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Abstract:

Electron Bernstein Wave Heating and Current Drive (EBWH/CD) effects have been first
observed in over dense plasmas using the developed phased-array antenna (PAA) system
in QUEST. Good focusing and steering properties tested in the low power facilities were
confirmed with a high power level in the QUEST device. The new operational window to
sustain the plasma current was observed in the RF-sustained high-density plasmas at the
higher incident RF power. Increment and decrement of the plasma current and the loop
voltage were observed in the over dense ohmic plasma by the RF injection respectively,
indicating the EBWH/CD effects.

1 Introduction

The Q-shu University Experiments with Steady-State Spherical Tokamak (QUEST) was
proposed at Kyushu University, and the QUEST device has been constructed [1]. Spher-
ical tokamaks (STs) can attain a higher β than conventional tokamaks. The ultimate
goal of the QUEST project is steady-state operation with relatively high beta (<10%)
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in the ST configuration under controlled plasma wall interactions. For steady-state toka-
mak operation, a plasma current drive method should be established. Electron Bernstein
wave heating and current drive (EBWH/CD) is an attractive candidate for sustaining a
steady-state ST plasma. In ST experiments, the plasma frequency may become larger
than the electron cyclotron frequency in the operating density range because of the low
magnetic field, and electron cyclotron waves cannot propagate into the plasma beyond
the cutoff. EBWH/CD experiments require mode conversion processes from the electron
cyclotron (electromagnetic) waves (ECW) to the electron Bernstein (electrostatic) wave.

In O-X-B mode conversion, an obliquely incident electromagnetic O-mode wave that
reaches the cutoff is converted into an X-mode wave and propagates to the upper hybrid
resonance layer. It is then converted to an electrostatic Bernstein- (B-) mode wave again.
A ray trajectory in an optimum case where the O-mode wave is obliquely injected with an
appropriate parallel refractive index N// was analyzed using the TASK/WR ray-tracing
code [2], and the deposition profile was evaluated. The generated current profile was
also analyzed using the TASK/FP Fokker-Planck code from the local wave electric fields
calculated by the TASK/WR code [3]. Multiple ray propagations were analyzed with the
N// spectrum, including non-optimal cases, by taking into account the tunneling effect
through the evanescent layer beyond the cutoff [4].

In O-X-B mode conversion experiments, the oblique launching-angle and elliptical
polarization state should be controlled to achieve high-efficiency mode conversion into
the B-mode wave. A phased-array antenna (PAA) system that enabled us to control the
launching angle and polarization state was proposed [5] for the EBWH/CD experiments
in the QUEST. A low-power test of the CW antenna confirmed its good performance with
small side lobes [6]. The CW PAA′s performance was recently evaluated in the QUEST
vacuum vessel at a high power level. RF startup and sustainment experiments using the
CW PAA system have progressed to expand the obtained plasma current region, but their
densities were still lower than the cutoff density. A new operational window for sustained
plasma current was observed in the high-density plasma at the higher RF incident power.

This paper is organized as follows. Section 2 describes the high-power test of the CW
PAA system in the QUEST device. Recent progress on the heating and current drive
experiments is presented in Section 3. New operational window in RF-sustained high-
density plasmas is introduced. Superposed RF Injection to ohmic plasmas is described,
indicating Electron Bernstein Wave Heating and Current Drive (EBWH/CD) effects.
Finally, a summary is given in Section 4.

2 High Power Test of Phased-array Antenna in the

QUEST device

A [4×2] CW antenna system with eight waveguide ports has been developed . The CW an-
tenna performance was evaluated at Kyushu University′s low-power facilities. An 8.2 GHz
system with eight klystrons has been used for ECW/EBW experiments in the QUEST.
The system was prepared for the lower hybrid current drive (LHCD) experiments in our
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FIG. 1: (a) Experimental setup of high-power test of the [4×2] CW phased-array antenna
in the QUEST device. (b) Intensity and (c) phase profiles along the propagating z direction
when one of the [4×2] waveguide ports is excited in the high-power test.

earlier TRIAM-1M tokamak [7]. Each klystron generated a nominal 25 kW oscillating
power, and its output was divided into two fundamental waveguide transmission lines
with a magic tee. Sixteen waveguide transmission lines and a grill antenna were used to
conduct the LHCD experiments in the TRIAM-1M tokamak. To make a phased array of
the LHCD grill antenna, 3 dB hybrid phase shifters were installed on the transmission
lines. The phase shifters were also available for phased array adjustment in the CW PAA
system. The adjusted phase array was measured at the directional couplers of the de-
veloped PAA system in vacuum. The phase relationship among the waveguide ports was
calibrated in the low-power test in which the PAA performance was evaluated. Because
the total transmission system including the developed PAA was complicated, the phase
relationship or the fields radiated from the PAA should be confirmed at a high power
level in the QUEST device with all the transmission-line components, including the CW
PAA system. Figure 1(a) shows the experimental setup of the PAA high-power test in
the QUEST device. The PC-controlled three-dimensional scanner was set to measure the
field distributions radiating from the PAA in the QUEST vacuum vessel. The setting
error of the scanner position was less than 0.1 mm or 1/300th of the wavelength. The
QUEST vacuum vessel may work as a large oversized cavity for RF injection to the de-
vice. The major and minor (plasma) radii of the QUEST device are 0.64 m and 0.16 m,
respectively. The vacuum vessel was quite oversized for the wavelength (∼ 0.037 m) of
8.2 GHz. The standing wave components were sometimes dominant in the cavity condi-
tion, preventing us from setting up the phase array. First, the field radiated by the PAA
was measured along the propagating z direction to determine whether the propagating
wave-field component was properly measured. Figures 1(b) and (c) show the intensity and
phase profiles along the propagating z direction when one of the [4×2] waveguide ports
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FIG. 2: (a) Intensity and (b) phase contour plots in the x− y plane perpendicular to the
propagating z direction for perpendicular and oblique injection.

was excited. The proper kz phase evolution was measured along the propagation direc-
tion, where k was the 8.2 GHz wavenumber. The intensity profile exhibited complicated
fine structures caused by phase interference along the kz evolution, including a global
interference effect in the oversized cavity condition. Figure 2(a) shows intensity contour
plots in the x − y plane perpendicular to the propagating z direction for perpendicular
and oblique injection. Although the profiles were complicated because of the interference
effect, the beam was focused at the center of the antenna in perpendicular injection and
was steered in the x direction at a focusing point ( [x, z] = [0.17 m, 0.42 m] ) in oblique in-
jection. In oblique injection, the intensity in front of the antenna center was less than the
intensity of the steered beam center by 20 dB or more. Figure 2(b) shows phase contour
plots in the x − y plane perpendicular to the propagating z direction for perpendicular
and oblique injection. In perpendicular injection, the parabolic phase profile showed a
focused beam expanding along the propagation direction. In oblique injection, a gradient
in the phase profiles was observed in the x direction at the focusing point, indicating that
the beam was steered in the x direction. The x derivative of the phase profile expressed
the x component of the wavenumber, kx.

3 ECW/EBW Heating and Current Drive Experi-

ments in QUEST

Long pulse discharges with plasma currents of 10 kA and 15 kA were attained for 37 s and
20 s, respectively, in the limiter configuration. A hot spot sometimes appeared in the outer
limiter, and metal contamination was observed as well as recycling enhancement with the
increased Hα intensity of the long pulse discharges. Non-inductive divertor experiments
were conducted with poloidal field coil control. The elongation, triangularity, and aspect
ratio were 1.53, 0.41, and 1.98, respectively. To obtain a single-null configuration, the
vertical plasma position was controlled to be 0.04 m lower for the midplane of the QUEST
device. The single-null divertor configuration with a high plasma current (<∼25 kA) was
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also attained in the 17 s plasma sustainment.

The obtained density was typically low (∼ 2×1017 m−3) compared to the O-mode
cutoff density (∼ 8×1017 m−3) in these experiments. Effective EBWH/CD experiments
in the O-X-B mode conversion scenario were not anticipated in the low-density plasma
with the developed PAA. The RF powers of the 100 kW level were injected using two 8.2
GHz systems with and without PAA operation. The hard X-ray intensity from current-
carrying electrons accelerated by the incident RF power was ramped up in the energy
range of 10∼30 keV, following the plasma current evolution. An asymmetric confinement
structure of high-energy electrons on the parallel velocity in velocity space may explain the
generated current. The vertical magnetic field BV along the toroidal field BT is required to
start up the plasma current by RF injection alone. Specific electrons can be confined well
if the vertical motion due to the toroidal drift vdT is cancelled by the vertical component of
the parallel velocity due to the magnetic field pitch angle v//(BV/BT) [8]. These confined
electrons can contribute to the plasma current of the RF-sustained plasma. The direction
of plasma current depends on the direction of BV because only the co-moving electrons
for which v//(BV/BT) is opposite to vdT can be confined well. In addition, banana orbits
are possible even on open field lines. Thus, the confined trapped electrons also contribute
to current generation owing to the precession in the toroidal direction.

3.1 High-Density Operation

To study the EBWH/CD effect, a high-density plasma should first be produced and
sustained in the ECWH/CD experiments. High-density operation was conducted in the
inboard null configuration [9]. The divertor configurations formed single- and double-null
points upper and/or lower for the midplane in the QUEST device. In the inboard null
configuration, a null point appeared on the high field side of the QUEST device. The
high-energy electrons could be confined by the strong positive n-index field. Figure 3(a)
shows the time evolution of the plasma current and density obtained in this configuration.
A series of gas puffs was applied to obtain the high-density plasma. The plasma current
decreased initially, but it was remarkably observed again in the higher-density plasma. In
addition to a hydrogen discharge, helium and neon discharge experiments were conducted
to obtain a high-density plasma in the inboard null configuration. Figure 3(b) shows the
obtained plasma currents and the stray radiation components of the incident RF power
for the line-integrated density in the hydrogen and helium discharges. A new operational
window for sustained plasma current was more clearly observed in the helium discharge
experiments. The stray radiation decreased as the density increased in both the helium
and hydrogen discharges, indicating that most of the incident power was absorbed by the
high-density plasma. Figure 3(d) shows the obtained plasma current with respect to the
line-integrated density at 70 and 100 kW power injection in the helium discharges. The
high-density window was not achieved at the lower RF incident power.
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FIG. 3: (a) Time evolutions of plasma current and density obtained in high-density dis-
charge. Obtained (b) plasma current and (c) stray radiation component of the incident RF
power for line-integrated density in hydrogen and helium discharges. (d) Obtained plasma
current with respect to the line-integrated density at 70 and 100 kW incident power injec-
tion in helium discharges.

3.2 Superposed RF Injection to Ohmic Plasmas

RF power was injected into the 30 kA ohmic plasmas controlled by feedback regulation
of the center solenoid coil current to maintain the constant plasma current. Figure 4(a)
shows time evolutions of the incident RF power, the line-averaged density, the plasma
current, and the loop voltage in the experiment. The toroidal field Bt was 0.2 T at
a major radius R = 0.64 m. The density was rapidly increased beyond the O-mode
cutoff of 0.83×1018 m−3 by the RF injection. 100 kW RF power was totally injected
by two 8.2 GHz RF systems with and without the PAA operation. Plasma current and
the loop voltage were clearly increased and decreased by the RF injection in the plasma
current feedback control, respectively. Density was first increased, and then the plasma
current and the loop voltage were changed. Figure 4(b) shows the time evolution of the
line-averaged density increased by the RF injection in the N// scan experiment. Waves
with different parallel indexes were excited at the PAA as NPAA

// =0, +/- 0.29, and +/-

0.38 by the toroidal index scanning. Signs (+/-) of N// showed co- and counter- current
drive directions, respectively. The densities were clearly increased beyond the cutoff
by the RF injection with N//, compared to the perpendicular (without N//) injection,
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FIG. 4: (a) Time evolutions of incident RF power, line-averaged density, plasma current,
and loop voltage in superposed RF injection to ohmic plasmas. (b) Time evolutions of in-
creased line-averaged density, (c) Ray trajectories, (d) Power deposition profiles by single
ray-trace analyses in the N// scan experiment. Magnetic flux surfaces are also shown.

while the changed plasma currents and loop voltages did not depend on the incident N//

conditions well. Figure 4(c) shows ray trajectories at the toroidal cross section in the N//

scan experiment until the Bernstein waves were absorbed. In the ray-trace analyses, a
parabolic density profile with the line-averaged density of 1.2×1018 m−3 was assumed. The
minus (-) sign ofNPAA

// was changed into positive (+) along the propagation after the mode
conversion due to the large poloidal wavenumber component of the electrostatic Bernstein
wave [4]. Any incident (+/-) NPAA

// became large positive (+) value in the Bernstein
wave-propagation, and were +2 ∼+4 at the Doppler- shifted absorption layers, expecting
Fish-Boozer effects so as to increase the plasma current. The deposition profiles evaluated
by single ray-trace analyses taking the O-X-B mode conversion process into account are
shown in Fig. 4(d) with the magnetic flux structure. Since the perpendicularly injected-
wave could not convert into the Bernstein mode, there was no deposition by the EBW.
Plasma current and the loop voltage were increased and decreased by the RF injection
in any cases respectively, not clearly depending on NPAA

// . Co- and counter- current drive

experiments with the extensive (+/-) N// by the toroidal- and poloidal- index scanning
would be required to show the direct current drive effect in distinction from the heating
effect.
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4 Summary

The ECW/EBW experiments have been conducted using the developed phased-array
antenna (PAA) system in QUEST. Good focusing and steering properties tested in the
low power facilities were confirmed with a high power level in the QUEST device. Long
pulse discharges with plasma currents of 10 kA and 15 kA were attained for 37 s and
20 s, respectively, in the limiter configuration. Non-inductive divertor experiments were
conducted with poloidal field coil control. The elongation, triangularity, and aspect ratio
were 1.53, 0.41, and 1.98, respectively. The obtained density was typically low (∼ 2×1017

m−3) compared to the O-mode cutoff density (∼ 8×1017 m−3) in these experiments. The
new operational window to sustain the plasma current was observed in the RF-sustained
high-density plasmas at the higher incident RF power. In the over dense ohmic plasmas
by the superposed RF injection, increment and decrement of the plasma current and the
loop voltage were observed respectively, indicating the EBWH/CD effects.
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