
High-harmonic electron cyclotron heating is an ef-
fective method to heat high density and high β plasmas.
In place of the fundamental ordinary (O1) mode and
the second harmonic extraordinary (X2) mode heating,
sufficient heating efficiency will be expected using the
second ordinary (O2) mode and the third extraordinary
(X3) mode heating scenario, when the temperature and
density of a target plasma is sufficiently high1). For ex-
ample, a cut-off density of the X3 and O2 mode wave
propagation is 4/3 times and double of X2 mode cut-off
density, respectively. The objective of this research is
to confirm the effectiveness of X3 and O2 mode heating
experimentally.

In the O2 heating experiment, the toroidal injec-
tion angle dependence of the O2 mode heating efficiency
was investigated using 77GHz power injection with 2-O
antenna that was installed in the horizontally elongated
cross section. A target plasma was sustained by NBI, and
its density was ramped-up from 1 to 5×1019m−3 above
the X2 cut-off density (3.7 × 1019m−3) during the dis-
charge time of 1.5 s. The magnetic field strength at the
magnetic axis of 3.6 m was 1.43 T. Four ECH pulses with
200 ms pulse width and 1 MW power were injected every
300 ms. The absorption rate gradually decreased from
50 % to 30 % when the line-averaged density increased
from 1 to 4× 1019m−3. The injection angle dependence,
however, could not be noticed clearly.

For X3 mode heating, the dependence of the heat-
ing efficiency on the focal position of U-antenna injection
(9.5-U and 5.5-U) was investigated. A target plasma was
sustained by NBI, and its electron density, temperature
and β-value were 0.7 × 1019m−3, about 1.2 keV and 0.6
%, respectively. The absorption rate was evaluated at
on- and off-timing of the ECH pulses. Figures 1 (a)
shows the absorption rate as a function of radial focal
position on the equatorial plane Rf of 9.5-U antenna.
The 3rd harmonic electron cyclotron resonance exists at
R = 2.743 m. The absorption rate has a maximum
around Rf ∼ 3.66 m for the on-timing estimation and
Rf ∼ 3.7 m for off-timing estimation, respectively. Time
variations of sniffer probe signals that were detected at
the 9.5-L port just opposite side of the 9.5-U antenna are
plotted in Fig.1 (b) for Rf ∼ 3.72 m case and in Fig.1 (c)
for Rf ∼ 3.6 m case, respectively. Because a bigger sig-
nal of the sniffer probe suggests poorer absorption, the
signal levels at ECH on- and off-timings shown in Fig.1
(b) and (c) can partly explain the dependence of the ab-
sorption rate in Fig.1 (a). This suggests that changes in
temperature and density at the focal point strongly affect

Fig. 1: The absorption rate for 9.5-U antenna is plotted
as a function of radial focal position Rf (m) on (a). The
values were evaluated at the on- (closed circles) and off-timing
(closed squares) of ECH pulse. (b) Time variation of the
sniffer probe signal detected at 9.5-L port for the Rf = 3.72
m case. (c) Time variation of the sniffer probe signal for the
Rf = 3.6 m case.

the wave trajectory and absorption. The experimental
results give the information of the optimum antenna set-
ting for the best absorption. A change of the hitting
position on the graphite target plate installed at the op-
posite side of 9.5-U antenna with and without a plasma
suggests a deflection of the wave ray by the plasma and
necessity of feedback control of antenna focal point ac-
cording to the change of plasma parameters.

Figure 2 shows the electron temperature and den-
sity profiles before and during stair-like ECH power injec-
tion. Using three 77GHz gyrotron, totally 3 MW power
was injected during the highest power injection period.
The central electron temperature increased significantly
by about 0.5 keV with almost constant density.

Fig. 2: The electron temperature and density profiles before
and during stair-like ECH pulse.Time evolution of a central
temperature and ECH pulse timing are also plotted.
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Electron Bernstein wave (EBW) heating in the second 

harmonic frequency range is attractive for the central 
heating in the super dense core (SDC) plasma in the LHD. 
Since the plasma cutoff and the upper hybrid resonance 
(UHR) layer are located near the core region, the EBW 
excited via the ordinary-extraordinary-EBW (O-X-B) mode 
conversion process is expected to be absorbed in the core 
region as the previous numerical examination suggested1). 
The thermally emitted EBW in the core region propagates 
and comes out to the outside of the plasma via the reversed 
path of heating if the detection angle of the antenna is set to 
obtain high O-X-B (B-X-O) mode conversion rate. With use 
of the transmission line for ECH that connects to an antenna 
installed in the 2-O horizontal port in the LHD, 
measurement of the emission originated from the EBW has 
been tried since 14th experimental campaign. 

In the 15th experimental campaign, a double side 
band radiometer with use of a harmonic mixer was newly 
installed in one of the transmission line for ECH. The local 
signal of 15.3 GHz was input to the harmonic mixer. The 
emitted wave was input to the harmonic mixer through a 
high-pass filter (>140GHz). The range of the intermediate 
frequency (IF) fIF of the harmonic mixer is DC < fIF < 
2.5GHz.  The IF of 1< fIF < 0.3GHz is amplified. 

During the long time sustainment of the SDC plasma 
with a continuous hydrogen pellet injection, the emission of 
153GHz wave was measured. Fig. 1 shows time changes of 
the electron density, electron temperature and measured 
emission signal. Just after the electron density exceeded the 
cutoff density for the first time, the level of the emission 
signal decreased to the thermal noise level. Without this 
moment, when the electron density near the plasma centre is 
higher than the cutoff density of 154GHz, the signal 
intensity was comparable to that when the electron 
temperature was similar and density was less than the cutoff 
density.  

Fig.2 shows profiles of the electron temperature and 
the electron density. The electron density was higher than 
the cutoff density of 154GHz in only very narrow region in 
the central part. Fig.3 provides the projection of the cross 
section along the line of sight of the measurement to the R-Z 
plane, where R is the radial and Z is the vertical direction.  
If the width of the “over-dense” region where the electron 
density is higher than the cutoff density is narrow and 
considering the refraction of the wave, emission from the 

second electron cyclotron resonance (ECR) layer can be 
directly measured. For the target plasma SDC of higher 
central density is appropriate for measurement of the 
emission originated from the EBW.    
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Fig.1. (From the top) Time changes of the electron density, 
electron temperature and the emission signal measured by 
double sideband radiometer  

 
Fig. 2. Profiles of the electron temperature and electron 
density at t=4.133s and 4.233s. 

 

Fig. 3. Plasma cross section along the line of sight of 
the measurement projected to the R-Z plane.  
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