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One of the greatest challenges of simulating the high heat flux on the divertor in linear plasma devices
is the achievement of ion temperatures of > 100eV under high densities (> 10! m~3). The slow wave in the
ion cyclotron range of frequency has been employed for ion heating in GAMMA 10/PDX and demonstrated
its high efficiency at middle densities of 10'® m™3. However, at high densities (> 10'” m™3), exciting the slow
wave in the center of the plasma by external antennas becomes challenging. Alternatively, we have demonstrated
the excitation of the difference-frequency (DF) slow wave using two high-density-applicable fast waves. In this
study, we first applied the charge-exchange neutral particle analyzer (CX-NPA) to a DF wave heating experiment.
Even when the bulk temperature did not increase significantly, the high-energy ions in the > 0.5 keV range were
measured during the experiment. Such high-energy ions were only measured in the central line of sight of CX-
NPA, indicating that the power deposition from the DF wave was largely centered and differed greatly from the
normal heating scheme using external antennas. This result will motivate further pursue of exploiting nonlinearity
of plasma media to produce different heating accessibilities.
© 2023 The Japan Society of Plasma Science and Nuclear Fusion Research
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1. Introduction

To ensure the availability of a fusion reactor, the ex-
pected long-term plasma-wall interaction (PWI) in the di-
vertor of a DEMO reactor under high-temperature and
high-particle-flux conditions must be investigated. Dur-
ing such investigations, linear plasma devices have been
utilized owing to their good operability and accessibil-
ity for plasma measurements. However, no known lin-
ear plasma device can simultaneously satisfy the afore-
mentioned features [1]. Although considerably high ion
temperatures (100 eV) are required to completely simulate
a DEMO reactor, most existing steady-state, high-density
linear plasma devices exhibit low ion temperatures. There-
fore, an efficient method for increasing the ion tempera-
tures of such divertor simulation devices is desirable.

Ion cyclotron range of frequency (ICRF) waves are
widely employed for the production and heating of plasma
on fusion experiment devices. They are particularly ef-
fective in mirror-configuration ion heating at middle den-
sities. The Alfvén slow waves in ICRF excited by the
magnetic high-field side are propagated toward the low-
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field side and are absorbed by ions via cyclotron reso-
nance. High ion heating efficiency can be achieved by the
Doppler-broadened wide resonance region and low gra-
dient with the magnetic-field-strength resonances; this is
called beach heating. In the GAMMA 10/PDX tandem
mirror, hydrogen plasma is solely produced and heated by
ICRF waves [2, 3]. Therein, ion temperatures of several
keV perpendicular to the magnetic field line, as well as the
strong anisotropy in the pitch-angle distribution of the ions,
have been routinely observed in the mirror-confinement re-
gion, with an electron density of 2 X 10" m=3 [4,5]. PWI
and plasma-gas interactions have been studied in divertor-
simulation modules using the end-loss plasmas exhibiting
high ion temperatures [6—8]. Thus, ICRF slow wave heat-
ing might represent the first candidate heating method in
linear plasma devices. However, the excitation of slow
waves to the central region of a plasma using external an-
tennas in the cold-plasma-approximation limit could be
challenging at high densities (> 10' m™) [9]. Conversely,
kinetic Alfvén waves are excited at finite temperatures,
even in high-density plasmas; the heating effect was re-
cently reported in Proto-MPEX [10].

As has been experimentally demonstrated in
GAMMA 10/PDX, the excitation of two fast Alfvén
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waves with frequencies, f; and f>, induces the nonlinear
excitation of a slow Alfvén wave with the difference
frequency (|f; — f2|) in the center of a plasma [11, 12]; the
process is called difference-frequency (DF) wave heating.
Although exhibiting low efficiency, DF wave heating can
be a candidate for future heating methods when other
methods become challenging. As the DF heating experi-
ment involves significant changes in the heating system,
it is accompanied by numerous restrictions that would
prevent the execution of many experiments; moreover,
the excitation conditions have not yet been clarified.
However, we have markedly increased diamagnetism, and
this corresponds to increased ion temperatures [13].

In this paper, we report the first experimental observa-
tion of the generation of high-energy ions in the > 0.5 keV
range during DF wave heating in the GAMMA 10/PDX
central cell, as well as the neutral particle measurement.
Section 2 presents the experimental settings for the DF
wave heating experiment, as well as the specifications of
the charge-exchange neutral particle analyzer (CX-NPA)
in GAMMA 10/PDX. Section 3 presents the data of the
generated high-energy ions. Sections 4 and 5 present the
discussion and summary of the study, respectively.

2. Experimental Device

2.1 GAMMA 10/PDX and the ICRF system

GAMMA 10/PDX comprises an axisymmetric cen-
tral mirror cell, anchor cells with minimum-B coils, and
plug/barrier cells with axisymmetric mirrors. Its axial
length is 27.1 m, lying along the east, and west directions.
Hereafter, the prefixes, E-, and W-, will be used to denote
the east and west sides, respectively. The central cell con-
fining the main plasma exhibits an axial length of 5.6 m.
The magnetic flux density in the midplane of the central
cell was 0.41 T, and the mirror ratio was 4.9. The magnetic
field was almost uniform in the radial direction. Further,
the diameter of the plasma in the central cell was ~0.36 m.
Pure hydrogen plasma was initiated by a plasma gun and
built up using the ICRF waves together with gas puffing.
Figure 1 shows the z-axis profiles of the magnetic field
strength and ion cyclotron frequency (w.i), as well as the
location of the ICRF antennas and diagnostics in the cen-
tral cell. Here, the z-axis is set at the center of the magnetic
field line, and the origin (z = 0) is set at the midplane of
the central cell.

Three types of ICRF antennas were used for the DF
wave heating experiments: the Nagoya Type-III (Type-III),
double-half-turn (DHT), and double-arc-type (DAT) anten-
nas. The Type-III antennas were installed near both throats
of the central cell (at z = +2.2m) [3] and comprised two
electrodes, which were 0.25 m in the magnetic field direc-
tion and 0.18 m across the magnetic field. The radiofre-
quency (RF) current flows parallel to the magnetic field
lines. In GAMMA 10/PDX, they are used to excite fast
waves with azimuthal mode number, m = +1. The fre-
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Fig. 1 Z-axis profiles of the magnetic field strength and ion cy-
clotron frequency in the central cell, as well as the loca-
tions of the ICRF antennas and diagnostics. The 6.36 and
16.26 MHz frequencies are indicated.

quencies of the E- and W-Type-III antennas were set to 9.9
and 10.3 MHz, respectively, facilitating the production of
plasma in the central cell and magnetohydrodynamic sta-
bilization in the anchor cells [14]. The DHT antennas were
installed at z = +£1.7 m. They comprise two electrodes that
loop around the plasma, and the RF current flows perpen-
dicular to the magnetic-field lines. As shown in Fig. 1, w,;
is ~ 6.36 MHz near the midplane of the central cell. In
normal discharges, the frequency of DHT antennas is set
to 6.36 MHz (m = —1) to facilitate effective beach heating
using the slow wave. The DAT antennas, which are similar
to the DHT ones and shaped to fit the plasma cross-section
at the antenna location, were installed in the anchor cells.
E- and W-DAT were also set to the same frequencies (9.9
and 10.3 MHz) as those of the E- and W-Type-III antennas,
respectively. A higher-than-usual-density plasma could be
generated by controlling the phase difference between the
Type-III and DAT antennas [15, 16].

The DF wave heating experiments did not use
6.36 MHz for DHTs. Rather, the E-DHT frequency was
set to 16.26 MHz. The wave with a 6.36 MHz frequency
was excited as the DF wave between the waves with 16.26
and 9.9 MHz in the central cell. At the E-DHT location, the
16.26 MHz frequency satisfied w/w.; > 1, where w is the
wave frequency. Thus, the wave with 16.26 MHz was ex-
cited as a fast wave exerting a negligible ion-heating effect.
Only the DF wave with 6.36 MHz was expected to cause
ion heating. To excite the DF wave as a slow wave with
m = —1, the fast wave with 16.26 MHz was excited with
m = 0 by changing the phasing of the two electrodes, as
well as adjusting the matching circuit. It is known that the
fast wave with m = 0 cannot propagate in an ideal cylindri-
cal plasma below a cutoff frequency, which is higher than
w¢i [17]. Thus, higher densities could favor this experi-
ment.
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Fig. 2 Schematic of CX-NPA that was installed perpendicular to
the magnetic axis in GAMMA 10/PDX [20].

2.2 Charge-exchange neutral particle
analyzer

CX-NPA is a valuable diagnostic for measuring ion
temperatures in tandem mirror devices. It has been used
to study the ion energy balance and heating mechanisms in
GAMMA 10/PDX [18,19]. Figure 2 shows the schematic
of CX-NPA, which was installed near the midplane of the
central cell (z = —0.6m) in GAMMA 10/PDX. The fast
neutral particles with a pitch angle (~ 90°) were detected.
The viewing angle of CX-NPA can be scanned to radially
change the measurement position. Here, we set the view-
ing angle to allow us to measure at r,c = 2.5 and 5.0cm
(ree denotes the radius of the central cell). In GAMMA
10/PDX, neutral hydrogen atoms, and molecules can read-
ily penetrate the plasma, as the averaged plasma density is
only a few 10" m=. The ion temperature is calculated
by considering the effect of the finite Larmor radius of
the ions [21]. Multiple plasma discharges were employed
to reduce the statistical errors of the detected high-energy
neutral-particle counts in the measurement.

3. Difference-Frequency Wave
Heating Experiment

Figure 3 shows the typical time evolution of the
plasma parameters during the DF wave heating discharge.
For comparison, the waveforms of the discharge without
the 16.26 MHz wave are shown together. The plasma was
produced from 50 to 250 ms. The E- and W-DAT anten-
nas were powered at 100 ms, and additional gas was in-
jected from 180 ms to increase the density, thus impact-
ing the 16.26 MHz excitation and DF waves. Accordingly,
the base plasma exhibiting three stages of density changes
was produced (Fig. 3 (c)). The radial profiles of the elec-
tron density during the DF wave experiments were ob-
tained by the Abel transform of the line-integrated den-
sities measured with the movable microwave interferom-
eter. The profiles at two-time slices exhibited a rounded
peak in the center (Fig.4). The 16.26 MHz excitation did
not significantly affect the visible parameters. Unfortu-
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Fig. 3 Typical time evolution of the RF pulses and gas injec-
tion (top): (a) radiated power of 9.9 and 16.26 MHz RF
from the antennas, (b) diamagnetism, and (c) line den-
sity in the central cell. In (b) and (c), the red and blue
lines denote the discharge with and without the applied
16.26 MHz wave, respectively.
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Fig. 4 Reconstructed radial profiles of the electron density att =
150 and 230 ms for the DF wave-heating discharge shown
in Fig. 3.

nately, the electron-density profile of the injected without-
16.26 MHz wave was not measured. Both line-integrated
densities were almost same (Fig. 3 (c)). The electron tem-
peratures at t = 130 and 230 ms, measured by the Thom-
son scattering system at z = 0.6 m and r.. = 0 cm, were ap-
proximately 50, and 30 eV, respectively, for both cases, and
the energy distributions of the end-loss ions did not exhibit
any change when the additional RF of 16.26 MHz was ap-
plied. Although the difference between the diamagnetism
of the with- and without-16.26 MHz waves in this experi-
ment was unfortunately not significant, the 6.36 MHz DF
wave was surely excited, as confirmed by the insertable
magnetic probe.

Figure 5 shows the time evolutions of the magnetic
fluctuations at 9.9, 16.26 and 6.36 MHz, which were mea-
sured by the insertable magnetic probe installed at z =
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Fig. 5 Time evolution of the magnetic fluctuations measured by
the movable magnetic probe that was inserted into the
plasma. The red and blue lines indicate the measurement
results at .. = 15 and 20 cm, respectively.
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Fig. 6 Time evolution of the sum of the counts of charge-
exchange neutral particles at 0.5-4.0 keV.

—1.1m. Figure 5 shows that the 9.9 MHz waves were ex-
cited more strongly as the density increased; they were
more strongly excited at 7. = 15 cm than at the edge. Con-
versely, the 16.26 MHz wave remained at the same level
until 180 ms, after which it drastically increased by ap-
proximately 2.5 times at r,c = 15cm. This is partly be-
cause the m = 0 fast wave was less likely excited at low
densities. The DF wave at 6.36 MHz exhibited a further
drastic intensity change, jumping up from 180 ms, when
the density was further increased by gas puffing. Notably,
the 6.36 MHz intensity at the edge maintained its level de-
spite the noticeable increase observed on the inside. There-
fore, the behavior of the DF wave was dominated by non-
linearity and was complicated.

Figure 6 shows the time evolution of the sum of the
counts of the charge-exchange neutral particles in the en-
ergy range from 0.5 to 4.0 keV, as measured with CX-NPA.
Although the charge-exchange neutral particles were not
detected at all at any period in the without-16.26 MHz-
wave case, significant counts were detected when apply-
ing the 16.26 MHz wave, particularly after 200 ms, when
the density was relatively high; the DF wave exhibited re-

markable excitation. The charge-exchange neutral particle
flux, I'cx, was proportional to N; f(E)No{ocxVi), where Nj
is the ion density, f(E) is the ion-energy distribution func-
tion, Ny is the neutral-particle density, ocx is the charge-
exchange reaction cross-section, and v; is the ion veloc-
ity [21]. As the differences among the densities and other
measured plasma parameters (diamagnetism, T, end-flux,
etc.) were not very significant under both conditions, it
would be reasonable to attribute the remarkable difference
between the numbers of counts of the with- and without-
16.26 MHz waves to the difference in f(E). No counts
were measured in the absence of 16.26 MHz even after
200 ms, where the density was as high as that in the pres-
ence of counts for the 16.26-MHz-wave discharges; more-
over, as much gas puffs were applied as in the presence of
counts for the 16.26-MHz-wave discharges (Fig. 6). There-
fore, this observation indicates that f(E) in the measured
energies was significantly increased by the application of
the 16.26 MHz wave. These results, as well as that of the
wave measurements, revealed that the DF wave could gen-
erate high-energy ions in the > 0.5 keV range.

Additionally, Fig. 6 shows that the number of counts
was significant and insignificant at r.. = 2.5 and 5.0 cm,
respectively, in the DF wave heating. Although the wave
measurements using a reflectometer and magnetic probe
in the central region could not be conducted during the
DF wave heating experiment, this result strongly indicates
the difference between the radial profiles of the DF and
external-antennas-excited waves. The extant microwave
reflectometry measurements indicated that the normal slow
wave excited by the external DHT antenna exhibited sig-
nificant amplitude in the peripheral region rather than in
the central region [22,23].

4. Discussion

We conducted a normal heating experiment using the
6.36 MHz slow wave that was excited by an E-DHT an-
tenna with reduced powers, i.e., the frequency of E-DHT
was changed from 16.26 to 6.36 MHz. Figure 7 shows
the time evolution of the plasma parameters. Employing
the CX-NPA counts (Fig.7(d)), the data of the DF wave
heating were plotted for comparison. Radiated powers of
only ~ 15kW, the diamagnetism was higher than in the
case of the DF wave heating. The plasma densities were
in a similar range. Although the number of counts for
the high-energy ions was significant in the normal heat-
ing discharge, it suddenly decreased when the density was
increased by additional gas puffs (Fig.7(d)). The ion
temperature decreased with the decreasing diamagnetism.
This is caused by the combination of the enhanced charge-
exchange loss of ion energies and reduced wave power
in the center. However, as already described (Fig. 6), the
number of counts for DF wave heating tended to increase
under such conditions, with increased electron, and neutral
particle densities.
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Fig. 7 Waveforms of the RF pulses and gas injection: (a) radi-
ated power of 6.36 MHz RF from the antenna, (b) dia-
magnetism, (c) line density, and (d) the sum of the CX-
NPA counts in the energy range of 0.5-4.0keV at r.. =
2.5cm in the central cell. In panel (d), the purple and
light-red lines denote the normal and DF wave heating,
respectively. The light-blue region denotes the periods
for analyzing the energy spectra shown in Fig. 8.
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Fig. 8 Energy spectra obtained by the with-CX-NPA set at r,. =
2.5cm. Data are recorded from 220 -235 ms for the DF
wave heating (red) and 160 - 175 ms for the normal heat-
ing experiment (purple).

Figure 8 shows the obtained energy spectra at r,. =
2.5 cm for both experiments. The ion-energy spectra were
very close in the measured energy range even though
the diamagnetism in the DF wave heating discharge was
clearly lower than that in the normal heating discharge.
Therefore, together with the experimental result that did
not exhibit CX-NPA counts at r.. = 5.0 cm during the DF
wave heating, this comparison indicates the difference in

the radial profiles of the ion temperature; the typical round-
top profile for the normal wave and sharply peaked profile
for the DF wave heating were inferred.

The difference between our DF wave heating exper-
iment and previous related experiments, which indicated
increased diamagnetism [13], remains unclear. As pre-
viously explained via magnetic measurements, the exci-
tation of the DF wave suffered from nonlinear features;
thus, a slight difference in the impedance matching of the
16.26 MHz system and coupling with plasma may have
produced a large difference in the DF wave intensity, as
well as the bulk-heating effect. The excitation of the m = 0
fast wave represents a new attempt for these DF wave heat-
ing experiments, and further adjustments can facilitate ion-
energy distributions for a DF wave heating discharge with
significant bulk ion heating.

5. Summary

As a new ion heating method that applies to high-
density linear plasmas, DF ICRF wave heating was pro-
posed and experimentally tested in GAMMA 10/PDX. The
magnetic measurements exhibited the strong nonlinearity
of the excitation of the DF wave. By applying CX-NPA,
we observed that high-energy ions were generated when
the DF wave was strongly excited. Such noticeable gen-
eration of the high-energy ions was observed only near
the center, and it differed greatly from the normal heating
scheme where the slow wave with the same frequency as
the DF wave was directly excited by the external antenna.
Thus, the different heating characteristics, which were at-
tributed to the differences in the excitation methods, were
demonstrated. This result will serve as a basis for further
exploration of the nonlinearity of plasma media to produce
different heating accessibilities. The quantitative clarifica-
tion of the excitation conditions of the DF wave, as well
as the heating efficiency, require further elaborate experi-
ments, together with detailed measurements suited to this
experiment, and this is the scope of a future study.
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