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Abstract. In the Tohoku University Heliac (TU-Heliac), a helical axis stellalator, the transition mechanism to an
improved mode has been intensively studied by biasing experiments using a hot cathode of LaB,. The negative
electrode biasing by a hot cathode triggered an improved confinement mode, and the bifurcation phenomena, i.e.,
a negative resistance feature in the electrode characteristics that accompanies this L-H transition, were observed.
The ion viscous damping force was estimated from the J x B driving force for the poloidal rotation and the
effects of the local maxima on ion viscosity were investigated. The measured damping forces agreed well with
those of the neoclassical theory, and had a local maximum at the poloidal Mach number M, ~ 1.5 where the
neoclassical theory predicts a local maximum originated from a toroidal ripple. The plasma showed negative
resistance characteristics in the region where the neoclassical ion viscous damping force had alocal maximum.

1. Introduction

Although the H-mode is widely observed in both tokamaks and stellarators [1-5], there are
few universal characteristics in helical/stellarator devices. One of the reasons is that each of
stellarators has its own Fourier components of the magnetic field, causing the complexity in
radial particle fluxes and in the ion viscous force. In theories for L-H transition, the local
maximum in ion viscosity against poI0|daI Mach number M_ around -M, ~ 1-3 is considered to
play the key role [6-9]. This maximum is considered to be related to the toroidicity, hence, a
universal feature among tokamaks and stellarators can be studied if this region is investigated
in detail. Electrode-biasing experiments are one of effective tools for the study of improved
confinement modes [10-13]. In our previous experiments on the Tohoku University Heliac
(TU-Heliac)[14], a cold electrode and a constant voltage power supply was used and an
improved mode was successfully triggered as a transition to a high-density region when M >
1. The measured dumping force showed a local maximum at M, =1-2. However, the driving
force for plasma rotation was not controlled continuously with this set-up. On the other hand,
the non-linearity of plasma viscosity was investigated using a cold electrode with a
voltage-sweep biasing in IMS [15]. They clearly showed that the non-linearity of plasma
viscosity at -M, ~ 20, but improvement of plasma confinement was not reported. In the present
experiments we adopted an el ectron-injection-hot-cathode as a biasing el ectrode to control the
driving force for plasma rotation externaly and it was drived by a current-control power
supply. The measurement of the poloidal rotation may allow estimation of ion viscous
damping force. The purposes of our electrode biasing experiments were, (1) to study the
characteristics of biased plasmas in TU-Heliac, (2) to study the feasibility of active control of
the driving force for the poloidal rotation by a hot cathode, (3) to estimate the ion viscous
damping forces from the driving forces in a wide range of collisionality, and (4) to perform a
comparison between the measured ion viscous damping force and the neoclassical predictions
[8, 16].

2. Characteristics of a Biased Plasmas with Constant Voltage

The TU-Héliac is a 4-period heliac (major radius, 0.48 m; average plasma radius, 0.07 m) [14,
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FIG. 1. The Experimental setup.

17]. The heliac configurations were produced by three sets of magnetic field coils: 32 toroidal
field cails, a center conductor coil, and one pair of vertical field coils. Three capacitor banks
consisting of two-stage pulse forming networks separately supplied coil currents of 10 msec
flat top. The target plasmafor biasing was He plasma produced by low frequency joule heating
(f = 18.8 kHz, P, ~ 35 kW). The joule heating power was supplied to one pair of poloidal
coils wound outside the toroidal coils [18]. The vacuum vessel was filled with fueling neutral
He gas and sealed before every discharge.

The electrode biasing experiments were carried out in the TU-Heliac using an emissive hot
cathode made of LaB,, which functions as an electron injection source. The LaB, hot cathode
(diameter, 10 mm; length, 17 mm) was inserted horizontally into the plasmafrom the low field
Side at a toroidal angle ¢ = 270° as shown in Fig. 1. In a poloidal cross-section, the flux
surface was bean or kidney shaped. The hot cathode was heated by a floating power supply
and negative bias voltage or negative current source was applied against the vacuum vessel by
a voltage-control or current-control power supply (Fig. 1). The radial profiles of electron
temperature, density, plasma potential, and these fluctuation levels were measured by a triple
probe at a toroidal angle ¢ = 0°. The line density along a vertical chord through the magnetic
axis was measured by a 6 mm microwave interferometer at ¢ = 90°. The poloidal distribution
of fluctuation levels were measured by multi Langmuir probes that were aligned along a
magnetic surface at @ = 90°. The visible light emisson was monitored by a 25 cm
spectrometer at @ = 159°. The typical plasma parameters before biasing were as follows. The
electron density on the magnetic axis was 6x10" cm™ and the electron temperature on the axis
was about 25 eV. The magnetic field on the axiswas 0.3 T.

First, we examined the characteristics of biased plasmas in the TU-Heliac with constant
voltage biasing experiments. Figure 2 shows the typical time evolution of the electrode voltage
V., the electrode current |, and the plasma parameters. In this experiment, the negative bias
voltage was applied against the vacuum vessel by a constant-voltage power supply. Figure 2
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(c) shows radial electric fields estimated
from the potential profiles measured by
the triple probe at three different adjacent
radial points. Here, p is the averaged
radius normalized by the averaged radius
of the last closed flux surface. It is clear
that the biased electrode induced a strong
negative radial electric field and a radial
electric field shear. Thisfield was initially
formed near the magnetic axis and then
extended toward the plasma boundary.
After formation of the electric field, the
line density measured by the
interferometer increased by afactor of 2 ~
3 (Fig. 2 (d)), the fluctuation level of the
floating potential and that of the ion
saturation current measured by the triple
probe were suppressed (f), (g), and the
impurity light emission (Hy) normalized
by n<ov> decreased (h), where n, is the
electron density and <ov> is the rate
coefficient of the electron excitation [19].
The radial profile measurements obtained
by the triple probe also indicated that the
electron density profile steepened during
biasing [20].

Previously [21], we actively changed the
electrode voltage. The stored energy is
plotted against the hot cathode input
power in Fig. 3. The input power of the
low frequency joule heating was kept
constant. The stored energy was estimated
from the product of the density and the
electron temperature. The linear gradient
after the formation of the electric field
was about twice larger than that before the
formation. This suggests the energy
confinement time increases by a factor of
2. These observations indicated that the
TU-Heliac shows the same characteristics
as the H-mode in large tokamaks and
stellarators.

3. Feasibility Study of Active Control of
the Driving Force with Current Sweep

The feasibility of active control of the
driving force for the poloidal rotation was
examined by sweeping the electrode
current with an external control signal.
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FIG. 2. Typical time evolution of (a) electrode
voltage, (b) electrode current, (c) radial eectric
fields, (d) electron line density, (e) electron
temperature, (f) floating potential fluctuation
level, (g) ion saturation current fluctuation
level, and (h) impurity light emission
normalized by n<ov>. The normalized radius
isindicated by p.
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FIG. 3. The stored energy dependence on the
electrode input power.
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Figure 4 shows typical time evolution of
(@ the €lectrode current, (b) the
electrode voltage, (c) radial electric
fields, (d) electron line density, (e)
electron temperature, (f) floating
potential fluctuation level and (g) ion
saturation current fluctuation level. In
this experiment, the electrode current
was kept constant at ~ 4 ampere from O
to 5 msec and then ramped down from 5
to 10 msec, as is shown in (). The
electric fields in outer region (c)
decreased gradually by the
current-control power supply, indicating
the capability of active control of the
driving force for the poloidal rotation.
In the region AB, the electrode voltage
(b) increased in spite of a decreasing of
the electrode current, clearly showing
the negative resistance characteristics.
We aso ramped up the electrode current
and observed the same negative
resistance characteristics, and we
observed the hysteresisin a curve of the
stored energy versus input power due to
L to H and H to L transition path [22].
These phenomena show that the
bifurcation mechanism, accompanied
with H mode transition, occurred in our
electrode biasing experiments on the
TU-Héliac. From Fig. 4, the improved
mode continued until ~7 msec, because
the line density (d) was sustained high
level and the fluctuation level of the
floating potential (f) and that of the ion
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FIG. 4. Typical time evolution of (a) electrode
current, (b) electrode voltage, (c) radial electric
fields, (d) electron line density, (€) electron
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saturation current (g) were suppressed.
Even in €electrode current sweep
experiments, these behaviors also showed
the same characteristics as those of
H-mode in large tokamaks and stellarators.

15 |

Active control of the J x B driving force
for the poloidal rotation by externally
controlled electron injection was also
demonstrated by measuring the fluctuation
level of ion saturation currents by a 5F
multi-Langmuir probe shown in Fig. 5 (a). &
The radia positions of al tips of a
multi-Langmuir probe were aligned along 0 ! ! !
a same magnetic surface, and were 0 5 10 15
calibrated by a low energy electron beam

launched from an electron gun. The time 'Er /B (km/s)
traces of the ion saturation fluctuation F|G. 6. The comparison between the rotation
signals in probe 2~5 are shown in Fig. 5 speeds estimated from the phase velocities of
(b). The FFT analysis showed that the fluctuations in ion saturation current and the
frequency range spread from 80 kHz to EXB drift velocity'where the electric field E was
130 kHz. From Fig. 5 (b) it is clear that all ~ Measured by the triple probe.

signals were kept a similar time evolution

and had a phase shift according to the

poloidal angles. Therefore we estimated the poloida rotation speeds from the phase shift
assuming that these fluctuations were conserved against a fluid rotation. Figure 6 shows the
comparison between the rotation speed thus estimated and the E x B drift velocity where the
electric field E was measured by the triple probe. We can see that the both rotation velocities
were widely changed by the actively controlled electrode current sweep and the rotation
speeds estimated from fluctuations phase shift almost agreed with the E x B drift velocities.
The difference between these velocities can be minimized if we take account of the ion
diamagnetic drift velocity, assuming T, = 0.1 - 0.5T,

10| * -

(km/s)

:

4. Comparison between the Measured Damping Force and the Neoclassical Predictions

We estimated the ion viscous damping force from the driving force for the poloidal rotation
and performed a comparison between the measured ion viscosity and the neoclassical
predictions. In a steady-state, the driving force for the poloidal rotation balanced the ion
viscous damping force and friction on the neutral particles. The surface averaged poloidal
component of the momentum balance equation in toroidal geometry (o, 6, @ can be written as
follows[16, 23]:

<B M7 >
T @+ 2¢)nm vV, 1
@BO ( q)l ivin' 6 ()

< jp >B,=-
where Vg = <(B/ByUg> = OV, - E//B, + (1/nZeB)op/dp, V, = <(B/ByUs>, © =BdBy, q =
&€lO, € = p/IR and < > denote surface average U, |, I1, B, E, and v, are the ion flow velocity,
current density, ion viscosity stress tensor, magnetic field, electric field, and charge exchange
collision frequency, respectively. B, isthe field on the axis. n, m, p, and Ze are the ion density,
mass, pressure, and charge, respectively. R and p are the averaged major radius and the minor
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radius, respectively. The left hand side

of Eg. 1 indicates the driving force of | T T T
x B and the right hand side indicates the
damping forces, i.e, ion viscous
damping force and friction on neutral
particles. The heliac configuration has
complicated magnetic Fourier
components. The gradient of the ion
temperature and that of the pressure
weakly affect the magnitude of the ion
viscosity and the helical ripple does not
significantly affect the location of the
local maxima of the viscosity [9, 24]. 0 -2 -4 -6 -8
Therefore, the overall behavior of ion

viscosity to the poloidal Mach number M o

did not change, and therefore we FIG. 7. The schematic graph of the right hand

Damping force

lon viscosity

considered only the toroidal ripple in side of Eq. 1. The black solid and broken lines are
the present study, neglecting the ion t_he i_on viscosity and the friction. The red solid
diamagnetic drift velocity and surface lineis the overall drag term.

averaged toroidal flow. We adopted the

plateau expressions in the Rozhansky model for a toroidal system [16] for ion viscous
damping force and assumed the charge exchange process to be dominant collision with neutral
particles. The schematic graph of the right hand side of Eq. 1 is shown in Fig. 7 where M =
Vo/Gv,; poloidal Mach number and v,, = (2T/m)"; ion thermal velocity. The black solid and
broken lines are the ion viscosity term and the friction term. The red solid line is the overall
drag term.

In the region of the high poloidal Mach number, the dominant damping force on the poloidal
rotation is the friction on neutral particlesin TU-Heliac. We changed the filling pressure of the
working gas He to change the collisionality. Figure 8 (a) shows the dependence of the
electrode current on the electrode voltage at various filling gas pressures, p = 0.7 — 5.4 x 10°
Pa. In all cases, the negative resistance region can be seen, which is enclosed by a circle. With
regard to the transition conditions, V. and |, decreased with decreases in working gas pressure.
The stronger E, was formed with decreasing working gas pressure. The poloidal flow was
formed easily in case of lower collisiondlity. In Fig. 8 (b), the vertical axis indicates the
normalized driving force (L is the length of the magnetic axis), which corresponds to the left
hand side of Eq. 2. Each symbol shows the surface averaged driving force estimated from the
electrode current, and the horizontal axis indicates the poloidal Mach number estimated from
theradial electric field. In these estimations, we assumed that the ion temperature T, was 0.2T..
This assumption may be reasonable if the E x B rotating speed is equal to the experimental
results of the Mach probe [21] and the result of the multi-Langmuir probe mentioned in the
previous section. The solid and broken lines show the neoclassical ion viscous damping force
including the friction term, which corresponds to the right hand side of Eq. 1. This damping
force had aloca maximum in theregion 1 <-M_ < 3, whilein the high M_region (-M_ > 3) the
dominant damping force was friction and was linearly proportional to M. Figure 8 (b) clearly
shows that the measured viscous damping forces had a local maximum at -M, ~ 1.5 at all
filling gas pressures and agreed well with the neoclassical predictions at low pressures, i.e., in
case of lower collisionality. However, at high pressures, differences were observed between the
experimental results and theoretical curves. These differences may have been due to ambiguity
in the charge exchange cross-section adopted in the present study. The plasma showed negative
resistance characteristics (closed symbols) in the region where the neoclassical ion viscous
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FIG. 8. (a) The dependence of I on V, at various filling gas pressuresp = 0.7 -
5.4 x 107 Pa. (b) The dependence of the measured damping forces (symbols)
and the neoclassical damping force (broken and solid lines) on poloidal Mach
number M. Closed symbols correspond to the negative resistance regions

enclosed by circlesin Fig. 8 (a).

damping force had a local maximum in 1 < -M_ < 3 and the poloidal Mach number M,
corresponding to the negative resistance regions was independent of the working gas pressure,
although the electrode parameters of the negative resistance regions were quite different. This
suggested that the L-H transition occurred near the local maximum in ion viscosity which
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originates from atoroidal ripple[9].
5. Summary

The results of the biasing experiments using a hot cathode in the TU-Heliac can be
summarized as follows. (a) The improved confinement mode, which has the same
characteristics as those of H-mode in large tokamaks and stellarators, can be triggered with
both constant voltage and current sweep biasing. (b) we can actively control the J x B driving
force for the poloidal rotation by externally controlled electron injection using the
current-control power supply. (c) Negative resistance features were observed between the
electrode current and voltage at a wide range of filling pressure. (d) The measured damping
forces had a local maximum at the poloidal Mach number M  ~ 1.5, without regard to
collisionality, and they agreed well with the neoclassical predictions of the Rozhansky model
under the assumption T, = 0.2T.. (€) The plasmas showed negative resistance characteristics in
the region where the ion viscous damping force had alocal maximum.
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