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Abstract. Existence of the ergodic magnetic field layer surrounding the core plasma argues one of typical 
characters in Large Helical Device (LHD).  A new type of H-mode-like discharges have been obtained at an 
outwardly shifted configuration of Rax=4.00m with extremely thick ergodic layer, where the ι/2π=1 position is 
located in the middle of the ergodic layer.   These H-mode-like discharges can be triggered by changing PNBI 
(<12MW) from 3 beams to 2 beams in a density range of 4-8x1013cm-3, although the spontaneous transition is also 
observed.   ELM-like bursts appeared with a radial propagation of density bursts are occurred at the ι/2π=1 
position and are mainly excited at the inboard side of the torus.  The frequency of the ELM-like bursts increases 
with heating power, at which the edge pressure profile is steeper.  ELM-like bursts in LHD are briefly interpreted. 
 
1. Introduction 
 

Helical plasmas change the performance with appearance of the edge low mode number 
rational surface at the plasma boundary.  This tendency becomes remarkable to the H-mode-like 
discharges.  The H-mode-like phenomena were observed in W7-AS net-current-free ECH 
plasmas [1] when the major rational surface was positioned near the last closed flux surface 
(LCFS).  Similar H-mode-like discharge were also obtained in CHS NBI discharges [2-4] and 
Heliotron-J ECH plasmas [5] using the same manner as the W7-AS H-mode by varying the 
edge rotational transform, ι/2π(a).  

In LHD, on the other hand, the H-mode-like discharges have been obtained under a high 
magnetic field of 2.5T in a outwardly shifted magnetic configuration (Rax=4.00m) with 
extremely thick ergodic magnetic field layer [6,7], whereas the edge transport barrier formed by 
the H-mode-like discharges have been observed in high-β LHD plasmas (β~2%) with a low 
magnetic field (Bt<1T) at Rax=3.60m (ι/2π(a)=1.56) [8].  In the Rax=4.0m configuration the 
ι/2π=1 position exists in the middle of the ergodic layer.  Another interest of this discharge is in 
the point that periodical Hα bursts, which are very similar to the tokamak edge localized mode 
(ELM), are clearly seen.  This ELM-like bursts, however, frequently appears in LHD 
discharges without such an H-mode-like transition.  Similar phenomenon on the ELM-like 
bursts is also observed in W7-AS and TJ-UU stellarators [9-11].  In this paper characteristics of 
the ELM-like bursts in LHD are reported with relation to the edge rotational transform, 
connection length of ergodic magnetic field and H-mode-like transition. 

 
2. Edge rotational transform at outwardly shifted configurations  
 

The edge rotational transform at ρ=1, ι/2π(a), in LHD varies with position of the magnetic 
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axis, as shown in Fig.1(a).  The values of ι/2π(a) are below unity at inwardly and outwardly 
shifted magnetic configurations.  However, it is not realistic to operate the LHD at Rax<3.50m 
because of less spatial margin between the plasma edge and the inboard vacuum wall.  The 
operation with low edge rotational transform in LHD is then substantially limited to the plasma 
axis position of Rax≥3.90m.  The profile of rotational transform becomes flat with shifting the 
Rax outwardly, as shown in Fig.1(b).  As a result, the edge magnetic shear reduces at such 
outwardly shifted configurations.  A clear disadvantage in such low-ι/2π(a) configurations is in 
the points of small plasma volume and low power deposition of NBI.  The averaged plasma 
radius, ap, and the plasma volume, Vp, are plotted as a function of Rax in Fig.1(c).  The plasma 
volume at Rax=4.0m is a half of the maximum plasma volume at Rax=3.60m called 'standard 
configuration', which gives the best confinement in LHD.  The power deposition of tangentially 
injected NBIs is essentially worse in such outwardly shifted configurations because of the 
enhanced ∇B drift during the beam slowing-down process due to the increase in helical ripple 
and the deviation of the beam center (R=3.65-3.70m) from the plasma center (Rax=3.90-4.10m).  
The absolute value of the plasma performance is, therefore, not better in comparison with the 
standard configuration. 

 
3. Edge magnetic field structures at outwardly shifted configurations 
 

2-dimensional magnetic field structures of the ergodic layer are shown in Fig.2(a) and (b), 
which are typical examples of thin (Rax=3.60m) and thick (Rax=3.90m) ergodic layer cases, 
respectively.  The ergodic layer is indicated with the dotted area.  Although magnetic field lines 
connecting to divertor plates called 'divertor legs' are not traced in the figures, X-points as 
defined in tokamak locate at the right and left ends of the equatorial plane (Z=0mm) since two 
sets of helical coils are positioned at the up and bottom sides of the present horizontally 
elongated plasma position.  The thickness of the ergodic layer becomes minimal at O-points 
located in up and bottom sides of the figure and the smallest thickness of 1-3cm is obtained at 
Rax=3.60m.  Edge profiles of the magnetic field connection length, Lc, and the rotational 
transform are traced at the present horizontally elongated cross-section in (c)-(h) for Rax=3.90, 
4.00 and 4.10m cases.  Typical ranges of the ergodic layer are indicated by red horizontal bars 
and the LCFS positions are shown by vertical lines.  The ergodic layer in LHD typically 
consists of chaotic magnetic fields with lengths of 10-2000m, which correspond to 0.5-100 
toroidal turns of the torus.  We thus understand the thickness of the ergodic layer is larger at 
outwardly shifted magnetic axes, and it becomes 30-40cm at the X-points.   

In LHD, the LCFS positions are defined by the outermost flux surface on which the 
deviation of the magnetic field line is less than 4mm while it travels 100 turns along the torus 

Fig.1  Edge rotational transform (a), radial profiles of rotational transform (b), and plasma volume Vp
(closed circles) and averaged plasma radius ap (open circles) (c). 
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[12].  The position of the LCFS is, then, affected strongly by the presence of small islands near 
the outermost flux surface, as appeared in Rax=4.00m.  The positions of the ι/2π=1 in Rax=3.90 
and 4.00m are located just near the LCFS and inside the ergodic layer, respectively.  Then, the 
ι/2π=1 position is 12cm outside from the LCFS at Rax=4.00m, having the magnetic field 
connection length of 100m.  It should be noticed that any ι/2π=1 surface does not exist in 
Rax=4.10m case.  A variety of electron temperatures of 10-500eV are generally observed inside 
the ergodic layer.  The real edge plasma boundary is determined by the competition between 
heat input and heat loss inside the ergodic layer.  Then, the pressure gradient of the ι/2π=1 
position becomes very sensitive to the energy balance in the ergodic layer. 

 
4. H-mode-like discharges 
 

Experimental trials for the discharge improvement have been made among three 
configurations of Rax=3.9, 4.0 and 4.1m mainly changing NBI input power and density.  An 
H-mode-like transition was observed at Rax=4.00m after quick reduction of the NBI input 
power while maintaining a relatively high density.   

A typical time behavior of discharge with the H-mode-like transition is shown in 
Fig.3(a)-(c).  The discharge built up by H2 gas puff is maintained at a middle density of 
ne=4x1013cm-3 and one of three NBIs is turned off at t=1.25s to trigger the H-mode-like 

Fig.2 Magnetic field structures of ergodic layer at Rax=3.60m (a) and 3.90m (b) and edge profiles of 
magnetic field connection length Lc ((c) Rax=3.90m, (e) 4.00m, (g) 4.10m) and rotational transform 
ι/2π ((d) Rax=3.90m, (f) 4.00m, (h) 4.10m).  The positions of LCFS are indicated with vertical solid 
lines. 
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transition.  After turning off the beam line, the Hα emission quickly drops and the density 
gradually rises, showing a clear transition.  ELM-like bursts appear in the Hα signal.  Similar 
bursts are also observed in an electrostatic probe on the divertor plate (Iis) and a magnetic probe 
(db/dt) as shown in Fig.3 (e) and (f) [6].  The Hα bursts in Fig.3 (d) entirely coincide with the 
two signals.  Reduction of the magnetic fluctuation is also seen after the H-mode-like transition.  
No clear mode numbers are observed on the ELM-like bursts from the magnetic probe 
measurement. 

This H-mode-like feature, however, disappears after turning off the second NBI at t=2.1s.  
It suggests that the H-mode-like transition needs a relatively narrow power window [13].  The 
H-mode-like transition cannot be obtained in low- and high-density ranges, appearing only in a 
density range of 4-8x1013cm-3 in the present condition.  This result indicates that the H-mode 
transition is sensitive to plasma conditions, especially in a term of PNBI/ne ratio.  Similar 
discharges were also tried in the Rax=3.90m and 4.10m configurations.  However, any 
H-mode-like transition with ELM-like bursts was not observed in Rax=3.90 and 4.10m. This 
fact strongly suggests the importance in the presence of ι/2π=1 surface in the ergodic layer for 

Fig.4 Spontaneous H-mode-like transition under constant NBI power input and gas puffing rate 
and radial profiles of edge Te(d) and neTe (e) before (t=1.524s) and after (t=1.624s) transitions. 
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the H-mode-like phenomenon.   
The spontaneous H-mode-like transition is also observed as shown in Fig.4 (a)-(c), 

although the chance to meet the spontaneous transition is not frequent.  The density and plasma 
stored energy suddenly increase with a reduction of the Hα signal.  Time behaviors of all other 
signals are very similar to the former H-mode-like transition triggered by the PNBI change. 
Temperature and pressure profiles in the ergodic layer measured with YAG laser Thomson 
diagnostics are shown in Fig.4 (d) and (e), respectively.  Solid (blue) and dashed (red) lines 
indicate the profiles before (1.524s) and after (1.624s) transitions, respectively.  Black and 
green vertical solid lines mean the positions of LCFS (R=4.560m) and ι/2π=1, respectively.  
The position of ι/2π=1 is estimated from Fig.2(f).  The edge temperature and pressure rapidly 
increases near ι/2π=1 position and it is seen that steeper temperature and pressure gradients are 
formed after the transition.   

 
5. Characteristics of ELM-like bursts 
 

The frequency of the ELM-like bursts is a function of heating power and electron density.  
When the density is maintained at a certain level, the frequency is only a function of heating 
power.  Typical examples of ELM-like bursts with different frequencies are shown in Fig.5(a).  
The green, red and blue lines indicate discharges with three, two and one neutral beam lines for 
plasma heating, respectively.  Each beam line has a similar port-through power of 3MW.  It is 
clear that the frequency of the ELM-like bursts reduces and the amplitude increases when the 
heating power decreases.  Edge temperature, density and pressure profiles during the ELM-like 
bursts are shown in Fig.5 (b), (c) and (d), respectively.  The vertical black and green solid lines 
indicate the positions of LCFS and ι/2π=1.  The difference between the two and three NBI cases 
is not clear, although the temperature gradient at ι/2π=1 shows a little difference.  However, the 
profile of the one NBI case is much different from others, especially the density gradient is 
much steeper and the pressure gradient is much smoother at ι/2π=1.  A temporal change of the 
edge density and temperature profiles during a single ELM event is necessary in order to 
understand mechanism on the frequency of the ELM-like bursts. 

The frequency and amplitude were also examined by applying m/n=1/1 resonant vertical 
magnetic field.  When the resonant field is additionally applied to the Rax=4.0m configuration, a 

Fig.5 A variety of ELM frequencies with a parameter of PNBI (a) (green: three NBIs, 
red: two NBIs, blue: single NBI) and edge profiles of Te (b), ne (c) and neTe (d). 
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large modification of the edge rotational transform can not be expected because the ι/2π=1 
position exists inside the ergodic layer.  The effect of the resonant field application is calculated 
as shown in Fig.6 (e) and (f).  A simple understanding of the figure is not easy, but the 
application of the resonant field reduces the edge rotational transform and the ι/2π=1 position 
shifts outside a little.  Experimental results are shown in Fig.6 (a)-(d).  The frequency of the 
ELM-like bursts is clearly reduced when the resonant field is applied.  As a result, the 
application of the resonant field leads to the reduction of the pressure gradient at ι/2π=1.   

 
6. Density bursts during ELM-like bursts 

 
Edge density behaviors induced by the ELM-like bursts are analyzed from signals of 

multichannel interferometer, which measures vertical-chord-integrated densities (neL) at 
vertically elongated plasma cross-section.  Temporal behaviors of six chord-integrated densities 
from the edge region are traced in Fig.7(a)-(f) with the rotational transform and connection 
length (Fig.7 (g), (h)).  The ergodic layer at the vertical position in the outwardly shifted 
magnetic axis position becomes thicker at the inboard side, then, signals of (a) and (b) measure 
the electron density only from the ergodic layer.  A relatively high density is maintained even in 
the middle of the ergodic layer of R=3.399m where the Lc is roughly 100m.  A high density is 
not formed at a region of Lc<10m (see (f)). 

The density bursts are triggered near ι/2π=1 position (see Fig.7(b)) and propagate to both 
sides with opposite signs like the tokamak sawtooth oscillation.  The inversion point can be 
seen at ι/2π∼1 position.  The density bursts become remarkable in the inboard side and can be 
well correlated with the Hα bursts.  The positive density pulse toward the outside of the ergodic 
layer appears at the start by a single ELM-like burst and then the negative density pulse is 
induced inside the ι/2π=1 position to stabilize the edge density profile.  The rise and decay 
times of the positive pulse are very short compared with the negative pulse.  The reason 
possibly originates in short connection length of the magnetic fields in the ergodic layer.   

Precise measurement was tried to investigate the relation between the ι/2π=1 and the 
density bursts positions using a multichannel CO2 interferometer with a spatial resolution of 
1cm.  The measurement is done also at the vertically elongated plasma cross-section using the 
same diagnostic port as the above interferometer.  The chord-integrated density fluctuation at 

Fig.6 NBI discharges at Rax=4.0m with (red) and without (black) external m/n=1/1 resonant 
magnetic field. 
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the inboard side induced by the ELM-like bursts is plotted against the measured plasma major 
radius in Fig.8 (a).  Of course, the density bursts observed in all signals are well correlated with 
the Hα bursts.  A peak position of the ELM-induced density fluctuation is seen at R=3.46m.  
Edge rotational transform and the magnetic field connection length are also traced for the 
comparison with the ELM-induced density fluctuation profile in Fig.8 (b) and (c), respectively.  
It is clearly understood that the peak position of the ELM-induced density fluctuation is 
consistent with the position of the ι/2π=1 where the Lc ranges at 100-1000m.  This means the 
ELM-like bursts are triggered at the ι/2π=1 position. 

 
7. Summary 
 

H-mode-like discharges have been obtained with the ELM-like Hα bursts in LHD plasmas 
in outwardly shifted magnetic axis position with a thick ergodic layer, where the ι/2π=1 
position is located in the middle of the ergodic layer.  A clear density rise and a reduction of 
magnetic fluctuation were observed.  ELM-like bursts also appeared in the density signals with 
a radial propagation.  The ELM-induced density fluctuation profile showed that the ELM-like 
bursts occur at ι/2π=1 position.  The positive density pulse towards the outside plasma edge is 
observed followed by the negative pulse inside the ι/2π=1 position. 

The frequency of the ELM-like bursts increases with the heating power.  The edge pressure 
profile is steeper when the frequency increases.  When the heating power exceeds a certain 
level, the ELM-like bursts disappeared.  The ELM-like bursts are mainly excited at inboard side 

Fig.7 Density bursts during H-mode-like transition at Rax=4.00m.  Radial positions of 
chord-averaged densities in (a) to (f) are indicated with vertical dashed lines in rotational transform 
(g) and magnetic field connection length (h) profiles. 
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of the torus.  Taking into account these experimental results, the existence of an upper power 
limit on the ELM-like bursts disappearance are similar to tokamak type-III ELM.  This gives 
the same result as the former study of W7-AS and TJ-II [9-11].  However, the frequency 
dependence on the power input is similar to the tokamak type-I ELM.   

On the other hand, the ergodic layer rotational transform calculation indicated in this paper 
is based on a vacuum magnetic field.  Taking into account the plasma pressure, the edge 
rotational transform profile seems to be modified, based on a modification of chaotic magnetic 
field structure of the ergodic layer.  At present, however, we have no estimation on the effect of 
the magnetic field modification.  This will be a future study. 
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Fig.8 Precise positions of density bursts measured from CO2 interferometer with a high spatial 
resolution of 1cm. 
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