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ICRF HEATING IN CHS 

ABSTRACT 
ICRF heating experiments with five poloidal half-turn antennas have been 

carried out in Compact Helical System (CHS). These antennas designed for the 
inward shifted magnetic configuration (Rax=92.1cm) were installed in the high 
field side of helical field. A high power RF pulse is applied to a deuterium 
plasma with hydrogen minority initiated by ECH or NBI. The plasma 
performance was mainly affected by the oxygen radiation which was reduced by 
more than 2 times by boronization. The plasma stored energy reached 2.2 kJ 
with S90 kW of RF power from S antennas and was sustained to the end of the 
RF pulse(60msec). Two-component ion energy spectrum was observed by 
NPA. The combined heating with NBI was also successful and achieved the 
increase in the stored energy of 0.8 kJ with 450 kW of RF power from S 
antennas. 

Keywords : ICRF heating, minority heating, helical system, 
boronization 
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1. Introduction 

Ion cyclotron range of frequency (ICRF) heating is a powerful and 
convenient method to heat plasmas not only for tokamak but also for currentless 
systems like stellarator/heliotron/torsatron (1-4). ICRF can heat the ion and/or 
the electron by changing gas species (or minority ratio) and structures of the 
resonance layers. An operation regime of a magnetic field strength for ICRF 
heating is wider than that for ECH, because it is easy to change the operating 
frequency continuously and widely. A combination of NBI and 1CRF healing is 
also attractive from the point of view of the ion heating in the high density 
regime. However ICRF heating in helical systems has not yet succeeded in 
sustaining a heated plasma by high power ICRF alone. 

Recently, five half-turn antennas for the fast wave excitation were installed in 
the CHS device, and ICRF heating experiments have been carried out to 
investigate availability of ICRF heating in a low-aspect-ratio helical system. 
Boronization was done for the vacuum chamber wall conditioning frequently. 
The global energy confinement time of the ICRF heated plasma is compared with 
that of the NBI heated plasma and with that estimated by LHD scaling. This 
paper demonstrates availability of ICRF heating in a low-aspect-ratio helical 
system. 

2. Experimental setup 

CHS is a low-aspect-ratio helical device with two continuous helical 
windings (1=2) and 8 field periods (m=8) [3], The major and minor radii are I 
m and 0.2 m, respectively. The rotational transform at the center and at the 
periphery are 0.3 and 1.0, respectively. The maximum magnetic field strength is 
2.0 T. The available RF transmitters are 20-4S MHz/I .2 MWx2 and 20-43 
MHz/1 .OMWxl. 

Five half-turn antennas were designed for ICRF heating in CHS. Each 
antenna has single layer Faraday Shield (FS) and side guard limiters made of 
stainless steel. Each element of FS was arranged along the magnetic field line on 
the last closed magnetic surface. They were designed to fit the inward shifted 
magnetic configuration (Rax = 92.1 cm) in vacuum and installed in the high field 
side (beneath the helical conductor) of the helical field. Four antennas (referred 
to P-porl antennas) with 4 cm width and 40 cm length were installed at the slant 
ports at every other helical period. The other antenna (referred to U-poit 
antenna) with 16 cm width and 40 cm length was installed at the vertically 
elongated position. The P-port antennas are fed in pairs by separate coaxial feed 
lines and the U-port antenna is fed by its own coaxial feed line. Three feed lines 
were connected to the separate transmitters. The frequency of the transmitters 
was 26 MHz. 

Working gas was a pure deuterium or a mixed gas of hydrogen as a minority 
in deuterium with various mixture ratios. The magnetic field strength was 
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adjusted to control the location of the resonance and cut-off layers. The ICRF 
power was applied to the afterglow of ECH (53.2 GHz/200 kW) or to the NB1 
(40 kV/1 MW and/or 36 kV/O.g MW) heated plasma. Boronizalion with 
decaborane (B | 0 Hi 4 ) was done to reduce the radiation loss. 

3. Experimental results 

Boronization has been done in CHS to reduce the radiation loss from 
impurities especially from oxygen. Vaporized decaborane (B|oH| 4 ) was injected 
into a helium glow discharge through toroidally distributed 4 valves. 

Before boronization, helium glow discharge cleaning and titanium gettering 
were done for vacuum wall conditioning. When RF power of 200 k W was 
applied to the U-port antenna, the plasma stored energy reached its peak value of 
0.6 kJ at the line averaged electron density of 2 x l 0 ' 9 n r J about 20 ms after RF 
switched on. However, the stored energy began to decrease as the radiation loss 
increased. Various impurity lines (OV, CHI, TiXIl, etc.) were observed by the 
VUV spectroscopy, and it was found that the plasma performance was mainly 
affected by the oxygen radiation. 

After boronization, the stored energy lasted to the end of the RF pulse. 
Figure I shows the time evolution of the total RF power, line averaged electron 
density and the plasma stored energy when power was applied simultaneously to 
the U-port and P-port antennas. The magnetic field strength was 1.7 T. The 
plasma stored energy reaches 2.2 U with 590 kW of RF power and the averaged 
electron density of 4.2xl0 1 9 m-' 40 ms after RF switched on. For this discharge 
the hydrogen minority ratio H/(H+D) measured spectroscopically was about 30 
% in spite of the pure deuterium gas puffing. The recycling particle from the 
boronized wall was mainly hydrogen. The radial profiles of the electron 
temperature and density measured with Thomson scattering are shown in Fig. 2. 
The electron density profile is hollow and the temperature profile is peaked with 
the central temperature of 300 e V. 

The ion energy spectrum was measured with fast neutral particle energy 
analyzer (NPA) which can not separate particle species. Two-component energy 
spectrum was observed as shown in Fig. 3 when the plasma stored energy was 
0.4 kJ at the averaged electron density of lxlO l 9 m~ 3 . The bulk and tail 
components were about 360 eV and 1.4 keV, respectively. The ion temperature 
with NPA was comparable to or a little lower than the electron temperature. 

High ion temperature of 550 e V with 600 k W of RF power was observed 
with NPA. The plasma stored energy was 2 kJ at the averaged electron density 
of 2x I 0 l 9 m 3 and the central electron temperature was 400 eV that is lower than 
the ion temperature. In this case, the ion temperature was higher than the 
electron temperature. 

Figure 4 shows dependences of the peak value of the stored energy on the 
magnetic field strength. The averaged electron density w;is kept almost constant 
as shown in Fig. 4. The minority ratio in this experimental scries was about 30 
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%. The optimum magnetic field strength in the stored energy was 1.7 T. Al this 
magnetic field strength, the Lwo-ion hybrid resonance layer locates near the 
magnetic axis. The dependence of the stored energy on the magnetic field 
strength was a little weaker than that before boronization. 

The combined heating experiment with ICRF and NBI was also carried out 
successfully. The increase in the stored energy of 0.8 kj due to ICRF heating 
was observed when RF power of 450 kW was applied to the NBI initiated 
plasma with 3 kJ al the averaged electron density of 2.5xl0 1 9 nr 3 . 

The comparison of the global energy confinement time (Tgf with the LHD 
scaling is shown in Fig. 5. In the case of Ihe ICRF heated plasma except for a 
high T, discharges, xE is 50-70 % of NBI heated plasmas'. In the case of the 
high Tj plasmas, the confinement characteristic is comparable to that of NBI 
heated plasma and close to Ihe LHD scaling. 

4. Summaries 

Boronization reduced the radiation loss from oxygen by more than 2 times. 
After boronizalion, the 1CRF wave has sustained (he heated plasma during the 
ICRF pulse. The stored energy of 2.2 k) with 590 kW of RF power was 
achieved by ICRF alone, which showed roughly comparable heating lo NBI and 
ECH. The simultaneous heating of the ion and Ihe electron by ICRF was 
achieved in a low-aspect-ratio helical system. Combination with NBI was also 
effective. The global energy confinement time of the high T, plasma is close lo 
that estimated by LHD scaling. 
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FIGURE CAPTIONS 

Fig. I.Time evolution of plasma parameters. 
ICRF : ICRF heating pulse, 
ECH :ECH pulse for target plasma production, 
W ^ : plasma stored energy measured with the diamagnetic loop, 
n e : line averaged electron density. 

Fig. 2.The electron density and temperature profiles measured with Thomson 
scattering. 

Fig. 3.Energy spectrum of the ICRH plasma measured with NPA. 
The plasma stored energy was 0.4 kJ at the averaged electron density of 
lxl0'9m-3. 

Fig. 4. Dependences of the diamagnetic stored energy ( W d i a ) and the line 
averaged electron density ( n e ) on the magnetic field strength (B T). 

Fig. 5. Comparison of the global energy confinement time with LHD scaling. 
The cross signs are the data after boronization and the others are before 
boronization. 

-6 -



ItlOt # 40993 

ECH 

ICRH 

gas puff 

SO 100 
tinw (mt) 

Fig. 1 



400 

300 

> 
& 200 

I • • • • i • • i i i 

i. T. 

100 
i R„s 92.1 cm 

• " • • » • • • • » • • • • ' • • • • 

8.0 

6.0 

"I 
2.0 

0.0 
90 95 100 105 110 

R (cm) 

Fig. 2 



vD 
1 I i i i 1 r 

-
•h 360 eV 

-

-
5o5 

1.40 keV 
-

1 l \ 1 

5o5 

IS~-VJ i. 

-

4 6 
Energy (keV) 

10 

Fig. 3 



1.5 
- R„ = 92.1 cm 

~l 1 1 
puff '. D 2+H 2(10%) 

6.0 

~ 1.0 

0.5 

4.0 •? 

2.0 Ic 

0.0 -I I L. 
1.50 1.60 1.70 

B T ( T ) 

0.0 
1.80 1.90 

Fig. 4 



8.0 

6.0 

JU 
2.0 r 

0.0 

-, T T T T 1 • 1 1 | 1 1 m - l - 1 - I - I - P 

i * xE(ICH) 
• xE(NBI) 

r ° xE(NBI+ICH) 
+ T E { ICH) after Bor 

' • ' 1 ' 

Sjra 

a + 

1 1 1 | 1 1 1 1 | 1 1 ly_ 

/ n i g h Tp 

/ \ 

# j 

' • ' 1 ' 

Sjra 

a + 

1 1 1 | 1 1 1 1 | 1 1 ly_ 

/ n i g h Tp 

/ \ 

# j 

0.0 2.0 4.0 6.0 

TE 1 -" 0 (msec) 
8.0 

Fig. 5 



Recent Issues of NIFS Series 

NIFS-260 B.V.Kuleev, 
Pellet Ablation in Large Helical Device; Nov. 1993 

NIFS-261 K.Yamazaki, 
Proposal of MODULAR HEUOTRON': Advanced Modular Helical 
System Compatible with Closed Helical Divertor; Nov. 1993 

NIFS-262 V.D.Pustovitov, 
Some Theoretical Problems of Magnetic Diagnostics in Tokamaks and 
Sleliarators; Dec. 1993 

NIFS-263 A. Fujisawa, H. Iguehi, Y. Hamada 
A Study of Non-Ideal Focus Properties of 30° Parallel Plate Energy 
Analyzers; Dec. 1993 

NIFS-264 K. Masai. 
Nonequilibria in Thermal Emission from Supernova Remnants; 
Dec. 1993 

NIFS-265 K. Masai, K. Nomoto, 
X-Ray Enhancement ofSN 1987A Due to Interaction with its Ring-like 
Nebula; Dec. 1993 

MIFS-266 J. Uramoto 
A Research of Possibility for Negative Muon Production by a Low 
Energy Electron Beam Accompanying Ion Beam; Dec. 1993 

NIFS-267 H. Iguchi, K. Ida, H. Yamada, K. Itoh, S.-l. Itoh, K. Matsuoka, 
S. Okamura, H. Sanuki, I. Yamada, H. Takenaga, K. Uchino, K. Muraoka, 
The Effect of Magnetic Field Configuration on Particle Pinch Velocity in 
Compact Helical System (CHS); Jan. 1994 

NIFS-268 T. Shikama, C. Namba, M. Kosuda. Y. Maeoa, 
Development of High Time-Resolution Laser Flash Equipment for 
Thermal Diffusivity Measurements listing Miniature-Si:e Specimens; 
Jan. 1994 

NIFS-269 T. Hayashi, T. Sato, P. Merkel, J. Nuhrenberg, U. Schwann, 
Formation and 'Self-Healing' of Magnetic Islands in Finite-fi Helias 
Equilibria; Jan. 1994 

NIFS-270 S. Murakami, M. Okamoto. N. Nakajima, T. Mutoh, 
Efficiencies of the ICRF Minority Heating in the CHS and LHD 
Plasmas; Jan. 1994 

NIFS-?71 Y. Nejoh, H. Sanuki, 



Large Amplitude Langmuir and Ion-Acoustic Waves in a Relativistic 
Two-Fluid Plasma; Feb. 1994 

NIFS-272 A. Fujisawa, H. Iguchi, A. Taniike, M. Sasao, Y. Hamada, 
A 6MeV Heavy Ion Beam Probe for the Large Helical Device; 
Feb. 1994 

NIFS-273 Y. Hamada, A. Nishizawa, Y. Kawasumi, K. Narihara, K. Sato, T. Seki, K. Toi, 
H. Iguchi, A. Fujisawa, K. Adachi, A. Ejiri, S. Hidekuma, S. Hirokura, 
K. Ida, J. Koong. K. Kawahata, M. Kojima. R. Kumazawa, H. Kuramoto. 
R. Liang, H. Sakakita, M. Sasao. K. N. Sato, T. Tsuzuki, J. Xu, I. Yamada, 
T. Watari. I. Negi, 
Measurement of Profiles of the Space Potential in JIPP T-IIV Tokamak 
Plasmas by Slow Poloidal and Fast Toroidal Sweeps of a Heavy Ion 
Beam: Feb. 1994 

NIFS-274 M.Tanaka. 
A Mechanism of Collisionless Magnetic Reconnection; Mar. 1994 

NIFS-27S A. Fukuyama, K. Itoh, S.-l. Itoh, M. Yagi and M. Azumi, 
Isotope Effect on Confinement in DT Plasmas; Mar. 1994 

NIFS-276 R.V. Reddy, K. Watanabe, T. Sato and T.H. Watanabe, 
Impulsive Alfven Coupling between the Magnetosphere and Ionosphere; 
Apr. 1994 

NIFS-277 J. Uramoto, 
A Possibility of if Meson Production by a Low Energy Electron Bunch 
and Positive Ion Bunch; Apr. 1994 

NIFS-278 K. Itoh, S.-l. Itoh, A. Fukuyama. M. Yagi and M. Azumi, 
Self-sustained Turbulence and L-mode Confinement in Toroidal Plasmas 
II; Apr. 1994 

NIFS-279 K. Yamazaki and K.Y.Watanabe, 
New Modular Heliotron System Compatible with Closed Helical Divertor 
and Good Plasma Confinement; Apr. 1994 

NIFS-280 S. Okamura, K. Matsuoka, K. Nlshimura, K. Tsumori, R. Akiyama, 
S. Sakakibara, H. Yamada, S. Morita, T. Morisaki,. N. Nakajima, 

K. Tanaka, J. Xu, K. Ida, H. Iguchi, A. Lazaros, T. Ozaki, H. Arimoto, 
A, Ejiri, M. Fujiwara, H. Idei. O. Kaneko, K. Kawaha:a, T. Kawamoto, 

A. Komori, S. Kubo, 0 . Motojima, V.O. Pustovitov, C. Takahashi, K. Toi 
and I. Yamida, 
High-Beta Discharges with Neutral Beam Injection in CHS; Apr. 1994 

NIFS-281 K. Kamada, H. Kinoshita and H. Takahashi, 
Anomalous Heat Evolution qfDeuteron Implanted Al on Electron 
Bombardment; May 1994 



NIFS-282 H. Takamaru. T. Sato, K. Walanabe and R. Horiuchi, 
Super Ion Acoustic Double Layer, May 1994 

NIFS-283 O.Mitarai and S. Sudo 
Ignition Characteristics in D-T Helical Reactors; June 1994 

NIFS-284 R. Horiuchi and T. Sato, 
Particle Simulation Study of Driven Magnetic Reconnection in a 
Collisionless Plasma; June 1994 

NIFS-285 K.Y. Watanabe, N. Nakajima. M. Okamoto, K. Yamazaki, Y. Nakamura, 
M. Wakatani, 
Effect of Collisionality and Radial Electric Field on Bootstrap Current in 
LHD (Large Helical Device); June 1994 

NIFS-286 H. Sanuki, K. Itoh, J. Todoroki, K. Ida, H. Idei, H. Iguchi and H. Yamada, 
Theoretical and Experimental Studies on Electric Field and Confinement 
in Helical Systems; June 1994 

NIFS-287 K. Itoh and S-l. Itoh. 
Influence of the Wall Material on the H-mode Performance; June 1994 

K. Itoh, A. Fukuyama, S.-l. Itoh, M. Yagi and M. Azumi 
Self-Sustained Magnetic Braiding in Toroidal Plasmas: July 1994 

Y. Nejoh, 
Relativistic Effects on Large Amplitude Nonlinear Langmuir Waves 
in a Two-Fluid Plasma; July 1994 

N. Ohyabu, A. Komori, K. Akaishi, N. Inoue, Y. Kubota, A.I. Livshit, 
N. Noda, A. Sagara, H. Suzuki, T. Watanabe, O. Motojima, M. Fujiwara, 
A. liyoshi, 
Innovative Divertor Concepts for LHD; July 1994 

H. Idei, K. Ida, H. Sanuki, S. Kubo, H. Yamada, H. Iguchi, S. Morita. 
S. Okamura, R. Aklyama, H. Arimoto, K. Matsuoka, K. Nishimura, 
K. Ohkubo, C. Takahashi, Y. Takita, K. Toi, K. Tsumori and I. Yamada, 
Formation of Positive Radial Electric Field by Electron Cyclotron 
Heating in Compact Helical System; July 1994 

N. Noda, A. Sagara, H. Yamada, Y. Kubota, N. Inoue, K. Akaishi, 0 . Motojima, 
K. Iwamoto, M. Hashiba, I. Fujita, T. Hino, T. Yamashina, K. Okazaki, 
J. Rice, M. Yamage, H. Toyoda and H. Sugai, 
Boronization Study for Application to Large Helical Device; July 1994 

Y. Ueda, T. Tanabe, V. Phllipps, L. Konen, A. Pospieszozyk, U. Samm, 
B. Schweer, B. Unterberg, M. Wada, N. Hawkes and N. Noda, 



Effects of Impurities Released from High Z Test Limiter on Plasma 
Performance in TEXTOR; July. 1994 

NIFS-294 K. Akaishi, Y. Kubota, K. Ezaki and O. Motojima. 
Experimental Study on Scaling Law of Outgassing Rate with A Pumping 
Parameter, Aug. 1994 

NIFS-295 S. Bazdenkov, T. Sato. R. Horiuchi. K. Watanabe 
Magnetic Mirror Effect as a Trigger ofCollisionless Magnetic 
Reconnection, Aug. 1994 

NIFS-296 K. Itoh, M. Yagi, S.-l. Itoh. A. Fukuyama, H. Sanuki. M. Azumi 
Anomalous Transport Theory for Toroidal Helical Plasmas, 
Aug. 1994 (IAEA-CN-60/D-III-3) 

NIFS-297 J. Yamamoto, O. Motojima, T. Mito, K. Takahata. N. Yanagi, S. Yacnada, 
H. Chikaraishi, S. Imagawa, A. Iwamoto, H. Kaneko, A. Nishimura, S. Satoh, 
T. Satow, H. Tamura, S. Yamaguchi, K. Yamazaki, M. Fujiwara, A. liyoshi 
and LHD group, 
New Evaluation Method of Superconductor Characteristics for Realizing 
the Large Helical Device; bug. 1994 (1AEA-CN-60/F-P-3) 

NIFS -296 A. Komori, N. Ohyabu, T. Watanabe, H. Suzuki, A. Sagara, N. Noda, 
K. Akaishi, N. Inoue, Y. Kubota, O Motojima, M. Fujiwara and A. liyoshi. 
Local Island Divertor Concept for LHD; Aug. 1994 (IAEA-CN-60/F-P-4) 

NIFS-299 K. Toi, T. Morisaki, S. Sakakibara, A. Ejiri, H. Yamada, S. Morita. 
K. Tanaka. N. Nakjima, S. Okamura, H. Iguchi, K. Ida, K. Tsumori, 
S. Ohdachi, K. Nishimura, K. Matsuoka, J. Xu, I. Yamada, T. Minami, 
K. Narihara, R. Akiyama, A. Ando. H. Arimoto, A. Fujisawa, M. Fujiwara, 
H. Idei, O. Kaneko, K. Kawahata, A. Komori, S. Kubo, R. Kumazawa, 
T. Ozaki, A. Sagara, C. Takahashi, Y. Takita and T. Watari 
Impact of Rotational-Transform Profile Control on Plasma Confinement 
and Stability in CHS, Aug. 1994 (IAEA-CN-60/A6/C-P-3) 

NIFS-300 H. Sugama and W. Horton, 
Dynamical Model of Pressure-Gradient-Driven Turbulence and Shear 
Flow Generation in L-H Transition; Aug. 1994 (IAEA/CN-60/D-P-I-U) 

NIFS-301 Y. Hamada, A. Nishizawa, Y. Kawasumi, K.N. Sato, H. Sakakita, R. Liang, 
K. Kawahata, A. Ejiri, K. Narihara, K. Sato, T. Seki, K. Toi, K. Itoh, 
H. Iguchi, A. Fujisawa, K. Adachi, S. Hidekuma, S. Hirokura, K. Ida, 
M, Kojima, J. Koog, R. Kumazawa, H. Kuramoto, T. Minami, I. Negi, 
S. Ohdachi, M. Sasao, T. Tsuzuki, J. Xu, I. Yamada, T. Watari, 
Study of Turbulence and Plasma Potential in JIPP T-IIV Tokamak; 
Aug. 1994 (IAEA/CN-60/A-2-11I-5) 


