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Abstract. Experimental studies on the Large Helical Device during the last two years are reviewed. After the 
start of LHD experiment in 1998, the magnetic field has been gradually raised up to 2.89 T. The heating power 
has been increased, up to 4.2 MW for NBI, 1.3 MW for ICRF, and 0.9 MW for ECRH. Upgrading the key 
hardware systems has led to the extension of the plasma parameters to (i) higher Te [ Te(0) = 4.4 keV at <ne> = 
5.3 x 1018 m-3 and Pabs = 1.8 MW ], (ii) higher confinement [ τE = 0.3 s, Te(0) = 1.1 keV at <ne> = 6.5 x 1019 m-3 
and Pabs = 2.0 MW ] and (iii) higher stored energy Wp

dia = 880 kJ. High performance plasmas have been realized 
in the inward shifted magnetic axis configuration (R=3.6m) where the helical symmetry is recovered and the 
particle orbit properties are improved by trade off of MHD stability properties due to the appearance of the 
magnetic hill. The energy confinement was systematically higher than that predicted by the International 
Stellerator Scaling 95 up to a factor of 1.6 and was comparable with ELMy H-mode confinement capability in 
tokamaks. This confinement improvement is attributed to the configuration control (the inward shift of magnetic 
axis) and to the formation of the high edge temperature. The achieved average beta value reached 2.4 % at B=1.3 
T, the highest beta value ever obtained in helical devices, and so far no degradation of confinement by MHD 
phenomenon is observed. The inward shifted configuration has also led to successful ICRF minority ion heating. 
ICRF power up to 1.3 MW was reliably injected into the plasma without significant impurity contamination and 
a plasma with a stored energy of 200 kJ was sustained for 5 sec by ICRF alone. As another important result long 
pulse discharges of more than 1 minute were successfully achieved separately with NBI heating of 0.5 MW and 
with ICRF heating of 0.85 MW.  



1. Introduction 
 
The Large Helical Device (LHD) [1-4] is the world’s largest heliotron type device with 
l=2/m=10 continuous helical coils and three pairs of poloidal coils. The major and minor radii 
of the plasma are 3.6 - 3.9 m and 0.6 - 0.65 m, respectively. The main objective of the LHD 
program is to develop physics and technologies for a steady state fusion reactor in which a 
fusion plasma is confined in externally given magnetic fields and the recircurating power is 
expected quite low. The results obtained so far in small or medium sized helical devices 
seemed feasible, however, realized parameters are still far from those of fusion reactor. The 
main role of LHD is to extend the parameter regimes and to demonstrate the feasibility of 
helical type fusion reactor by realizing the confinement of higher temperature, fusion relevant 
plasmas in long pulse/steady state condition. The choice of l=2/m=10 configuration is the 
result of the optimization for the MHD limit and confinement properties and the employment 
of the continuous winding is for keeping clean helical divertor structures to make diverted 
helical plasmas. Utilizing superconducting helical and poloidal field coils, it is possible to 
investigate current-less and disruption-free steady-state plasmas in a reactor-relevant plasma 
regime. In the first experimental campaign (Mar. to May 1998)[3,4], plasma was generated 
and heated by ECH alone by using two gyrotron tubes (84 and 82.6 GHz). The basic 
performance of LHD is confirmed in this experiment: (1) the high accuracy of LHD magnetic 
fields confirmed by magnetic flux mapping using the fluorescence method, (2) high 
temperature plasmas of more than 1 keV and (3) energy confinement time of more than 0.2s. 
 
In the 2nd experimental campaign (Sept. to Dec. 1998), neutral beam injection (NBI) heating 
started by using two tangential beam lines (co- and counter-injection). A comprehensive set of 
diagnostic instruments was installed before the start of the 2nd campaign as is shown in Fig.1. 
The spatial and temporal behaviors of the electron density ne(r,t), the electron temperature 
Te(r,t) and the ion temperature Ti(r,t) are measured with a 13-channel FIR laser interferometer 
[5], a 120-channel YAG Thomson scattering [6] and charge exchange recombination 
spectroscopy (CXRS), respectively. A pair of ICRF antennas was installed from the top and 
the bottom vertical ports of LHD. The magnetic field strength was 1.5 T, the same as that used 
in the first campaign, and increased up to 2.75 T successfully at the end  
 

 
 

Fig. 1 Location of LHD diagnostic systems and heating systems. 



of the 2nd experimental campaign. 
 
In the 3rd experimental campaign (Jul. to Dec. 
1999), the magnetic field was gradually 
increased while checking carefully the 
stability of the SC conductors, and the 
maximum magnetic field was 2.89 T at the 
magnetic axis of Rax = 3.6 m. The heating 
power has been gradually increased, i.e., NBI 
up to 4.2 MW (with two beam lines), ICRF up 
to 1.3MW (with one antenna system), and 
ECRH up to 0.9 MW (with six gyrotron 
tubes). The specifications of each heating 
source are summarized in Table 1 including 
LHD machine parameters. Carbon tiles were 
installed as divertor plates to meet high power 
heatings, resulting in significant reduction in 
metal impurity concentration (Fe) and total radiation power. As a new instrument for 
controlling particle fueling, a multi-pellet injector was developed and routinely applied. The 
pellet injector has five independent barrels, and the size and velocity of each pellet are 3 mmφ 
x 3 mml and 1 km/s, respectively. The pellet injection has extended the operational density 
regime of NBI plasmas up to 1.1 x 1020 m-3, which is 2 times higher than that estimated from 
the empirical scaling of the density limit in helical devices [7], and contributes to achievement 
of high beta plasmas. 

 
2. Confinement Properties  
 
One of the unique features of LHD plasmas is the formation of the edge pedestal without a 
rapid transition that is usually observed in the H-mode discharges on other machines. The 
energy confinement was systematically better than that predicted by the International 
Stellerator Scaling 95 [8] up to a factor of 1.6. The temperature pedestal observed contributes 
to this enhancement. Figure 2 shows the temporal evolution of a typical NBI heated plasma  
with the injection power of 3.1 MW. When neutral beams are injected into a target plasma 

generated by ECH, the hot plasma region 
expands radially and eventually reaches the 
last closed magnetic flux surface and finally 
reaches the divertor plates. During this build 
up phase, the temperature pedestal [9] is 
formed without a rapid transition. In the 
figure the stored energy (Wp), electron 
density (ne), and radiation power (Prad) keep 
steady state levels after the gas puffing is 
turned off. The global energy confinement 
time, defined by τE = Wp/Pabs, is about 250 
ms, which is longer than the τE (ISS95) by 
the factor of 1.5, where τE (ISS95) is the 
energy confinement time predicted by the 
international stellarator scaling ISS95. 
 
Figure 3 shows electron temperature profiles 
from discharges with two somewhat extreme 
plasma parameters as follows; (a) one of the 
highest store energy plasmas, Wp = 760 kJ, ne  

Table 1. Specifications of LHD and Heating Systems 

Major radius R 3.6 – 3.9 m 
Minor radius a 0.6 – 0.65 m 
Plasma volume Vp 20 – 30 m3 
l, m 2, 10 
Coil minor radius ac 0.975 m 
Magnetic field Bt 3 (4) T 
Magnetic energy 0.9 (1.6) GJ 
Heating power  
  NBI (15 MW) 2 beam lines 

180 keV, H-beam 
7.5 MW/beam line 

  ECH (10 MW) 84 GHz  
168 GHz  

  ICRH (12 MW) 25 - 95 MHz 
12 MW – pulse 
3 MW – steady state 

 

 
 
Fig. 2 Temporal evolution of a typical LHD plasma 
discharge. Wp is the total stored energy and Prad is 
the total radiation power measured 
by a bolometric system 



= 6.3 x 1019 m-3 , B = 2.75 T, (b) one of high beta 
plasmas, <β> = 1.3 %, ne = 2.3 x 1019 m-3, B = 
0.75 T. The shape of the Te profile, however, is 
similar with a very broad profile, and often 
shows a bend (temperature pedestal [9]) in the 
slope of the profile at ρ ~ 0.85 especially in 
helium discharges. One of the remarkable 
features of the LHD discharges is the high 
edge temperature Te

edge (Te at ρ = 0.85), which 
is found to be (0.3 – 0.5) x Te(0). Thus Wp is 
almost proportional to neTe

edge and thus τE is 
predominantly determined by the edge 
confinement. A similar improvement in edge 
confinement has been observed in smaller 
helical devices [10,11] when the last closed 
magnetic flux surface is close to the magnetic 
rational surfaces. In the LHD configuration, 
the ι/2π = 1 surface is always located in the 
edge region where the pedestal exists. Hence 
the ι/2π = 1 surface or its associated island 
(m/n = 1/1) could play some role in the formation of the high edge temperature in LHD. 
 
The database on global energy confinement compiled during the last two years is compared 
with the International Stellarator Scaling 95 shown in Fig. 4. It comprises of a total of 177 
NBI heated discharges with hydrogen plasma. The parameter regime included here covers a 
magnetic field strength of 0.75 - 2.9 T, a line averaged electron density of 1.0 – 7.0 x 1019 m-3, 
and heating power of 0.5 - 4.2 MW. The discharge with the inward shifted configuration (Rax 
= 3.6 m) exhibits a factor of 1.6 improvement over the ISS95 scaling and the confinement is 
comparable to those of ELMy H-mode tokamaks. 
 
Neoclassical theory suggests that helical ripple transport can be mitigated by a multi-helicity 

effect in the inward shifted configuration. An 
anomalous transport model based on the 
self-sustained turbulence due to interchange 
modes also suggests that the heat conduction 
coefficient could be improved by 20-30% by 
strong magnetic shear in the peripheral region in 
the case of the inward shifted configuration [12].  
 
Figure 5 shows the temperature and density 
profiles and the analyzed heat conduction 
coefficient in dimensionally similar plasmas 
with different magnetic axes. The temperature is 
adjusted by controlling the heating power for the 
same line averaged density. A 60 % larger 
heating power is required for the standard 
configuration (Rax = 3.75 m) to get the same 
temperature as in the inward shifted 
configuration. Hollowness in the density profile 
is enhanced in the standard configuration which 
suggests the neoclassical off-diagonal particle 
diffusion due to the temperature gradient. The 
predominant heat loss channel is electron 

 
 

Fig. 3 Temperature profiles of helium plasmas 
for a high plasma pressure discharge (a) and 
for a high beta discharge (b). 

 
  Fig 4 Comparison between experimental 
  values of energy confinement and  
  those predicted from ISS95 scaling.  
  (tokamak data from ITER H-mode 
  Database, Ver.5) 

 



conduction since the 80 % of the NBI power is deposited to electrons in the present condition. 
Electron heat diffusivity decreases in the inward shifted configuration, which is consistent 
with the characteristics of the energy confinement time. The improvement in the intermediate 
region (ρ ~ 0.5) could be due to the reduction of neoclassical heat flux if the experimental 
observation is a simple sum of the anomalous transport common to both cases and the 
neoclassical transport. The contribution of the neoclassical transport is 50 % in the standard 
case while it decreases to one forth in the inward shifted case. Anomaly in the peripheral 
region becomes more than twice that in the intermediate region. The inward shifted case still 
shows improvement in the peripheral region as well although the neoclassical transport does 
not explain this feature. 

For precise experimental data analysis and simulation on LHD, a 3-dimensional equilibrium / 
1-dimensional transport code TOTAL (Toroidal Transport Analysis Linkage) [13] with the 
PRE-TOTAL code for experimental data interface has been developed as an extension of 
previous HSTR code [14]. This code is characterized by the inclusion of the self-consistent 
equilibrium with experimental data, magnetic multiple-helicity effect and radial electric field 
effects on neoclassical transport, time-varying NBI deposition profile, and bootstrap current 
effects on equilibrium-transport. For the experimental data analysis of local transport, the 
self-consistent equilibrium has been treated in the TOTAL code and PRE-TOTAL code with 
measured radial profiles by 13-channel FIR laser density measurement and 120-channel YAG 
Thomson scattering electron temperature measurement. Ion density and temperature profiles 
are assumed to be equal to those of electrons, which is confirmed in some typical medium 
discharges. The NBI power deposition is calculated by the TOTAL code, and the effective 
thermal diffusivity χeff is defined as χeff = - (QNBI + QRF - dW/dt)/(2.5ndT/dr), assuming Ti ~ 
Te. To clarify the relationship between global and local transport, we used the same 
experimental database to evaluate both the global and local transport based on kinetic 
pressure instead of diamagnetic energy [15]. The ion temperature was not routinely measured 
and we assumed the same temperature profile as the electron temperature. The global kinetic 
pressure obtained using this assumption is consistent with slightly the diamagnetic energy 
obtained by the magnetic measurement with the accuracy of 10 %. Here it should be noted 
that MHD equilibria are calculated iteratively and self-consistently.  
 
Dimensionless analysis based on Kadomtsev’s constraints [16] is used in the log-linear 
regression analysis of experimental data. Here, we adopted a special method to add 
dimensional constraints. For the radial profile analysis, we use the following dimensionally 
normalized formulas: χE/(Br

2) ~ 10cρ*
cρν0*

cνβcβ. The exponents of each parameter are obtained 
as a function of normalized minor radius by regression analysis as shown in Fig.6. It is found 
that the radial distribution lies between gyro-Bohm and Bohm in the core and strong 

 
 Fig. 5 Spatial profiles of electron temperature (a), density (b), and the analyzed heat conduction 
 coefficient (c) in dimensionally similar hydrogen plasmas with different magnetic axes. 



gyro-Bohm in the boundary. The transport 
properties are suggested to be changed near the 
boundary.  
 
In helical systems, the radial electric field is 
one of the key parameters for confinement of a 
high temperature plasma because neoclassical 
theory suggests that an electric field reduces 
the helical ripple loss and consequently 
improve the energy confinement. 
Er-bifurcation property predicted by 
neoclassical theory is confirmed in CHS, and 
the property is the cause of the electron 
thermal transport barrier formation [17].  
 
Figure 7(a) shows the density dependence of 
the radial electric field near the plasma edge (ρ 
= 0.9) for the plasma heated by NBI. The magnetic field strength is 0.75. 1.5 and 2.5 T at the 
magnetic axis of Rax = 3.75 m. The central ion temperature is 0.6 keV (at 0.75 T) to 2.0 keV 
(at 2.5 T) and close to the central electron temperature. The radial electric field is derived 
from the poloidal and toroidal rotation velocity and pressure gradient of the Neon impurity 
with charge exchange recombination spectroscopy using the radial force balance. The 
observed electric field is negative (ion root), around 5 keV in the electron density range of 1.0 
– 3.0 x 1019 m-3. On the other hand, the transition from ion root (negative radial electric field) 
to electron root (positive electric field) is observed in the low density regime below 1 x 1019 
m-3. The edge radial electric field increased up to 15kV/m in the electron root as the density 
was decreased to 0.4 x 1019 m-3. The transition from ion root to electron root was observed at 
ρ > 0.8 and the radial electric field is very low in the plasma core (see Fig. 7(b)). The 
measured electric field is compared with that predicted by neoclassical theory, and qualitative 
agreement with them is obtained as is also shown in Fig.7.  
 

 Fig. 7 (a) Density dependence of radial electric field near edge (ρ = 0.9) and (b) radial profiles of 
 radial electric field in the density region at the transition from ion root to electron root for the 
 plasmas heated by NBI. 
 
3. ICRF Heating and Energetic Particle Confinement 
 
The first trial of the ion cyclotron range of frequencies (ICRF) heating in LHD was carried 
out [18] in helium plasma with minority hydrogen ions during the second experimental 
campaign of 1998. In this experiment, the magnetic field strength was fixed at 1.5 T with an 
RF frequency of 25.6 MHz and the major radius of the magnetic axis was also fixed at 3.75 m. 
The target plasma was produced by the 2nd harmonic ECH of 84 GHz and a low electron 

 
  Fig. 6 Exponents of dimensionless χ E Br/ ( )2  
  scaling vs. normalized minor radius 

  



density of less than 1.0 x 1019 m-3. Consequently the low coupling resistance ( ~ one ohm ) 
limited the maximum injection power to less than 300 kW. The maximum increase in the 
stored energy was 3 kJ at PICH = 300 kW. In this series of the experiment, we chose the 
heating mode to be the electron heating mode since minority ion heating was thought to 
encounter difficult impurity problems caused by the production of high energy ions. 
 
In the 3rd experimental campaign, drastically improved heating performance was achieved 
with the ion heating mode. The most efficient heating was obtained in the case where the 
resonance layer of minority ions was located near the saddle point of the mod-B profiles. The 
injected RF power was mostly absorbed by minority ions. ICRF power up to 1.3 MW was 
reliably injected into the plasma and a 200 kJ plasma was sustained for 5 sec by ICRF alone 
without significant increase in impurity concentration [19]. The best parameters of the plasma 
sustained by ICRF alone are: Wp ~ 200 kJ, ne ~ 1.8 x 1019 m-3 and Te ~ Ti ~ 2 keV. This high 
heating performance was achieved by upgrading the machine from the 2nd campaign as 
follows: (i) an increase in the magnetic field strength, usually 2.75 T, (ii) improvement of 
particle orbit due to inward shift of the magnetic axis (Rax = 3.6 m) and (iii) reduction of iron 
impurities by means of adoption of graphite divertor plates. Figure 8 shows the time evolution 
of the plasma sustained by ICRF alone (a) compared with that of the plasma sustained by NBI 
alone (b). In order to compare properties of each heating scheme easily, both the target plasma 
density and absorbed power by the plasma were set at almost the same values. Here, the 
absorbed power can be estimated by the decay of the plasma-stored energy for ICRF heating 
and by the measurement of shine-through power in the case of NBI heating. The absorbed 
power at the density of 1.0 x 1019 m-3.was about 1 MW in both cases. The parameters of ICRF  

 
sustained plasma were similar to those of the NBI sustained plasma. The stored energy and 
the central electron temperature were ~170 kJ and 2.2 keV, respectively. The heating 
efficiency of the ICRF heating was similar to that of NBI heating. This means that 
high-energy trapped particles are well confined in the LHD helical magnetic field as well as 
the high-energy passing particles. In order to see the confinement of high-energy particles 
more directly, the high-energy tail component was measured using a Natural Diamond 
Detector [20]. Figure 9 shows the energy spectrum of the hydrogen ions before and after RF 
switch on. It is noted that high-energy tail extends to 200 keV indicating that high energy ions 
are well confined.  

Fig. 8 Time evolution of the plasmas sustained by ICRF alone (a) and by NBI alone (b). 
 



4. High Beta Plasmas and MHD Stability 
 
In NBI discharges in LHD, the plasma can be 
started up [21] by NBI alone. This technique is 
unique to helical systems that have a vacuum 
magnetic field configuration which confines 
high energy ions. It is useful for the experiment 
because the magnetic field strength can be 
changed without any experimental constraint on 
the magnetic field required by ECH. We have 
already reported on plasma start up by NBI 
alone in Ref.[21], where the mechanism of 
plasma buildup by neutral beams alone was 
described. The main process is the ionization of 
the background neutrals by the ionized beam 
component, which is estimated to be about 2% 

of the injection beam. The key point to build up the plasma is to keep the beam injection into 
a very thin plasma of less than 1 x 1018 m-3 without gas puffing for several hundreds of 
milliseconds. The confined fast ions ionize the background neutrals and heat up the electrons. 
After the plasma electron is heated sufficiently to ionize background neutrals, a proper 
amount of gas puffing is applied to build up the plasma density. In the 3rd experimental 
campaign, by using this technique the dependence of the confinement on a wide range of the 
magnetic field strength (0.5 – 2.89 T) is studied and high β plasmas are achieved at the low 
magnetic field. The obtained maximum average β value is 2.4 % at B=1.3 T with the help of 
pellet injection, which is the highest β value ever obtained in helical devices [22, 23].  
 
Figure 10 shows a temporal evolution of a typical high β plasma achieved by using the new 
plasma initiation technique described above. The magnetic field strength is 0.75 T at the 
magnetic axis of Rax = 3.6 m. The target plasma is initiated and sustained by using two neutral 
beam lines. The absorbed beam power was evaluated from the measurement of the 
shine-through power using a calorimeter array [24] installed on the armor tiles of the NBI. 
The volume averaged beta measured by a diamagnetic loop increases with the density, and 
reaches 2.1 % and is sustained during 1.4 s. The line-averaged electron density <ne> and the 
central electron temperature Te(0) are about 3 x 1019 m-3 and 1 keV, respectively. The kinetic 
beta value estimated using these values are also plotted in Fig. 10, and are found to be 
consistent with the diamagnetic beta. The global energy confinement time is about 50 ms at 
the maximum beta value, which is about 1.2 times τE(ISS95). The magnetic fluctuations 
measured by Mirnov coils show that the total power (f = 0.1 – 50 kHz) of the magnetic 
fluctuation increases with the plasma beta value at first, and seems to be saturated in the high 
beta range of β > 1 %. The observed saturation level is quite low ( ˜ b /B < 10-4 ). The dominant 
modes observed in the high β region are m/n = 1/1 and its harmonics, which are considered to 
be the resistive interchange mode localized near the ι/2π = 1 surface. 
 
Figure 11 shows the Mercier stability diagram [25] in the LHD configuration. In the case of 
the standard magnetic field configuration (Rax = 3.75 m) on LHD, the unstable region is 
localized in the peripheral region of the plasma. On the other hand, the plasma confined in 
inward shifted configuration (Rax = 3.6 m) is unstable against the interchange mode in almost 
the whole region of the plasma, because the inward shifted configuration is a magnetic hill 
configuration. In the experiments, however, we observed no gross MHD phenomena which 
influence the plasma transport even in the plasma beta range up to 2.4 % though their 
appearance seems to be consistent with linear analyses of the interchange modes. More 
detailed analysis of the magnetic fluctuations is reported in a separate paper [26]. 

 
Fig. 9 Perpendicular particle spectra of high 
energy ions generated by ICRF heating. 
 



 
5. Long Pulse Operations 
 
One of the main objectives of the LHD experimental program is to demonstrate current-less 
and disruption-free steady state plasmas with high performance of confinement. The goal of 
the steady-state operation in the early stage of LHD is to demonstrate a one hour discharge 
with 3 MW heating power [27]. In order to realize this goal, the plasma vacuum vessel and 
divertor plates are actively cooled by water, and a heat load of 3 MW can be removed 
continuously. Heating systems ( ECH, NBI and ICRH ) are also designed for long pulse 
operation. The near term goals of each heating system are as follows: (1) 1 MW/cw operation 
of ECH by using two gyrotrons of 84 GHz [28]; (2) 1 MW/30 min. operation of NBI [29]; (3) 
3 MW/1 hour operation of ICRH [30].  
 
The first long pulse experiment with NBI was carried out in the 2nd experimental campaign 
in 1998 [31]. By injecting 0.7 MW of NBI a plasma with the density of 0.3 x 1019 m-3 was 
sustained for 22 s. The available density regime with long pulse discharges, however, was 
limited to less than of 0.3 x 1019 m-3 by relaxation oscillation phenomena [31]. In this 
oscillating plasma “breathing plasma”, the TV image of the plasma shows that expansion and 
contraction of the hot core plasma repeated with a period of 1-2 s. Figure 12 shows an 
example of the breathing plasma that lasted for 20 s. The magnetic field strength is 1.5 T at 
the magnetic axis of 3.75 m. The injection energy and power of NBI are 66 keV and 0.6 MW, 
respectively. The gas puffing is applied only in the ECH plasma phase. The sawtooth-like 
density oscillation observed is considered to be closely related with the electron temperature 
in an ergodic region between the last closed magnetic flux surfaces (LCMS) and the 
separatrix. That is, the penetration rate of neutral particles into the core plasma depends on the 
electron temperature of the plasma confined between the LCMS and the separatrix. The rising 
phase of the density corresponds to the expansion phase of the plasma. During this phase, the 
plasma continues to expand radially with NBI heating and reaches the LCMS and divertor 
plates leading to a sudden increase of the ion saturation current of the Langmuir probe 
installed in the divertor. Similar phenomena are also observed in density clamping [32]. 

 

Fig. 10 Time trace of volume averaged beta, 
line-averaged electron density and a total power 
of the magnetic fluctuation in the frequency range 
of 0.1 – 50 kHz. 

 
 
 
 
 
 

 
 
  Fig. 11 Contour map of normalized Mercier 

stability criterion DI = 0 obtained by VMEC 
equilibrium calculation for the configurations 

  of Rax = 3.75 m and 3.6 m. 



Periodic oscillation of the ion saturation current implies that this phenomenon is closely 
related to a repetition of the plasma detachment and reattachment to the divertor plates. Strong 
interaction between the plasma and the divertor plates in the reattachment phase causes an 
increase of ion impurity influx resulting in a decrease of electron temperature of the core 
plasma. Consequently, the heat flow to the plasma edge region decreases, leading to shrinking 
and detachment of the plasma. As a result, iron impurity influx decreases and then the core 
temperature increases again. More intensive discussions of this breathing plasma are given in 
Ref. [33]. After the installation of graphite tiles on the divertor traces between the 2nd and the 
3rd experimental campaigns, we have no observation of breathing plasmas except in the case 
of the more inward shifted operation of the magnetic axis (Rax = 3.5 m). In this magnetic 
configuration, the plasma contacts with the inboard wall (stainless steel) of the vacuum vessel 
(limiter discharge). 
 
Long pulse discharges of more than one minute were successfully achieved with NBI heating 
(0.5MW) alone and with ICRF heating (0.85 MW) alone. Figure 13 shows the time evolution 
of the longest discharge sustained by NBI injection. The neutral beam is successfully injected 
for 80 sec with an injection power of 100 keV-0.5 MW. The magnetic field strength is 2.75 T 
at the magnetic axis of 3.6 m. The line–averaged density is kept constant (1.3 x 1019 m-3) by a 
gas puff system with a feedback loop for the first 15 sec, and subsequently controlled 
manually by watching the colour of the plasma light on the TV monitor. The density 
oscillation with a long period of 40 sec is caused by the manual control of the helium gas 
puffing not by other uncontrollable effects. The central ion temperature, measured by Doppler 
broadening of TiXXI, is kept constant around 1.5 keV until the end of the discharge, and 
radiation power is nearly constant at a radiated power fraction of ~30 % as well as the 
impurity emission line intensities. The wall pumping of helium gas continues up to the end of 
the discharge, therefore the density can be controlled by the gas puffing. In this discharge the 
plasma current is observed to be 38 kA at the maximum. There are two kinds of toroidal 

 
  Fig. 12 Relaxation oscillation in an NBI 
  discharge with a relatively high density at 
  B = 1.5 T. 

 
   Fig. 13 Time evolution of plasma 
   parameters of the longest pulse 
   discharge sustained by NBI 



current, bootstrap current and Ohkawa current. The bootstrap current estimated from the 
plasma pressure profile is about 5 kA and hence the Ohkawa current is the main component. 
With balanced beam injection the Ohkawa current can be canceled out. The highest bootstrap 
current is observed to be about 50 kA in high power heating experiments. So far we observe 
no clear effect on the confinement of the plasma by the toroidal current, which should be one 
of the issues in near future experiments with powerful heating. 
 
6. Summary 
 
The recent results of LHD experiments are reviewed focusing on key issues for fusion- 
relevant high temperature plasmas confined in non axi-symmetric toroidal magnetic 
configurations, which have an intrinsic advantage for steady state operation with low 
circulating power due to the existence of the vacuum magnetic surface. Issues to be studied 
are mainly related to the non symmetric configuration. The LHD was originally designed with 
l/m=2/10 and the aspect ratio A=6~7 and is optimized from various points of view such as 
MHD stability by the magnetic well due to toroidicity, the particle orbit/confinement by 
keeping a permissible degree of helical symmetry, the formation of clean helical divertor 
structure using continuous helical windings, the use of superconducting coils for steady state 
operation and so on. The main target of LHD experiments is to demonstrate the good 
confinement capability of higher beta plasmas in long pulse/steady state operation. The LHD 
experiment has made great progress in this direction as is summarized in the following. 
 
1. MHD stable plasmas are obtained in the range of <β > ~2.4% in the inward shifted 
magnetic axis configuration which is considered to be unstable for Mercier criterion. These 
results are very similar with those of previous CHS experiments. The observed magnetic 
fluctuation level is quite low around 10-4 and has no effect on plasma confinement. The 
achievable critical beta is very important for the inward shifted configuration which is good 
for plasma and energetic particle confinement. 
 
2. The confinement capabilities are measured by the comparison with the conventional 
stellarator scaling ISS95 and the global energy confinement is improved by a factor of 1.6 in 
the above configuration. This improvement is primarily attributed to high edge temperature 
due to the reduction of anomalous transport. The inward shifted configuration contributes to 
the confinement improvement in the collision-less regime due to the neoclassical effect. 
 
3. The absolute parameters of plasmas achieved in LHD experiments have been extended up 
to Te(0) ~ 4.4 keV, Ti(0) ~ 3.3 keV, ne ~ 1020 m-3 and τE ~ 0.3 s in maximum values. The 
plasma stored energy reached 0.88 MJ in a plasma of volume 30 m3 with the heating 
instruments 1 MW of ECH, 4.2 MW of NBI, and 1.3 MW of ICRF. These parameters are 
translated to non-dimensional parameters like collisionality νe* ~ νi* ~ 0.03 - 5, normalized 
gyro radius ρ* ~ 1 - 5 x 10-3, and β ~ 2.4 %.  
 
4. The transition of the radial electric field from ion root to electron root is observed for the 
first time in the neutral beam heated plasmas, where there are no non-thermal electrons. The 
radial electric field observed was qualitatively explained by the neoclassical theory. 
 
5. The fact that ICRF heating is effective to heat plasmas as well as tangential NBI heating 
indicates that energetic particles are well confined in LHD, in particular, in case of the inward 
shifted magnetic axis configuration. 
 
6. Using multi-pellet injection, the density is raised up to >1020 m-3 which exceeds the 
empirical scaling of the density limit by a factor of 2. The successful operation of higher 
dense plasmas comes from the benefit of scale of LHD plasmas as it has a size which is much 



larger than the distance of neutral particle penetration and the core plasma is isolated from the 
radiation zone which is mainly localized to the outer edge region.  
 
7. As for long pulse or steady state operation, LHD experiments demonstrated 80 s operation 
of 2 keV plasmas using NBI alone or ICRF. The pulse length is limited by the heating 
instruments capability and not by plasma behavior. The breathing oscillation is suppressed by 
reducing metallic impurity penetration using carbon tiles at the divertor plate. The operation 
time is much longer than the magnetic diffusion L/R time (around 3 s). 
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