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Abstract. Electrode biasing experiments were tried in various magnetic configurations on the Large Helical 
Device (LHD). The transitions of poloidal viscosity, which were accompanied with bifurcation phenomena 
characterized by a negative resistance, were clearly observed on LHD by the electrode biasing. The critical 
external driving force required for transition were compared with the local maximum in ion viscosity, and the 
radial resistivity before the transition also compared with the expected value from a neoclassical theory. The 
critical driving force increased and the radial resistivity decreased with the major radius of the magnetic axis Rax 
going outward. The configuration dependence of the transition condition and the radial resistivity qualitatively 
agreed with neoclassical theories. The radial electric field and the viscosity were also evaluated by the 
neoclassical transport code for a non-axisymmetric system, and estimated electrode voltage required for the 
transition, which was consistent with the experimental results. 

 

1. Introduction 

In neoclassical theories the nonlinearity of the ion viscosity plays the important role in the 
bifurcation phenomena of the L-H transition [1-8], which is observed in tokamaks and 
stellarators [9-15]. The effects of the ion viscosity maximum on the transition to an improved 
confinement mode were experimentally investigated by the externally controlled J x B driving 
force for a poloidal plasma rotation using the hot cathode biasing in Tohoku University Heliac 
(TU-Heliac) [16, 24]. Here, J and B are a biasing electrode current and a magnetic field. In 
steady state the J x B driving force balances with the ion viscous damping force and the 
friction to neutral particles. Then we can observe the transition of poloidal viscosity from the 
electrode characteristics and the local maximum in ion viscosity (viscosity maxima) can be 
evaluated experimentally from the external driving force at the transition (critical driving 
force Fc). 

The remaining problems in the biasing experiments on TU-Heliac [20, 23] were (1) to spread 
a ripple component in magnetic configuration to a lower region, and (2) to improve a target 
plasma to a high-performance region where a collisionality with neutral particles has a 
sufficiently low to ignore the friction effect. Figure 1 shows the operating range for the 
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effective helical ripple εeff and local maxima in a neoclassical poloidal ion viscosity Πp,n_LM 
(viscosity maxima) in TU-Heliac and LHD predicted by the neoclassical theory [6], and 
critical driving forces Fc in TU-Heliac. In LHD the effective helical ripple εeff and viscosity 
maxima Πp,n_LM have wider region than those in TU-Heliac (hatched region). We predicted 
the relation between a poloidal Mach number Mp and ion viscosities Πp,n at ρ = 0.97 in LHD 
by the neoclassical theory [6] for various configurations (Rax = 3.53, 3.60, 3.75 and 3.90 m). 
The viscosity maxima Πp,n_LM change drastically depending on the position of the magnetic 
axis Rax that mainly changes the effective helical ripple εeff [25].  

LHD can produce higher temperature plasmas at higher field than the plasma in TU-Heliac. In 
LHD the penetration length of neutral particles, ion Lamour radius and ion-neutral collision 
frequency are λn ~ 10-2 m, ρi < 10-3 m and νin < 103 s-1 respectively. On the other hand in TU-
Heliac these are λn ~ 10-1 m, ρi ~ 3x10-3 m and νin ~ 104 s-1. 

We tried the biasing experiment in LHD, and reported the first observation of transition 
phenomena [25]. In this paper we report the difference of the viscosity transition condition in 
three configurations by the electrode biasing experiments in LHD. We compared the critical 
external driving force required for transition with the local maximum in ion viscosity, and 
also compared the radial resistivity before the transition with the expected value from a 
neoclassical theory. And we also evaluated the radial electric field and the viscosity by the 
neoclassical transport code FORTEC-3D [26] for a non-axisymmetric system, and we 
discussed the electrode voltage required for the transition from simulation results. 

2. Experimental Setup 

The target plasma for the biasing in LHD was produced by ECH (f = 77 and 84 GHz, 0.2 < 
PECH < 0.5 MW) in magnetic configurations (Rax = 3.53, 3.60 and 3.75 m, 1.5 < Bt < 2.75 T). 
The electron density and temperature at the magnetic axis were 1 ~ 9 x 1018 m-3 and ~ 0.8 keV 
in the Helium target plasma. The electrode was a cylindrical disk of diameter 100 mm and 
length 40 mm, made of Carbon. The electrode was connected to the support shaft made of 
SUS316, which was electrically insulated from the carbon disk and covered by a Boron 

FIG. 1 Operation range for the effective 
helical ripple εeff and local maxima in a ion 
viscosity Πp,n_LM in TU-Heliac and LHD 

 

FIG. 2 Flux surfaces and Carbon 
electrode. Electrode was positively biased 
against to the vacuum vessel. 
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Nitride tube in order to insulate the electrode from the ground potential. Then the electrode 
can be inserted into the plasma avoiding a short circuit between the inside and the outside of 
the separatrix. The connections for the feed lines of the electrode and to the driving system 
were also covered with carbon as protection from the plasma in the scrape-off layer. All parts 
were connected to the linear driving system and inserted to the plasma from the bottom port in 
LHD [25]. 
The relation between flux surfaces in the configuration for Rax = 3.60 m and the carbon 
electrode are shown in Fig. 2. In the biasing experiment the centre of the electrode was 
inserted to ρ ~ 0.8. The electrode was connected to the vacuum vessel through the DC power 
supply (Vout = 650V max, Iout = 46A max). In this experiment the electrode was positively 
biased against to the vacuum vessel. 

3. Experimental Results 

Figure 3 shows the typical time evolutions of (a) the electrode voltage VE, (b) line density neL 
along 6 chords, (c) electron kinetic energy Wpe evaluated from the Thomson scattering 

FIG. 3 The typical time evolutions of (a) the electrode voltage VE, (b) line 
density neL along 6 chords, (c) electron kinetic energy and (d) the 
expanded electrode current 
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measurement and (d) the electrode current IE in the configuration Rax = 3.60 m and Bt = 2.75 
T. The biasing was applied from t = 4.42 s to 4.72 s. The electrode was positively biased 
through the power supply (Pout ~ 3 kW) by the triangle input waveform as shown Fig. 3(a). 
Figure 3(d) shows the sudden current drop (4.47 s < t < 4.48 s) and rise (4.68 s < t < 4.69 s) in 
the electrode current, which means the negative resistance and suggested the viscosity 
transition and the forward and backward transition to another confinement mode. The density 
gradient increased at the plasma periphery corresponding to the transition as shown Fig. 3(b). 
We did not observe clear increase in the stored energy, but the electron kinetic energy shown 
in Fig. 3(c) decreased gradually which may be caused by the decrease in the density at the 
plasma periphery. 

3.1. Configuration Dependence 

We compared the external driving force J x B required for the viscosity transition in 3 
configurations (Rax = 3.53, 3.60 and 3.75). Here, J and B are the biasing electrode current and 

FIG. 4 Relation between (a) the critical driving force and the magnetic axis 
position, (b) the radial resistivity and the magnetic axis position 
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the magnetic field. Figure 4(a) shows the configuration dependence of the critical driving 
forces Fc, which were evaluated at the forward and backward transition point as seen in Fig. 
3(d). Figure 4(a) also shows the viscosity maximum Πp,n_LM. The viscosity maximum 
increases according to the increase in the magnetic axis position Rax [25]. In the Rax = 3.75 
case we cannot observe the transition, because the required electrode voltage exceed the 
limitation of the power supply. The critical driving force and the viscosity maximum have the 
same tendency including the result in the Rax = 3.75 case. Critical driving forces at the 
backward transition were smaller than that at the forward transition, which means the mode 
after the transition can be sustained by the smaller driving force in the backward transition 
phase and is consistent with transition scenario caused by the local maximum in the ion 
viscosity. And these transitions have a hysteresis feature. 

We also compared the configuration dependence of radial resistivity before the transition with 
the theory. In Fig. 4(b) dMp/dΠp,n was calculated from the viscosity in the low Mach number 
region. This value is proportional to dVE/(dIE/ne) evaluated from the electrode characteristics. 
And these two values represent the radial resistivity. From Fig. 4(b) it is clear that two 
parameters before the transition decrease with the magnetic axis Rax going outward. This 
result shows the difference of the increase rate in viscosity in the low Mach number region for 
3 configurations (Rax = 3.53, 3.60 and 3.75) [25]. 

These observations suggest that the tendency of ion viscosities to the effective helical ripple 
predicted by neoclassical theories was experimentally confirmed by the electrode biasing in 
the configurations that has the wide effective helical ripple. 

3.2. Transition Condition for Biasing Voltage 

Figure 5 shows the relation between the electrode voltage and the electrode current in the 
configuration (Rax = 3.6 m, Bt = 1.5 T). The solid lines and rectangles in Fig. 5 indicate the 
triangle waveform biasing case and fixed voltage biasing cases. It clearly shows the transition 
points and the negative resistance characteristics. The electrode voltage at the forward 
transition (VE ~ 200 V) was greater than that at the reverse transition (VE ~ 180 V). Therefore 
the electrode characteristics had a hysteresis in the transition phenomenon. 

FIG. 6 Space potential profiles measure 
by HIBP 

FIG. 5 Relation between the electrode 
voltage and the electrode current in the 
configuration 
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We measured space potential profiles by HIBP (heavy ion beam probe) under the electrode 
biasing in the configuration (Rax = 3.6 m, Bt = 1.5 T) and the radial profiles of space potential 
were shown in Fig. 6. In this experiment the electrode was biased by constant fixed positive 
voltages (VE = 0, 100, 300 and 650 V). Figure 6 (discrete data) shows that the radial space 
potential shifted to a positive direction keeping a broad profile according to the increase in the 
electrode voltage, and also shows the space potential jump between 100 V and 300 V, and in 
this voltage region the transition was triggered and the electrode characteristics show the 
negative resistance as shown in Fig. 5.  
We evaluated the radial electric field and the viscosity by the neoclassical transport code 
FORTEC-3D [26] for a non-axisymmetric system in the configuration (Rax = 3.6 m, Bt = 1.5 
T). First, for calculation we estimated the radial potential profiles from the fitting the HIBP 
results and assuming the plasma potential outside the HIBP observation area as shown in Fig. 
6 (solid lines) and we successfully evaluated the dependency of poloidal viscosity and 
poloidal Mach number Mp in 0.69 < ρ < 0.83 region as shown in Fig. 7. It is clearly shown 
that the viscosity maxima locate at Mp ~ 0.8. For discussion on the biasing voltage required 
for the transition we evaluated radial profiles of poloidal Mach number for various biasing 
voltages from 150 to 600 V as shown in Fig. 8, which reveals that on the condition of the 
biasing voltage VE = 210 ~ 300 V the poloidal Mach number Mp has about 0.8 at the plasma 
edge where the electrode located. This means that external driving force can overcome the 
viscosity maximum when the plasma is biased with VE = 210 ~ 300 V, which is consistent 
with experimental results. The electrode voltage VE at the forward transition was about 200 V 
shown in Fig. 5. 

3. Summary 

 We tried electrode biasing experiments in various magnetic configurations on LHD. The 
transitions of poloidal viscosity, which were accompanied with bifurcation phenomena 

FIG. 7 Dependency of poloidal viscosity 
and poloidal Mach number 

FIG. 8 Radial profiles of poloidal Mach 
number for various biasing voltages from 
150 to 600 V 
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characterized by a negative resistance, were clearly observed in various magnetic 
configurations by the electrode biasing. We compared the critical external driving force 
required for transition with the local maximum in ion viscosity, and also compared the radial 
resistivity before the transition with the expected value from a neoclassical theory. The 
critical driving force increased and the radial resistivity decreased with the major radius of the 
magnetic axis Rax going outward. The configuration dependence of the transition condition 
and the radial resistivity qualitatively agreed with neoclassical theories. These observations 
suggest that the tendency of ion viscosities to the effective helical ripple predicted by 
neoclassical theories was experimentally confirmed by the electrode biasing in the 
configurations that has the wide effective helical ripple. We successfully evaluated the radial 
electric field and the viscosity by the neoclassical transport code for a non-axisymmetric 
system and also estimated electrode voltage required for the transition, which was consistent 
with the experimental results. 
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