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Ion-cyclotron heating was applied to the Large Helical Device. When the proton-cyclotron resonance
was near the saddle point of the magnetic field-strength plane, strong ion-cyclotron damping occurred.
Under these conditions efficient plasma heating was achieved for more than one minute. A high-energy
ion tail was observed, and the effective tail temperature was determined by a balance between the wave
acceleration and the electron-drag relaxation. There was no apparent sign of particle orbit loss effect in
the investigated density range of 0.8 1.3 3 1019 m23.

PACS numbers: 52.50.Gj, 52.55.Hc
The Large Helical Device (LHD) is a large heliotron-
type device with superconducting windings with a major
radius of 3.9 m and a maximum magnetic field on the axis
of 3 T [1,2]. The first heating experiment using the ion
cyclotron range of frequencies (ICRF) was conducted at
a magnetic field of 1.5 T [3,4]. In helical devices, ICRF
heating experiments were steadily improved as the device
size and the magnetic field strength increased [5–8]. In the
LHD experiment in 1999, the magnetic field was raised up
to 2.9 T. In this paper the 1999 results of ICRF heating at
the magnetic field of 2.9 T are described.

The ICRF heating setup was almost identical to the pre-
vious experiment [3,9], while the frequency was raised
to 38.5 MHz. This frequency change raised the antenna-
coupling resistance from 1 V to 3 5 V and increased the
available heating power to the plasma. A pair of loop an-
tennas was installed at the outer side of the toroid. Near
the antenna, the plasma is elongated in the vertical direc-
tion, as shown in Fig. 1. Figure 1(a) shows the locations
of the resonance and the cutoff layers on a cross section
of the toroid where the ICRF antenna is installed. On the
cross section, the fundamental cyclotron resonance for pro-
tons, the two-ion hybrid resonance, the left-hand cutoff,
and the right-hand cutoff are shown. Thin lines show the
equimagnetic field strength (equi-B) contours and the mag-
netic flux surfaces. The upper half of the figure shows the
30 0031-9007�00�85(21)�4530(4)$15.00
configuration of the best heating results, which occurred
on the magnetic field strength for B � 2.75 T at the mag-
netic axis radius of 3.6 m. The lower half of the figure
shows the locations of the cyclotron resonance when the
resonance moved from x � 20.32 to 10.73 m as a result
of changing the magnetic field strength and the heating
frequency. The x coordinate represents the distance from
the saddle point of the magnetic field strength, X, shown
in the figure. Helical windings are located at the left and
right sides on the figure and the magnetic field is strong
near the helical windings.

To investigate the heating mechanism of the experi-
ments, a one dimensional (1D) full-wave-analysis code
was used [10]. This wave-propagation code includes ki-
netic effects such as the finite-gyroradius effect and wave/
particle interactions. The 1D calculations were performed
on the lines perpendicular to the antenna, distributed along
the antenna loop on the cross section of Fig. 1(a). Be-
cause of the unique equi-B-contour configuration of he-
liotron devices, the cyclotron damping is very strong for
resonance lines located around the saddle point. The rea-
son for this is the large cyclotron-resonance region near
the saddle point, which results from the slow change of
magnetic field strength. The results of the 1D code calcu-
lation are integrated along the antenna loop with a weight-
ing factor for the antenna-current distribution. The power
© 2000 The American Physical Society
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FIG. 1. (a) Right-hand cutoff, R, left-hand cutoff, L, and
two-ion hybrid resonance, S, on the cross section of LHD. Fre-
quency � 38.5 MHz (A and B), 28.4 MHz (C), ne0 � 1.5 3
1019 m23, nH�ne � 0.2. (b) One dimensional full wave
code analysis shows the power partition to minority protons,
majority helium ions, and electrons by changing the cyclotron
resonance position. (Frequency � 38.47 MHz, kk � 5 m21,
ne0 � 1.5 3 1019 m23, nH�ne � 0.2.)

partitions to the plasma species are shown in Fig. 1(b) for
different proton-cyclotron resonance positions. Calcula-
tion shows that the minority heating becomes dominant
when the cyclotron resonance is located near the saddle
point.

ICRF heating was applied to the plasma that was initi-
ated by electron-cyclotron heating (ECH). Figure 2 shows
the time evolutions of the plasma parameters for long op-
eration time. The plasma was sustained by ICRF heating
for 68 s. The configuration of the resonance and cutoff
layers is shown in the upper half of Fig. 1(a). The ICRF
power was approximately 0.9 MW, and the stored energy
of the plasma was 100–130 kJ. The electron density was
approximately 1 3 1019 m23, and electron and ion tem-
peratures in the core region were approximately 2 keV.
The radiation power was almost constant during the ICRF
heating. The proton and helium-ion ratio monitored by
the Ha and HeI lines was almost constant during the dis-
charge. This long, steady-state plasma sustainment pro-
duced by ICRF heating for more than one minute was the
first achievement of the ICRF heating of the fusion ex-
perimental devices. By increasing the electron density and
increasing the input ICRF power up to 1.3 MW, a stored
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FIG. 2. Time evolutions of diamagnetic stored energy, Wp , line
averaged density, electron temperature (Thomson scattering), ion
temperature (Ti-XXI Doppler broadening), and radiation loss
power of long pulse ICRF discharge (#17170).

energy of 200 kJ was achieved at an electron density of
1.9 3 1019 m23. This large increase of the stored energy
was due to the positive dependence of the energy confine-
ment time on the electron density, tE ~ n0.5

e [2].
The ICRF heating properties depend strongly on the

resonance positions. Several plasma properties in the
magnetic field range of 2.3–2.9 T and a frequency range
of 28.4–38.5 MHz are shown in Fig. 3. The stored en-
ergy of the plasma, Wp , for the ICRF sustained mode
was plotted by changing the position of the minority ion-
cyclotron resonance in Fig. 3(a). The positions A, B, and
C are shown in the lower half of Fig. 1(a). The highest
performance plasma was achieved at position B.

The input power to the plasma was estimated from the
differential of Wp immediately after the ICRF was turned
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FIG. 3. Heating properties by changing the cyclotron reso-
nance position parameter x. (a) Plasma stored energy, (b) ratio
of plasma input power to antenna launched power, and (c) effec-
tive tail temperature and bulk temperature of minority protons.
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off. The ratios of the input power to the ICRF-launched
power are plotted in Fig. 3(b). The efficient power cou-
pling from the antenna to the bulk plasma should occur
near position B. However, the power couplings at posi-
tions A and C were relatively low. The coupling efficiency
depends strongly on the plasma density and the wave
damping strength. Both factors were influential in the ex-
periment. The eigenmode signal on the antenna loading
resistance at point B was smaller than at other positions
for the same plasma density and minority ion concentra-
tion. This also means that resonance position B has a
larger wave-damping property than other positions.

The bulk proton-energy distribution was measured by a
time-of-flight-type neutral-particle analyzer, and the high-
energy tail component was measured using a natural dia-
mond detector (NDD) [11] and a silicon diode detector.
The minority proton temperature, TiH, and the high-energy
tail temperature, Ti�tail�, defined over the energy range of
30–110 keV, are plotted in Fig. 3(c). We observed a high-
energy tail component near position B. This shows that
there is strong cyclotron damping by minority protons on
this condition. These data are consistent with the code
calculation shown in Fig. 1(b).

In order to study the wave-power transfer to plasma
species, the direct electron heating was checked by the time
evolution in electron temperature, immediately after turn-
ing off the ICRF pulse. Figure 4(a) shows the time evo-
lution of the electron cyclotron emission (ECE) signals at
the timing of ICRF turned off. Signals are normalized at
the turning-off timing and are classified into three groups
of different normalized radius, r. For resonance positions
A and B, there was no meaningful change of slope in ECE
signals; thus most of the wave energy went directly to

FIG. 4. Time traces of ECE measurement of the several nor-
malized radius positions, r, at the ICRF turned off. (b) Electron
temperature profiles for the resonance positions of A, B, and C,
which are shown in Fig. 1(a).
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the ions. Only in the case of position C did a portion of
the power go directly to the electrons from the launched
wave. For position A, the calculation result of Fig. 1(b)
shows that the electron heating is dominant. This disagree-
ment should come from the application of the 1D code
which does not include the global mode in the heliotron
configuration.

From the 1D full-wave code, the power to majority he-
lium is negligible. Therefore, the major part of the ICRF
power appears to go to the minority protons. In Fig. 4(b)
the electron temperature profiles at positions A, B, and C
are shown. For A and B there are no signs of direct elec-
tron heating in ECE, although a peak in the electron tem-
perature was observed at position B. The reason for the
peaked electron-temperature profile is not clear, because
the trajectory of the accelerated proton does not cross the
magnetic axis region. At least one pitch angle scattering is
necessary to reach the axis region. At resonance position
C, the mode conversion layer was located at the peripheral
region; therefore, a broad electron-temperature profile is
reasonable.

At resonance position B, where the minority ion heat-
ing was dominant, the apparent high-energy ion tail was
observed in neutral-particle energy analyzers. By using
the NDD, the time evolution of the effective tail tempera-
ture Ti�tail� was measured. In Fig. 5(a) and 5(b), Ti�tail�
is shown for two different discharges. Central electron
temperature, ICRF input power, and line averaged elec-
tron density are also shown. This effective tail temperature
was defined for the energy range between 30 and 110 keV.
Figure 5(a) shows a discharge sustained by ICRF, and
the electron density slowly increasing with the lapse of
time. On the other hand, in Fig. 5(b), neutral beam in-
jection (NBI) heating was added to the ICRF-sustained
plasma with a stepladder shape, and the electron tempera-
ture was changed to follow the total input power. However,
the minority proton concentration was barely changed by
NBI-injected particles. The change of Ti�tail� depends on
electron density, as shown in Fig. 5(a), and on electron
temperature as shown in Fig. 5(b).

The velocity-space distribution function for the minor-
ity ion can be estimated theoretically from Stix’s formula
[12]. In the high-energy region, the tail temperature, Teff,
approaches the asymptotic value:

Teff � Te�1 1 j� � Te 3

µ
1 1

�P��ts

3nTe

∂
,

where j is a dimensionless parameter directly proportional
to the input power density, �P��, and ts is Spitzer’s slowing
down time. Finally, Teff is proportional to �P��T1.5

e �nne.
Here n is the minority ion density. This effective tempera-
ture is the solution for steady-state balance between the
heating acceleration and the electron relaxation.

In Fig. 5(c), the experimentally obtained Ti�tail� for
the two discharges are plotted against a parameter that
is proportional to the Teff. Here n, �P��, and Te in the
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FIG. 5. (a),(b) Time evolutions of high-energy ion tail tem-
peratures of two discharges with electron temperature, density,
and input powers. (a) is an ICRF-sustained plasma and (b) is
a plasma with additional NBI heating. (c) Tail temperatures of
the two discharges are plotted against a parameter proportional
to the Stix’s effective tail temperature Teff.

above equation are assumed to be proportional to the line-
averaged density, input ICRF power, and central electron
temperature, respectively. Data during the rising phase of
ICRF power were eliminated in order to see the balance at
the steady-state condition. The data of the two discharges
are in quite good agreement with the solid line, which in-
dicates that the tail temperature is consistent with Stix’s
formula.

This agreement supports the proposition that the wave-
induced proton distribution is entirely balanced by the elec-
tron drag on the two discharges. High-energy particles
with energies up to 300 keV were observed in the higher
horizontal-axis region, where the input power is large, the
electron temperature is high, and the accelerated-particle
density is small. The growth rate of the tail temperature
does not show any saturation tendency, suggesting that
ICRF power produces no particle orbit-loss effects for
highly accelerated ions in the perpendicular direction. In
addition, the stored energy of the plasma was propor-
tional to the input ICRF power for a density range of over
0.8 3 1019 m23. These data also supported the premise
that the particle-loss effect was negligibly small.

In summary, an efficient plasma heating and mainte-
nance for more than one minute was achieved by ICRF
heating in the LHD. This is the first achievement in fu-
sion experimental devices. Ions were mainly heated by
waves and a high-energy ion tail was observed. These re-
sults are consistent with 1D full-wave-analysis-code calcu-
lation. Strong ion cyclotron damping could be attributed
to the saddle-shaped magnetic-field configuration of the
heliotron device. The balance of the wave heating and the
electron drag determined the high-energy tail temperature,
and there is no sign of fast-ion loss for the energy range
up to 300 keV. This is the first evidence of good confine-
ment of high-energy particles having large pitch angle in
velocity space in the heliotron device.
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