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Abstract:

The progress of physics understanding and concurrent parameter extension since the last
IAEA-FEC 2012[1] in the Large Helical Device is overviewed. High ion and electron tem-
perature plasma (Ti(0) ∼ Te(0) ∼ 6 keV) with simultaneous ion and electron internal
transport barrier (ITB) is obtained by controlling recycling and heating deposition. As-
sociated with the formation of a transport barrier, a sign flip of the non-diffusive term of
impurity/momentum transport (residual stress and convection flow) is observed. The im-
pact of the topology of 3-D magnetic fields (stochastic magnetic fields and magnetic islands)
on heat momentum and particle/impurity transport and MHD stability is also discussed.
In the steady state operation, a 48 min discharge with a line-averaged electron density of
1× 1019m−3 and with high electron and ion temperatures (Ti(0) ∼ Te(0) ∼ 2keV) resulting
in 3.36 GJ of input energy is achieved.

1 Introduction

Simultaneous achievement of high electron (Te) and ion temperature (Ti) is one of the most
important issues in nuclear fusion research. On the other hand, an anomalous ion thermal
transport is sensitive to Te/Ti ratio. thus the formation of electron and ion internal
transport barrier (ITB) with optimizing Te/Ti ratio is necessary for the simultaneous
achievement of high Ti and high Te. In a helical system, because the safety factor (q)
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profile is mainly determined by external coils, the effect of Te/Ti ratio on the thermal
transport can be investigated separately from q profile, which usually has strong influence
in tokamaks. The other advantage of helical plasmas is that the steady-state operation
can be realized without a delicate plasma current control. Therefore the key issue for
the achievement of long pulse is the control of plasma wall interaction, which will be
also important in future tokamak devices such as ITER. By taking advantage of the easy
realization of the steady-state plasma, the detail transport analysis especially in response
to the perturbation, such as modulation ECH or pellet injection, has been carried out by
using conditional averaging technique.

The impact of 3-D magnetic fields on transport and MHD stability is also inten-
sively studied in the Large Helical Device (LHD) where the intrinsic 3-D magnetic fields
(stochastic magnetic fields and magnetic islands) always exist in the plasma and are well
controlled. The transport inside a magnetic island has been an interesting topic in toroidal
plasma. The LHD provides a good platform for this study because there is no risk for
disruption even in the plasma with locked big magnetic island, where the detailed study
of transport can be done. The impurity control by 3-D magnetic fields is one of the
important topics in LHD, because these results give insight regarding impurity control
in tokamak under the condition with RMP in tokamaks. In this overview, the recent
achievement of plasma parameter and the new understanding of physics on turbulence
transport and the impact of magnetic topology on transport and MHD are discussed.

2 Extension of operation regime in LHD
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FIG. 1: Operation regime of central electron
and ion temperatures for the discharges with
NBI and NBI+ECH in LHD.

In the LHD, the ion-ITB and electron-ITB
have been obtained separately with differ-
ent densities and heating methods (NBI
or ECH)[2]. Recently, the plasma with
high ion and electron temperature (Ti(0) ∼
Te(0) ∼ 6 keV) has been obtained by the
combination of 1) a reduction of wall re-
cycling and neutrals by Helium ICRF dis-
charges and 2) optimization of carbon pel-
let injection and on-axis ECH. In LHD,
neutral hydrogen atom density, tempera-
ture and pressure distributions from edge
to core regions are evaluated from the high
dynamic-range Balmer-α line profile ana-
lyzed with a diffusion equation of hydrogen
atoms.

The temperature regime obtained is
significantly extended, as seen in Fig. 1.
The stochastic magnetic field in the plasma core which causes flattening of the temper-
ature and the plasma flow can be eliminated by the control of the magnetic shear by
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NBCD and ECCD. A high central ion temperature (Ti(0) ∼ 8 keV) discharge is achieved
by overcoming the core temperature flattening frequently observed in the plasma with an
ion-ITB. Simultaneous formation of an ion ITB and an electron ITB has been successfully
achieved by controlling the temperature profiles using ECRH. The width of the ion ITB
is larger than that of the electron ITB. The scale lengths of temperature gradients both
for ions and for electrons were over 10 inside ITB and both Ti and Te reached 6 keV. The
Ti gradient at the ion ITB is found to be decreased when Te/Ti value exceeds unity due
to the increase of the anomalous transport. As a result of the dependence, the combina-
tion of a wide ion ITB and a narrow electron ITB with Ti > Te is realized. This study
demonstrated that the profile control is a key to combine the ion ITB and the electron
ITB and to have a potential to improve the performance of toroidal plasma plasmas.
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FIG. 2: Ultra long-pulse plasma sustained
by RF heating for hydrogen minority helium
plasma. Typical time evolutions are as fol-
lows: (a) line-averaged electron density (ne),
(b) ion (Ti) and central electron temperature
(Te), (c) total radiation power and line in-
tensity of carbon spectrum, and (d) RF heat-
ing powers of ICH and ECH.

High ion temperature plasma with car-
bon pellet injection of LHD is investi-
gated by the integrated heat transport sim-
ulation. NBI heating deposition of time
evolving plasma is evaluated by GNET-
TD and the heat transport of multi-ion
species plasma (e, H, He, C) is studied
by TASK3D. The reduction of turbulence
transport is most significant contribution
to achieve the high ion temperature and
the reduction of the turbulent transport
from the L-mode plasma (normal hydro-
gen plasma) is evaluated to be factor more
than three by using integrated heat trans-
port simulation code.

In steady-state operation, plasma pa-
rameters have been extended at line-
averaged electron density measured with
interferometer of 1 × 1019m−3 with high
electron and ion temperature (Ti(0) ∼
Te(0) ∼ 2keV) and plasma duration time
of 48 min with 3.36 GJ of input energy
by minimizing the dust impurity from the
divertor plate by real time divertor leg
scanning[3]. Figure 2 shows an ultra-long-
pulse plasma discharge of a helium plasma
with ne ∼ 1 × 1019m−3, Te ∼ Ti ∼ 2keV,
PRF ∼ 1.2 MW (PICH ∼ 0.9 MW, PECH ∼
0.3 MW), and τd ∼ 2,859 sec. The newly
achieved heating energy of 3.36 GJ is twice
as the previous record, 1.6 GJ, with PRF ∼
0.5MW and ne ∼ 0.4 × 1019m−3 in LHD,
which is a world record in toroidal plasmas. Three types of ICRF antennas were installed
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at different toroidal sections in order to avoid local hot spots around each ICRF antenna.
Real-time feedback control for impedance matching, antenna phasing and heating power
boosting for unexpected impurity influx were also developed. In LHD, the Faraday Shield
(FS) at one of the ICRF antennas is removed. In addition, the new ICRF antenna aiming
at high-power steady-state operation is installed and tested. In the experiment using the
FS less antenna, (1) the plasma coupling is higher than that of with FS antenna. (2)
Heating performance is almost similar in the both antennas. No harmful influence was
observed so far. In the experiment using the new field-aligned impedance-transforming
antenna (FAIT antenna), it is found that (3) the plasma loading resistance is higher than
the existing antennas. High power was successfully injected during the highest ICRF
power injection.

Wall pumping was gradually reduced during the long-pulse discharge with τd > 1000
sec. The gas-fueling by a proportional-integral-derivative (PID) control was adopted to
maintain a constant level of the plasma density, as shown in Fig. 2(a). Radiation power
(Prad) was less than approximately 17% of PRF , where the carbon and iron impurity
accumulation was negligible in the discharge. The spike frequency of the line intensity
for the carbon spectrum began to increase after 600 sec. At that time, the divertor
temperature was almost saturated at 460o C, while the value changed between 453 and
470o C by magnetic axis sweeping to reduce the local heat load on divertor plates. This
experiment demonstrates the importance of the control of diver temperature in the stray-
state operation, because the discharge is terminated by the bursty impurity flux from
the diverter plate in LHD. The mixed-material layer in the diverter plate is easy divided
from thin iron layer by the mechanical and heat stress, and mixed-material is one of the
candidates for impurity source of carbon after 300 sec, which is caused by erosion on
divertor and short-distance transport.

Many incandescent dusts have been observed in this long pulse discharges with tan-
gentially viewing fast framing cameras. The dusts induce frequent spikes of emission of
iron and carbon ions measured with a spectrometer. A stereoscopic observation of the
three-dimensional trajectories of the dusts in plasmas with higher heating power shows
that the dusts exist in the plasma periphery and do not penetrate into the main plasma,
while penetration of dusts were observed in plasmas with lower heating power.

3 Transport

As seen in Fig. 3, the intrinsic torque due to the residual stress switches the sign from
the counter- to the co-direction and results in a large toroidal flow in the co-direction
after the formation of the ion-ITB[4]. Before the ITB formation, the intrinsic torque
is in the counter-direction in the core (reff/a99 < 0.4), while it is in the co-direction in
the outer region (reff/a99 > 0.4). Here reff and a99 are effective minor radius and minor
radius which contains 99 % of kinetic energy given by mapping process. The intrinsic
torques in the core region change sign from the counter-direction to the co-direction after
the formation of the ITB, which clearly shows the strong coupling between the heat
transport and the momentum transport. The intrinsic torque in the L-mode region is in
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FIG. 3: Radial profiles of intrinsic torque
during the formation of ion-ITB
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FIG. 4: Spatiotemporal dynamics of radial
flux of carbon impurity. The reversal of
normalized radial flux from inward to out-
ward is observed. The location for Γc = 0
is indicated with dashed line.

the counter-direction, while it reverses to the co-direction inside the ITB. The reversal of
intrinsic torque from counter-direction to co-direction 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. This result is in contrast to the reversal of rotation from co-
direction to counter-direction associated with the transition from the TEM to the ITG
mode during the density scan.

In the impurity transport, the radial convective velocity of the carbon impurity (Vc)
also changes sign from inward to outward, and this reversal of radial flux causes the
extremely hollow impurity profile (called impurity hole). The radial flux is inward before
the ion temperature gradient reaches a critical value of 3.0 keV/m and then the reverse
of normalized radial flux to outward is observed at t = 3.96 s within a very short time
of 30 ms where the ion temperature gradient changes by 10%. The outward radial flux is
kept during the discharge even though the ion temperature gradient decreases below the
critical value.

Figure 4 shows the normalized radial flux of carbon impurity in time and space during
the formation of the impurity hole[5]. The radial flux of carbon impurity is derived
from the time evolution of fully ionized carbon density measured with charge exchange
spectroscopy. The reversal of radial flux starts at reff/a99 = 0.65 where the ITB also starts
and propagates both inward and outward in the time scale of 15 ms. It should be noted
that this time scale is much shorter than the time scale of change in the mean plasma
parameter, which indicated that the radial impurity flux is not determined by the mean
plasma parameters but is strongly influenced by the turbulence state. Comprehensive
electrostatic gyrokinetic linear stability calculations for ion-scale microinstabilities in an
LHD plasma with an ion-internal transport barrier (ITB) and carbon impurity hole are
used to make quasilinear estimates of particle flux to explore whether microturbulence can
explain the observed outward carbon fluxes. As the carbon density gradient is scanned
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between the measured value and zero, the quasilinear carbon flux is invariably inward
when the carbon density profile is hollow, thus turbulent transport due to the instabilities
considered here does not explain the observed outward flux of impurities in impurity hole
plasmas.

Modulated electron cyclotron heating (MECH) has been recognized to be a useful tool
to identify the topology of the magnetic field (stochastic field, magnetic island, nested fine
flux surfaces) and characteristics of turbulent transport (core-edge transport coupling,
radial propagation of response). Recently, MECH experiments have been done in various
toroidal devices. The location and size of the magnetic island are investigated by MECH.
MECH is also applied to investigate the non-local characteristics of heat transport. The
radial propagation of the temperature response (Te rise and drop) due to the on/off of the
ECH is found to be much faster than the propagation of the modulation phase by factor
of 5 and the heat pulse intensity with higher harmonics is found to have a propagation
length larger than that predicted by the diffusive model[6]. These observations suggest
that there is a transport mechanism besides diffusion (e.g., non-locality of transport) in
the heat transport.

FIG. 5: Time evolution of (a) ECH power,
(b) the normalized temperature perturbations
at reff/a99 = 0.37 and 0.81 and (c) spatiotem-
poral evolution of δTe.

Figure 5 shows the conditional-averaged
periodic modulation of Te. There are two
distinct time scales. The first is the very
short time scale. The change of time
derivative of Te at the time of switch-
off/on of ECH power propagates in ra-
dius very rapidly (white dashed lines), ap-
proximately the radial propagation veloc-
ity of change in the long-range modes.
The second is the much longer time scale.
The propagation of Te perturbation fol-
lows the slow propagation (a contour line
of δTe(reff , t)/δTe,max(reff) = 0.5 is chosen
as a reference and shown as black dashed
lines) of the order of the global energy con-
finement time scale. Faster radial propaga-
tion of the higher harmonic component of
heat pulse than the fundamental compo-
nent is also observed in the MECH experi-
ment in TJ-II. These phenomena show that
the non-linearity of transport appears in
the radial propagation sped of heat pulse,
because the higher harmonic component, which contains fast change of temperature gra-
dient, propagates faster, while the gradual change of temperature gradient in the funda-
mental mode propagates in the so-called transport time scale.
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4 MHD stability
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FIG. 6: Magnetic fluctuation level of m/n =
2/3 mode and pressure gradient as a function
of RMP coil current. The fluctuation de-
creases as the perturbation field is increased
although the pressure gradient is unchanged.

Effects of low-n MHD instabilities on
plasma performance have been assessed in
the regime where an achieved beta value
is regulated by instabilities. The unsta-
ble regime of an ideal interchange mode
is characterized by enhanced magnetic hill
and reduced magnetic shear. Experiments
have clarified that (i) low-n modes are sig-
nificantly destabilized in the ideal-unstable
configurations and lead to degradation of
central beta by at most 60 %, and (ii) the
degree of their damages strongly depends
on the mode rotation velocity. Turbulent
transport in finite-beta LHD plasmas is in-
vestigated by means of electromagnetic gy-
rokinetic simulations.

In the LHD, the magnetic field near the
plasma periphery is a stochastic and partially open field. Therefore it is an interesting
issue how the stochastization of the magnetic field affects the MHD instability driven by
a pressure gradient. Apart from the stochastization in the plasma core, the stochastiza-
tion of the magnetic field is weak (effective thermal diffusivity due to stochastization is
comparable to that due to turbulence) enough to sustain a finite pressure gradient. This
is an interesting topic because the stochastization of the magnetic field is also a key issue
in the resonant magnetic perturbation (RMP) experiment for edge localized mode (ELM)
suppression. When the stochastization of the magnetic field is enhanced by the RMP, the
pressure driven mode is suppressed even without a change in the pressure gradient itself
as seen in Fig. 6. Amplitude of m/n = 2/3 and 2/4 modes are reduced by the RMP
field when the normalized RMP coil current IRMP/B exceeds 0.7. With the increase of
the RMP field, increase of the spectral width ∆f (i.e., decrease of the auto correlation
function) of the mode is observed[7].

In the LHD, a low mode (n/m=1/1) magnetic island exists near the plasma periphery
and the width of the magnetic island can be controlled by the RMP. It has been observed
that thresholds of the amplitude of RMP for the healing/growth transition of magnetic
island depend on magnetic axis position Rax. The RMP threshold for growth of island
increases as the magnetic axis position Rax increases. The interaction between pressure
driven modes and magnetic islands induced by a resonant mag-netic perturbation (RMP)
in LHD configuration is analyzed by means of three-dimensional simulations. The de-
formation of the equilibrium pressure profile changes the structure of the unstable mode
from the interchange type to the ballooning type.

The n = 1 RMP field leads to rather drastic change in the flux averaged particle
transport, that is, enhancement of effective diffusion coefficient. However, the detailed
study of particle transport in the O-point and X-point of the magnetic island has not
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been carried out, in spite of the importance especially in the plasma with RMP. By
injecting hydrogen pellets into the O-point of the magnetic island, a significant peaked
pressure profile inside the magnetic island is produced for a relatively long time as seen
in Fig. 7, which is similar to the phenomena of a snake in a tokamak[8]. The peaking
of the pressure, not the density alone, indicates the improvement of transport, because
the pressure profiles should be unchanged immediately after the ablation of the pellet in
the adiabatic process. This peaked pressure profile can sustain for the long time of >
50 ms, which suggests the reduction of transport inside magnetic island and consistent
with the slow cold pulse propagation inside the magnetic island in LHD. The significant
reduction of transport inside the magnetic island is also observed in JT-60U after the
back-transition from H-mode to L-mode phase.
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FIG. 7: Pressure profiles in the plasma with
an n/m=1/1 magnetic island. A peaked pres-
sure profile is observed inside the magnetic
island.

The impact of the stochastization on
the E × B flow is different (opposite ef-
fect) inside and outside of the last closed
flux surface (LCFS). Inside the LCFS,
the stochastization causes the damping of
flows. Outside the LCFS, the electrons are
lost along the open field lines, leaving the
ions behind and large posit Er is produced.
The location at which the spatial deriva-
tive in the Er structure (∇Er) has a lo-
cal maximum value shifts outwards from
the vacuum last closed flux surface loca-
tion as the volume-averaged plasma beta
becomes large. This fact suggests that the
magnetic topology, whether the magnetic
field is open or closed can be distinguished
by the radial structure of Er and the mea-
surement of Er would be useful tool to identify the topology near the plasma periphery
when the RMP is applied in tokamak plasmas.

5 Energetic particles

A new type of MHD instability driven by energetic particles, the helical-ripple trapped
energetic ions driven resistive Interchange mode (EIC), has been observed in the ion-
ITB plasma in LHD. This mode is characterized by the large change in plasma potential
measured by the Heavy Ion Beam Probe system (HIBP) and the increase of neutral flux
with energy of 34keV measured with a Compact Neutral Particle Analyzer system (CNPA)
synchronizing with each EIC. These observations suggest the enhanced radial transport
of energetic ions and re-distribution of ions in the velocity space by this mode. It is
an important issue to study the behavior of energetic particles in the low collisionality
plasma.
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FIG. 8: Typical waveforms of (a)magnetic-
fluctuation (Mirnov-coil), (b) neutral flux,
and (c) effective ion temperature evaluated
from the neutral particle spectra during an
EGAM activity.

LHD is a good device for this study be-
cause it has a high energy neutral beam
(E ∼ 180 keV/amu) and the plasma with
a very low density (ne ∼ ×1018 m−3)
can be realized. The energetic-particle
driven geodesic acoustic mode (EGAM )
was observed. An increase of the effec-
tive ion temperature is observed during
EGAM activity, which implies a possible
heating mechanism of the GAM channel-
ing in the slowing down process of energetic
particles[9]. Figure 8 shows typical wave-
forms of (a)magnetic-fluctuation (Mirnov-
coil), neutral flux, and effective ion temper-
ature evaluated from the neutral particle
spectra during an EGAM activity. This is
the first experimental result indicating the
increases of ion temperatures with EGAM
excitation. In this experiment, the tangen-
tial high energy NB was injected to a very
low density plasma of ∼ 5 × 1017m−3 for
1 sec. The ion temperature increase with
EGAM activity was observed during the
ECH superposed phase to the plasma. The
typical pulse duration of ECH was 300 ms
and the electron temperature was sustained by ECH in the experiment. Several processes
were assessed as causal mechanism to explain this phenomenon, i.e., (1) change of mea-
sured ion spectra due to the orbit topology change, (2) increase of classical ion heating
power by energetic particles, (3) enhancement of energy confinement properties, and (4)
enhanced ion heating by the EGAM.

6 Edge Plasmas

The 3D effects are elucidated as a consequence of competition between transports parallel
and perpendicular to magnetic field, in flux tubes such as open field lines connected
to divertor plates or the magnetic islands[10]. The competition process affects energy,
particle, and momentum transport in the divertor/SOL region, which has strong impacts
on the most important divertor functions, such as density regime, impurity screening, and
detachment stability. In LHD, a Ne seeding experiment was conducted, and the enhanced
radiation and reduction of the divertor heat flux were confirmed.

It has been found that the application of RMP with m/n=1/1, which creates rem-
nant island structure in the stochastic region, has a stabilizing effect on the detachment.
Without RMP, otherwise, the discharge goes to radiation collapse. The divertor probe
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array measurements show that the particle flux profile has n=1 mode structure in toroidal
direction during detachment. The 3D numerical simulation with EMC3-EIRENE shows
that with RMP application the intense radiation is formed along the trajectory of the X-
point of m/n=1/1 island, while without RMP the radiation is localized at the inboard side
throughout the torus. The radiation distribution measurements with both AXUVD as
well as imaging bolometer show the signature of the intense X-point radiation, confirming,
at least qualitatively, agreement with the code prediction for modification of 3D radiation
structure as shown in Fig.9. In the detached plasma, a broadening of the divertor flux and
positive spikes of ion saturation currents, as well as the reduction of the divertor flux at
the strike point were clearly confirmed on the divertor plate. In the simulation, it is could
that the screening effect of parallel flow in the case of high-density discharges prevents
accumulation of impurities in the ergodic region and keeps the amount of impurities on
the same level as the open configuration.

With RMP�

X-point of island�

Carbon radiation distribution by EMC3-EIRENE�

Without RMP�

Inboard side�

L
O

S
 o

f 
 

m
e

a
s
u

re
m

e
n

ts
�

Ch1�

Ch16�

C
h
a
n
n
e
l

Experiments�

Simulation�

Intensity (mW/m
2

)�

C
h

a
n

n
e

l�
C
h
a
n
n
e
l

Intensity (a.u.)�

C
h

a
n

n
e

l�

FIG. 9: Comparison of radiation distribution be-
tween experiments and simulation.

Impurity shielding is also an im-
portant issue, because the influx of
metal impurity from the wall causes
the significant degradation of fu-
sion plasma performance. There-
fore study into the shielding effect
is important as well as the modeling
of sputtering. The stochastic mag-
netic field and magnetic island have
been recognized to contribute to the
reduction of impurity influx (impu-
rity shielding). There are two mech-
anisms to reduce impurity content:
one is the outward convection of im-
purities in the core at low collision-
ality and the other is shielding ef-
fect due to stochastization near the
edge at high collisionality. These im-
purity shielding effects are significant
advantages for steady-state operation
in the LHD.

Figure 10 shows the summary of the impurity transport property on the ne(0)−Te(0)
diagram[11]. Although the detailed analysis should be done using the local parameters,
such a diagram is still useful to see the general trend of the impurity transport. The
solid line indicates the line discriminating the collisionality between the PS and plateau
regimes. The blue dotted line indicates the line discriminating the conditions between
the electron-root (positive radial electric field) and the ion-root (negative radial electric
field). SDC means the super dense core plasma, where the central electron density reaches
ne = 1×1021 m−3. In this SDC plasmas, TESPEL also shows the long tracer confinement.
There is a parameter space in ne and Te where the impurity accumulation takes place.
However, this parameter space is relatively narrow and most of the discharges in the LHD
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have no impurity problems.
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tween the PS and plateau regimes.

As discussed above, in the high
performance plasma such as ion-ITB
plasma, the impurity tends to be
exhausted. Impurity accumulation,
which is sometimes observed in the
ITB plasma in tokamaks, will not be
the problem in helical plasma. The
atomic model for hydrogen retention
in tungsten and tungsten impurity
transport have been developed and
applied to analyze spectra observed
in LHD. It was found that the ex-
treme ultraviolet lines of W24+ to
W33+ ions were very sensitive to the
change of electron temperature and
useful to examine tungsten behavior
in plasma.

7 Summary

There is significant progress in physics understanding and concurrent parameter exten-
sion in the Large Helical Device. In the parameter extension, high ion and electron
temperature plasma (Ti(0) ∼ Te(0) ∼ 6 keV) with simultaneous ion and electron internal
transport barrier (ITB) is obtained by controlling recycling and heating. In the steady
state operation, a 48 min discharge with a line-averaged electron density of 1× 1019m−3

and with high electron and ion temperatures (Ti(0) ∼ Te(0) ∼ 2keV) resulting in 3.36 GJ
of input energy is achieved.

The non-diffusive terms of the momentum transport and impurity particle transport
has been studied in the ion-ITB plasma. The experimental results show the flip of intrinsic
torque and convection of impurity. The time scale of the flip is much shorter than the
time scale of the change in mean plasma parameters, which imply the sign of non-diffusive
term is directly affected by the turbulence state.

The modulation electron cyclotron heating (MECH) has been applied in order to study
the transport especially focusing upon the dynamic response to the perturbation. The
transport analysis of the dynamic response for the heat pulse by MECH shows the non-
linear and non-diffusive characteristics of transport. The high frequency component of the
perturbation propagates much faster than the fundamental component of the modulation.
The toroidal rotation at the LCFS, which has been considered to be zero, is found to be
affected by the electron temperature gradient near the LCFS. This fact suggest the change
in residual stress associated with the modulation of electron temperature gradient.

The impacts of magnetic topology, especially the magnetic island and and stochastic
magnetic field on the MHD and transport have been studied, A significant reduction of
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magnetic perturbation without the change in pressure gradients is observed when the
magnitude of the resonance magnetic perturbation (RMP) field is increased. This rests
shows the direct effect of magnetic topology on MHD instability, which gives a hint for
the mechanism of ELM suppression by RMP in tokamaks.

The peaked pressure is observed inside the magnetic island after the pellet injection
to the O-point of the magnetic island, which shows the reduction of transport inside the
magnetic island. In general, the temperature or density profile is flat. However, this
flattening is due to a lack of heat and particle flux inside the magnetic island not due
to the enhancement of transport. The transport itself is found to be even better inside
the magnetic island than that outside the magnetic island, which gives a new insight for
understanding the transport and MHD stability when the RMP is applied, because the
RMP produced many magnetic islands near the plasma periphery.

Finally, the impact of stochastization on plasma flow and impurity flux have been
studied. In LHD plasma, the good impurity shielding due to the stochastic mantic field
has been experimentally confirmed. In the low collisional region, the impurity is shielded
by the positive radial electric field, while the frictional force outside the LCFS contributes
the impurity shielding in the high collisional regime. Therefore, the impurity accumulation
takes palce only in the narrow parameter space in helical plasma. The understanding in
physics of the impurity shield by the stochastic magnetic field can contribute to the
prediction of impurity behavior in the plasma with RMP in future devices such as in
ITER, Wendelstein 7-X, FFHR-d1 and Helias.

The authors would like to thank to the technical staff of the LHD for their support of
these experiments.
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