
  

It is an important issue for magnetic confinement of 
energetic ions to expand an understanding of wave-particle 
interaction causing ion transport. As a result of one of such 
interactions, axial transport of mirror-confined energetic 
ions has been observed in the GAMMA 10 tandem mirror, 
where Alfvén-ion-cyclotron (AIC) waves are spontaneously 
excited due to strong anisotropy of ion temperature and 
cause relaxation of the anisotropy. 

By making use of the open-field structure, at the 
GAMMA 10 east end, we directory investigated the detailed 
behavior of the energetic ions which were axially 
transported along the magnetic field lines from the main 
confinement region called central cell. Figure 1(a) shows the 
raw signal of the energetic-ion flux at the machine end, 
which were measured by using a semiconductor detector 
with aluminum-coated surface; the detectable minimum 
energy is restricted to about 6 keV. Since the obtained signal 
is well pile-upped, its intensity corresponds to the amount of 
detected ions. As shown in Fig. 1(a), its intensity rapidly 
increases from 40 ms, when the AIC waves are 
spontaneously excited in the central cell. This implies the 
AIC waves have some effect on the axial transport of 
energetic ions. Furthermore, the detailed time evolution of 
the pile-upped signal demonstrates a periodic burst-like loss 
of energetic ions, of which spectrum is shown in Fig. 1(b). 
The periodicity of the burst-like loss is dominated by 70 –
100 kHz, which are the exact difference frequencies of the 
simultaneously excited AIC waves. Non-linearly excited 
waves including those having the difference frequencies of 
the AIC waves were clearly observed in the central cell by 
using a reflectometer (see Fig. 2(b)).

The reflectometer adds different valuable information; 
the nonlinear coupling which produces waves such as those 
associated with the axial transport described above are 
enhanced rapidly just after the saturation of the plasma 
pressure as shown in Fig. 2. This observation suggests two 
possible causes of the saturation of the plasma pressure. One 
is the axial loss of energetic ions due to the excited waves of 
70 – 100 kHz. The other is a parametric decay of the heating 
ICRF power; its energy is transferred to the low-frequency 
waves of 400 – 700 kHz through the coupling with the AIC 
waves. The frequency of the heating ICRF wave is 6.36 
MHz and 400 – 700 kHz are the difference between 6.36 
MHz and the frequencies of the AIC waves, 5.6 – 6 MHz.
The quantitative characterization of these effects on the 
saturation of the plasma pressure is under investigation. 

Fig. 1. Temporal behavior of the axially transported 
energetic-ion flux measured at the GAMMA 10 east 
end. (a) and (b) are the raw signal and its frequency 
spectrum, respectively. 

  
  

Fig. 2. Time evolution of (a) diamagnetic signal and 
(b), (c) inner density fluctuations measured with a 
microwave reflectometer. ((b) 0 – 1.0 MHz, (c) 5.5 –
6.5 MHz). Red and Black lines denote the spectrum at 
before and after the saturation of the diamagnetic 
signal, respectively. 
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NIFS collaboration research program with University 

of Tsukuba has been conducted for the sake of development 

of high-power, long-pulse, high-frequency gyrotron and 

improvement of plasma parameter in LHD by use of the 

gyrotrons. Following to the successfully accomplished 

former program which resulted in three high-power 77GHz 

gyrotrons actively working for LHD experiment, this new 

program aims at realization of high-power and higher-

frequency 154GHz gyrotron to perform plasma heating at 

high-density region up to 14.7×10
19

m
−3

 by 2nd harmonic X-

mode heating at the magnetic field of 2.75T. 

In 2012, fabrication of the 154GHz gyrotron was 

completed and applying the gyrotron was started from LHD 

16th experimental campaign. After the campaign, the power 

injection mirrors for it were modified by attaching cooling 

jackets on the backsides so that the 154GHz EC-waves 

could be used for long-pulse discharges.  

In the early phase of the 17th experimental campaign, 

the beam direction controllability with the modified mirrors 

was checked experimentally. The beam direction setting 

parameter Zf was scanned in the range of −0.1 ~ 0.1m with 

the step of 0.05m. Zf denotes the vertical hitting position of 

the beam center on an imaginary vertical plane placed at R = 

3.9m. Another parameter Tf (toroidal position on the same 

plane) was fixed at 0.6m so that the beam injection was 

toroidally oblique. The magnetic axis position Rax and the 

toroidally averaged magnetic field on axis Bt were 3.6m and 

−2.75T, respectively. The 154GHz EC-waves were injected 

with power modulation so that the power deposition 

analysis could be performed using ECE data. 

Experimental results revealed that effective on-axis 

heating was realized by setting Zf as 0.1m, not as 0m. 

Figures 1 and 2 show the electron temperature profiles 

measured with Thomson scattering and the electron 

temperature modulation amplitude profiles analized from 

ECE data, respectively. Setting Zf as 0.1m achieves most 

center-peaked electron temperature profile and the highest 

modulation amplitude at the center. It was considered that 

the beam direction setting was misaligned, and the setting Zf 

= 0.1m was used for on-axis heating thereafter.  

The 154GHz gyrotron worked well for effective 

heating and achieving higher parameters of LHD plasmas. 

The heating efficiency is higher than 80% even in the case 

of off-axis heating as seen in Fig. 3. Also, the 154GHz EC-

wave contributed to achieving high-performance long-pulse 

325s discharge having ITB electron temperature profile with 

ne_ave = 1.1×10
19

m
−3

 and Te0 = 3.5keV. 

As the next step of this collaboration research 

program, 2nd 154GHz gyrotron was fabricated in 2013. 

Preparation of gyrotron operation for 18th experimental 

campaign is now underway. 
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Fig. 1. Electron temperature profiles obtained in the  

154GHz EC-wave beam direction scanning 

experiment.  

 

 

Fig. 2. Modulation amplitude profiles of electron 

temperature obtained in the 154GHz EC-wave 

beam direction scanning experiment. 
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Fig. 3 Heating efficiency as a function of 154GHz 

EC-wave beam direction setting parameter Zf. 
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