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A minority ion ratio in fast wave heating for the ion cyclotron range of frequencies affects plasma heating
mechanisms and mode conversion ratios to short waves in a mixed plasma. The mode conversion region and these
wave absorption profiles are functions of minority ion ratio, and direct wave absorption by electrons increases
when the minority ion ratio exceeds about 6% in a simple two-dimensional wave absorption calculation with a
single toroidal mode. At the minority ion ratio of 10%, the amount of absorption by electrons is comparable to
that by ions. We find a significant relationship between the minority ion ratio and the wave absorption profile,
exceeding the minority ion ratio of 10% for wave absorption to electrons.
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1. Introduction

Minority ion heating with the ion cyclotron range
of frequency (ICRF) waves is an attractive plasma heat-
ing method to increase the temperature at plasma ignition
phase in a reactor. Optimized minority ion ratio in two-ion
species plasma is approximately 3 - 5%. However, the ion
ratio in the reactor is supposed to be deuterium (D): tritium
(T) = 50:50, and it is far from an optimized minority ion
ratio in two-ion species plasmas. To realize plasma heat-
ing in a reactor using ICRF waves, a three-ion minority
heating scheme with an ion ratio of D:T: beryllium (Be)
= 55:45:0.01 is suggested [1]. A three-ion minority heat-
ing scheme has been demonstrated in JET, Alcator C-Mod,
and ASDEX Upgrade, and the heating efficiencies were
comparable to the two-ion minority heating scheme. Since
these schemes are associated with minority ion ratio near
ICRF resonance, the minority ion ratio strongly affects the
plasma heating profile.

Wave-particle interaction for ICRF heating was stud-
ied in a mixed plasma. The experimental results were eval-
uated using full-wave calculations such as AORSA [2],
TASK/WM [3], or single-pass absorption calculations with
the assumption for simple wave propagations, which are
based on a Fourier transformed hot plasma dispersion rela-
tion with a single parallel wavenumber to a magnetic field
line in torus plasmas. Considering the calculation results,
the optimized ion ratio for minority heating in tokamaks
was a few percent [4, 5], but it was difficult to demonstrate
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the optimized minority ion ratio in actual plasma experi-
ments, because impurity contaminations could not be neg-
ligible from the first wall and divertor, made by high Z
materials.

In complex magnetic configurations like the Large
Helical Device (LHD) [6], the optimized minority ion ra-
tio using a simple two-dimensional wave calculation was a
few percent [7] for ICRF heating scenarios. After repeated
long-pulse discharge cleaning, an extremely low minority
ion ratio could be achieved with a similar level to the op-
timized minority ion ratio for ICRF heating in the LHD.
Since a single-pass absorption in the LHD with complex
three-dimensional cyclotron resonance is relatively lower
than that in tokamaks with simple resonance geometry, for
energetic particle studies, it is essential to optimize the
minority ion ratio to obtain a relatively high single-pass
absorption. In a low hydrogen ratio below 10% for deu-
terium plasmas, the minority ion ratio did not always seem
to agree between the measurement and the prediction from
wave heating results. We could not get apparent peak heat-
ing efficiency below the minority ion ratio of 10% from the
actual plasma experiments, but the dependence for heating
efficiency was consistent with the prediction from wave ab-
sorption for the ion ratio exceeding 10% [7].

This is one of the long-standing mysteries of ICRF
heating in the LHD. The line integrated sight of spec-
troscopy to measure a minority ion ratio passes the plasma
center at the poloidal cross-section [8], and passes two
ICRF resonances in different horizontal positions in sight.
Spectroscopy and ICRF antennas [9, 10] are installed in
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different toroidal sections, and the toroidal distance be-
tween the spectroscopy and the gas puff for minority ion
fueling is more than twice as far from the gas puff to the
ICRF antenna. Since the spectroscopy is sensitive to the
signal intensity at the plasma edge, the thickness of the
scrape-off layer at the plasma edge [11] may affect the eval-
uation of the minority ion ratio for the spectroscopy. Since
we assume no profiles for minority ion ratio in toroidal and
radial directions, the discrepancy of the minority ion ratio
between the measurement and the heating prediction may
be caused by the profile assumption, too.

Minority ion ratio in mixed plasma strongly affects the
distances between an ion-ion hybrid resonance layer (ITH),
an L-cutoff layer (L), and an ion cyclotron resonance layer
(€;), and it changes the primary wave absorption mech-
anism and profiles with the increases in minority ion ra-
tio. A finite element method (FEM) has been studied with
complex geometries for the structure of the ICRF antenna
and the vacuum vessel surface to reveal wave propagation
and the absorption profiles of electrons and ions. Although
there are many challenges in solving the hot plasma dis-
persion relation for calculating wave propagation and ab-
sorption profiles [12], a lower hybrid wave calculation was
demonstrated in the LEAF [13] with the hot plasma dielec-
tric tensor in the integral formula. In this integral formula,
a direct electron heating component is implemented for the
electron Landau damping mechanism, and other heating
mechanisms have not yet been used. Since it is still diffi-
cult to establish the hot plasma dielectric tensor in the in-
tegral formula for the ICRF heating in the LHD, we made
a simple electric field calculation framework with an ax-
isymmetry, combining the original hot plasma tensor and
the commercial FEM solver with the frequency domain in
the poloidal plasma cross-section.

In this paper, we introduce that wave absorption for
an ICRF minority heating scheme is very sensitive to the
minority ion ratio in the LHD. In the second section, we
describe a simple wave calculation framework for the FEM
and many assumptions to implement the calculation of
wave absorptions. In the third section, we show the electric
field of left and right-hand circularly polarized components
on the poloidal cross-section. Finally, in the fourth section,
wave absorption profiles for ions and electrons are shown
and summarized in various minority ion ratios in the LHD.

2. A Simple Wave Calculation

We make a simple wave calculation framework to
evaluate the wave propagation and absorption profile on
the poloidal cross-section coordinate (R, ¢, Z) in front of
the ICRF antenna. The poloidal cross-section coordinates
R, and Z are in radial and vertical directions, and the
¢ is the toroidal direction, in which the axisymmetry is
the Z axis. The electric fields are calculated by combin-
ing the original hot plasma dielectric tensor module and
a commercial solver (COMSOL Multiphysics with its RF

module for a frequency domain [14]). The solution for
huge sparse matrices with a triangular mesh with a single
toroidal mode on an axisymmetric axis was calculated us-
ing the Multifrontal Massively Parallel sparse direct solver
(MUMPS) in the COMSOL. The wave dispersion relation
for determining the wave electric field is as follows.

2
VX (VxVE) - K. - E = inowl o,
C

Ko = R(=01) - Ri(~62) - Enorsin - Re02) - Ri61). (1)
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where E s J;x,, w, K., éhol, stix> M, o, € and c are the electric
fields, the external currents, the angular wave frequency of
the launching wave, the hot plasma dielectric tensor, its
translated dielectric tensor on the Stix frame, the toroidal
mode number of the launching wave, the vacuum perme-
ability and permittivity, and the light speed. The rotational
matrixes R; transform the electric field from the (R, ¢, Z)
coordinate to the Stix frame using two rotational angles
of 8, and 6,. The Ehot, stix consists of a wave propagation
compornent of épmp and a wave absorption compoenent of
Eabsorp. For cold plasma, the Epmp is a cold plasma dielec-
tric tensor, and the Eabsorp is zero because there is no wave
absorption.

The electric fields E(R, ¢, Z) with three-dimensional
components are calculated in the plasma region with the
plasma dielectric tensor and in the vacuum region with vac-
uum condition. As a boundary condition for the wall and
the antenna structures, stainless steel for the surface ma-
terial is adopted, implementing Joulse losses. Although
only a single toroidal mode limits the parallel component
of the electric field, the parallel wavenumber associated
with the toroidal mode number is varied on the poloidal
cross-section with the assumption of mode conservation.
We assume the primary launching wavenumber is associ-
ated with the current strap geometry of the ICRF antenna,
and the parallel wavenumber of ky to the magnetic field
line at the ICRF antenna position is set to 5.82m™! in this
model.

In previous works using the FEM frameworks, the hot
plasma dielectric tensor associated with the wave propaga-
tion component of épmp is approximated by the cold plasma
dielectric tensor of Ecold, stix in the LEAF [15], and we agree
on the assumption except for the ICRF resonance position
because gcold, stix has an infinity issue on ICRF resonance
position for ICRF waves. The wave absorption component
éabsorp for the hot plasma tensor is implemented for electron
heating for electron Landau damping, which is mainly the
heating mechanism in a lower hybrid wave. It is an inte-
gral formula in various parallel numbers by integral con-
volution techniques [15].

However, the hot plasma dielectric tensor for the in-
tegral formula for the LEAF is insufficient for the wave
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Fig. 1 Electric fields for left and right-hand circularly polarized components (a) and (b) with parallel wavenumber 5.82 m™" for launching
wave at ICRF antenna position in D(H) plasma with assumption of hydrogen ratio of 12%. Other plasma parameters were used
from experimental results at timing of 4.75 sec in LHD discharge of SN164152. Typical positions for Stix notations for hydrogen
cyclotron resonance ({2y), ion-ion hybrid resonance (S), and L cut-off layer (L) are shown.

absorption component because the harmonics cyclotron
damping is relatively strong compared to electron Landau
damping for wave absorption using the ICRF heating in the
mixed plasma. Since it is reported that the plasma heating
efficiency evaluated from diamagnetic energy with the am-
plitude modulation of ICRF power agrees with the wave
absorption using a Fourier-transformed hot plasma disper-
sion relation with a single toroidal mode on the poloidal
cross-section [7], we used a hot plasma tensor éhm, stixky
with a single parallel wavenumber as a substitute for the
hot plasma tensor Ehot, stix 1n the FEM calculations.

To get the hot plasma dielectric tensor e k, On the
poloidal cross-section, we calculated the perpendicular
wavenumbers using an initial perpendicular wavenumber
from the solution for the cold plasma dispersion relation.
The hot plasma dispersion relation, with a Maxwellian ve-
locity distribution, includes cyclotron damping below the
harmonic number of 10th and Landau damping and transit
time magnetic pumping for a single parallel wavenumber;
and there are several solutions for perpendicular wavenum-
bers for the hot plasma dispersion relation with the sin-
gle parallel wavenumber. We selected the perpendicular
wavenumber from a solution with an initial perpendicu-
lar wavenumber in the order of fast wave, slow wave, and
electrostatic wave, where they could exist. Although us-
ing this technique, the propagatable wave was smoothly
connected from the launching wave to the other waves in
the plasma region; we neglected high-order electrostatic
waves because there was no good resolution to include
the high-order electrostatic wave in this calculation frame-
work. With this assumption, the ?hm, stix in equation (1) was
approximated by the Ehot, stixk, €valuated by a single paral-
lel wavenumber and the perpendicular wavenumber for its
solution.

3. Electric Fields in a Mixed Plasma

Figure 1 shows the electric field profiles while launch-
ing the fast wave with a frequency of 38.47 MHz from
the ICRF antenna at the radius of 4.2 m with the uniform
wave current of 50 A/m on the strap surface as a wave
source with a hydrogen ion ratio rg of 12% as an as-
sumption in the mixed plasma for D, H, He ions in the
LHD. We used the plasma and magnetic configurations
in an LHD discharge of SN164152 at 4.75s, except for
a minority ion ratio. Although we were able to use the
ion ratios of H, He, and D measured by the spectrometer,
we used the hydrogen ratio ry as a control parameter for
the minority ion ratio. Since quasi-neutral conditions were
broken with the artificial hydrogen ratio, those conditions
were satisfied by adjusting the ion ratio of the deuterium
ions. Charge exchange spectroscopy and Thomson scat-
tering gave the ion temperature, electron temperature, and
electron density profiles. The magnetic field configura-
tion was (B, Rax, v, Bg) = (2.75 T, 3.6 m, 1.254, 100%) [6],
and the magnetic fields of (B;, By, B,) in the plasma region
were obtained from a best-fit profile, comparing the equi-
librium by the VMEC code [16] and the pressure profile
using Thomson scattering data [17]. The ion and electron
temperature profiles were parabolic, with central tempera-
tures of 1.8 keV and 4 keV, and the electron density profile
was hollow with 1.4 x 10”m= at the plasma center and
2 % 10"”m™3 at the normalized minor radius of p of 0.6.

These circularly polarized components of the electric
fields are strongly associated with (a) slow waves for the
left-hand circularly polarized component E, and with (b)
fast waves for the right-hand circularly polarized compo-
nent E_ in Fig. 1. Up and down asymmetry appears in
both electric fields for the vertical direction, and signifi-
cant electric field strength for the E, exists near the center

2402065-3



Plasma and Fusion Research: Regular Articles

Volume 18, 2402065 (2023)

of the plasma and close to the ITH layer (S) with short-
wavelength waves. In previous works on the comparison of
the perpendicular wavenumbers between the measurement
and calculation in tokamak experiments [18], it is reported
that the ion cyclotron wave (ICW) and the ion Bernstein
wave (IBW) are connected to fast waves in the higher mag-
netic field region around the ITH layer. They can appear as
a short-wavelength mode in the E., which is associated
with the IBW, as seen in Fig.1(a). In Fig. 1 (b), the fast
wave, designed as a launching wave, has good accessibil-
ity in the plasma region, and there is no short-wavelength
mode like Fig. 1 (a) with the inverse sign of the electric
field strength.

This simple wave calculation shows the absorption re-
gion for the E, between the ion-ion hybrid resonance and
the ion cyclotron damping layers. The estimated absorp-
tion region is consistent with the previous work [7] with the
two-dimensional wave calculation with uniform electric
field amplitude. In this simple wave calculation, the profile
of electric field strength can be determined by boundaries
of the vacuum vessel and the ICRF antenna. An adequate
electric field strength profile can be provided compared to
the previous work. As the hydrogen ion ratio increases, the
distances between an ion-ion hybrid resonance layer, an L-
cutoff layer, and an ion cyclotron resonance layer become
longer. The primary wave absorption mechanism changes
from ion cyclotron damping to ion cyclotron damping and
electron Landau damping in the ry of 1 - 10%.

Figure 2 shows the wave absorption profiles with var-
ious minority ion ratios in (a) electron and (b) ion for
ICRF heating, and Fig. 3 shows (a) the maximum absorbed
power densities and (b) their peak positions in various mi-
nority ion ratios. The magnetic configuration and plasma
parameters are the same as those used for Fig. 1, except
for the minority ion ratio. Figure 2 shows characteristics
of wave absorption profiles and one or two peaks in var-
ious hydrogen ratios. With the ry below 3%, these ab-
sorption profiles for electrons are broad, as seen in such
as Fig.2(a), and the peak power densities for electrons
are much lower than that for ions, as seen in Fig.3 (a).
The primary heating mechanism for the ry below 6% is
ion cyclotron damping, and these wave absorption of ions
are dominant. Because finite Larmor radius effects are
weak with applied plasma parameters, harmonic cyclotron
damping is not strong compared to electron Landau damp-
ing with the ry below 0.1%. Finally, the amount of wave
absorption for electrons with the ry below 0.1% was not
large, and electron damping could not be negligible in an
extremely low minority ion ratio. Summarizing the peak
positions for wave absorption in the various minority ion
ratios, the movement direction for these peak positions
changed from inward to outwards for the normalized minor
radius with the increase in the minority ion ratio. The min-
imum positions for the normalized minor radius are 3% for
ions and 10% for electrons.
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Fig. 2 Absorption profiles of electrons (a) and ions (b) for nor-
malized radius (p) in various hydrogen ratios (ry) of O0-
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Fig. 3 Peak absorption power densities (a) and their positions
(b) for total and electrons and ions in various hydrogen
ratios (ry) of 0-40%.

4. Summary and Discussion

The finite element method helps the evaluation of
wave propagation and absorption, including the actual
structure inside the vacuum vessel, but there are many
challenging works to establish the integral formula for the
dielectric hot plasma tensor, including the wave absorption
mechanism considering the plasma kinetic theory.
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We devised a simple wave calculation framework on
the toroidal symmetry model on the FEM, combining the
commercial electric field solver and the original hot plasma
dielectric tensor to study the wave absorption profile with
various minority ion ratios, and the hot plasma tensor was
estimated by a perpendicular wavenumber, given from a
solution of the Fourier transformed hot plasma dispersion
relation, using a single parallel wavenumber. Since the ex-
perimental plasma heating efficiency and wave absorption
using a two-dimensional calculation with the Fourier trans-
formed hot plasma dispersion relation with a single parallel
wavenumber are consistent [7], we consider the calculation
of wave absorption is not far off the experimental wave ab-
sorption.

This simple calculation framework shows the two
electric fields for left and right-hand circularly polarized
components in the plasma region with the ry of 12%. Al-
though these existing regions in the plasma are consistent
with the predictions from the previous simple wave calcu-
lation, the presence of short-wavelength waves around ITH
layers with the ry of 12% in a minority heating scenario
for ICRF in the LHD is a new finding because the minor-
ity ion ratio is relatively small for mode-converted wave
heating scenario.

In the mixed plasma in the LHD, a simple wave cal-
culation tells us that as the minority ion ratio increases,
the primary heating mechanism changes from cyclotron
damping and electron Landau damping to electron Lan-
dau damping, exceeding the ry of 10%. The peak posi-
tion of wave absorption by electrons moves inward in the
normalized radius until the minority ion ratio increases to
10%, moving outward as the minority ion ratio increases.
When the minority ion ratio is 0.1-3%, the absorption
power density of the electrons is extremely low compared
to that of ions because ion cyclotron damping is dominant.
In extremely low minority ion ratio, the ryg below 0.1%, the
broad wave absorption profile for electrons is achieved, be-
cause the amount of wave absorption by electron Landau
damping is close to that by ion cyclotron damping with the
small finite Larmor radius. In focusing on wave absorp-
tion of electrons in a minority ion ratio exceeding 10%,
significant absorption peaks of electrons appear, and they
are associated with the position of the IIH layer, which is
shifted outwards with the increase of minority ion ratio.
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