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1.  Introduction
The Heliotron J device [1-3] is a fl exible concept-explo-

ration facility for optimization of the helical-axis heliotron 

confi guration [4]. This confi guration is one of the advanced 

helical confi gurations based on the quasi-isodynamic approach. 

The advanced helical concept is frequently characterized by 

the Fourier components of the confi nement fi eld in the Boozer 

coordinates. In the helical-axis heliotron concept, in addition 

to toroidicity and helicity, bumpiness is introduced as a third 

knob to control the neo-classical transport. As for the MHD 

stability in high-β plasmas, the Heliotron J device creates a 

magnetic well for the whole confi nement region instead of the 

strong edge magnetic shear in conventional heliotrons. 

One of the main objectives of the Heliotron J experiment 

is to study confi guration effects on the plasma performance: 

the effects of each Fourier component of the confi nement 

fi eld, effects of the existence of rational surfaces, effects 

of the magnetic shear and/or magnetic well, effects of the 

distance to the fi rst wall or other plasma facing materials, 

etc. This confi guration study should be performed not only 

from the neoclassical transport viewpoint but also from the 

anomalous transport viewpoint. Although the helical-axis he-

liotron concept aims at the reduction of neoclassical transport, 

the control of anomalous transport is one of the key issues 

in plasma experiments. The formation of internal transport 

barriers (ITB) and/or edge transport barriers (ETB), which is 
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observed in many tokamaks and some stellarators, is also an 

attractive phenomenon for the helical-axis heliotron concept.

The Heliotron J experiments have revealed the existence 

of “good” confi nement states compared to the energy confi ne-

ment time scaling in stellarators, the ISS95 scaling [5]. For 

higher-density discharges under these “good conditions”, we 

have found a spontaneous transition to improved confi nement 

modes [6]. Here the increase in the stored energy and core 

electron density is observed after the spontaneous drop of the 

intensity of Hα /Dα-emission. These observations are similar 

to the characteristics of the H-mode in tokamaks. There are 

some reports of these kinds of observations in Heliotron J for 

ECH-only [7-9], NBI-only and ECH+NBI plasmas [10,11]. 

Recently, the confi guration effects on the transition were 

studied by changing the edge rotational transform ι (a)/2π as 

a label of the confi guration [12]. 

This paper reviews these experimental observations of 

the transition to improved modes in Heliotron J and discusses 

the conditions for the transition.

2.  Experiments
The details of the Heliotron J device are described in 

Ref. [3]. The coil system of the device consists of a continu-

ous helical fi eld coil (HFC) with high pitch-modulation, two 

sets of toroidal fi eld coils (TFC-A and TFC-B, 8-coils/set) and 

three pairs of vertical fi eld coils: the main vertical fi eld coil 

(MVFC), the inner vertical fi eld coil (IVFC) and the auxiliary 

vertical fi eld coil (AVFC). Due to the strong pitch modulation 

of the M = 4 helical coil, the toroidal shape of the plasma 

looks square in the top view as shown in Fig. 1. Due to the 

introduction of bumpiness in the fi eld component, the strength 

of the confi nement fi eld on the magnetic axis is higher at the 

“corner sections” than that at the “straight sections” in regular 

confi gurations. Figures 2 (a) and (b) show the shape of the 

magnetic surfaces and the mod-B contours at the corner and 

straight sections, respectively. After the initial experimental 

verifi cation of the sound magnetic surfaces [3], the initial 

plasma experiments were performed by using 53 GHz ECH 

systems in FY2000-2001 [13,14]. After these experiments, 

the installation of other heating systems was performed: a 70 

GHz ECH system [15] (PECH ≤ 0.4 MW) in FY2001, and one 

beam-line of a tangential NBI system (30 keV, 0.7 MW, H0-

beam) and an ICRF system with a loop antenna (~ 20 MHz, 

0.5 MW) in FY2003 [16]. 

The fi rst 70 GHz-ECH experiment was performed us-

ing the second-harmonic ECH with a well-focused Gaussian 

beam (the beam radius at the magnetic axis is about 2 cm) 

[15], where the microwaves were launched from a horizontal 

port located at one of the corner sections of Heliotron J (see 

Fig. 1) [7, 8]. The fi rst experimental fi ndings of a spontaneous 

transition to an improved confi nement mode in Heliotron J 

were obtained with this ECH system. After that, the launching 

position of the 70 GHz microwave beam was moved from the 

horizontal port at the “corner section” to a top port at one of 

the “straight sections” of the device (see Fig. 1). Due to the 

mechanical limitation in this section, the focusing and steer-

Fig. 2  Shape of the magnetic surfaces and the mod-B con-
tour for the standard confi guration at (a) the corner 
section and (b) straight section.

Fig. 1 A schematic view of the Heliotron J device.
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ing system of the launcher, which was used in the horizontal 

launching experiments, was not installed, and a non-focused 

Gaussian beam was launched. Here, the beam radius at the 

magnetic axis is about 6 cm. Since the mod-B structure and 

the beam focusing are different for each launching position, 

a signifi cant difference is expected in the power deposition 

profi le and the total power absorption rate for these launching 

conditions. The single-path power deposition profi le and the 

|B|-dependence of the total single-path power absorption rate 

for each launching condition were evaluated using the ray-

tracing code TRECE [17]. Figures 3 (a) and (b) show typical 

examples of the calculations (assuming Te = 0.5 keV and n̄e = 

1×1019 m–3) for horizontal well-focused launching and vertical 

(non-focused) launching, respectively. In the latter case, due 

to the non-focusing launching, the deposition profi le is much 

wider than that in the former case. On the other hand, the 

total single-path power absorption rate is limited to ~ 60 % in 

the horizontal launching case due to the steep gradient of the 

magnetic fi eld strength at the corner section while that for the 

vertical launching case is ~ 100 %.

For NBI-only or ECH+NBI plasmas, the target plasma 

was produced by the second-harmonic 70 GHz ECH. Although 

the working gas for the target ECH plasmas has been changed 

from hydrogen to deuterium since the FY2004 campaign for 

ICRF H+-minority heating experiments, the H0-beam has been 

injected in the NBI heating case. 

In order to research the transition condition under a fi xed 

confi guration and a heating scheme with a fi xed value of 

input power, the line-averaged electron density was controlled 

by changing pre-programmed gas puffi ng from 2–4 valves 

distributed around the torus. 

For the fi rst-step confi guration study in Heliotron J, we 

focused on the change in the global confi nement property for 

different values of the edge rotational transform ι (a)/2π. The 

Heliotron J device can produce a wide variety of fi eld confi gu-

rations by changing the combination of the coil currents. It is 

not so easy, however, to control only ι (a)/2π while keeping 

constant all other geometrical parameters (the magnetic axis 

position, the plasma volume, the distance from the plasma 

facing materials, etc.) and combinations of Fourier compo-

nents of the confi nement fi eld (helicity, toroidicity, bumpiness, 

etc.). Therefore, it should be considered that ι(a)/2π is a label 

of the confi guration. Up to now, we have tried to change 

ι(a)/2π in two ways: by controlling the poloidal fi elds [6] and 

by controlling the current ratio of HFC and TFCs [12]. In the 

latter case, coil currents were selected to maintain both the 

magnetic axis position and the fi eld strength on the axis at the 

ECH launching section in order to realize the central plasma 

heating condition. 

The important diagnostics are diamagnetic loops for 

Wp
dia, an interferometer for n̄e , and Hα /Dα detectors (see Fig. 

1). Changes in edge plasma properties were monitored with a 

poloidal array of Langmuir probes located in the SOL (SOL 

probe). The array has four probe pins (each 5 mm apart). The 

fi rst pin with a fi xed bias voltage was used for the ion-satura-

tion current (Is) measurement, the second and third pins were 

used for the fl oating potentials (Vf) at two different poloidal 

positions, and the fourth pin was used with 100-Hz scanning 

bias voltage for the estimation of electron temperature (Te). 

These probe pins are aligned nearly parallel to the shape of 

Fig. 3  Single path power deposition profi le and total power 
absorption rate for (a) the horizontal well-focused 
launching and (b) the vertical (non-focusing) launch-
ing cases. 

(a)

(b)
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the calculated last closed fl ux surface (LCFS) in the poloidal 

cross section of the torus. The radial position of the probe 

R-RLCFS can be changed on a shot-by-shot basis. Here R is the 

radial position of the probe along the major radius and RLCFS 

is the radial position of the last closed fl ux surface under the 

vacuum condition.

3.   Characteristics of the Spontaneous Transi-
tion to the Improved Confi nement

3.1  ECH-only plasmas
The fi rst experimental fi ndings of a spontaneous transi-

tion to an improved confi nement mode in Heliotron J were 

obtained in second-harmonic on-axis ECH experiments with 

a well-focused Gaussian beam (70 GHz, 0.3 MW) from the 

horizontal port. Figure 4 shows an example of the time history 

of ECH discharge (H+ plasma in this case) in the confi gura-

tion of ι (a)/2π ≈ 0.542. Spontaneous drops in the Hα signal 

and ion-saturation current of the SOL probe located near the 

last closed fl ux surface Is, and a subsequent rise in the line-

averaged density n̄e and in the plasma stored energy measured 

with diamagnetic loops Wp
dia were observed. The increment in 

the plasma energy ΔWp
dia/Wp

dia reached ~ 70 %. The estimated 

global energy confi nement time τE
exp was 1.7 times longer 

than that expected from the ISS95 scaling τE
ISS95, whereas 

τE
exp just before the transition was almost at the scaling level. 

Since it was diffi cult to control the density increase after 

the transition, it was not sure that the observed τE
exp was the 

maximum one obtainable under the heating condition in this 

fi eld confi guration. 

After the change of the launching position of the micro-

waves, similar transition phenomena were observed again for 

second-harmonic ECH plasmas [11]. 

The transition could be observed only for higher-density 

discharges for both launching cases. The threshold density, 

below which the H-mode transition is not obtained, is almost 

the same value for both launching conditions. The details are 

discussed in Sec. 4. 

3.2  NBI-only plasmas
A similar spontaneous transition to an improved confi ne-

ment mode was also observed for NBI (H0 beam of ~ 28 

keV) plasmas [10,11]. Figure 5 shows an example of the 

time history of NBI-only discharge in the standard confi gura-

tion (ι (a)/2π ≈ 0.560). After a few ms from the end of the 

70 GHz ECH short pulse, the co-injection of NB (the port 

through power was PNBI ~ 0.5 MW) was turned on to the 

afterglow plasma for this shot. During the NBI pulse, the 

gas-puff was kept on to increase the density. As shown in the 

fi gure, two clear drops in Hα /Dα intensity were observed in 

this discharge. The fi rst one starts at t ~ 207 ms and ends at 

~ 222 ms. The second one starts at a higher density timing 

(t ~ 255 ms). In some cases, more than two transitions were 

observed during a single shot. Although the change in the 

increasing rate of n̄e is not clear in this particular shot, Wp
dia 

starts to increase when intensities of Hα /Dα and Is drops. 

The increases of n̄e and Wp
dia are stopped when the Hα /Dα 

intensity and Is return to a higher level. 

It is interesting to note that the above-mentioned char-

acteristics of the transition were clearly observed for the fi rst 

transition event. As typically shown in Fig. 5, 10–15 ms after 

from the NBI is turned on, the third-harmonic ECE signal 

IECE and Wp
dia stop increasing or start to decreasing, which 

Fig. 5  Time history of an NBI-only discharge in the standard 
confi guration (ι(a)/2π ≈ 0.560) with the transition to the 
improved mode [11].

Fig. 4  Time history of an ECH-only discharge in the con-
fi guration of ι (a)/2π ≈ 0.542 with the transition to the 
improved mode [8].



953

Review Paper T. Mizuuchi et al.Experimental Conditions for Improved Confi nement Modes in Heliotron J

indicates the occurrence of confi nement degradation. After 

that, the transition to the improved mode seems to come about 

if n̄e is high enough near this timing. The lower limit of n̄e for 

the transition is ~ 1.1–1.5×1019 m–3, and it does not depend 

on PNBI in the range of 0.3–0.55 MW. 

During the low-Hα /Dα phase, it was observed that the 

increasing rate of SX photo-diode array signals was larger 

than that at other timings [11]. This tendency is clear for the 

edge chord. After the back transition, the increasing rate of 

the signal for edge chords decreases whereas that for the cen-

ter chords does not change. This indicates that the SX-signal 

profi le become more peaked after the back transition. These 

observations suggest that the change of confi nement occurs 

in the edge region.

3.3  ECH+NBI plasmas
Figure 6 shows an example of the time history of 

ECH+NBI combination heating discharge for the standard 

confi guration (ι (a)/2π ≈ 0.560) [11]. The initial plasma was 

produced and heated by 70 GHz microwaves (second-har-

monic ECH, PECH ~ 0.3 MW). After ~ 15 ms from the start of 

ECH, the NBI (PNBI ~ 0.5–0.6 MW) was superposed up to the 

end of the ECH pulse. Due to a rather low gas-puffi ng rate in 

the earlier phase of this discharge and to the density clamping 

caused by ECH, the NB was injected to a rather low-density 

target plasma. Increasing the gas-puffi ng rate, the density 

increased gradually beyond the cut-off density of the second-

harmonic X-mode. A clear drop in the Hα /Dα signal was 

observed at t ~ 242 ms and the signal intensity was kept at a 

low level up to the end of the discharge. At almost the same 

time, the increasing rate of Wp
dia was enhanced. Depending on 

the density evolution, some “dithering” of Hα /Dα intensity 

and/or ion-saturation currents in the edge region was observed 

before the transition (This phase is similar to that defi ned as 

Phase I in [12]). During the dithering phase, neither Wp
dia nor 

n̄e decreases.

Besides these H-mode like transitions, the ι(a)/2π scan in 

the FY2004 campaign revealed the existence of two different 

types of transition to improved modes at two different ι(a)/2π 

values, ~ 0.50 and 0.61. They have different characteristics in 

their pre-transition phase from the H-mode-like transition de-

scribed above. Figures 7 and 8 show examples of time traces 

of such discharges at ι (a)/2π ~ 0.51 and 0.61, respectively. 

The spontaneous transition observed at ι (a)/2π ~ 0.51 

is characterized by the appearance of low-frequency and 

large-amplitude oscillations in the signals of Wp
dia, n̄e, Ip and 

Hα /Dα before the spontaneous increase of Wp
dia and n̄e (Fig. 

7). As shown in the fi gure, Wp
dia and n̄e (and Hα /Dα intensity) 

are almost constant before the appearance of the oscillation. 

The non-inductive plasma current (mainly the bootstrap cur-

rent and the beam-induced current) is gradually increasing in 

this phase. Before and during the oscillation phase, no clear 

MHD-activity is observed as shown in the fi gure. Since the 

value of ι (a)/2π is close to a low mode resonance condition, 

the islands near the rational surface might be related with this 

low-frequency oscillation. For example, the non-inductive 

plasma current can change in ι (a)/2π and cause large-scale 

Fig. 6  Time history of an ECH+NBI discharge in the standard 
confi guration (ι(a)/2π ≈ 0.560) with the transition to the 
improved mode [11]. 

Fig. 7  Time history of an ECH+NBI discharge in the confi gu-
ration of ι (a)/2π ≈ 0.513.
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deformation of the fl ux surfaces and/or resultant contact with 

the wall. At a certain timing (~ 267 ms for the discharge 

shown in Fig. 7), the oscillation is spontaneously stopped and 

Wp
dia and n̄e start to rapidly increase beyond the level before 

the oscillation. In this Wp
dia-increase phase, Hα /Dα intensity 

decreases to a lower level almost the same as that observed 

before the oscillations, although n̄e increases far beyond that 

before the oscillation phase.

Another different type of transition observed at ι(a)/2π ≈ 

0.611 is characterized by the occurrence of strongly bursting 

MHD modes before the spontaneous increase of Wp
dia and n̄e 

(see Mag. probe in Fig. 8) [18]. According to the analysis 

of the magnetic probe signals, the toroidal mode number of 

the MHD modes should be ≈ 3. These bursting modes seem 

to degrade the confi nement: Wp
dia and n̄e are decreased or 

suppressed after the appearance of bursting MHD modes. 

A decrease of ECE signals is simultaneously observed. At a 

certain timing (~ 263 ms for the discharge shown in Fig. 8), 

however, the confi nement is spontaneously improved, and the 

values of Wp
dia and n̄e are rapidly increased although similar-

type of MHD activities are still observed. 

Although these two types of spontaneous change of the 

confi nement state are very interesting and important phenom-

ena, our present database on these events is not yet suffi cient 

to understand the mechanisms of these unfavorable behaviors 

of plasma and the physical processes of the transitions to 

favorable states. 

3.4  Edge plasma properties 
Figure 9 shows an example of the time evolutions of Wp

dia 

and n̄e, and Hα /Dα signals at two different toroidal positions 

(see Fig. 1), the radiation loss measured with an AXUV diode, 

and Is at R-RLCFS = 2.7 cm for an ECH+NBI plasma at ι(a)/2π 

≈ 0.54. The fl uctuation-induced particle fl ux Γ~fl uct is also plot-

ted in the fi gure, which is estimated from the equation Γ~fl uct 

∝ 
~
Is × (V~f

1 – V~f
2), where 

~
Is is the fl uctuation component of the 

ion-saturation current and V~f
1, V~f

2 are the fl oating potential 

fl uctuations from two different pins for the Vf measurement 

[19]. The positive value of Γ~fl uct corresponds to the outward 

fl ow. At the timing of a rapid Hα /Dα  drop (~ 248 ms), the 

value of Is suddenly decreases; the normalized fl uctuation 

level, 
~
Is/ 

−
Is, and Γ~fl uct decrease simultaneously. In this par-

ticular shot, repetitive increases and decreases in Γ~fl uct were 

observed during the time interval of 218 ms < t < 248 ms 

in correspondence with the dithering of the Hα /Dα  signal. 

Sharp spikes with large amplitudes were also observed in Is, 

Vf (not shown in the fi gure) and Γ~fl uct, indicating the intermit-

tent nature of the edge plasma turbulence. After the transition, 

the intensity of such intermittent bursts decreased. Since the 

averaged values of Γ~fl uct also decreased after the transition, 

it is not clear at present whether the apparent decrease of 

burst level indicates a change in the characteristics of the 

turbulence.

Figure 10 shows the radial distributions of Is, Vf, Te and 

Γ~fl uct before and after the transition obtained by changing the 

probe position on a shot-by-shot basis. Due to the poor time 

resolution of the Te measurement with the SOL probe, the 

Fig. 9  Time history of an ECH+NBI discharge in the con-
fi guration of ι (a)/2π ≈ 0.538. The SOL probe position 
is R-RLCFS = 2.7 cm.

Fig. 8  Time history of an ECH+NBI discharge in the confi gu-
ration of ι (a)/2π ≈ 0.611.
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averaged Te near the transition timing is plotted in this fi gure. 

The radial profi le of Is is a monotonically decreasing function 

of R-RLCFS for both timings before and after the transition. 

The change in the radial profi le of Is around the transition tim-

ing is not clear for this particular discharge set. This suggests 

that the transport barrier might be set at an inner region from 

LCFS beyond the available radial range of the movable probe. 

On the other hand, a change in the Vf-profi le is observed. 

The profi le of the fl oating potential after the transition has a 

positive maximum near R-RLCFS = 1.0 cm whereas the fl oating 

potential monotonically increases with insertion of the probe 

toward and beyond the last closed fl ux surface before the 

transition (~ 248 ms). In order to study the effect of the radial 

electric fi eld Er on the plasma turbulence and resultant particle 

fl ux, the space potential (Vp) profi le should be investigated 

instead of the Vf-profi le. Neglecting the change of Te through 

the transition, the drop of Vf near the last closed fl ux surface 

suggests the change of the radial electric fi eld from positive 

to negative (or a signifi cant change of the Er-shear) after the 

transition. 

As will be discussed in next section, the transition to the 

improved confi nement mode is observed in all confi gurations 

investigated so far. A clear change of the radial electric fi eld 

such as shown in Fig. 10 was observed only for some limited 

fi eld confi gurations and/or heating scenarios. It is interesting 

to note that such a clear change of Vf-profi le, indicating the 

formation of negative Er, was observed only for the transitions 

with higher improvement factors as defi ned in the next section 

[20]. The detailed investigation of the relation between the 

formation of the negative Er (or Er-shear) and the transition 

to the improved mode and/or its impact on the edge plasma 

turbulence remains as a future work including the confi rma-

tion of the edge transport barrier.

4.  Discussion
4.1   Effects of the magnetic fi eld confi gura-

tion
The investigation of confi guration effect on the transi-

tion phenomena, especially the effects of the edge rotational 

transform, is one of the key issues in the Heliotron J program 

since the operating condition of the H-mode in W7-AS is 

strongly related to the rotational transform [21]. It is not so 

easy to scan only ι(a)/2π without changing other confi guration 

parameters as mentioned in Sec. 2. Moreover, non-inductive 

plasma currents (bootstrap currents, beam induced currents 

and/or ECCD currents) can change the edge rotational trans-

form. Although the absolute values of such non-inductive 

currents are not so large, they can change the topology of 

the edge fi eld lines, especially near the resonance condition. 

Nevertheless, as the fi rst step of the investigation, we take the 

edge rotational transform ι (a)/2π in a vacuum condition. 

In Refs 6 and 9, we reported the existence of two op-

erational ι (a)/2π-windows for the transition; 0.54 < ι (a)/2π 

< 0.56 (a magnetic limiter confi guration) and 0.62 < ι (a)/2π 

< 0.63 (a partially wall-limiter confi guration), where the 

confi guration was controlled by changing the vertical fi eld. 

In the FY2004 campaign, more detailed investigations of 

the confi guration effects on the occurrence of the transition 

were performed for the ι(a)/2π-range of 0.49–0.64 [12]. Here, 

the ι (a)/2π was changed by controlling the ratio of the fi eld 

strength by HFC and that by TFCs, keeping the magnetic 

axis position nearly constant in order to maintain the central 

plasma heating of ECH as well as NBI. These studies re-

vealed that transition phenomena were observed for almost all 

ι (a)/2π confi gurations investigated in the FY2004 campaign, 

at least for the input power range in these experiments. The 

only one exception was the case of ECH-only discharges for 

the confi guration of ι (a)/2π ≈ 0.493, where no transition was 

observed for the available ECH power range. For NBI-only or 

ECH+NBI discharges, however, the transition was observed in 

the same confi guration. 

In order to discuss the quality of the improved mode, in 

Ref. 12, we take the ISS95 scaling as a measure of confi ne-

ment. Here, it is observed that the ι (a)/2π-values for good 

confi nement, where the peak values of τE
exp/τE

ISS95 are over 

1.3, are slightly less than the values for major natural reso-

nances. In such ι (a)/2π-conditions, the enhancement factor 

of τE
exp/τE

ISS95 ≈ 1.8 is observed. When ι (a)/2π is far from the 

“good” values, the enhancement of τE
exp/τE

ISS95 is only minor.

On the other hand, in order to discuss the improvement 

by the transition itself, it is worth looking at the improvement 

factor defi ned as the ratio of the maximum Wp
dia during the 

improved mode to that just before the transition. As shown in 

Fig. 11, the experiment has also revealed that the improvement 

factor also depends on the confi guration. Some confi gurations 

show a remarkable improvement factor (> 2) whereas the 

improvement factor for other confi gurations stays at 1.2–2. 

It is interesting to note that Wp
dia increases by a factor of 2 or 

more even when the enhancement of τE
exp/τE

ISS95 is minor.

Near the resonance condition of ι (a)/2π, the edge mag-

Fig. 10  Radial profi les of the ion-saturation current, fl oating 
potential, electron temperature, and fl uctuation-in-
duced particle radial fl ux from the SOL probe before 
and after the transition for the same discharge series 
as the shot shown in Fig. 9.
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netic surfaces are strongly modifi ed by the edge natural island 

chain, or the size of the last closed fl ux surface is reduced in a 

low magnetic shear device as observed in W-7AS [22,23]. This 

effect results in the fi ne structure of ι (a)/2π-dependence (i.e. 

clear degradation of the confi nement near the major resonance 

condition of ι (a)/2π) in W-7AS. The fi rst confi guration ex-

periment in Heliotron J from this point of view was performed 

using the 53 GHz ECH (oblique injections with non-focusing 

TE02-mode, Pin ~ 0.4 MW) and initial observations on the 

effect of ι (a)/2π on the plasma performance were reported 

in Refs. 13 and 14. Here the ι (a)/2π was changed through 

the control of the vertical fi eld (Fig. 3 in Ref. 14), and the 

maximum attainable value of Wp
dia was surveyed by carefully 

tuning the gas-puffi ng rate for each ι (a)/2π confi guration. In 

this 53 GHz ECH experiment, we observed the fi ne structure 

of ι (a)/2π-dependence, but it was not so clear compared to 

the result in W-7AS. In addition, this experiment also revealed 

that the obtainable value of Wp
dia under the same input power 

had a global tendency to decrease as ι (a)/2π departed from 

ι (a)/2π ≈ 0.54. 

Figure 12 shows the ι(a)/2π dependence of the maximum 

Wp
dia during the improved mode ( ) for the ι (a)/2π-scan ex-

periment (ECH+NBI discharges with a fi xed input power) in 

the FY2004 campaign [12]. The fi gure includes data from the 

confi gurations of ι (a)/2π ~ 0.51 and 0.61, where degradation 

of the plasma confi nement is observed in the pre-transition 

phase. In this fi gure, the data reported in Ref. 14 are also 

plotted as a function of ι (a)/2π for reference. Regarding the 

global ι (a)/2π-dependence, it is found that higher Wp
dia is ob-

tained again near ι (a)/2π ≈ 0.54 also for the improved mode, 

and that Wp
dia decreases for ι (a)/2π away from this value. It 

is interesting to compare the global tendency between the 53 

GHz and 70 GHz ECH cases using normalized values (i.e. 

Wp
dia/Wp

diamax.) for each case. The global ι (a)/2π dependence 

become mild in the improved mode, especially for ι (a)/2π 

< 0.52. As discussed in Refs. 13 and 14, the plasma-wall 

interaction is considered a potential explanation for the global 

tendency. Since ι (a)/2π was controlled by different ways in 

these two experiments and the distances between the LCFS 

and the wall were not the same, we should make more careful 

investigation to understand the observed difference in the 

global tendency between the two conditions. 

Relating to the improvement factor discussed with Fig. 

11, it is interesting to focus on the fi ne structure in ι (a)/2π 

dependence before and after the transition. In Fig. 12, the 

values of Wp
dia just before the transition are plotted by (+). For 

the data from the pre-transition phase, a clear fi ne structure 

in the dependence of Wp
dia on ι (a)/2π is observed. In the pre-

transition phase, Wp
dia is clearly low near the major resonance 

condition of ι (a)/2π. During the improved phase, however, 

such a fi ne structure becomes not so clear, resulting in a high 

improvement factor for some ι(a)/2π confi gurations as shown 

in Fig. 11. This suggests that the transition to the improved 

mode mitigates the sensitive dependence of Wp
dia on ι (a)/2π.

4.2  Density threshold for the transition
The transition to the improved mode has been observed 

only for discharges with densities higher than a certain value. 

According to Ref. 12, the threshold is in the range of n̄e ~ 

1.1–1.3×1019 m–3 for the 70 GHz second harmonic ECH dis-

Fig. 11  Confi guration effect on the ratio of the maximum 
Wp

dia during the improved mode to that at just before 
the transition. (ECH+NBI discharges with PECH ~ 0.29 
MW and PNBI ~ 0.57 MW).

Fig. 12  Maximum Wp
dia obtained during the improved mode 

as a function of ι (a)/2π (the same discharge set as 
the for Fig. 11). The data from Ref. [14] are also plot-
ted as a reference.
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charges in the standard confi guration (ι(a)/2π ≈ 0.560). Figure 

13 shows the relation of the density and the injection power 

at the incidence of the transition in the standard confi guration 

for ECH-only, NBI-only and ECH+NBI plasmas [25]. The 

absence of data points in the low-density region (n̄e ≤ 1×1019 

m–3) means that the transition could be observed only for the 

higher-density region. The threshold density (lower density 

limit for the transition) is again in the range of n̄e ~ 1.1×1019 

m–3. Moreover, this graph indicates that this threshold value 

is not sensitive to the heating method and injection power 

level. 

In the FY2004 campaign, the density thresholds for the 

different confi gurations were investigated for ECH+NBI dis-

charges with PECH ~ 0.29 MW and PNBI ~ 0.57 MW. Figure 

14 shows the threshold density required to obtain the transi-

tion for several ι (a)/2π values. The fi gure suggests that the 

threshold density is in the range of 1.1–2.0×1019 m–3 in most 

cases. In the previous section, the fi ne structure of ι (a)/2π-

dependence for Wp
dia was discussed. Checking Fig. 14 from 

this point of view, a fi ne structure in ι (a)/2π-dependence is 

found similar to the dependence of Wp
dia in the pre-transition 

phase. Near the major resonance condition of ι (a)/2π, the 

threshold density is low. This similarity could be partially 

understood by the strong dependence of Wp
dia on the density. 

For higher values of ι(a)/2π (> 0.6), however, the fi gure shows 

the existence of some exceptional low-threshold density cases 

(lower than ~ 1×1019 m–3). In these confi gurations, the density 

in the pre-transition phase stayed a low level and was diffi cult 

to increase by gas puffi ng. Although the confi nement degrada-

tion is concerned also for these confi gurations like the ι(a)/2π 

≈ 0.61 case discussed in the previous section, there were no 

clear signals suggesting MHD activities and/or oscillations for 

these cases. It is remained as a future work to investigate the 

confi nement degradation mechanism for these discharges and 

the physical process by which the improved mode.

The threshold density at the standard confi guration 

(ι (a)/2π ≈ 0.560) is about 1.3×1019 m–3 in this experiment. 

This threshold density seems to be slightly higher than that 

for the previous experiments. Although the FY2004 campaign 

was performed with D+ target plasmas, it is not clear at pres-

ent whether the isotope effect makes such difference or not. 

More detailed experiments should be necessary with taking 

care of the wall conditioning. 

As for the density threshold, it should be noted that both 

the H-to-L and L-to-H transitions are observed in the density 

range higher than the threshold value as shown in Fig. 5. This 

fact suggests that the line-averaged density is not a suffi cient 

condition for the transition but a necessary condition.

4.3  Effects of total heating power
H-mode studies in tokamaks indicate that another nec-

essary condition for the transition is the heating power or 

the power outgoing through LCFS. Based on the tokamak 

database, some empirical formulas for the required power 

for the L-to-H transition are introduced as a function of the 

line-averaged density, the surface area of LCFS, the strength 

of the confi nement fi eld, etc. [26]. 

Figure 15 shows the threshold density for several ab-

sorption power levels (0.1 MW < Pabs < 0.5 MW) at ι (a)/2π 

~ 0.498 (one of the high τE
exp/τE

ISS95 confi gurations). Here 

the PECH was controlled for ECH-only discharges and PNBI 

was changed for ECH+NBI discharges under a fi xed value 

of PECH. Although the number of data points is not large 

enough so far, there is no clear or simple relation between 

the threshold density and the absorption power. In Fig. 15, 

Fig. 13  Relation of the density and the injection power at 
the incidence of the transition for different heating 
schemes in the standard confi guration [25].

Fig. 14  Lower density limit to obtain the transition for several 
ι (a)/2π values (ECH+NBI discharges with PECH ~ 0.29 
MW and PNBI ~ 0.57).
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the solid curve denotes the threshold power for the H-mode 

transition in tokamaks, which is simply calculated using the 

scaling formula reported in Ref. 26. As shown in the fi gure, 

the minimum power level examined in the experiment, i.e. 

the operation limit of our power source of microwaves, is 

almost the same level as the threshold power expected from 

the tokamak scaling. Similar results are obtained for another 

confi guration of ι (a)/2π ~ 0.56 (the standard confi guration). 

No clear power dependence on the threshold density shown in 

Fig. 15 is consistent with the result shown in Fig. 13, where 

the differences in the density threshold are not signifi cant 

among the various heating schemes and power levels under 

fi xed fi eld confi guration. 

It is interesting to note that for ECH-only discharges at 

ι (a)/2π ≈ 0.493, the transition was not obtained for the avail-

able ECH power range. For ECH+NBI discharges, however, 

the transition was observed. This suggests the existence of 

some confi guration effects and/or heating-method effect on 

the power threshold.

4.4  Effects of heating profi le
According to the ECH experiments in Heliotron J with a 

well-focused microwave beam [27], both the on- and off-axis 

heating conditions can produce plasmas of a wide density 

region n̄e < 2×1019 m–3, where the upper density range is prob-

ably limited by the cut-off of the second harmonic X-mode in 

the central region. However, optimal heating (i.e. higher Wp
dia) 

was found only for the condition of highly localized on-axis 

heating (r/a < 1/4). The experimental energy confi nement 

time, τE
exp, could increase the ratio τE

exp/τE
ISS95 above unity (up 

to ~ 1.5-2) for this optimal heating condition, but the off-axis 

heating could not reach such a high level of τE
exp/τE

ISS95. In 

those experiments, only high-density discharges in the on-axis 

heating were accompanied by the spontaneous transition to 

the improved confi nement mode. This observation raises the 

question of whether the heat deposition affects the occurrence 

of the transition. In tokamak H-mode studies, preferable ef-

fects of the edge ECH heating on the L-to-H transition have 

been reported [28]. The experiments under the two different 

ECH launching conditions in Heliotron J might give us a hint 

on the effect of the power deposition profi le on the occurrence 

of the transition. 

As shown in Fig. 3, the single-path power deposition 

profi le is quite different between these two launching condi-

tions. The peak absorption-power-density in the well-focused 

case is about 6-7 times higher than that in the non-focusing 

case. However, we observed the transition for both cases at 

least for the input power level of PECH ~ 0.3 MW. This sug-

gests that the power absorption profi le itself is not a primary 

factor for the transition whenever the on-axis heating condi-

tion is maintained. However, it should be noted that the total 

single-path absorption rate for the horizontal launching case 

was ~ 60 %, whereas that for the vertical launching case was 

~ 100 %. When we take into account the power absorption 

of the refl ected power, the effective power absorption profi le 

could become wider than that shown in Fig. 3(a) for the 

horizontal launching case. Therefore, the actual difference in 

the absorption profi le between the two cases would diminish. 

Experiments using off-axis heating would be necessary to 

clear up this question. 

5.  Summary
The Heliotron J experiments have revealed the existence 

of a spontaneous transition to improved confi nement modes 

for all tested heating scenarios (ECH-only, NBI-only and 

ECH+NBI heating). Based on the experimental database 

obtained up to now, characteristics of and conditions for the 

transition are discussed, focusing on the confi guration ef-

fects.

For the ECH+NBI discharges with the input power of 

PECH ~ 0.29 MW and PNBI ~ 0.57 MW, the effect of the fi eld 

confi guration on the occurrence of the transition was studied 

by controlling ι (a)/2π as a label of the confi guration. Our 

fi ndings are as follows:

(1)  the transition phenomena is observed for almost 

all ι (a)/2π confi gurations under this range of input 

power, 

(2)  the ι(a)/2π-ranges for good confi nement, where the 

peak values of τE
exp/τE

ISS95 reach 1.3–1.8 during the 

improved mode, are located in the regions slightly 

below the major natural resonances, 

(3)  in the pre-transition phase, Wp
dia is conspicuously 

low near the major resonance condition of ι (a)/2π, 

(4)  the drop of Wp
dia is moderated after the transition.

The transition is observed only for discharges with a den-

sity higher than a critical value. As for this density threshold, 

we can summarize as follows: 

Fig. 15  Threshold density for several absorption power levels 
(0.1 MW < Pabs < 0.5 MW) of ECH-only and ECH+NBI 
discharges in the confi guration of ι (a)/2π ≈ 0.498. The 
solid curve in the fi gure denotes the threshold power 
estimated by using a scaling formula for the H-mode 
in tokamaks [26].
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(1)  the threshold line-averaged density for the transition 

is in the range of 1.1–2.0×1019 m–3 in most cases,

(2)  near the major resonance condition of ι (a)/2π, the 

threshold density becomes low, 

(3)  in the higher ι (a)/2π-region (ι (a)/2π > 0.6), some 

exceptional low-density cases exist,

(4)  the line-averaged density is not a suffi cient condi-

tion for the transition but a necessary condition. 

As for the threshold of the input power, 

(1)  there is no clear or simple relation between the 

threshold density and the absorption power for a 

fi xed fi eld confi guration, 

(2)  here, the minimum power level examined so far, 

i.e. the operation limit of our power source of mi-

crowaves, is almost the same level as the threshold 

power expected from the tokamak scaling. How-

ever,

(3)  the existence of a confi guration for which the tran-

sition was not observed only with ECH discharges 

suggests the existence of some confi guration ef-

fect and/or heating-method effect on the threshold 

power.

We need to continue theoretical and experimental inves-

tigations to understand the observed transition phenomena 

and to attain long pulse operation with high-quality, improved 

confi nement state in Heliotron J.
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