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ABSTRACT. This paper reports on the behavior of high-energy ions produced by lon Cyclotron
Range of Frequency (ICRF) heating on the Large Helical Device (LHD). In the 3rd experimental
campaign conducted in 1999, it was shown that minority heating has high heating efficiency, and
high-energy particles were also observed. In the 4th campaign in 2000 the temporal behavior of
high-energy ions was investigated in the minority heating regime using tum-off or modulation of ICRF
power, The time evolution of the high-energy particle distribution was measured using a natural diamond
detector (NDD) and a time-of-flight neutral particle analyzer (TOF-NPA). It was found that the count
number of higher-energy particles declines faster than that of lower-energy particles after ICRF turn-off.
In the modulation experiments, the phase difference of the flux of high-energy particles with respect to
the ICRF power modulation increased with energy. These results were explained qualitatively by the
Fokker-Planck equation with a simple model. The pitch-angle dependence of the distribution function
was also measured in the experiment by changing the line of sight of the TOF-NPA. An anisotropy of the
high-energy tail was found. This anisotropy was reproduced by solving the bounce-averaged
Fokker-Planck equation. The second harmonic heating was conducted successfully for the first time
during high beta plasma experiments in the LHD. High-energy particles were also detected in this heating
Tegime.

Keywords:
ICRF heating, high-energy ions, power modulation, anisotropy of distribution function, second harmonic
heating, LHD .



1. INTRODUCTION

Ion Cyclotron Range of Frequency (ICRF) heating has been conducted in many tokamaks and several
stellarators. In CHS eleciron heating was demonstrated successfully. In ion heating, however, the plasma
could not be sustained due to the increase of radiation power [1]. In W7-AS, various heating regimes such
as D{H) minority heating, D,H mode conversion heating, and second harmonic H heating [2] were
examined solving impurity problems by use of boronization. 7

The LHD (Large Helical Device) is a super-conducting helical device with the poloidal and troidal
periods of =2 and m=10 [3-6]. The major and minor radii are 3.9 m and 0.6 m, respectively. A major goal
of this device is to achieve high fusion triple products, high density, high beta, and steady state operation
in the helical system with current-fess plasmas. The ICRF heating system in the LHD has been developed
to conduct high power and long pulse experiments.

ICRF heating was examined in the LHD in the 3rd experimental campaign [7-11] and was shown to be
an efficient heating method. The best heating was achieved when the ion cyclotron resonance layer
(fundamental of hydrogen) was located near the saddle point [9, 10]. Direct ion heating was dominant in
this heating regime, which was deduced from the small change of electron temperature after ICRF
injection. High-energy particles were detected in this heating regime. Good confinement of high-energy
particles is considered to be the key to the success of ICRF heating [12] and therefore the behavior of
high-energy particles was investigated 1o some extent in the 3rd experimental campaign [13-15].
However, fhese analyses are mostly based on isotropic treatment of the distribution function in the
high-energy part.

In the 4th experimental campaign, conducted in 2000, the behavior of high-energy ions was
investigated in more detail by means of studying the dynamic response and pitch-angle dependence of the
distribution function in the minority heating. Second harmonic heating was conducted as an advanced
alternative to minority heating and the behavior of high-energy ions created by this heating regime was
also investigated.

This paper puts emphasis on the understanding of the behavior of high-energy ions created by ICRF
heating in the LHD. In section 2, the experimental equipment and the location of resonance and cutoff
layer§ are described. In section 3-1, the behavior of the high-energy ions afier the ICRF turn-off is
described. In section 3-2 a calculation is introduced to explain this result. In section 3-3, the behavior of
the high-energy ions during power modulation is described, and compared with the calculation. In section
4, the anisotropy of the distribution function during ICRF heating is shown, and compared with the
calculated result of the bounce-averaged Fokker-Planck equation. In section 5, the results of second

harmonic heating are described, and section 6 is a summary.



2. EXPERIMENTAL SETUP

Figure 1 is a top view of the LHD, showing the location of heating devices and main diagnostics. Loop
antennas [16] have been installed vertically through upper and lower ports. ICRF power is fed from
multi-stage amplifiers via impedance matching systems [17] and ceramic feed-throughs. These
components are designed to withstand steady state operation [18]. The RF frequency is tunable from 25 to
100 MHz in order to cover various heating regimes: minority heating, mode conversion heating, and
higher harmonic heating. The plasma cross-section is vertically elongated in front of the loop antennas.
The loop antennas are twisted so as to fit the last closed flux surface (LCFS) of the helical plasma and the
Faraday shields are aligned to the magnetic field in order to excite a fast wave. The dimensions of the
loop antennas are 46 cm in width, 120 cm in length (the total of the upper and lower antennas), and 17 cm

in depth.
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Fig. 1 Top view of the LHD with heating devices and diagnostics.

Initial plasma is preduced by electron cyclotron heating (ECH); in some experiments plasma is
sustained by ICRF heating only, while in other experiments ICRF heating was superposed on neutral
beam injection (NBI) heating. '

The main diagnostics are an FIR interferometer, a wide angle bolometer, Thomson scattering, an
electron cyclotron emission (ECE) system, Ha/Hel detectors, a natural diamond detector (NDD) [13-15],
and a time-of-flight neutral particle analyzer (TOF-NPA) [19]. Both NDD and TOF-NPA detect the
high-energy neutral particles which escape out of the plasma via a charge exchange process. The line of
sight of the NDD is perpendicular to the plasma column so that the population of ions with almost
perpendicular pitch angle (82°-102°) is measured. The TOF-NPA is installed horizontally at the middle
plane of the LHD and the line of sight is changeable.



Helium and hydrogen are used as working gas. Figure 2 shows the layers of ion cyclotron resonance
(fundamental of hydrogen), ion-ion hybrid resonance, R cut-off, and L cut-off for the RF frequency
f38.47 MHz and the magnetic field strength on the magnetic axis By=2.75 T as a typical case. Here,
dielectric constants of the cold-plasma approximation were used. A density profile of n, =n_(1-p*) is
assumed in the calculation of Fig. 2, where p is the normalized minor radius and

n,=10%x10" m™ s the electron density on the magnetic axis. The minority ion ratio
n, f(n, +n,)=5% and the wave number parallel to the magnetic line of force k, =5m™ are used in

this calculation.
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Fig. 2 Location of layers of ion cyclotron resonance, jon-ion hybrid resonance, R cut-off, and L cut-off in front of ICRF

antennas for /=38.47 MHz and B,=2.75 T. In this caiculation a_,=1.0%10" m>, n, An,+n,)=5%, and k, =5m"" were

used.

3. TEMPORAL BEHAVIOR OF HIGH-ENERGY IONS

In order to understand the mechanism of ICRF heating, the time evolution of the distribution function
is studied in this section. We conducted two experiments: 1) The ICRF power was turned off and the
following evolution of the high-energy ion tail was measured with the NDD and 2) the ICRF power was
modulated and the response of the distribution function was measured with the TOF-NPA. The results of

the theoretical calculations are compared with those of the experiments for these two cases.

3-1. EVOLUTION OF HIGH-ENERGY ION TAIL AFTER ICRF TURN-OFF
Figure 3-(a) shows the time evolution of an ICRF heating discharge. NBI was added from =1.3 sec. In
this discharge the magnetic field strength on the axis was B¢=2.8 T, and two pulses of RF frequencies

f=38.47 MHz (1=0.4-2.5 sec) and 40.47 MHz (=2.0-2.5 sec) were applied. The electron density was



measured with a 13-channel FIR interferometer, the electron temperature was measured with a Thomson
scattering measurement, and the radiation power was measured with a wide angle bolometer. The bottom

figure is the count number of neutral particles detected with the NDD.
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Fig. 3 The dynamic responses of the plasma to the ICRF power:

(a) The time evolution of plasma parameters as the power is turned off. The ICRF power is turned off at /=25 sec.
(b) The time evolution of plasma parameters in the power modulation experiment. The ICRF power is modulated and the flux of

high-energy particles is also modulated. The flux f s defined by &8N = (4::)"5 F 502 8E 5t with measured count number

6N, Here, 642 is the solid angle of the aperture of the detector. £ and ¢ are measured in keV and sec, respectively.

Figure 4 shows the ion energy distribution in the discharge of Fig. 3-(a) as observed by the NDD. The
ordinate is the direct count number of neutral particles for 0.1 sec. In this figure, the labels A to C with
arrows indicate the times of measurement shown in Fig. 3-(a) by arrows. The range below 30 keV is
affected by the thermal noise of the preamplifier. Count numbers decline after turn-off of ICRF (£=2.5

sec).
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Figure 5-(a) shows the time evolution of count numbers of neutral particles detected with the NDD.
The count numbers are normalized 10 the values before turn-off and the background associated with NBI -
is subtracted so that they are unity at /=2.4 sec and zero at /=3.0 sec. It was found that particles with high

energy decay faster than those with low energy.
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Fig. 5 The decay of high energy particles compared to the theoretical prediction.
(a) Time evelution of the count number of neutral particles measured in the shot shown in Fig. 3-{z). The count numbers are
normalized so that they are unity before turn-off and zero at £=3.0 sec.

(b) Time evolution of the calculated distribution function in the perpendicular direction.

3-2, CALCULATION OF FOKKER-PLANCK EQUATION
A simulation was made using a simple model! to understand the exp'erimemal results of section 3-1. The

distribution function was expanded to the second order in the Legendre polynomials of cos®, where @ is



pitch angle [20],
f(v,@,t)=A(v,t)-l——é—B(V,t)(Bcos’@-—l) ¢}

A(v,tyand B(v,t)are calculated by solving the Fokker-Planck equation in each flux surface:
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K= (P) ’ az(Avﬂ)-FZl_V((AVi)z)’ b’:((Avﬂ)z),and y=((AVl)1)

(P) is averaged absorbed power per unit volume. (A Vﬂ) , ((A v”)’) , and ((A v l)’) are the Coulomb

diffusion coefficients. In this model the effect of anisotropy is included to the extent that it is reflected in
the second term in Eq. (1). Drift motion crossing flux surfaces is ignored in this model and the
distribution function is assumed to be uniform on a flux surface.

The calculation was made with the plasma parameter relevant to the shot shown in Fig. 3-(a): A
normalized minor radius of p=0.5 is taken since power 'dcposition is largest there [10]. The electron
density n, is 1.3x10'" m™ on this flux surface and almost constant in time. ECE data were used to obtain
variation of the electron temperature, 7, = 0.3 exp{—(r -2.5)/0.1}+1.3 keV. The ECE signal was
calibrated against the Thomson scattering measurement. The temperature of helium was assumed to be
same as the electron temperature because bulk jons couple strongly with electrons. The hydrogen density,
ny was estimated to be 5.4x10'" m? from the ratio of Hat signal to Hel [10]. In this calculation parameter
K was adjusted to 1.3x10" W/kg so that the experimental effective temperature 7,=29 keV in the energy
range around 130 keV is obtained. These values are used in the calculation of Eqs. (2) and (3). Figure
5-(b) shows the calculated time evolution of the normalized distribution function in the perpendicular
direction, @=90°, The distribution function deca)l/s slowly in the lower energy range because higher
energy particles drop to this lower energy region. This tendency agrees with the experimental result

qualitatively,

3-3. POWER MODULATION EXPERIMENT
Power modulation experiments were also conducted in order to understand the behavior of high-energy

ions. The magnetic field strength on the axis is Bg=2.75 T, and the RF frequency is /=38.47 MHz. The



ICRF power was modulated sinusoidally at a frequency of 4 Hz with an amplitude of 80 kW. Figure 3-(b)
shows the time history of the plasma parameters of a typical shot. The electron temperature on the
magnetic axis was T,g=1.4 keV on time average and the line-averaged electron density was constant,
E =0.5x10"" m™ during the power modulation. The plasma stored energy shows a clear response to the
modulated power as shown in the first column. The radiated power shown in the third column and the
flux of neutral particles shown in the fourth column are also modulated. The latter was measured with the
TOF-NPA, where the angle of the line of sight with respect to the magnetic axis was ¢=73.3°.

It is found that the flux is to a certain degree out of phase with the modulated ICRF power and the
phase difference is larger in higher energies. A Fourier analysis was made to .determine the small phase
difference accurately. The solid circles in Fig. 6-(a) show the experimentally obtained phase delay of the
modulation of the {lux relative to the ICRF power, plotted against thé energy of the particles. The solid

circles in Fig. 6-(b) show the amplitude of the modulation of the flux.
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Fig. 6 The dependence of the response of high-energy particles on their energy to the power medulation,

(a) Phase difference of count number relative to the ICRF injected power. Solid circles represent the experimental result measured

with the TOF-NPA. The solid line shows the result of simulation.
{b) Normalized amplitude of count number. Solid circles represent the experimental result. The ordinate is the amplitude of the

modulation of the flux normalized to its time average. The solid line shows the result of simulation.

The analysis described in section 3-2 is adapted to the modulation experiment by writing K as:

K=K+AKsinwt (4)
Here, K, AK, and o are the mean RF power, the amplitude of modulation, and the modulation
frequency, respectively. A simulation was made‘ with respect to the shot shown in Fig. 3-(b) specifying
the flux surface. p=0.75 was chosen for a reason that will be mentioned in section 4. An experimental

value of 7,=0.4x10'° m™ was used for the plasma density. The hydrogen concentration »#y was estimated



to be 4x10'7 m*, Electron and helivm temperatures were also assumed to be constant at 7,=7,=0.7 keV
because the ECE signal was almost constant. Figure 7 shows the calculated time evolution of the
distribution function. Though the distribution function is obtained as a function of velocity v and pitch
angle &, we set =73.3° because direct comparison with the experiment can be made only at this pitch
angle. The ordinates of the traces in Fig. 7 are, therefore, /~f(v, ©=73.3%, #). The top column in Fig. 7 is
the modulated power given by Eq. (4) as a reference. From the second to the sixth columns, the behavior
of the distribution function at various energies is shown. They show sinusoidal oscillation with phase and
amplitude depending on the energy. It is found that the phase difference increases with energy. It is
noteworthy to point out that the distribution function of particles with lower energy oscillates with reverse
sign with respect to that of high-energy particles. This suggests conservation of particles in velocity space.
The amplitude of the oscillation depends on the energy of the particles with a minimum at around 10 keV.
Calculations show such energy is dependent on the input power, becoming higher with increasing power.
The solid line in Fig. 6-(a) shows the calculated phase difference against the energy of the particles. It is
noted that X is a free parameter in solving the set of equations (1) to (3), while the ratio AKX to K
is taken from the experiment (AK/K =6.5 %). The best fit with the experiment was obtained with
K =0.5x10" W/kg . This value is reasonable since it gives an effective temperature of 11 keV in the
energy range around 50 keV, which is close to the experimentally obtained value measured with NDD.
The solid line in Fig. 6-(b) shows the calculated amplitude of the modulation against the energy of the
particles, compared with the experimental amplitudes shown by the solid circles. The simulation results
explain well the tendency for the amplitude to increase with energy in the experimental range of energy.
However, the simulation shows a larger dependence on the energy in the high-energy region than that
obtained in the experiment. Elaborations of both the theory and the experiment are necessary in order to

obtain full agreement between them.
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4. ANISOTROPY OF DISTRIBUTION FUNCTION

Ions are trapped as they are heated by 1CRF in the perpendicular direction and they become unable to

cross the cyclotron resonance layer since they reflect before they reach the layer. It is known in tokamak

experiments that the distribution function of ICRF heated plasma is, thus, unique, a phenomenon which is

not expressed by the two-term approximation in the previous section. In order to investigate how such an

effect is reflected in ICRF heating in helical systems, the dependence of the distribution function on pitch

angle was studied by use of the TOF-NPA.

The angle of the line of sight with respect to the magnetic axis, ¢, was scanned from 40.4° to 93.9° shot

by shot using five successive discharges sustained by ICRF in the minority heating regime. Plasma

parameters and ICRF injection power were kept constant: 1 =09%10"m?, T.,~1.5 keV, and

Picry=1.45 MW. Figure 8 shows the contour of flux of neutrat particles shown in polar coordinate with ¢

the angle and 1’21‘5‘/mH the modulus, where E is particle energy. The labels v, = 1/Z_E/J?:'H cos¢ and

v, =1/2_1'5/mH sin g on the abscissa and ordinate are nominal, signifying parallel and perpendicular

velocity on the magnetic axis only. In order to compensate for the difference of the viewing volume,

which depends on the line of sight, fluxes are normalized on an assumption that the distribution function

was isoiropic at the energy range of 6 keV. It was found that the flux of neutral particles is largest at the

angle of ¢ =70°. This may be related to a so-called “butterfly” (“rabbit-ear”) structure of the distribution

function [21-24].

-2 0 2 4 6 8 10 12

Fig. 8 Contour of count number of neutral particles
detected with the TOF-NPA. The contour of the count number
is shown in a polar coordinate {¢, M ). The direction
of the line of sight 15 scanned in five successive shots keeping

plasma parameters and ICRF injection power constant.

The particles are accelerated perpendicularly to the magnetic line of force near the cyclotron rescnance

layer increasing the population of trapped particles. The particles stop being accelerated when they are

10



trapped deeply so that the banana orbits no longer cross the ion cyclotron resonance layer. Therefore, the
particles with a pitch angle of 90° have the largest population near the ion cyclotron resonance layer. The
peak of the modulation will be shifted to a lower angle as they are observed at the bottom of the magnetic
field, creating the “butterfly” structure.

Due to the conservation of energy and magnetic moment, the pitch angle & of the particles that are -
mirror-reflected just on the ion cyclotron resonance layer is related to the local magnetic field strength B
by the following equation: )

sin*@=R/B,_ (5)
Here, B, is the magnetic field strength on the ion cyclotron resonance layer (2.52 T). B is a function of ¢
and L, the angle of the line of sight and the length from the pivot point of the TOF-NPA, respectively:

B=B(g L) (6)
The pitch angle of a particle, @, which is identically the angle between the magnetic line of force and the
line of sight, is also a function of ¢and L:

&= 6g L) (7)
By solving the set of equations (5)-(7) numerically, L is obtained as a function of ¢. Specifically, for ¢
=70°, L is determined to be 2.66 m. The point (L, ¢)=(2.66 m, 70°} corresponds to {g, 6, p)= (0.75, 0°,
16.5°) in the toroidal coordinate of the LHD. Here, p is the normalized minor radius, & is the poloidal
angle, and ¢ is the toroidal angle. 8=0°, for the line of sight is on the equatorial plane. The position is
close to the minimum B along the magnetic lines of force, for the plasma is horizontally elongated at.
@=18" The experimental result suggests that the strongest wave particle interaction occurs around the
flux surface, p=0.75. This value is close to the predicted value p= 0.5 in the previous analysis of the
power deposition profile. The remaining difference may be understood by considering the population of
the neutral particles, which increases with increasing p.

We employ p=0.75 in the following calculation of the distribution function. The simple model
mentioned in section 3-2 cannot apply to ‘the “butterfly” structure of the distribution function. Therefore,
we solve the bounce-averaged Fokker-Planck equation [21-24], the time span considered here being

longer than the bounce period, .
df, 1 ¢dl
o - Ererr f 8
i P S ARLLA) ®)

The distribution function f; is thus independent of /, the length along the magnetic line of force. The
collision term, C(f;), and the quasi-linear diffusion term for cyclotron absorption, @(£,) are averaged
along the magnetic lines of force weighted by 1/v,. Figure 9 shows contour lines of a calculated steady
state distribution function in the velocity space at (p, 8, ¢)=(0.75, 0°, 18°) where the magnetic field is at
the bottom. The particles on the solid lines have banana tips on the ion cyclotron resonance layer. The
dashed lines show the boundary betwéen passing and trapped particles, abave which particles are trapped.

It is seen that a large fraction of the particles are in the trapped region and the particles whose banana tips

11



are near the ion cyclotron resonance layer have the largest population; i.e., the “Butterfly” structure of the
distribution function is manifested. The particles whose pitch angles are 90° cannot cross the ion
- cyclotron resonance layer, but the number of them increases due to piich angle scattering. In the
calculation of @Q(£), the left hand component of the RF electric field is deduced from the elements of
the dielectric tensor, assuming a uniform RF electric field strength of 10 kV/m in the propagating region.
In the evanescent region, the electric field is put zero. Allowing the fast wave of various k;,, @Q(f)) is
integrated over the calculated ky, spectrum. The algorism solving the Fokker-Planck equation is similar to
the one used in tokamaks, and the only difference is in the bounce-average. While magnetic field has only
toroidal ripple in tokamaks, both toroidal and helical ripples have 1o be considéred in helical systems. The
magnetic field is obtained by solving the Biot-Savart equation. The boundary of trapped and passing
particles shown by the dashed lines in Fig. 9 is thus associated witﬁ the reflection of particles at the

maximum B including both toroidal and helical ripple.

; -
> ‘
'--:4 ]
> ]
20
Fig. ¢ Cantour of the calculated distribution function by solving the bounce-averaged Fokker-Planck equation. Vv, and v,

on the axes are normalized to V', , the thermal velocity of hydrogen calculated with 7y=0.75 keV at p=0.75.

5. SECOND HARMONIC ICRF HEATING EXPERIMENTS

1t is known that second harmonic heating is due 1o the finite Larmor radius effect and, therefore,
high-energy ions are accelerated preferentially creating a high-energy tail. It is thus assumed necessary to
have good confinement of high-energy particles in order to have a good heating performance, The
viability of second harmonic heating was established in tokamaks back in the 1980°s and it is regarded as
a reliable heating scheme [25, 26]. However, it was only recently that ICRF heating was demonstrated to
‘be viable in helical systems [I, 2, 7-11]. In the experiment in W7-AS, second harmonic heating was

examined with other various heating regimes. 1t is reported that about 70% of the ICRF power was

12



absorbed in plasma in W7-AS [2] even though second harmonic damping is known to be a weak
absorption mechanism.

In the LHD a second harmonic ICRF heating experiment was conducted in the 4th experimental
campaign by lowering the magnetic field strength and clear heating was obtained for the first time. Figure
10 shows a discharge with second harmonic heating superposed on an NBI target plasma. The magnetic
field strength on the axis was B¢=1.363 T. Two pulses with frequencies /~38.47MHz and 40.47 MHz
were applied from =1.0 sec. The former had a pulse length of 0.6 sec and the latter one of 0.3 sec, and
the total injected power was 2 MW in the early 0.3 sec. The difference of the frequency may not be
important in this experiment. The plasma stored energy, W), increased from 110 kJ to 130 kJ at ~=1.1 sec,
a little after RF was torned on, and decreased twice as the ICRF power decreased stepwise. The
operational plasma parameters were Z=0.75—1.0><10'9 m* and T, =1.0-1.4 keV. The line-averaged
electron density, ;c decreased gradually because the gas-puff was switched off at /=1.0 sec, Radiation
loss increased from 0.3 to 0.5 MW on the application of ICRF, however it saturated in time and the
increment of the radiation loss remained 10 % of the injected ICRF power. The electron temperature did

not show rapid rise as observed in ¥, suggesting that the wave is absorbed mainly by ions.
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E g‘g Fig. 11 Energy distribution of neutral particles in the
:.é.' 0. 4 second harmonic heating. The labels A, B, and C designate the
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0 is used for measurement
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Fig. 10 Discharge with second harmonic ICRF heating
superposed on a NBI target plasma, The gas-puff is tuned off

at /=1.0 sec followed by the pradual decay of plasma density.
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Heating Efficiency

Figure 11 shows the energy spectrum of the fast neutrals measured with the NDD. The labels A, B, and
Cin Fig. 11 correspond to same labels in Fig. 10 showing the time when data were taken. No high-energy
tail is observed before RF is applied as shown by A. A high-energy tail is created on the application of RF
(B) and it grows as time passes {C). The effective temperature reached 19 keV at time C as it is
determined in the energy range around 50 keV. Fiéure 12 shows the heating efficiency, which is defined
as the absorbed power divided by injected ICRF power. The absorbed power was estimated by the change
of slope of W), at the time of turn-off of the RF pulses (+=1.3 and 1.6 sec). The abscissa is the magnetic
field strength on the magnetic axis. Frequencies were /~38.47MHz and 40.47 MHz for the second
harmonic heating and /=38 .47MHz for the minority heating. As shown in this figure the second harmonic
heating experiments were conducted with about one half the magnetic field strength of the minority
heating. The heating efficiency of second harmonic ICRF heating reached 40 %, however, it was lower
than that of the minority heating, and plasma could not be sustained with ICRF heating only, due to weak
absorption. Figure 13 shows the beta value dependence of the heating efficiency. Data points are grouped
by the magnetic field strength. It was found that the heating efficiency increases with beta value. This
tendency is interpreted in terms of enhanced power absorption in high beta plasmas since higher harmonic
heating is associated with the finite Larmor radius effect. Therefore, it is expected that the performance
will be further improved in future experiments with increasing beta values. Though runaway features are
often predicted for second harmonic heating, no special deformation of the tail from the straight line is

found in Fig. 11. The injection power may not be sufficient to create runaway ions.

(a) | (b)
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Fig. 12 The dependence of heating efficiency on the Fig. 13 Heating efficiency versus beta value. There is a
magnetic ficld strength. A peak of the efficiency is found at tendency that heating efficiency increases with beta value.

B=2.75 T corresponding to the fundamental heating. The other
peak is found at around B=1.35 T about half of the former

corresponding to second harmonic heating.
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6. SUMMARY

In order to understand the mechanism of ICRF heating a series of experiments were carried out with
emphasis on the behavior of high-energy particles. The temporal behavier of high-energy ions was
studied by using the decaying plasma after ICRF tumn-off and by using the ICRF power modulation
method. The number of particles with higher energy declines faster than that of lower energy ions afier
ICRF turn-off. In the modulation experiments, phase difference and normalized amplitude increased with
energy. These experimenta] results were explained in terms of the Fokker-Planck equation. Particularly,
some of the unique features of the response of the particles are associated with the particle flow in the
velocity space.

With respect to the anisotropy of the distribution function, another key subject of ICRF heating reserch,
the line of sight of the fast neutral particle analyzer was scanned. The signal had maximum at a certain
angle. The result was analyzed by use of the bounce-averaged Fokker-Planck equation and associated
with the “butterfly” (“rabbit-ear”) structure of the distribution function. In this calculation, the
Fokker-Planck equation was modified by means of bounce-average in order to adapt to the helical system.

A second harmonic heating experiment was conducted successfully for the first time in the LHD with
an effective temperature of 19 keV. The heating efficiency increases with beta value. This result is
consisltent with the finite Larmor radius effect on which the heating regime relies. However, a runaway

feature expected for this heating regime was not observed within the experimental power range.
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