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Abstract. The Large Helical Device (LHD) has shown the advantages of heliotron plasma for fusion reactor from 
operational point of view not only such as disruption free and steady state operation, but also as high density and 
stable high beta operation. Since the last Fusion Energy Conference in Daejon in 2010 (Yamada, 2011 Nucl. 
Fusion 51 094021), physical understanding as well as parameter improvement of net-current free helical plasmas 
has progressed successively. The current efforts are focused on optimization of plasma edge condition to extend 
the operation regime towards higher ion temperature and more stable high density. In LHD a part of open helical 
divertors are being modified to the baffle-structured closed ones to aim at active control of the edge plasma. It has 
been demonstrated that the neutral pressure in the closed helical divertor was more than 10 times higher than that 
in the open helical divertor. The central ion temperature has exceeded 7 keV. This high-Ti plasma was obtained by 
a carbon pellet injection and the kinetic-energy confinement was improved by a factor of 1.5. Transport analysis 
of the high-Ti plasmas has shown that the ion-thermal conductivity and the viscosity reduced after the pellet 
injection. Study of physics in 3-D geometry is highlighted in the topics of the response to Resonant Magnetic 
Perturbation such as ELM mitigation and divertor detachment. Novel approaches of non-local and non-diffusive 
transport have also been advanced. In this paper, highlighted results in these two years are overviewed. 
 
1. Introduction 

The Large Helical Device (LHD) has shown the advantages of a net-current free 
heliotron plasma from the operational point of view, not only such as disruption free and 
steady state operation, but also high density and stable high beta operation [1]. Physical 
understanding and parameter improvement have been stimulating each other. The current 
effort is focused on optimization of the plasma edge conditions to extend the operation regime 
towards higher ion temperature and more stable high density and high beta. Developed 
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diagnostics and numerical codes, which can manage multi-dimensional geometry with high 
space and time resolutions, enable us to challenge the 3 N’s (Non-linear, Non-diffusive, Non-
local) and 3-D plasma physics.  

The LHD employs three heating schemes. The primary heating source is provided by 
NBI (180 keV for tangential beams and 40keV for perpendicular beams) with up to 29 MW. 
ECH (77GHz) with up to 3.7 MW is remarkable in well-focused local heating and power 
modulation to generate a heat pulse, which are very useful for transport studies. ICH (25-
100MHz) with up to 2MW plays the leading part in steady-state operations.  

The extension of the high-ion-temperature regime has been emphasized in the recent 
experimental campaigns and the central ion temperature has exceeded 7 keV at the density of 
1.5 1019m-3 [2]. Thermal transport in the core plasma is improved in the ion channel, which 
exhibits a broad internal transport barrier. Wall conditioning by ICRF is effective as it 
decreases the edge electron density and improves the NB absorption at the plasma center. 

The plasma exhaust with divertor is a crucial issue in fusion power development. In 
LHD, the leading experiment using Local Island Divertor (LID) has demonstrated 
performance improvement [3] such as the Super Dense Core (SDC) [4] beyond the density of 
1 1021m-3 [5]. However, due to the small wetted area, LID cannot accommodate steady-state 
and/or high power operations. Hence helical divertor which is intrinsically built in the 
heliotron configuration [6] is a solution to prospect future helical devices. The provisional 
experiment of a closed divertor has been advanced where 20 % of the inboard side divertor 
was modified to a baffled structure. Initial observation of this closed helical divertor suggests 
promising consequence for efficient particle control [7]. Divertor detachment by enhanced 
radiation is also a key for the control of plasma exhaust. It is found that Resonant Magnetic 
Perturbation (RMP) fields with m/n=1/1, which has resonance in the plasma periphery, have 
stabilizing effect on radiating edge plasma, realizing stable sustainment of radiative divertor 
operation [8]. Screening effect in the edge stochastic layer has been also investigated for iron 
impurities [9]. 

RMP has also been applied ELM mitigation [10], magnetic island dynamics [11] and 
particle transport [12]. In LHD H-mode, large ELMs often expel up to 20 % of the total stored 
energy. Applications of RMP has clearly reduced the ELM amplitude and increased ELM 
frequency. Identification of stochasticity of magnetic fields is a key element in terms of generic 
3-D MHD model as well as this specific ELM mitigation. Since open field lines generate 
positive radial electric field, the position of enhanced shear of radial electric field is a good 
measure of the change in the magnetic field topology [13].  

Non-diffusive nature attracts interests in new pictures of thermal and momentum 
transport in magnetically confined toroidal plasma. Dynamic response of micro-turbulence to 
ECH modulation has been studied in terms of long distance radial correlation of turbulence, 
which is expected to be the most possible candidate for causing the non-local transport [14]. 
Turbulence characteristics are clarified in the ELM suppressed H-mode of LHD. The reduction 
of turbulence amplitude associated with the formation of velocity shear at the edge transport 
barrier was observed [15]. Electrode biasing experiment has enabled assessment of an effect of 
effective helical ripple on the ion viscosity [16]. 

Advanced wave heating schemes have been proceeded. A new antenna has been 
installed for ICRF heating, which can control toroidal phase and excite fast wave with large 
wavenumbers [17]. It shows better heating efficiency at higher density than conventional 
monopole antenna as expected. The upgraded ECH system of high-power gyrotrons and a 
widely movable plane mirror which provided a wide range of EC-wave beam injection has 
enabled Electron Bernstein Wave (EBW) heating and electron cyclotron current drive [18]. 
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Complementary studies of arcing and dust using LHD and controlled small 
experiments have progressed. It is shown in LHD that the arcing can be initiated on 
nanostructured tungsten even without transient events [19] and collection of dust flux using 
the local biasing is useful to remove dust particles at the shadow area in fusion devices [20]. 

 
2. Exploration of High-Ion Temperature Plasmas 

Realization of high ion temperature (Ti) plasmas, which convinces us of ignition, is one 
of the critical issues in helical plasmas. Since 
2010, newly installed perpendicular-NBI with the 
beam energy of 40 keV (H) has been operational 
in the LHD and the total heating power of 
perpendicular-NBIs increased from 6 MW to 12 
MW. Such low-energy NBIs are effective for ion 
heating and enabled us to achieve higher Ti than 
that obtained previously [21]. Since then, ICRF-
discharge cleaning has been adopted to reduce 
particle recycling from the wall. As a result, the 
profile of absorbed NB power became peaked and 
the density-normalized ion heating power in the 
core region (reff /a99 < 0.5) increased by 18%, 
where reff is the effective minor radius and a99 is 
the averaged minor radius where the 99% of the 
stored energy is confined. Figure 1 shows (a) the 
radial profile of Ti, Te and ne in a high-Ti 
discharge and (b) the progress of the achieved Ti0 
as a function of the density-normalized ion 
heating power Pi /ne. It is noted that this trend 
does not mean the scaling law because high ion 
temperature is realized associated with an internal 
energy transport barrier.  

In LHD, high-Ti plasmas have been 
realized in combination with a carbon pellet. The 
kinetic energy confinement has been improved by 
a factor of 1.5 after the pellet injection. The 
increment of Zeff was shown to be ~1 just after the 
pellet injection, and then decreased to be ~0.2 due 
to the formation of the impurity hole [22], where 
the highest temperature is achieved. In the high-Ti 
phase, reduction of i over the wide region has 
been observed. In the core region, the time 
constant of the improvement of the ion-heat 
transport was found to be larger than that in the 
peripheral region. Figure 2 shows a time 
evolution of dependence of (a) Qi/ne on dTi /dreff 
and (b) P /nemi on dV /dreff at reff /a99 = 0.31 after 
pellet injection, where Qi is the ion-heat flux, P  
is the toroidal momentum flux, and V  is the 
toroidal-flow velocity [19]. The ratios of Qi /ne to 
dTi /dreff, and P /nemi to dV /dreff correspond to 

 
FIG. 1. (a) The radial profile of Ti, Te and ne 

and (b) the progress of achieved Ti  
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i and , respectively. As shown in FIG. 2 (a), dTi /dreff increased after the carbon pellet 
injection even though the change of Qi /ne was small. This indicates that the ion-heat transport 
was improved. However, the confinement improvement was temporal and dTi /dreff gradually 
decreased. Similarly, the toroidal-momentum transport has been found to be improved by the 
C pellet injection and goes back to the low-confinement state in the latter phase of the 
discharge (see FIG.2 (b)) 
 
3. Initial Results of Closed Helical Divertor 

Poloidal cross-section of magnetic geometry of LHD has double-null structure due to a 
pair of helical coils, and the null points rotate poloidally along toroidal direction. So far they 
have been used as open helical divertor (HD) where the graphite target plates face plasma. The 
particle flow on this three dimensional (3-D) helical divertor has strong asymmetry. The 3-D 
numerical computation of particle flow indicates that up to 90% of particles flow into the 
torus-inboard side. Indeed, concentration of recycling on the inboard side has been identified 
in the experiment. Therefore, in order to control the particle flux, it is sufficient to modify only 
the inboard side to closed configuration (see 
FIG.3(a)). The module consists of a pair of 
vertical target plates which works as baffle as 
well, and a “dome” (see FIG. 3(b)). The 
geometrical optimization of the target plates and 
the dome was carried out with the 3-D Monte 
Carlo code “EIRENE” to maximize the neutral 
compression in the closed helical divertor (CHD) 
region [23]. The simulation predicts that the 
pressure in the CHD region can be increased 
about 13 times higher than that in the open 
helical divertor (OHD) region. It also suggests 
that the neutral pressure is not so sensitive to the 
throat width d depicted in FIG. 3 (b). This result 
allows us flexible design of baffles to accept 
various magnetic configurations in experiments.  

As the first step, two inboard divertor sections among 10 toroidal periods were 
modified to closed structure without vacuum pump, and the performance was checked. 
Experiments were carried out with NBI heated hydrogen discharges. By the continuous gas 
puffing from 0.1 s after the start of NBI, density 
kept on increasing during the discharges for more 
than 2 s. Figure 4 shows the neutral pressure P0 
in CHD and OHD regions as a function of the 
line averaged electron density ne for three shots. 
In this experiment, the gas inlet was toroidally 
apart from measured divertor section. It is found 
that P0 in both regions increases monotonically 
with ne. Scattering in the low density region 
before gas puffing was caused by different initial 
wall conditions for each discharge. It is 
obviously seen that P0 in CHD is more than 10 
times higher than that in OHD. This result agrees 
quite well with that obtained with numerical 
simulation, as mentioned above. Consequent 

 
FIG. 4. Neutral pressure in open (black) 

and closed (red) helical divertor 
region as a function of density 
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increase of recycling flux was also observed by Langmuir probes in CHD region. A similar 
compression capability has been observed in 
helium plasma discharges. 

In order to realize steady-state discharge 
under high power heating, the divertor 
detachment is expected to reduce the heat loads 
to plasma facing components. To achieve the 
detachment, it is essential to increase the neutral 
pressure around the target plates. The CHD is 
expected to assist to cause detachment. Figure 5 
(c) shows time evolutions of ion saturation 
current Iis measured by Langmuir probes 
embedded in open and closed divertor plates, 
which reflects the thermal flux on divertor plate 
in each region. It can clearly be seen that Iis in 
the CHD suddenly drops at t = 3.9 s, while it 
remains almost constant in the OHD, which 
indicates plasma detachment in the CHD. 
Detailed analyses of the probe signal also 
confirm the strong reduction of the electron 
temperature in the CHD, together with the 
electron density, as shown in FIG. 5 (d). 
However, these phenomena are not always 
observed in high density discharges. Properties 
of the divertor plasma can easily be affected by 
the conditioning of target plates and the position 
of gas inlet. 
 
4. Detachment and Impurity Behavior in   

3-D Edge Plasma 
4. 1.  Radiative Divertor Operation with 3-D 

Edge Plasma 
It is found that the RMP field has a 

stabilizing effect on radiating edge plasma, and 
stable radiative divertor (RD) operation was 
achieved in LHD. Figure 6 shows time 
evolutions of the maximum power load on the 
divertor plate, the radiation power (Prad) and the 
line averaged density ( en ) etc, during density-
ramp-up experiments with and without RMP. 
The RMP has m/n=1/1 component, and the LHD 
has a resonance layer in the edge stochastic 
region, where the remnant island is created. The 
perturbation strength is kept constant at 

0/~ Bb coil
r 0.1% throughout the discharge in the 

case with RMP. The plasma is heated by NBI 
with ~ 8MW of deposited power in both cases. 
The power load on the divertor plates is 
estimated by the measurements of Langmuir 

 
FIG. 5. Time evolution of (a) absorbed NB 

power, (b) line averaged electron density, 
(c) ion saturation currents measured on 
divertor plates in CHD (blue) and OHD 
(blue), and (d) electron temperature (red) 
and density (blue) in CHD. 
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probe. The radiation is measured by photo diode array viewing almost entire plasma at specific 
toroidal location. The total radiation power is obtained by integrating over wavelength from 
0.04 nm to 1100 nm. Without RMP (blue lines in FIG. 6), the radiation power gradually 
increases with density. The rapid increase of radiation intensity at t~3.8 sec with concomitant 
density rise indicates onset of thermal instability. The instability grows so rapidly that it is 
difficult to stabilize the density rise, leading to discharge termination. With RMP (red lines), 
on the other hand, transition to enhanced radiation state occurs at t~3 sec, and it leads to 
divertor power load reduction by a factor of 3 ~ 10. The RD operation is successfully sustained 
by gas puff feedback control up to the end of NBI. During the RD phase, divertor plasma 
temperature decreases down to ~5eV and divertor particle flux profiles become flat with 
significant reduction of peak values. The plasma minor radius containing 99% of total energy 
a99 becomes small due to the existence of radiation layer.   

Figure 7 shows the dependence of 
radiation power on the operating electron 
density with and without the RMP. With the 
RMP, the radiation power is enhanced at low 
density, and the regime where radiation power 
does not depend on density appears (RD phase). 
Without the RMP, the radiation power is 
enhanced at higher density and thermal 
instability leads to radiative collapse. During the 
RMP assisted RD phase. The power load on 
divertor plate is reduced by a factor of 3~10. It 
has also been demonstrated that the RMP field 
itself can onset transition to RD operation by 
increasing the perturbation strength. The results 
show a possibility of new control knob for 
divertor power load in 3-D magnetic field 
configuration. The operation range of RMP 
assisted RD is identified in terms of the RMP 
strength and the radial location of resonance layer of RMP. 

These results show RMP’s stabilization of the radiating edge plasma, and we 
investigated its effect. The radiation profile of carbon, which is main radiator in LHD, is 
estimated from ne and Te profiles. The both in- and out-board edges cut O-point of m/n=1/1 
island. Therefore, the enhanced radiation is due to increased volume of low Te (~10 eV) region 
caused by temperature flattening at the O-point. 3-D edge transport simulation result, which is 
consistent with the radiation profile measurement, shows that the radiation increases further 
around X-point of the island (FIG.8) [24], where the code predicts ne > 1020 m-3 and Te ~ a few 
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eV. The well structured edge radiation with RMP such as the selective cooling around X-point 
is considered to provide stabilization effect by holding the intense radiation there and thus 
avoids it penetrating inward. The simulation shows that 65% of input power is radiated by 
carbon plus hydrogen in entire edge region.  

 
4. 2. Impurity Screening in 3-D Edge Plasma 

In LHD the ergodic layer consisting of stochastic magnetic field lines intrinsically 
exists in the plasma edge. Compared with tokamak results, the stochastic layer in LHD showed 
more effective impurity screening in collisional regime of 10 L/// ee 100, where L// is the 
Kolmogolov length and ee the electron mean free path. The profile of FeXVI located near the 
Last Closed Flux Surface (LCFS) is a typical index of iron influx to the plasma core. The 
nFe

15+ averaged across the measured 2-D distribution is compared with that simulated using 3-
D edge transport code, EMC3-EIRENE, as shown in FIG.9 (a). The Fe15+ ions located deep 
inside of the stochastic layer where Lc > 200m (Lc: connection length) decrease with density, 
suggesting the reduction in the iron influx to the plasma core which is independent of the 
source location such as first wall and divertor plates. Total iron density, nFe, in the stochastic 
layer (60.4 reff 71.7cm) is also simulated with two different density ranges (see FIG.9 (b)).  
The impurity screening is observed in the edge boundary region (69 reff 72cm), where the 
L// is nearly 10m. Main difference between light and heavy impurities originates in the first 
ionization energy (Ei(C) = 11.3eV and Ei(Fe) = 7.9eV) and velocity of ions. The iron with 
slower velocity is ionized at 
outer region of stochastic layer 
where the parallel thermal 
gradient (i.e. thermal force) is 
smaller.  Therefore, larger 
values of L/// ee ( L/// iZ) for 
heavier ions enhance the 
friction force along magnetic 
field lines, leading to an 
efficient impurity screening. 
In LHD the radiation loss 
from iron is smaller than 
1MW in usual discharges, 
which is negligible to the total input power. 
 
5. Plasma Response to 3-D Magnetic Field Structure 
5.1. ELM mitigation in the LHD H-mode Plasma 

Suppression or mitigation of large amplitude ELMs is a critical issue toward burning 
plasma experiments such as ITER. The ELMs in a tokamak plasma are thought to be induced 
by peeling/ballooning modes which are driven by edge current density and/or edge pressure 
gradient. Suppression and mitigation of ELMs were demonstrated by application of RMPs in 
some tokamaks. The RMP effects on particle transport and ELM suppression or mitigation in 
tokamak plasmas are not fully understood so far.  

The study of the effects in helical plasmas is also significant for the comprehensive 
understanding and long pulse sustainment of high performance plasmas. In LHD, the 
demonstration of ELM mitigation by RMPs has been made for the first time in helical plasma. 
In LHD, H-mode plasmas having repetitive large amplitude ELMs have been obtained in an 
outward-shifted magnetic axis configuration [25]. Here, the low-order rational surface with the 
rotational transform  of 1 locates just outside the LCFS and in stochastic field region 
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intrinsically existing in the vacuum field. A typical 
example of the H-mode with large amplitude ELMs is 
shown with blue curves in FIG. 10, where up to 20 % 
of the stored energy Wp drops by each ELM pulse. The 
characteristic ELM repetition frequency is ~5 - 30 Hz. 
In this configuration, the m=1/n=1 RMPs would 
resonate partially with the  = 1 surface, because the 
surface locates in stochastic field region. On this 
condition, the RMPs enhance field stochasticity just 
inside the rational surface, having remnant magnetic 
islands. This effect is expected to tailor the pressure 
profile in the ETB region. The RMPs also may modify 
the stabilizing effects of resistive interchange modes 
which trigger ELMs, due to destruction of magnetic 
surfaces. The RMPs were applied stationary to H-
mode plasmas with large amplitude ELMs. When the 
radial field strength of RMPs was increased up to 
~5 10-4 T on the magnetic axis of the vacuum field at 
the toroidal magnetic field Bt=0.9T, the ELM 
amplitude was reduced by a factor of about 2 - 3, and 
the repetition frequency was increased by a factor of 
about 5 - 8. The energy loss rate by each ELM pulse is 
reduced down to about 2 - 5 % of Wp.  

In the plasma without RMPs, the transient 
maximum of H-factor (H=1.25) is achieved at t=4.2s, 
and the H-factor averaged over t=4.0 - 4.7s ELMing 
phase is ~1.2. On the other hand, the H-factor 
averaged over t=4.0 s to 4.7s decreases to ~1.1 by 
RMPs, of which value is usually achieved in H-modes 
of LHD. Note that NBI power was stepped down to 
obtain favourable density rise and get H-mode easier, 
as shown in FIG.10. In both shots, the L-H transition 
takes place about 10 - 20 ms after the power step 
down. The vacuum field calculation shows about 
10 % reduction of nested magnetic surface region by 
the above strength of RMPs because of enhanced field 
stochastization in the edge. The ~17 % decrease of the 
RMP strength lead to no ELM mitigation. Edge 
electron density decreases slightly by RMPs, while 
electron temperature and pressure profiles remain 
almost unchanged. The collisonality at the ETB top is high, i.e., plateau regime. This density 
reduction by RMPs is similar to the results in DIII-D [26] and JET [27], but not in AUG [28]. 
The change of edge electron density profile leads to slight decrease of the pressure gradient at 
the =1 surface, of which location is just outside the pivot point which corresponds to the 
ETB foot. The radial profile of the density drop by an ELM pulse suggests that the width of 
ELM eigenfunction shrinks into about 1/2 of that in plasmas without RMPs as shown in 
FIG.11.  

 
 

 
FIG.10. Time evolutions of Wp, 

absorbed total NBI power Ptot,, 
H  emission, line averaged 
electron density <ne>, and line 
electron densities at the plasma 
center, and edge in the shots 
with and without RMP. 

 
FIG.11. The normalized density 

changes ne / | ne|max by an 
ELM pulse in two cases with 
and without RMP. 
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               (a) < >~1%                       (b) < >~2% 

 
FIG.13. Profiles of the poloidal rotation are plotted for < >~1 and 2%, respectively. For 

references, Poincaré plots are also plotted at same poloidal cross section. Strong Er-shear 
appears at the boundary between closed and opened field lines. 

5.2. Effect of RMP on MHD Stability 
Plasma response to RMP has been also studied 

in terms of MHD stability. It is found that the 
penetration of perturbation into the plasma is 
prevented by an enhancement of the magnetic shear 
and/or reduction of the magnetic hill. The penetration 
is accelerated as the plasma approaches the unstable 
regime against interchange modes. Figure12 
summarizes the threshold of penetration in different 
magnetic shear configurations. The threshold linearly 
increases with magnetic shear. The threshold has an 
offset value which corresponds to the natural error 
field. The experiment of cancelling the ambient error 
field shows that the rotation of the m/n = 1/1 mode is 
locked and leads to minor collapse in such an unstable regime. 

 
5.3. Identification of Plasma Boundary in 3-D Magnetic Field Structure 

In the LHD experiments, the volume averaged beta value < > was achieved to 5.1% in 
the quasi-steady state [29]. Since the magnetic field of the LHD has intrinsically 3-D structure, 
the plasma current flowing along 3-D field lines drives perturbed field to break nested flux 
surfaces for the vacuum field, so-called the “3-D plasma response”. This is an important and 
critical issue in helical plasma researches. Understanding of the nature of stochastic field lines 
is also a critical issue for application of the RMPs in tokamaks, in particular ELM mitigation. 
The 3-D MHD equilibrium calculation without assumption of nested flux surfaces suggests 
magnetic field lines in the peripheral region become stochastic and expanding due to 
increasing  then the plasma volume inside of the LCFS shrinks [30]. However, the 
connection length of stochastic field lines is still longer than the electron mean free path. That 
means the change of the effective plasma boundary by the 3-D plasma response. When the 
magnetic field lines become strongly stochastic and opening to the vessel wall then electrons 
are lost, the positive radial electric field Er is generated. From the prediction of the neoclassical 
transport, Er is negative in a well-defined confined region. This means the position of strong Er 
shear from negative to positive Er is the potential index of the last closed flux surface (LCFS). 
Figure 13 show measured spatial profiles of the radial electric field, Er for plasmas of < >~1 
and 2%. For references, Poincaré plots of field lines calculated from 3D MHD equilibrium 
calculations are also plotted at same poloidal cross section. The positions of strong Er-shear 

 
FIG.12. Threshold of penetration of 

RMP field as a function of 
magnetic shear at Rax = 3.6 m 



10  OV/2-1 

(hatched in FIG. 13) move to the outward of the torus with . In FIG.13 (a), the position of 
strong Er-shear moves about 5cm from the LCFS. On the other hand, in FIG.13 (b), strong Er-
shear position moves larger than 15cm from the LCFS. For < >~2%, stochastic field lines are 
increased and expanded than < >~1% case. However, most field lines are not opened and the 
connection length of opening field lines are still long (Lc >100m). The electron mean free path 
is about 5~10m. Therefore, although magnetic field lines become stochastic by the 3D plasma 
response, the effective plasma boundary can be kept on stochastic field lines. 
 
6. Novel Approach to Clarification of Transport Mechanism  

Dynamic response of micro-turbulence to ECH modulation has been studied in terms 
of long distance radial correlation of turbulence [31], which is expected to be the most possible 
candidate for causing the non-local transport. Investigation of dynamic response of micro-
fluctuations and turbulent flux to a low frequency heat wave induced by the ECH modulation 
has revealed development of low frequency fluctuation with long distance radial correlation 
length comparable to the plasma radius (long-range mode). Experimental observations show 
that (i) the responses of heat flux and micro-fluctuation amplitudes to the change in 
temperature (Te) gradient have hysteresis characteristics and (ii) the long-range mode is a 
possible candidate to explain a correlation between micro-fluctuations at distant positions. 
These results deny the local transport model, where turbulence is determined by local Te -
gradient, and strongly suggest that turbulence should be determined by global interactions 
within the radial correlation length.  

Figure 14 demonstrates the non-linear 
response (hysteresis) of fluctuation amplitudes 
to local Te -gradient. The change of heat flux has 
also hysteresis characteristics, and this indicates 
that the heat flux is not determined by the local 
temperature gradient. There is difference of the 
dynamic responses of turbulence on the 
frequency range of density fluctuation. Thus 
local changes of mean electric field shear are 
less likely to cause the observed hysteresis of 
fluctuation amplitude. This suggests that micro-
fluctuations and energy flux have their own 
dynamics which is different from one 
determined by local gradient. The existence of 
hidden parameters and long-distance correlation 
of turbulence may be possible candidates. 
Recently, a challenge for more general 
understanding of gradient-flux relation of 
turbulent plasma is attempted in experiments 
[32]. The local flux-gradient relation can be 
extended to include the possible micro-fluctuation amplitude. 

 
7. Improvement of Wave Heating to Extend Operational Regimes  

In LHD, an improved ICRF antenna (HAS antenna [33], HAnd Shake type) has been 
installed to heat the core plasma efficiently and to reduce edge power loss. The plasma density 
sustained using the HAS antenna or/and poloidal array antenna is plotted in Fig. 15. Dipole 
phasing operation of the HAS antenna is better than that of monopole operation, and the 
monopole operation gives almost the same performance with the poloidal array antenna. In 

 
FIG. 14. (a) Lissajous diagram of the 

conditional-averaged Te gradient and 
fluctuation amplitudes in the frequency 
range of 1-20kHz and 20-80 kHz and 
(b) gradient-flux relation. Arrows 
denote the direction of variation.
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LHD, confinement property is better in high-
density regime and relatively higher-density 
operation became possible after installation of 
the HAS antenna.  

ECH system has been upgraded by 
installation of high-power, long-pulse 77 GHz 
gyrotron and a water-cooled, widely movable 
plane mirror which provided a wide range of EC-
wave beam injection direction. The EBW heating 
was achieved by two ways of mode conversion 
techniques; slow-XB and OXB, and the increases 
in Wp and Te were observed in overdense 
plasmas. Especially, by the slow-XB technique 
in a SDC plasma [5], an electron heating has 
been successfully demonstrated in the plasma 
core region where the central electron density ne0 
was higher than the left-hand cut-off density, 1.47×1020 m-3, of applied 77 GHz EC-waves. In 
the ECCD experiment, the driven current in both the co- and counter-ECCD directions up to 
40 kA is generated [34], which is large enough to control the profiles of current and rotational 
transform. 
 
8. Conclusions 

Since the last Fusion Energy Conference in Daejon in 2010, physical understanding as 
well as parameter improvement of net-current free helical plasmas has progressed 
successively. The central ion temperature has exceeded 7 keV by enhancing absorbed beam 
power, which is attributed to reduction of excess neutral by means of ICRF wall conditioning. 
This high-Ti plasma was obtained by a carbon pellet injection and the kinetic-energy 
confinement was improved by a factor of 1.5. Transport analysis of the high-Ti plasmas has 
shown that the ion-thermal conductivity as well as the viscosity reduced after the pellet 
injection. The baffle-structured closed helical divertor is being constructed in LHD to aim at 
active control of the edge plasma. It has been demonstrated that the neutral pressure in the 
closed helical divertor was more than 10 times higher than that in the conventional open 
helical divertor.  

Study of physics in 3-D geometry is highlighted in the topics of divertor detachment 
and the response to Resonant Magnetic Perturbation in terms of ELM mitigation and field 
penetration. It is demonstrated that the radial electric field is a good index to identify the 
existence of stochastic magnetic fields. Novel approaches of non-local and non-diffusive 
transport have also been advanced. Results have indicated that dynamical response co-exists 
even in steady-state plasmas and stimulated innovation of plasma control. 

Advanced knowledge from LHD contributes to not only basement of the design of a 
helical reactor but also comprehensive understanding of what happens in tokamaks. 
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