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Abstract

®

CrossMark

The characteristics of ion cyclotron range of frequencies (ICRF) minority ion heating with a
hydrogen minority and deuterium majority plasma were studied by ICRF modulation injection
experiments in the Large Helical Device (LHD). In recent experiments with deuterium plasma,
no significant increase in the neutron emission rate due to ICRF second harmonic deuteron
heating was observed. Therefore, in this study, the neutron emission rate was used to refer to
the information regarding the thermal ion component. Like the results of the observations of
the heating efficiencies at various minority proton ratios, the experimental results showed good
agreement with the simple model simulation of ICRF wave absorption. During these
experiments, the accelerated minority hydrogen ions were observed by neutral particle

analyzers. The counting rates of the energetic particles were higher in the lines of sight passing
through the helical ripple than across the magnetic axis, and the counting rate decreased as the
minority hydrogen ion ratio increased. The dependence of the minority hydrogen ion ratio on

the density of the energetic ions was consistent with the experimentally observed heating
efficiencies and simulations. The heating efficiency of ICRF minority ion heating could be
well explained by simple model simulation in the LHD deuterium experiment.

Keywords: ICRF, minority ion heating, power modulation, LHD

(Some figures may appear in colour only in the online journal)

1. Introduction

In ion cyclotron range of frequencies (ICRF) heating, the
ions which satisfy resonance conditions are mainly accel-
erated by the wave and fast ions are produced. The bulk
electrons and ions are heated directly by the wave and/or indi-
rectly via the fast ions. Because an ICRF wave can produce
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energetic particles up to MeVs or higher, and can heat the cen-
tral electrons, new ICRF heating experiments are planned in
W7-X [1] and ITER [2]. In experiments in the Joint European
Torus (JET) with an ITER-like wall [3, 4], the properties of a
plasma heated with an ICRF wave were investigated for use
in ITER. The heating efficiencies were evaluated by break-
in-slope (BIS) analysis for minority hydrogen ion heating in
a deuterium plasma. For huge devices, ICRF minority ion
heating is expected to be useful for initial phase heating with
low plasma parameters and for wall conditioning instead of
large-scale baking.

It is known that the heating efficiency of minority ion heat-
ing strongly depends on the minority ion ratio. However, in

© 2021 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd
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an experiment for steady-state operation of the Large Heli-
cal Device (LHD) [5-8], the minority ion ratio spontaneously
changed during the discharge due to the outgas from the wall
or the divertor tiles. Therefore, it is important to clarify the
heating efficiency of ICRF minority ion heating with respect
to the minority ion ratio, not only for optimization of the heat-
ing system in future device designs but also for control of
wall discharge cleaning. In order to investigate the effect of
ICREF injection, plasma confinement and relaxation also need
to be understood. Therefore, a comprehensive understand-
ing of ICRF heating characteristics is useful for new exper-
iments using ICRF heating. In the LHD, the ICRF heating
characteristics can be investigated by ICRF power modulation
experiments using multiple measurements. Power modulation
experiments are often used for analysis of the heat transport
process in experimental fusion research [9, 10]. During ICRF
power modulation experiments, the plasma parameters, such
as ion and electron temperatures, are changed according to the
ICRF power modulation. During the experiments we assume
a certain steady-state plasma, but on the other hand we cannot
analyze the effect of power modulation unless we can measure
the change in the plasma during power modulation. There-
fore, we set the modulation amplitude to less than 10% of the
total injection power. Because ICRF power modulation can be
easily modeled, this method is effective for a comprehensive
understanding of ICRF heating characteristics.

The ICRF heating characteristics have been studied in the
LHD for many years in hydrogen or helium plasmas [11, 12]
using flexible and high power injection and many diagnos-
tics. In the LHD, ICRF minority ion heating with minority
hydrogen and majority helium is the main heating method, for
example in steady-state operation or for wall discharge clean-
ing [13], because the heating efficiency is higher than with
second or higher harmonic heating [14—16]. The ICRF wave
accelerates the minority hydrogen and the ion temperature
increases due to relaxation of the energetic particles. The effi-
ciency of ICRF minority ion heating depends on the minority
ion ratio, the plasma density, the ion and electron temperatures
and other conditions. Among these parameters, the minority
ion ratio is one of the most controllable aspects for increasing
the heating efficiency. For example, in steady-state operation,
the electron density and the total injection power are required
to be constant with the parameters maintained using the con-
trol system [17]. Therefore, the minority ion ratio should be
adjusted so as not to decrease the absorbed power. From these
perspectives, it is important to understand the dependence of
the heating efficiency on the minority ion ratio. In previous
studies, the ICRF minority hydrogen ion heating efficiency in
dependence on the minority hydrogen ion ratio was obtained
experimentally in a helium plasma [18, 19].

Since the 2019 financial year ICRF minority hydrogen ion
heating experiments have been started in a deuterium major-
ity plasma in the LHD. When the ICRF wave directly cou-
ples and accelerates the deuterons, the neutron emission rate
should be clearly increased, as seen in the experiments in JET
or ASDEX-U [20, 21], by ICRF third-harmonic heating with
neutral beam (NB) injection. In the LHD, the experimentally
observed neutron emission rate agreed with the calculation

Figure 1. Schematic view of the LHD and photographs of the ICRF
antennas inside the vacuum chamber.

using the thermal fusion reactivity of deuterium plasma [22].
In other words, information on the bulk deuterium ions can be
understood through the neutron measurements. In this study,
we analyzed the stored energy and fast ion measurements as
well as the neutron emission rate, which varied in a compli-
cated manner according to power modulation. The charac-
teristics of ICRF minority hydrogen ion heating, especially
for heating efficiencies including the ratio to bulk ions and
electrons, were investigated in the LHD deuterium plasma.

2. Experimental setup

A schematic view of the LHD and photographs of the ICRF
antennas in recent campaigns are shown in figure 1. The
poloidal and toroidal period number I/m = 2/10 the typical
plasma minor radius a, in a vacuum is 0.64 m when the major
radius R;x = 3.6 m. In this study, two pairs of antennas are
used, called the HAS antenna and FAIT antenna. They are
located at 3.5 port and 4.5 port, respectively in the LHD’s 10
toroidal sections. The antennas are installed from the upper and
lower ports of the LHD vacuum chamber, and the antennas can
move toward the plasma by changing the pivot degrees inside
the vacuum chamber. As shown in figure 1, the HAS antenna
is a toroidal array antenna and the FAIT antenna is a poloidal
array antenna. By changing the phase of the antenna current in
the upper and lower antennas, the HAS antenna can change k.
The dipole phase is usually used because of its higher heating
efficiency than the monopole phase. Both antennas are used
for ICRF heating with a fixed frequency of 38.47 MHz. By
optimization at the fixed frequency, the loading resistances are
increased by increasing the impedance of the antenna using
impedance transformers [23].

Figure 2 shows a poloidal cross-section view of the LHD
together with the FAIT antenna, the plasma flux surfaces and
the ICRF cutoff and resonance layers of a standard magnetic
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Figure 2. Poloidal cross-section view of the LHD with the ICRF
antenna, the cutoff and the resonance layers of the ICRF wave in
experimental conditions.

field configuration for By = 2.75 T and R,x = 3.60 m. Typi-
cal experimental conditions are used for the calculation. The
ICRF antennas are located at the outboard side of the plasma.
We conducted ICRF injection experiments by changing the
antenna position between 4.5 cm and 12 cm, but no significant
difference was found in the heating efficiency. The typical dis-
tance between the plasma last crossed flux surface (LCFS) and
the antenna head is 7.0 cm for the FAIT antenna and 8.0 cm
for the HAS antenna. For experiments without ICRF injection,
the antennas stay at 12—14 cm from the LCES.

3. Results and discussions

The ICRF heating efficiency can be estimated from the ICRF
power modulation experiments. BIS analysis is often used to
derive the ICRF heating efficiency [24]. On the other hand, by
modulating the ICRF power rather than reducing the power
altogether, the ICRF heating efficiency can be derived when
the plasma is sustained. The modulation amplitude of the
stored energy can be used to derive the heating efficiency by
the following equations [25-27]:

dw, )
_— = P _
dr NEICRF oy
I (W, | ,

sin (Sp |PICRF

where W, is the plasma stored energy, 7 is the ICRF heating
efficiency, 7 is the plasma confinement time, Wp and fDICRF
indicate the amplitudes of W, and Picgrr, w is the modulation
frequency and 6, is the phase delay of the stored energy from
the ICRF power modulation. Here, we evaluated 1 without
dependence on the injection power Picrp. The evaluation of n
including the dependence on the ion temperature or injection
power was discussed in [27]. The measurement of the diamag-
netic loops assumes energy isotropy in toroidal and poloidal
directions. Therefore, if the ICRF wave accelerates the ions
in the poloidal direction, these equations for obtaining 77 may
cause overestimations.

Figure 3 shows a typical discharge in the ICRF power mod-
ulation injection experiment for evaluating heating efficiency.
In this study, electron cyclotron heating (ECH) is also used to
sustainthe plasma, since there are many kinds of ICRF injec-
tion experiments superimposed on ECH, such as steady-state
operation. As shown in figure 3(a), the ICRF power of the
HAS and FAIT antennas is modulated separately to obtainthe
heating efficiency of each antenna. The time evolution of the
electron stored energy W. is also shown in figure 3(), as mea-
sured by Thomson scattering. The ion species ratios are shown
in figure 3(c). The ion ratios are estimated by using data from
passive spectroscopy measurement [28]. Because the optical
emissions H,, D, and Hel are from low temperature neutrals,
the measurement region for the intensity ratio is outside the
plasma. Although the ion species ratio in the center may be
different from that at the edge due to the isotope effect, we
assumed that the ion ratios are the same inside and outside
since it is difficult to measure the ratio at the center. In this
study, we did not use pellet injection nor did we use the min-
imal NB injection to avoid inaccuracy in the ion ratios. Note
that it is difficult to observe the exact low hydrogen or low
deuterium ratios because the wavelengths of H, and D, are
very close to each other. Figure 3(d) shows the time evolutions
of the line-averaged electron density 7z. and the neutron emis-
sion rate S,,. The response to ICRF power modulation injection
can also be seen clearly in S,,. The energy of the bulk ion is
considered to be responding to the injection power. As in the
experiment in the WEST device [29], which used ICRF minor-
ity hydrogen ion heating in deuterium plasma with similar
plasma parameters to the experiment in the LHD, the neutron
emission data were used to estimate the ion energy W;. The
spatial distributions of the temperature and density are shown
in figure 4. The bulk ion temperature was measured by charge
exchange spectroscopy (CXS) using perpendicularNB (p-NB)
injection. The pulse of the p-NB was 5.0 ms, which is the mini-
mum pulse length for measuring the ion temperatures in order
not to affect W,. Also, the ion temperature was measured in
a different discharge to avoid coupling of the ICRF wave to
p-NB particles during the modulation experiments. The elec-
tron density has a hollow profile. The electron density n. and
the temperatures T, and T; are approximately 1.2 x 10! m~3,
2.8 keV, and 1.6 keV, respectively, at around p = 0.5.

A diamond neutral particle analyzer (DNPA) [30, 31] and
a compact neutral particle analyzer (CNPA) [32] are used to
observe the accelerated minority hydrogen ions. A NPA mea-
sures the energetic ions after charge exchange with neutral
particles. Therefore, the count of observed energetic particles
should be divided by ov to consider the density of energetic
ions inside the plasma. The analytic charge exchange cross
sections are referred to the JAERI-Data/Code [33]. Figure 5(a)
shows the lines of sight of the three spatial channels of the
DNPA and figure 5(b) shows the line of sight of the CNPA.
The lines of sight of DNPA channel 4 and the CNPA pass
through the magnetic axis, and the lines of sight of DNPA
channels 1 and 7 pass through the helical ripple where the ener-
getic particles are considered to be trapped. Figure 5(c) shows
the observed energy distributions of the accelerated ions in a
similar discharge. The measurable energy region of the DNPA
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Figure 3. Typical waveforms of the ICRF power modulation
injection experiment. Time evolution of (@) injection powers,

(b) stored energies, (c) ion ratios and (d) the neutron emission rate
Sn and electron density n. during the ICRF power modulation
experiment.
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Figure 4. Spatial distributions of the Tj, T, and n.. Tj is observed by
CXS in a similar discharge with short-pulse p-NB injection.

is from >40 keV to some MeV, and the CNPA region is bulk
energies of <150 keV. The increase in the DNPA counts near
40 keV is considered to be due to thermal noise, because the
DNPA detector is a semiconductor type detector. On the other
hand, because the CNPA is an E||B-type NPA, the high count-
ing rate at less than 20 keV can be considered to be a bulk
component. The effective temperatures of each channels are
shown in the figure. The line-averaged electron density of
this discharge 7. = 0.7 x 10" m™3 is lower than the dis-
charge shown in figure 3. The density of the energetic parti-
cles strongly depends on the electron density. Therefore, the
lower electron density discharge is shown here to clearly see
the difference in the energy distributions according to the mea-
surement lines of sight. The results in figure 5(c) show that

#157276 11-29 s

101 . :
(c) DNPA Ch1
DNPA Ch4
DNPA Ch7
100 CNPA
2 “ h
8 1 Ch1 549 kev
> 109 ™ v
e
c
S [
O 10%
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20 300
Energy (keV)
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Figure 5. Lines of sight of (a) three DNPA channels and (b) the
CNPA. (b) Energy distributions of the accelerated energetic particles
observed by the NPAs.

the effective temperatures of DNPA channels 1 and 7 are
higher than those of DNPA channel 4 and the CNPA. Even
though the DNPA and CNPA have different detection meth-
ods, DNPA channel 4 and CNPA, which have similar lines of
sight, observed similar effective temperatures. It is therefore
confirmed in this experiment that the high counting rate of the
energetic particles and high effective temperatures observed on
the channels passing through the helical ripple indicate that the
energetic particles accelerated by the ICRF wave are trapped
in the helical ripple.

Figure 6 shows details of the modulation signals of (a)
Picrr, (b) Wy, and (c) S, for the discharge shown in figure 3,
and conditional averaged signals of (d) C/ov, (¢) W, and (f)
Wi. Here, C/ov is the observed count for DNPA channel 1
divided by ov. The amplitudes and phases of the 4 Hz mod-
ulation signals were estimated using the fast Fourier trans-
form. The amplitudes of the signals of stored energies are
|W,| = 13.4 kJ and |W| = 2.2 kJ. The phase delays from
Picrr are dp = 39.6 ms, 65y = 52.0 ms, d¢/y, = 16.8 ms and
de = 21.3 ms. Here, s, can be considered to be the phase
delay of the stored energy of the bulk deuterons, since the
significant increase in S, due to direct deuteron heating is neg-
ligible under these experimental conditions [22]. On the other
hand, ¢/, reflects the phase delay of the stored energy of the
energetic particles. However, it is difficult to discuss details
because the count of the NPA includes information on the neu-
tral density as C/ov = ngg X Hyeural- The phase delay of the
NPA signals d¢/,, should be considered carefully even though
Mheutral S€€MS to be constant during ICRF power modulation.
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Figure 6. Time evolution of (a) Picrr, (b) W, and (c) Sy, and
conditional averaged signals of (d) C/ov of DNPA channel 1,
(e) We and (f) Wi.

Since we also observed fluctuation of the optical emissions of
H,, D, and He I, the neutral density could be slightly changed
by modulation of the ICRF heating power. Therefore, it is dif-
ficult to estimate the phase delay of the minority hydrogen ions
Wy from the observed phase delay of C/ov.

Direct measurement of W; by CXS of a similar discharge
is shown in figure 6(f). The amplitude of W; is calculated by
assuming that Z.i = 1. Therefore, it is difficult to discuss this
using the amplitude of W;. In both electron and ion measure-
ment by Thomson scattering and CXS, the reaction of the spa-
tial distributions of T or T; to ICRF power modulation could
not be observed because the amplitudes were similar to the
noise level.

The experimental and simulation results of the heating effi-
ciencies for various minority hydrogen ion ratios are shown
in figure 7. The heating efficiencies of the HAS and FAIT
antennas were observed separately using VVP for each modula-
tion timing. The dashed lines are the results of the estimation
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Figure 7. Experimental and simulation results for the heating
efficiencies depending on the minority hydrogen ratio.

of the total heating efficiency and the efficiency of electron
direct heating using a simple model simulation [18, 34]. In
this simulation, the absorbed power Py /|E|* was calculated
assuming the condition of a constant electric field |E| in the
region of possible propagation. The representative wave num-
ber kj = 5.0 m~! was used for the simulation. The heating
efficiency can be written with the coefficients of absorption
« and loss of the electric field 3 as

o Pabs

O(|E|
n=
1 ICRF

 ofEP + BIE[

The ratio of the coefficients of loss and absorption of the
electric field 3/« is held constant in the different minority
hydrogen ion ratios because the frequency of the ICRF wave
is fixed. 8/« is decided by fitting of the experimental results.
Since the dependence of heating efficiency on the minority
hydrogen ion ratio is similar in the experiment and the sim-
ulation shown in figure 7, the simulation results show good
agreement with the experimental results. The dashed line for
the heating efficiency of electrons 7, in figure 7 indicates the
component of the direct heating of electrons by Landau damp-
ing or by electron transit-time magnetic pumping (TTMP). In
order to estimate the electron heating component experimen-
tally, we considered each component of the stored energies of
Wy, We and W; as

dWH WH WH WH
— =mbPierRp — — - — — —,
dr TH-e TH-i TH
dw, 1% Wi W, W,
© = nePricrr + — - + - -
dr TH-e Ti-e Te—i Te
dWi o WH We Wi Wi
dt Tl Tesi Tiee T

where 7y, 7. and 7; are the confinement times of the minority
hydrogen, the electrons and the bulk ions, respectively. Here,
the component of the direct heating to bulk ions and energy
relaxation from bulk plasma to minority ions are ignored. The
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absorbed energies from the ICRF wave are mutually relax-
ing with energy slowing down times of Ty—e, TH—i, Te—i and
Ti—e. In the evaluation of heating efficiency by modulation
experiments, direct heating to the electrons and heating via
minority hydrogen ions can be considered separately. In the
equation for the electron stored energy, if we ignore the
component of energy influx from energetic hydrogen ions
Wu/Tu—. and from ions W;/7i—., the following equation
for evaluating the electron heating efficiency can be derived
independently as

_ow W
e sin (Se |PICRF|.

The absolute value of Wy/7Th—. is not clear. However,
Wy /Tu—. is lower in high minority hydrogen ion ratios than
low minority hydrogen ion ratios because Wy is lower in high
minority hydrogen ion ratios than in low minority hydrogen
ion ratios. The experimentally observed 7., ignoring Wy / Ta—
and W;/Ti—e, is shown by black triangles in figure 7. The sim-
ulation results for electron direct heating are not similar to
the experimental results in the lower minority hydrogen ion
region. In the lower hydrogen minority ion region, the com-
ponent of electron direct heating is much lower than that of
minority hydrogen ion heating.

The energy distributions of the energetic particles at vari-
ous minority hydrogen ratios measured by DNPA channel 1 are
shown in figure 8. Both the observed effective temperature and
the total number of counts of the energetic minority hydrogen
ions are higher in the lower minority hydrogen ion ratio dis-
charges with the same electron density and temperature. One
reason for this extension of the minority hydrogen ion tail in
the lower minority hydrogen ion ratio is that the power den-
sity is higher for smaller numbers of minority hydrogen ions.
Another reason is that the heating efficiency of minority hydro-
gen ion 7y is higher when the minority hydrogen ion ratio
is low. By using the results for Wy, W, and W;, Wy can be
estimated from

Wi = W, — We — Wi.

Wy is estimated as 79 kJ for a hydrogen ratio of 0.1, and
45 kJ when the hydrogen ratio is 0.3. The heating efficien-
cies for minority hydrogen 7y calculated in the simulation are
0.65 and 0.33 when the minority hydrogen ratios are 0.1 and
0.3, respectively. The simulation results are well reproduced,
with the heating efficiency for minority hydrogen approxi-
mately halving when the minority hydrogen ratio goes from
0.1 to 0.3.

Figure 9 shows the phase delays of W, S, and W.. When
the minority hydrogen ion ratio is increased, the phase delays
0p decreased, d. decreased and ds,, which is considered to
be 9;, increased. Unfortunately, the phase delay dy could not
be evaluated from the experiments. The phase delays reflect
a complex interplay of energy confinement times and energy
relaxation times of each component. Since the electron density
is constant under these experimental conditions, the energy
confinement times and energy relaxation times are considered
to be almost the same. Therefore, the differences in the delay
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Figure 8. Energy distributions of the accelerated ions measured by
DNPA channel 1.
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times are considered to be related to the ratio of the heating
source. For example, the bulk electrons are heated by the ICRF
wave directly or by energy relaxation of the accelerated minor-
ity hydrogen ions. The larger the percentage of direct heating,
the shorter the delay, which is consistent with the experimental
data for .. In any case, a detailed comparison with simulations
needs to be done, which is a subject for future work.

The simulation results from the simple model simulation
are shown in figure 10. Figure 10(a) shows the heating efficien-
cies of minority hydrogen by minority hydrogenion heating, of
electrons by Landau damping or by TTMP, of bulk deuterium
by second harmonic heating and their total for various minor-
ity hydrogen ion ratios. According to the simulation results,
the heating efficiency of bulk deuterium ion direct heating is
less than 0.2 despite there being no minority hydrogen ion
condition at this electron density. Therefore, in the region of
this experimental condition the neutron emission rate is not
increased significantly. For higher electron densities, the heat-
ing efficiency of bulk deuterium ion direct heating becomes
higher. The results of the efficiencies of electrons and the total
efficiency are also shown in figure 7 for comparison with the
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Figure 10. (a) Heating efficiencies estimated by simple model calculations. (b)—(d) Spatial distributions of the absorbed power in the
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experimental results. Figures 10(b)—(d) show the spatial dis-
tributions of the absorbed power. The absorbed powers are
indicated by the different colors. The colors of the contour in
figures 10(b)—(d) are normalized so that the effective absorp-
tion can be compared. At the highest efficiency, for the minor-
ity ratio of 2.0% shown in figure 10(c), strong absorption can
be seen around the region where the left-hand polarized elec-
tric field is locally strong. The region with the highest absorp-
tion p = 0.5 is local and mostly inside the region of absorption
p = 0.4-0.8. For higher minority hydrogen ratios, as shown in
figure 10(d), the ICRF wave is absorbed in a wider area.

4. Conclusion

The characteristics of ICRF minority hydrogen heating in the
LHD deuterium plasma were studied. The neutron emission
rate is considered to be the result of the fusion reaction of
thermal deuterons. In order to estimate the heating efficiency,
an ICRF power modulation experiment was performed. Dur-
ing ICRF power modulation, the responses were observed not
only to the stored energy W, but also the neutron emission rate

Sy, the counting rate of the NPAs C/ov, the electron stored
energy W, and the ion stored energy W;. The observed heating
efficiencies for various minority hydrogen ion ratios showed
good agreement with the results of the simple model simu-
lation. The ICRF wave was absorbed at around p = 0.4-0.8,
and in the case of a minority hydrogen ion ratio of approx-
imately 2.0% strong absorption is expected around p = 0.5.
The ICRF injection power modulation experiments with many
kinds of diagnostics revealed that the wave absorption for
minority hydrogen heating in the deuterium plasma was well
explained by simple model simulation. The energetic minority
hydrogen ions are observed to have a high effective tempera-
ture in the experiments with a low minority hydrogen ion ratio.
It was confirmed that a high counting rate of energetic par-
ticles and high effective temperatures were observed on the
NPA channels passing through the helical ripple, indicating
that the energetic particles accelerated by the ICRF wave are
trapped in the helical ripple. For high minority hydrogen ion
ratios, the observed counts of the energetic minority hydrogen
ions decreased, and the electron heating efficiency by Landau
damping or TTMP, 7)., was in agreement with the simple model
calculation.
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