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Evidence for a reduction of heat transport inside the magnetic island O point is observed from the
propagation of a cold pulse produced by a tracer encapsulated solid pellet in the Large Helical Device. A
small peak and slow propagation of the cold pulse are observed inside the island. A significant result is
that electron heat diffusivity inside the island is estimated to be 0:2 m2=s which is smaller than that
outside the island by an order of magnitude.
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dynamics inside the island and the motion of the island Figure 1(a) shows the radial profile of the electron
It is believed that magnetic islands may deteriorate
plasma confinement considerably because of the flatten-
ing of profiles [1,2]. In general, flattening of electron and
ion temperature profiles inside magnetic island O points is
observed in the Large Helical Device (LHD) as well as
tokamaks [3–6]. Profile flattening, however, does not
indicate a deterioration of the cross-field heat transport
inside the magnetic island. The heat flows radially along a
boundary of magnetic island by parallel heat transport.
Therefore the temperature profiles are expected to flatten
over an island unless there are significant heat sources or
sinks inside the island [7,8]. Since transport barriers at or
near the rational surfaces have been observed in tokamak
plasmas [9,10], the transport of the magnetic island itself
has come to be considered important as well as the
dynamics of the island [11]. The roles of the magnetic
island on particle and momentum transport are investi-
gated both in tokamaks and in helical systems. In fact,
density profile peaking inside the magnetic island has
been observed in Joint European Torus [4]. Moreover
shear flow inside the magnetic island is clearly observed
in the LHD [3]. These observations suggest that particle
and momentum transport are small inside the magnetic
island, and they imply that the cross-field heat transport
is also small inside the island. In spite of the importance
of heat transport, a direct experimental result of cross-
field heat transport inside the island has not been re-
ported. This is because the temperature gradient is almost
zero inside the magnetic island and therefore static trans-
port analysis based on the temperature gradient and radial
heat flux is invalid for estimating the heat diffusivity
across the magnetic island. Hence a transient transport
experiment is required to estimate the heat diffusivity
inside the island. In general, a spontaneous island rotates
in the laboratory frame due to the E� B drift. This
rotation makes analysis of the transient response difficult.
The nonrotating island produced by external perturbation
coil currents is considered to be ideal for the transient
transport analysis because the interaction between the
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itself can be eliminated. This Letter presents the first
result of perturbative transport analysis for the heat
transport inside a static magnetic island. A clear obser-
vation of low heat diffusivity inside the magnetic island is
presented in this Letter.

The experiments are carried out in the LHD with a
major radius at the magnetic axis of Rax � 3:5 m, an
averaged minor radius of a � 0:6 m, and a magnetic field
at axis of up to 2.88 T [12]. Typical parameters in this
experiment are the following: line averaged density
�1–2� � 1019 m�3, central electron temperature up to
1.5 keV, and heating power up to 2 MW with neutral
beam injection. A 32-channel heterodyne radiometer is
used to track the small electron temperature perturba-
tions [13]. The second harmonic of the X mode is opti-
cally thick in typical LHD plasmas, and the electron
temperature measured by electron cyclotron emission
(ECE) agrees well with that by Thomson scattering in
this experiment.

In order to produce a cold pulse inside or outside the
magnetic island, a tracer encapsulated solid pellet
(TESPEL) is injected into the LHD edge (TESPEL con-
sists of polystyrene as an outer shell and tracer particles
as an inner core [14]). The TESPEL ablates within 1 ms
and provides a small amount of tracer impurity and cold
electrons. They reduce the edge electron temperature
(�Te=Te < 10%) and then temperature perturbation usu-
ally propagates towards the core region (cold pulse propa-
gation). The changes of the total stored energy and the
electron density in the core region are negligible. The
particle diffusivity ( � 0:1 m2=s), which is estimated
by gas-puff modulation experiment [15], is much smaller
than the typical electron heat diffusivity ( � 1 m2=s) in
the LHD. Thus the electron heat transport dominates the
particle transport in cold pulse propagation.

The size and phase of the static magnetic island
(n=m � 1=1) can be controlled by changing the currents
of the external perturbation coils, Ipert; here n and m are
the toroidal and the poroidal mode number, respectively.
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FIG. 1. Electron temperature perturbation induced by the
TESPEL injection across the X point of the island. The radial
profiles of (a) electron temperature before TESPEL injection,
(b) peak of the cold pulse and the intensity of the ablation light
of TESPEL, and (c) delay of time to peak of the cold pulse.
Here R is the major radius and the last closed magnetic surface
is at R� Rax � �0:7 m. Note the ECE receiving antenna is
mounted at the inboard side of the LHD.
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FIG. 2. Electron temperature perturbation induced by the
TESPEL injection into the O point of the island. The radial
profiles of (a) electron temperature before TESPEL injection,
(b) peak of the cold pulse and the intensity of the ablation light
of TESPEL, and (c) delay of time to peak of the cold pulse. A
result obtained without island is also shown as a broken line.
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temperature with an island (Ipert � 800 A) just before the
TESPEL injection. The flattening of the electron tem-
perature profile appears in the edge region where the
O point of the magnetic island is located. In this experi-
ment, the beam deposition power inside the island is less
than 6% of the total power deposited to plasma, which is
not enough to produce a peaked electron temperature
profile inside the island. The TESPEL is injected from
the outboard side only 72� toroidally from the ECE
antenna. Therefore, the TESPEL can be injected across
the X point of the island. Figure 1(b) shows the radial
profile of the peak of the cold pulse; here the peak of the
cold pulse is defined as the maximum magnitude of the
electron temperature perturbation at each radius, �Te;max

(usually negative). The projection of the intensity of the
TESPEL ablation light (H�) into the radial position is
also indicated in Fig. 1(b). Because the TESPEL ablates
just outside the island, the peak of the cold pulse is the
largest near the boundary of the island. Figure 1(c) shows
055002-2
the delay of time to peak of the cold pulse with respect to
the time to peak of the cold pulse of the boundary of the
island (R� Rax � �0:48 m), where the electron tempera-
ture drops most rapidly after TESPEL injection. The
delay of the time to peak reveals that the cold pulse
propagates inward (to the core region) and outward (to
the O point of the island). The delay of the cold pulse at
the same magnetic surface inside the island is identical as
shown in Fig. 1(c). The peak of cold pulse decreases
monotonically as it propagates toward the O point. This
suggests that the heat transport is diffusive (not involved
with inward pinch [16]). The simulation results shown in
Figs. 1(b) and 1(c) are discussed later.

To study the cold pulse propagation near the X point,
the phase of the island is reversed by changing the polar-
ity of Ipert (Ipert � �1200 A). In this case, the ECE system
views the X point of the island. Because the boundary of
the island is indistinct due to the increase in the stochastic
region near the X point of the island, the flattening of the
temperature profile is unclear from the ECE measurement
(other diagnostics, e.g., the ion temperature profile show
055002-2
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FIG. 3. Comparison of temperature perturbation between experiment and simulation. The time evolutions of the measured (sold
line) and the simulated (broken line) temperature perturbation at different radii in the same discharges as (a) Fig. 1 and (b) Fig. 2,
respectively.
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the flattening at the O point of the island). The TESPEL is
injected into the O point of the island and ablated inside it
and then the cold pulse is induced just outside the island as
shown in Fig. 2. The pulse propagation outside the island
is compared with that inside the island to clarify the
difference in heat transport. Because the electron tem-
peratures of the target plasmas are almost the same in the
region where the cold pulse propagates (0.6 keV inside the
island in Fig. 1 and 0.7 keV within the region of �0:5 m<
R� Rax <�0:45 m in Fig. 2), the dependence of the heat
diffusivity on the temperature can be neglected with
regard to the comparison of the heat transport in this
experiment. The temperature profile and cold pulse propa-
gation without any islands are also shown in Fig. 2. The
stored energy with island is smaller than that without
island by 20% which is identical to the fraction of area
inside the magnetic island to the total cross section. The
temperature gradients in the vicinity of the X point are
almost the same as that without an island. This indicates
the local confinement is unchanged by the presence of
an island in this experiment. Certainly, the cold pulse
outside the island propagates similarly to that without any
islands.

Figure 3 shows the time evolutions of the electron
temperature perturbation at different radii in both cases
of Figs. 1 and 2. The TESPEL is injected at time t � t0.
The simulation results with a simple diffusion model are
also shown. In this simulation, the perturbation equation
written as
055002-3
3

2
ne

@�Te

@t
� r 
 �ne�?r�Te�; (1)

is solved numerically by using the time dependent bound-
ary condition. Here �Te is the temperature perturbation,
ne is the electron density, and �? is the heat diffusivity
across the magnetic field, respectively. Homogeneous �?

and electron density are assumed and the electron density
perturbation is neglected. The slab and the cylindrical
geometry are used for simplicity. The best fit of the
simulation to the observation gives �? � 0:2 m2=s inside
the island [Fig. 3(a)] and �? � 2:0 m2=s outside the
island [Fig. 3(b)], respectively. These simulation results
clearly indicate that the heat diffusivity inside the island
is much smaller than the one outside the island. The three-
dimensional structure of the magnetic island should be
included in the analysis to estimate the absolute value of
the heat diffusivity more precisely.

The reduction of the heat diffusivity inside the island is
also observed in an island of a different size. Figure 4
shows the cold pulse propagation inside the island
for plasmas with various sizes of the island. Here � is
the delay of the time to peak of the cold pulse, �R �
jR� Rbj is the propagation length of the cold pulse, Rb is
the location of the boundary of the island, and WI is the
island width, respectively. The pulse propagation outside
the island is also shown in Fig. 4. The heat diffusivity can
be estimated as �? � c��R�2=� by using the time-to-
peak method [17]. Here the constant c depends on the
055002-3



0

0.002

0.004

0 0.005 0.01

 8%
14%
20%

(∆
R

)2  (
m

2 )

τ (s)

outside W
I
/a

Inside

χ  = 0.95m2/s

χ =0.13m2/s

FIG. 4. Cold pulse propagation for plasmas with various sizes
of the island. The closed symbols indicate the propagation
inside the island and the open circles indicate the propagation
outside the island.
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boundary condition and is set to unity for simplicity (the
boundary condition is given by a delta function). Thus the
slopes of the plots in Fig. 4 give the heat diffusivity. The
thermal diffusivity estimated inside the island is
0:13 m2=s and is smaller than that estimated outside the
island ( � 0:95 m2=s), which is consistent with the simu-
lation results shown in Fig. 3. The fact that data points for
different sizes of magnetic island are on one line indicates
that the heat diffusivity inside the island does not depend
on the size of the island. It is indicated that a finite ratio of
�?=�k leads to a critical island size Wc, above which Te
flattening inside the island appears [8]. Here �k is the
parallel heat diffusivity. The value of critical size Wc is
estimated to be 0.2 cm using �? � 0:2 m2=s. The actual
island size WI=2 is 2 cm when WI=a � 8% and thus is
much larger than Wc. The island size is also much larger
than the orbit width for helically trapped electrons
(0.03 cm) and protons (0.4 cm).

A heavy ion beam probe measurement in Texas
Experimental Tokamak shows a reduction of the density
fluctuation level in the O point of the island [18]. Thus, the
reduction of heat diffusivity inside the island is consid-
ered to be due to the small level of the turbulence driven
transport. The flattening of the pressure profile itself
suggests no pressure gradient driven mode. This means
that the profile flattening and the reduced heat diffusivity
055002-4
inside the island are self-conservative. The possibility of
multiequilibrium and their bifurcations inside the island
are predicted by theories [19,20]. The profile flattening
involving reduced heat diffusivity may be one of the
stable states inside the island as well as the density
peaking in ‘‘snake’’ modulation [4] and the formation of
radial electric field structure [3]. Even in a rotating
island, the heat diffusivity can be as small as that inside
the static island. In conclusion, the heat transport inside
the island in the LHD is investigated by using cold pulse
propagation induced by TESPEL injection. The experi-
mental results show (i) the heat diffusivity inside the
island is reduced by 1 order of magnitude and (ii) the
heat diffusivity inside the island does not depend on the
size of the island.
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