilibrium code (HINT[67]) and a magnetic field tracing
code (MGTRC[68]) with a perturbation magnetic field
consistent with the measured iota profile and poloidal
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FIG. 7: (a) Poincaré map of magnetic field line for stochas-
tic magnetic field and nested magnetic flux surface and ra-
dial profiles of (b) electron temperature, (c) delay time, and
(d) amplitude of the heat pulse for nested magnetic field and
stochastic magnetic field.

distribution of the perturbed radial magnetic field. The
pressure and current profiles, which give a consistent
magnetic axis shift evaluated from the radial profile of
electron temperature measured with YAG Thomson scat-
tering and rotational transform measured with MSE are
used in the 3D equilibrium calculation. The higher har-
monic perturbation toroidal currents with the mode num-
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bers of m/n = 4/2, 6/3, and 8/4 in addition to the lowest
mode number ofm/n = 2/1 are added at the rational sur-
face (ι/2π = 0.5) to reproduce the stochastic magnetic
field.
The major radius of plasma center (reff/a99 = 0), outer

location of stochastic magnetic field (reff/a99 = 0.6), and
the plasma edge (reff/a99 = 1) are 3.62 m, 4.07 m, and
4.52 m, respectively. Because the power deposition of
the modulation electron cyclotron heating (ECH) is lo-
calized near the magnetic axis (reff/a99 < 0.1), the elec-
tron temperature profile is peaked at the plasma center,
the amplitude of the modulation is very peaked near the
magnetic axis, and the heat pulse propagates radially
towards the plasma edge in the time scale of transport
in the plasma with nested magnetic field. The modula-
tion amplitude exceeds 10 % of the mean value near the
magnetic axis and decreases monotonically to the level
below 1 %. When the magnetic field becomes stochastic
the flattening of mean electron temperature, delay time,
and amplitude of heat pulse propagation are observed.
This is due to the fast heat pulse propagation along the
magnetic field which deviates radially from the original
nested magnetic flux surface. The region of the stochas-
tic magnetic field can be determined by the region where
the time delay of the heat pulse is almost zero within the
accuracy of this measurement. Since the deposited power
of ECH spreads quickly radially along the stochastic mag-
netic field, the modulation amplitude drops to only 3 %
when the magnetic field becomes stochastic.

B. Stochastization near the plasma periphery

Because of the non-axisymmetric magnetic field, the
region with stochastic magnetic field always exists at the
periphery of LHD plasmas [69] and there is no strong
ELM activity in the H-mode plasma in LHD. The RMP
field is used to investigate the effect of RMP field on mag-
netic topology and transport in the plasma. In order to
investigate whether the RMP field can cause the stochas-
tization of the magnetic field, the RMP field is applied
to the configuration with Rax=3.6 m and with quadru-
ple magnetic field component BQ=72 %. By decreas-
ing the quadruple magnetic field component BQ from
100% (standard configuration) to 72 %, the flux aver-
aged poloidal cross section is elongated vertically, with a
slight decrease of effective minor radius, a99, from 0.63m
to 0.62m.
In this configuration, small vacuum magnetic islands

with the poloidal and toroidal mode of m/n = 8/10 and
m/n = 6/10 appear near the plasma edge at R = 4.46m
and R = 4.535m as seen in the Poincaré map of mag-
netic field line in Fig.8(a). The temperature flattening is
observed in the m/n = 8/10 magnetic island located at
R = 4.46m. As the RMP current is increased from 100
to 300A, the connection length between two magnetic is-
lands (R ∼ 4.5m) decreases due to the stochastization of
magnetic field and the location of the flattening moves
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FIG. 8: (a) Poincaré map of magnetic field line in vacuum
field with intrinsic m/n = 8/10 and m/n = 6/10 magnetic is-
lands without resonance magnetic perturbation (RMP) field
and color contour of connection length with RMP (100A and
300A) and radial profiles of (b) electron temperature, (c) de-
lay time, and (d) amplitude of the heat pulse near the plasma
periphery with RMP coil current of 100 A and 300 A, respec-
tively.

outwards and the size of the temperature flattening also
increases from 3 cm to 5 cm as seen in Fig.8(b). As
seen in Fig.8(c), the delay time becomes almost zero (de-
creases to the level of uncertainty) as the RMP current
is increased to 300 A, which indicates that the magnetic
field becomes stochastic. The size of the magnetic island
in this experiment is only 3 cm and too small to resolve
the peak profile of delay time. Fig.8(d) shows the ra-
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dial profile of the relative amplitude of the heat pulse.
The relative amplitudes are ∼ 5 % and larger than that
in the plasma core and the relative amplitude increases
in radius because of the decrease of mean temperature.
The radial profile of the relative amplitude of heat pulse
is flat even in the nested magnetic field. This is because
the increase of flux surface (which causes decrease of the
amplitude of the heat pulse) becomes smaller near the
plasma edge. Therefore the change in relative amplitude
of the heat pulse due to the stochastization is not clearly
observed near the plasma edge.
The mode number of RMP field applied is m/n = 1/1

and different from the mode number of original vacuum
magnetic islands of m/n = 8/10 and m/n = 6/10. Be-
cause the width of m/n = 8/10 magnetic island is 3 cm,
which is much smaller than that of m/n = 2/1 magnetic
island (15 cm) plotted in Fig.1, the bump of the delay
time can not be observed. However, when the m/n =
1/1 RMP field is increased to 300 kA, the magnetic field
becomes stochastic due to the overlapping ofm/n = 8/10
and m/n = 1/1 magnetic island near ι/(2π) = 1 rational
surface and the stochastic region is expanded to 5 cm.
In this experiment, the flattening in both the electron
temperature and the delay time of the heat pulse are ob-
served, which is clear evidence of the stochastization of
the magnetic field.
In general, the magnetic topology can be modified sig-

nificantly from the magnetic field structure produced by
the overlapping of the equilibrium magnetic field and the
vacuum perturbed magnetic field due to RMP because of
the response of the plasma [70]. For example, the mag-
netic island can be easily healed by the screening effect
due to the plasma rotation. Therefore, the experimen-
tal evidence for the stochastization of the magnetic field
is indispensable in RMP experiment. This heat pulse
propagation experiment in LHD demonstrates that the
heat pulse propagation is a very powerful tool to identify
magnetic topology, whether the magnetic field becomes
stochastic or not, in the RMP experiment in toroidal
plasmas.

V. FLOW DAMPING DUE TO STOCHASTIC
MAGNETIC FIELD

Since the magnetic islands cause damping of plasma
flow, the stochastic magnetic field due to the overlap-
ping of magnetic islands should also have a strong im-
pact on plasma flow. The response of the toroidal rota-
tion velocity to the stochastization of the magnetic field
is studied in LHD. Figure 9 shows the radial profiles of
electron temperature, electron density, ion temperature,
and toroidal rotation velocity in counter-direction (nega-
tive sign) for the plasma with nested magnetic field and
stochastic magnetic field. Both electron and ion temper-
ature profiles show the core flattening due to the stochas-
tization of the magnetic field as seen in Fig.9(a)(c). It is
important that there is a difference in the flattening (gra-

dient of temperature in the stochastic region) between ion
and electron temperature profiles.

The thermal diffusivity in the stochastic region can
be evaluated as χst

i,e = DMve,i, where ve and vi are the
thermal velocities of electrons and ions, respectively, and
DM is the diffusion of the field line defined in [45, 71,
72]. Therefore, the effective thermal diffusivity in the
stochastic magnetic field is proportional to the thermal
velocity of particles and the difference in the magnitude
of the flattening between ion and electron temperature
profiles is due to the difference in thermal velocity of ions
and electrons. The core region of the electron density
profile is flat even in the plasma with nested magnetic
field and the change in the density profile associated with
the bifurcation from nested to stochastic magnetic field
is small as seen in Fig.9(b). The core toroidal rotation
velocity drops significantly in the plasma with stochastic
magnetic field as seen in Fig.9(d). The drop of toroidal
rotation velocity starts at the rational surface of ι/(2π) =
0.5 and expands to the magnetic axis in the time scale of
40ms [42].

The flow damping observed cannot be explained by the
simple Rechester-Rosenbluth model [29], because the in-
crease of Prandtl number observed associated with the
stochastization is 3 and much larger than that predicted
(∼1) and there are clear differences in the decay between
ion temperature and toroidal flow velocity [47]. The
toroidal flow shear shows a linear decay, while the ion
temperature gradient shows an exponential decay. These
results suggest that the damping of flow is due to the
change in the non-diffusive term of momentum trans-
port or a direct electromagnetic effect associated with
the stochastization of the magnetic field[59, 73, 74].

The flow damping due to the stochastization of mag-
netic field is an important finding, because this experi-
mental result implies the damping of poloidal mean and
zonal flow may increase the H-mode threshold power
when the RMP is applied to the tokamak plasma. It is
important to investigate experimentally how the poloidal
mean and zonal flow are affected by the change of mag-
netic topology, such as the appearances of magnetic is-
land and stochastic magnetic field to predict the H-mode
power threshold in ITER. Furthermore the flow damp-
ing mechanism observed in this experiment should give
a hint in understanding the time scale of magnetic field
reconnection in the solar flare[75–77].

VI. DISCUSSION

In this paper, the amplitude and phase delay (delay
time) of the fundamental component of the modulation
frequency of MECH are analyzed and higher harmonic
components of the heat pulse are not taken into account.
However, the propagation of the higher harmonic com-
ponent of the heat pulse is quite different from that of
the fundamental component of the heat pulse because of
the existence of non-local transport in the toroidal plas-
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tron density, (c) ion temperature, and (d) toroidal rotation
velocity in the plasma with nested and stochastic magnetic
fields. The dashed lines indicate the region where the stochas-
tization of magnetic field occurs in LHD.

mas [78]. For example, the higher harmonic component
of the heat pulse propagates radially much faster than
that of fundamental component [79, 80]. It is also found
that the higher harmonic component of the heat pulse
has a much longer decay length than that predicted by
the diffusive model [81]. The hysteresis in the flux gradi-
ent relation appears clearly when the perturbation of the
heat pulse (product of heating power and pulse width of
the MECH) becomes large [82].

The higher harmonic component of the heat pulse is
neglected in this study. Since the higher harmonic com-
ponent propagates faster with longer decay length than
the fundamental component, it may produce the appar-

ent fast propagation or even negative propagation near
the plasma periphery, where the fraction of the higher
harmonic component becomes larger due to the longer
decay length. In this case, the fundamental component
does not catch the property of heat pulse propagation.
The higher harmonics should be evaluated precisely to
characterize the heat pulse propagation. Uncertainty of
evaluation of the higher harmonics is large compared to
that of the fundamental component because the pertur-
bation of the electron temperature is usually small. Thus
the conditional averaging technique should be necessary
to increase the noise to signal ratio of the electron cy-
clotron emission (ECE) signal.

In summary, the bifurcation physics of the magnetic
island was investigated by the heat pulse propagation
technique produced by the modulation electron cyclotron
heating. There are two types of bifurcation phenomena
observed in LHD and DIII-D. One is a bifurcation of the
magnetic topology between the nested and the stochas-
tic field. The former state is characterized by the bi-
directional (inward and outward) propagation of the heat
pulse with slow propagation speed. The latter state is
characterized by the fast propagation of the heat pulse
with electron temperature flattening. The other is a bi-
furcation of the transport in the magnetic island with
larger thermal diffusivity and smaller thermal diffusivity.
In both cases, the bi-directional (inward and outward in
radius) propagation of the heat pulse is observed. In the
state of lower thermal diffusivity, the propagation of the
heat pulse is extremely slow (40 times slower than that
outside magnetic islands).

The time scale of the transition between these two
states is quite different in these two bifurcation phenom-
ena. The transition of the magnetic topology bifurcation
is relatively slow (50 ∼ 150ms) because the change in
toroidal current is necessary in this bifurcation. In con-
trast, the transition of the transport bifurcation is fast (4
∼ 7ms) because only change in the turbulence penetra-
tion length into the magnetic island (only the change in
the critical island width Wc not the actual island width
W ) is necessary.

The damping of toroidal flow is observed at the O-
point of the magnetic island both in helical and tokamak
plasmas. In tokamak, magnetic island can rotate but
the local flow damping inside the magnetic island and
hence the strong flow shears are observed at the bound-
ary of the magnetic island when the mode locking oc-
curs. Associated with the stochastization of the magnetic
field, the abrupt damping of toroidal flow is observed
in LHD. This flow damping in the stochastic magnetic
field is stronger than that predicted by the Rechester-
Rosenbluth model, which suggests the additional damp-
ing mechanism of flow. The toroidal flow shear shows a
linear decay, while the ion temperature gradient shows
an exponential decay. This observation suggests that the
flow damping is due to the change in the non-diffusive
term of momentum transport.
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