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The high energy ion tail, having the energy more than five times higher than the bulk temperature, has been 

observed in the electron cyclotron heating (ECH) and electron cyclotron current drive (ECCD) plasmas of 

Heliotron J and CHS. The tail temperature of ion increases with decreasing the density and increasing the ECH 

power. The ion tails appear under the condition of high tail temperature of electrons measured by the soft X-ray 

charge-coupled-device system. The comparison of the fraction of the ion tail density between CHS and Heliotron J 

shows that the tail ions are accelerated selectively in the parallel direction to the magnetic field. The high energy 

electron is a key factor of the formation of the ion tail. 

 

Keywords: Electron cyclotron heating, ion tail, electron tail, anomalous heating, neutral particle analysis 

1. Introduction 
The formation of the ion tail has been observed in the 

electron heated plasmas, i.e. electron cyclotron heating 

(ECH) or electron cyclotron current drive (ECCD) plasmas, 

in several torus devices [1-4]. The rise and decay times of 

the ion tail have been much shorter than the collisional 

energy relaxation time between electrons and ions. This 

phenomenon has been considered to be due to (1) the 

acceleration by the strong Landau damping of 

lower-hybrid (LH) waves excited by the parametric 

three-wave decay process [1] or (2) the anomalous 

electron-ion coupling because of the slide-away regime of 

the electron energy distribution [5]. The high energy charge 

exchange flux was observed experimentally in the X-mode 

launch from high magnetic field side in the W7-A 

stellarator [1]. The low-frequency decay wave 

corresponding to the LH range of frequency was measured 

with probe, which might be the cause of the ion 

acceleration. In the TCV tokamak, it was found that the 

high energy CX flux increased with the current drive 

efficiency by ECCD [4]. The numerical calculation shows 

the TCV experiments were in the slide-away regime. An 

excitation of waves satisfying the dispersion relation of k·vi 

= ω = k||ve has been expected due to the slide-away of the 

electron energy distribution function in Ref. [5]. 

In a low magnetic shear helical device, Heliotron J [6], 

high energy CX flux has been measured in the 70 GHz 2nd 

harmonic ECH plasmas [7], even the reflection of the 

launched EC waves has not been controlled. In this paper, 

we describe the result on the ion tail measurements in the 

ECH/ECCD plasmas in Heliotron J and Compact Helical 

System (CHS) [8]. The rise time of the ion tail formation 

is examined in Heliotron J. The dependence of the tail 

temperature on the electron density is studied in 

Heliotron J and CHS. The density of ion tail is 

investigated from the viewpoint of the normalized ECH 

power. The mechanism of the formation of the ion tail is 

discussed by the experimental results obtained in 

Heliotron J and CHS. 

 

2. Experimental results  
2.1 Heliotron J 

The 70 GHz ECH system has been installed in 

Heliotron J, medium sized (R0/a = 1.2m/0.17m) 

helical-axis heliotron device with L/M =1/4 helical coil, 

where L and M are the pole number of the helical coil and 

helical pitch respectively [6]. The 2nd harmonic ECH 

experiments have been carried out using two injection 

methods; corner section and straight section launch [9]. In 

the case of the corner section launch, the focused EC 
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waves using mirror system were launched from the outer 

torus side of the corner section, where the tokamak-like 

magnetic field was formed. The non-focused EC waves 

were launched at the straight section. The gradient of the 

magnetic field strength at the straight section is small 

owing to the formation of the quasi-omnigenous magnetic 

field. 

Figure 1(a) shows the CX energy spectrum measured 

by the CX neutral particle analyzer (CX-NPA) [10] 

obtained in the standard configuration of Heliotron J. The 

CX-NPA is E//B type one, whose energy range is from 0.4 

to 80 keV for hydrogen and from 0.2 to 40 keV for 

deuterium, respectively. CX-NPA detected the ions with 

the pitch angle of 110 degree to the magnetic field in the 

standard configuration of Heliotron J. In the experiments 

of the corner section launch under the low density 

condition at the line-averaged electron density ne of 0.2 × 

1019 m-3, the high energy ion flux was found in the energy 

range more than five times higher than the bulk ion 

temperature. The bulk temperature estimated to be 210 eV 

from the slope of the CX spectrum in the energy range 

from 0 to 1 keV. A folded spectrum more than 1 keV shows 

the tail temperature is 710 eV. In the higher density at ne = 

1.1 × 1019 m-3, no clear tail was observed, which shows the 

tail formation depends on the electron density. The ray 

tracing calculation of the EC waves shows the absorption 

profile in the corner section launch is localized at the 

resonance layer [11]. In the straight section launch, on the 

contrary, ion tail has not been measured clearly even in the 

low density condition at ne = 0.2 × 1019 m-3. A relatively 

long-path absorption profile was expected by the ray 

tracing calculation in the straight section launch [9]. It was 

also found that the tail temperature depended on the 

injection power of ECH (PECH) in the case of the corner 

section launch, that is, the tail temperature was 840 eV at 

the electron density of 0.4 × 1019 m-3 with PECH of 310 kW, 

while that at PECH = 240 kW was 250 eV. These results 

indicate the focused strong EC waves are favorable to the 

formation of the ion tail. 

Figure 1(b) shows the dependence of the bulk and tail 

temperatures on the line-averaged electron density. These 

data were obtained in the ECH injection power of 310 kW 

in the corner section launch. The tail component was 

observed in the case that the density was lower than 1.0 × 

1019 m-3. The tail temperature increased up to 1.5 keV with 

decreasing the density. The bulk ion temperature, on the 

other hand, was not so sensitive to the density in the 

density range below than 2 × 1019m-3.  

Figure 2 (a) and (b) show the time evolution of the 

line-averaged density, stored energy and tail and bulk ion 

temperatures measured by the CX-NPA system. The tail 

temperature increased up to 640 eV by 10 ms at the 

beginning of the discharge. The decay of the tail 

temperature was very quick according to the change in the 

electron density. The electron temperature measured by the 

SX absorber foil method was about 1 keV. The energy 

exchange time from electron to ion was about 0.3 sec 
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Fig.1  (a) Energy spectra of charge exchange flux 

obtained in 70 GHz ECH plasmas of Heliotron 

J and (b) tail and bulk temperature of ion as a 

function of line-averaged electron density. 

Heliotron J, 70 GHz ECH STD config. 
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Fig.2  Time evolution of plasma parameters in ECH 

plasmas of Heliotron J, (a) line-averaged density 

and stored energy and (b) tail and bulk 

temperature of ion. 
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under the condition, which shows that the formation of ion 

tail cannot be explained by the classical collision process.  

 

2.2. Compact Helical System  
CHS is a planner axis helical device (R0/a = 

1.0m/0.2m) with L/N=2/10 helical coil, where N is the 

toroidal period number [8]. The 53 GHz ECH system in 

CHS has three steerable mirrors and polarizer to control 

the injection angle of the EC waves in both toroidal and 

poloidal directions and the polarity [12]. In CHS, the effect 

of the X-mode launch from high field side is negligible. 

The ECCD experiment using the 53 GHz ECH system in 

CHS is described in Ref. [13].  

The CX energy spectrum measured with fast neutral 

analysis diagnostics (FNA) [14] is shown in Fig. 3 (a) 

obtained in the ECH plasmas at the line-averaged electron 

density of 0.2, 0.3 and 0.4 × 1019 m-3, respectively. The 

ECH injection angle was oblique one and the toroidal 

current due mainly to ECCD was about 3 kA in the 

Co-direction under the experimental conditions, which 

increased the rotational transform. The folded spectra were 

observed in the energy range more than 0.8 keV. The tail 

temperature increased with decreasing the density. The 

density dependence will be discussed later by comparing 

with the results obtained in Heliotron J.  

To examine the velocity distribution of tail ions, the 

parallel and perpendicular velocity components of CX flux 

to the magnetic field were measured by changing the 

toroidal angle of FNA. Figure 3 (b) shows the comparison 

of the CX energy spectra between the parallel and 

perpendicular directions. These data were obtained in the 

Co-ECCD plasmas at the electron density of 0.2 × 1019 m-3. 

The CX flux in the parallel velocity direction was higher 

than that of the perpendicular one. The bulk and tail 

temperatures in the parallel direction were 170 and 420 eV, 

respectively, while those for the perpendicular direction are 

160 and 290 eV, respectively. The fraction of ion tail 

density is defined by the following formula, 
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where fBulk(E), fTail(E) and Ec are the energy spectra of the 

bulk and tail ions and the critical tail energy, respectively. 

When Ec is given by 1 keV, the tail density fraction is 

1.3 % for the parallel direction, while that in the 

perpendicular case is 0.7 %. These results suggest the tail 

ions are accelerated selectively to the parallel direction. 

When the injection angle of ECH was varied from Co- to 

counter direction in CHS, no clear difference was seen in 

the ion tail flux on the ECH injection angle.  

Figure 4 shows the electron energy distribution 

measured using the pulse height analysis technique with 

the soft X-ray charge-coupled device (SX-CCD) system in 

CHS. [15]. An existence of the high energy electron more 

than 2 keV was confirmed in the low density ECH plasmas. 

The slope of the electron tail becomes flat when the ion 

tails are formed, that is, the ion tails appear under the 

condition that the tail temperature of electron is higher than 

4 keV. Thus the high energy electron has a key factor for 

the formation of the ion tail. 
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Fig.3  (a) CX energy spectra in 54 GHz ECH 

plasmas of CHS in ne = 0.2, 0.3 and 0.4 × 1019 

m-3 and (b) comparison of CX energy spectra 

between parallel and perpendicular velocity . 
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Fig.4  Energy spectrum of electron measured by the 

SX-CCD system obtained in ECH plasmas of 

CHS. 
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3. Discussions 
In this section, we compare the measurement results 

of ion tail in Heliotron J and CHS. Figure 5 (a) shows the 

temperature ratio of tail to bulk ions in Heliotron J and 

CHS as a function of the electron density. The closed and 

open squares show the temperature ratios determined by 

the CX spectra with parallel and perpendicular velocity 

components in CHS, respectively. In Heliotron J, the 

CX-NPA has set almost perpendicularly. The temperature 

ratios in Heliotron J and in the parallel component in CHS 

increase with decreasing the density. The temperature ratio 

in the case of the perpendicular component of CHS is 

lower than the Heliotron J results. This is attributed to the 

difference in the injection power of ECH between CHS 

and Heliotron J. 

Figure 5 (b) shows the fraction of ion tail density as a 

function of the ECH injection power normalized by the 

total electron numbers (electron density times plasma 

volume Vp). The tail density fraction in CHS and Heliotron 

J increases with the normalized power. A slightly higher 

fraction of the tail density is obtained at the parallel 

component in CHS than the others. The perpendicular 

component in CHS, on the other hand, is in the same order 

of Heliotron J results.  

In order to clarify the effects of the LH-decay wave 

heating on the ion tail formation, we are planning a 

X-mode launch from high field side using the ECH system 

of Large Helical Device [16]. 

 

4. Summary 
We confirmed the formation of the ion tail under the 

low electron density conditions in ECH plasmas of 

Heliotron J and CHS. The ion tail formed under the 

condition that the high energy electron was produced by 

the focused EC wave. The LH decay wave heating is not 

considered as the main source of the ion acceleration in 

Heliotron J and CHS because the effect of the X-mode 

launch from high field side can be neglected. Although the 

physical mechanism of the selective acceleration of ions to 

the parallel direction is still unknown, the high energy 

electron produced by the focused strong ECH is key factor 

for the ion tail formation.  
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Fig.5  (a) Temperature ratio of tail and bulk ions as a 

function of electron density and (b) 

dependence of fraction of ion tail density on 

the normalized ECH power obtained in 

Heliotron J and CHS. 
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