
We have been continuing the study of the high har-
monic electron cyclotron resonance heating (HH-ECRH)
to extend the heating region of higher density and higher
beta plasmas. The 3rd harmonic electron cyclotron heat-
ing by the extraordinary mode injection (X3 heating) can
enlarge a possible heating region up to the higher density
and higher beta region than the 2nd harmonic X mode
heating when the same frequensy gyrotrons are used. So
far we successfully performed O2 and X3 EC heating ex-
periment at 77 GHz frequency region 1, 2).

The objective of the 3rd harmonic heating exper-
iment in this experimental campaign is to extend the
density region of the target plasma heated at the 3rd har-
monic resonance, because the absorption efficiency of the
harmonic heating strongly depends on the plasma den-
sity. The X3 heating experiment was conducted by the
ECRH power injection from 5.5U antenna using one of a
MegaWatt 77 GHz gyrotron. We selected the magnetic
field strength of 0.95 T so that the position of the mag-
netic axis coincided with ECR, when the Shafranov shift
was taken into account. A target plasma was produced
by a tangentially injected NBI with negative ion sources
(N-NBI, Energy≃180 keV) and it was sustained by a
perpendicularly injected NBI with positive ion sources
(P-NBI,Energy≃40 keV) without plasma current. The
plasma density was ramped up to 3 × 1019 m−3. The
millimeter-wave power of 77 GHz was injected from the
5.5U-out antenna. The absorption rates and the electron
temperature values at the ECRH turn-on and -off tim-
ings are plotted for the 5.5U-out antenna case as a func-
tion of the line-averaged electron density in Fig. 1. The
maximum absorption rate of about 40 % was obtained
around the density of 1.5× 1019 m−3 with Te ∼ 1.2 keV
at the ECRH off timing.

During the above experiments, we also obtained the
antenna focal position dependence of the absorption rate
using the pulse train injection of gyrotron power during
the plasma density ramp-up. The obtained results are
summarized in Fig. 2 a). The absorption rate for the
fixed antenna focal position on the equatorial plane is
plotted as a function of the line-averaged electron den-
sity. In the low density region (1.5−2.0×1019 m−3), the
outer focal position such as Rf=3.63 - 3.65 m is better
than the inner focal position as Rf=3.61 - 3.59 m. In the
higher density (2.5× 1019 m−3), the absorption becomes
better for the inner focal position. When Rf=3.67 m,
a part of the injected millimeter-wave beam cannot pass
through the resonance and the absorption rate totally

decreases. The example of the ray-trace calculation is
shown in Fig. 2 b). The optimized focal position is
the envelope of the maximum absorption lines shown by
dashed line. A real-time control of the antenna focal
position is required to realize this operation.
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Fig. 1: Dependence of X3 (5.5U-out antenna) absorption
rate estimated at ECRH turn-on timing (circles) and -off tim-
ing (squares) on the line-averaged density in b). Density de-
pendence of electron temperature at the center is also plot-
ted in a). In the low density region (the hatched region),
the target plasma was sustained by the negative ion source
NBI(N-NBI). The higher density plasma, on the other hand,
was sustained by the P-NBI.

Fig. 2: a) The absorption rate is plotted as a function
of the line-averaged density for several fixed antenna focal
position indicated in the figure. The example of the ray-
tracing calculation result with the injection configuration is
shown in b).

ARMS (Angular Resolved Multi-Sight line neutral particle 
detector) [1] is the time and angular resolved neutral particle 
analyzer with 20 channels. We prepare two ARMSs, which are 
installed at the tangential and perpendicular directions against LHD 
plasma. In this cycle, vertical energetic distribution can be obtained 
by rotating the detector. 

A helical plasma has various merits for example, about plasma 
stability compared with a tokamak plasma. However there is a loss 
cone which is a loss region of the energetic particles. Although the 
loss cone is minimized by the device design in LHD, it is not clear 
experimentally. The energetic spatial distribution (=pitch angle 
distribution) in mid-plane has been mainly observed. However 
there is no information about the vertical direction. On the ICH 
plasma in LHD, extremely high energetic ions over 1 MeV can be 
confined. Two dimensional information including vertical one 
about energetic ion distribution is important for investigating this 
mechanism. On the steady state operation in ICH mode, the pulse 
duration is determined by the drop of flake from the wall. Although 
the flake is a part of wall materials, it is produced by the collision 
between the energetic particles and the wall components. Therefore 
it is very important to observe the orbits of the energetic particle.

We have developed ARMS as shown in Fig. 1. In this cycle, 
we can succeed to observe the vertical pitch angle distribution of 
energetic particle. The silicon surface barrier diode (20 channels), 
which is usually used as X-ray detector, is utilized for ion 
measurement. The detector is covered with 0.1 micron Al film to 
shield soft-x rays. The pre-amplifier circuit is very compact and 
mounted in the small vacuum chamber. The detector and the 
pre-amplifier are cooled by the liquid nitrogen in order to reduce 
the electrical noise. We can measure the ion energy with 15 keV by 
the noise reduction. Maximum observable energy is determined to 
be 1 MeV by the particle penetration to the sensitive layer in the 
detector. ARMS was calibrated by using gamma-ray from Am 241.
The time resolution is set to be 5 ms in the pulse height analyzer. 
Different 20 sight lines with different pitch angles can be observed. 
Therefore the loss cone behaviors in various plasma condition can 
easily investigated.

Typical behaviors in NBI plasma are as follows. In 
perpendicular NBI injection mode, the different signals could be 
observed when the magnetic axes are varied. The loss cone was 
obviously reduced when the magnetic axis was shifted to inward 
rather than outward. When the magnetic axis was moved to 
outward, the particle flux has been reduced in all pitch angles 
because the particles have been lost in the loss region before the 
pitch angle scattering. By shifting inward, the particle loss was
reduced since the particle orbit is closed to the magnetic surface. 
Loss cone which was observed around 85 degrees, was disappeared 
by applying the strong ECH in the plasma center. According to the 
potential measurement by using HIBP, the positive potential was 
created in this situation. The positive potential improved the 
confinement of the particles.

The vertical energetic particle distribution can be obtained by
rotating the detector which is settled on the rotating stage as shown 
in Fig. 2. In principle, two dimensional profile of neutral particles 
can be obtained because any rotation angle can be selected. In 
current status, we cannot access the rotator by a remote control 
during the discharge. Therefore we set the rotation angle to be 90 
degrees at the beginning of every day. Typical experimental result 
overlapped ICH (4.5-5.0 seconds) on NBI plasma is shown in Fig. 
3. Each 500 ms accumulated profiles are shown. The vertical and
horizontal axes show the middle plane and upper sightline. Particle 
flux is expressed by the density of the color. Much signals had been

expected during ICH application period. However the flux slightly 
decreases in this period. The detail analysis will be proceeded soon. 
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