
 

  
  

  
  

In magnetically confined plasmas, it is important 
subject to estimate the spatial- and velocity-distribution of 
fast ions because it is strongly linked to the fast-ion-induced 
MHD instabilities. Since the MHD instabilities are the 
physical phenomena having fast time response, a high time-
resolved measurements for the fast ions are indispensable to 
clarify the wave-particle interactions. We have developed the 
high time-resolved fast ion measurements with a Si-
semiconductor based detector and have applied in LHD and 
Heliotron J plasmas [1,2]. In this study, we report on the ion 
cyclotron emission measured in the MHD activities due to 
Energetic particle driven InterChange mode (EIC). 

The energetic particle driven EIC has been observed in 
high-Ti discharge experiments of LHD (see Fig. 1). In this 
case, the EIC bursts observed during perpendicular neutral 
beam (#4B, #5) injection. A significant RF radiation in the 
frequency range of several MHz – 70 MHz was observed by 
one-turn loop antenna in the high-Ti plasmas of LHD [3]. 
Since the magnetic field strength was 2.85T in the case, the 
observed RF radiation is considered as the ion cyclotron 
emission (ICE). It has been found that the intensity of RF 
radiation increased with the perpendicular neutral beam 
injection. The EIC burst induced by the trapped fast ions 
injected by perpendicular NB affects the velocity distribution 
of fast ions due to its radial transport. The excitation of ICE 
is expected because of the distortion of the fast ion velocity 
distribution. The H emission intensity and the electron 
temperature measured by ECE responded to the EIC bursts. 
As shown in Fig. 2, a slightly change in the electron density 
was observed at the timing of the EIC burst. The increase in 
the ECE electron temperature due to the EIC burst propagated 
from the core region to the edge region. Then the change in 
the bulk plasma profile should be taken into account to 
discuss the fast ion transport due to EIC.  

In order to observe the rapid response of the velocity 
and spatial distribution of fast ion due to bursting modes such 
as EIC in the deuterium experiment phase, a spectroscopic 
technique for the fast ion measurement such as Fast Ion D-
alpha (FIDA) diagnostic should be developed for the LHD 
plasmas. The fast ion diagnostic based on a Si-semiconductor 
detector has been installed and tested in the Heliotron J NBI 
plasmas by the bi-directional collaboration research program 
[2]. An inter-machine comparison of the fast ion transport due 
to the MHD activity can contribute to the understanding of 
the physical mechanism and the development of the control 
scenario of the fast-ion induced MHD activity. 
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Fig. 1. Example of ion cycle emission with one-turn loop 

coil due to EIC bursts. Time evolution of (a) Heating, 
(b) line-integrated electron density, (c) H emission 
intensity, (d) electron temperature by ECE, (e) output 
voltage of one-turn loop coil and (d) its power 
spectrum. 

 
Fig. 2. Closer look of time evolution of ECE electron 

temperature and line-integrated electron density at the 
timing of one EIC burst. 
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     Microwave frequency comb reflectometer is a 
possible candidate to measure the density profile and 
density fluctuations with high temporal and spatial 
resolution. Thus, wide-band comb reflectometer by using 
ultra-high speed digital storage oscilloscope has been 
developed in the LHD and also in PANTA, which is a 
linear plasma device in Kyushu university. Here we report 
a new method for reducing random noise in the comb 
reflectometer in the PANTA. The reduction of noise is a 
common issue in magnetized plasma diagnostics and 
thereby the method developed in the PANTA can be 
applied to the comb reflectometer in LHD.  
     In the reflectometer, phase delay between an incident 
wave and a reflected wave is important. Usually, the phase 
relation is estimated from the power spectrum of the waves. 
Noise components in the power spectrum therefore will 
deteriorate the accuracy of estimation of the phase relation. 
Ensemble averaging is one of the conventional methods for 
reducing the random noise. While the lock-in technique 
increases the signal-to-noise ratio significantly. The 
repetition period in the frequency comb is well stabilized 
and the advantage of the ultra-high speed digitizing of our 
system [1] allows us to adapt a new lock-in technique [2].  

     At the first, a template signal (a typical waveform in 
a periodical signal) is required in this technique. An initial 
template of the incident wave is obtained by using the 
inverse Fourier transform of ensemble averaged power 
spectrum. Next, periodical change in the incident wave is 
evaluated by calculating cross-correlation between the 
initial template (for one cycle) and raw signal of incident 
wave. Figure 1 shows the cross-correlation function 
(convolution integration between the template and raw 
signal). When a pattern similar to the initial template is 
found in the raw signal, mutual correlation becomes large. 
The frequency comb is very stable and thus the peak of 
mutual correlation is more than 0.9 and very sharp. Peaks 
are used as a basis of timing of frequency comb signal and 
thus this is called as trigger function. Based on each trigger, 

the incident wave is extracted and averaged for every 1 µs. 
Then new template is obtained. Usually iteration, i.e. 
recalculation of trigger function by using new template, is 
required to obtain a converged final template. In this case, 
the frequency comb is very stable and thus the initial 
template is found to be sufficient to obtain the trigger 
function. Finally, template of the incident wave and 
reflected wave signals are obtained as shown in Fig. 2. 
Power spectra are calculated from these signals. 

    Figure 3 shows power spectrums of reflected wave 
obtained by two different methods (conditional averaging 
and usual ensemble averaging). The noise levels are 
evaluated from spectrums in the region of f <12 GHz and 
26 < f < 33 GHz (cut-off frequency of oscilloscope) 
because no explicit external signal exists in this region. 
There are a few differences between spectrums in the 
region of 12-26 GHz (comb signal) and noise level is 
significantly reduced (~1/100) in the conditional averaging 
technique.  
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Fig. 2 Conditional averaged (a) incident wave and (b) 
reflected wave.  

Fig. 1 Cross-correlation function between the 
template and raw signal. The initial template is 
also shown.  

 

The conditional averaged signals, i.e. templates, are shown in Figure 3.12. Noise 
components are strongly reduced. The phase delay between incident- and reflected-waves is 
calculated by cross-spectrum of them. In this way, temporal evolution of the phase delays at 
different cutoff frequencies, i.e. temporal evolution of radial profile of electron density, can 
be obtained with a temporal resolution of 1 µs. This allows us to discuss the relation 
between the spatiotemporal structure of meso-scale equilibrium density and micro-scale 
density turbulence.  
  
 

 
 

Figure 3.12: conditional averaged incident- (a) wave and reflected (b) wave.  
 
 
 
 
 
 
 
 

 
 

Fig. 3 Power spectrum of the reflect wave.  
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