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Abstract

®

CrossMark

Recently, experiments on basic plasma physics issues for solving future problems in fusion
energy have been performed on a Large Helical Device. There are several problems to be solved
in future devices for fusion energy. Emerging issues in burning plasma are: alpha-channeling
(ion heating by alpha particles), turbulence and transport in electron dominant heating helium
ash exhaust, reduction of the divertor heat load. To solve these problems, understanding the
basic plasma physics of (1) wave—particle interaction through (inverse) Landau damping, (2)
characteristics of electron-scale (high-k) turbulence, (3) ion mixing and the isotope effect, and
(4) turbulence spreading and detachment, is necessary. This overview discusses the
experimental studies on these issues and turbulent transport in multi-ion plasma and other issues

in the appendix.

Keywords: Large Helical Device, basic plasma physics, burning plasma,

wave—particle interaction, ion mixing, turbulence spreading

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

1. Introduction

The Large Helical Device (LHD) is a machine that employs
a magnetic field configuration called a heliotron configuration
with a magnetic field, B, of <3 T at the magnetic axis in the
vacuum field; a major, and effective minor radius of 3.5-3.9m
and 60-65 cm, respectively. The LHD is equipped with five
neutral beams (NBs), and three of them are injected in the dir-
ection parallel to the magnetic field, and two are injected per-
pendicular to the magnetic field. The LHD is one of the world’s
largest helical devices with superconducting coils that can gen-
erate a strong magnetic field on a regular basis. Research issues
related to core plasma physics, steady-state maintenance, and
reactor engineering are necessary to realize the future of fusion
reactors. These research issues take advantage of the excellent
stability and steady-state characteristics of the LHD. A trans-
port and magnetohydrodynamic (MHD) stability study has
been conducted by focusing on the impact of magnetic field
topology in the LHD [1]. One of the crucial issues in burning
plasma is how to heat ions by alpha-particles and whether we
can sustain high ion temperature plasma by electron heating.
High core ion temperature is usually associated with an ion
transport barrier, and the electron temperature is lower than the
ion temperature (7. /T; < 1). This is because the ion transport
is significantly enhanced at the critical temperature ratio T, /T;
below unity. For example, the LHD experiment shows the
abrupt drop of the ion temperature gradient (ITG) at T, /T; =
0.75 [2]. Significant enhancement of the ion transport is also

observed in Wendelstein 7-X as an ion temperature clamping
[3]. Because the critical temperature ratio for the enhance-
ment of the ion transport is below unity, it is already enhanced
at the T, = T; condition where the energy exchange between
ion and electron becomes large enough to equilibrate both
temperatures. Therefore, the electron temperature decreases
significantly due to the enhanced ion transport, as the elec-
tron density is increased to the level of >10%° m—3. However,
most of the energy of an alpha-particle produced by a nuclear
fusion reaction contributes to electron heating rather than ion
heating because the energy of the alpha-particle is extremely
high. An MHD wave excited by alpha-particles enhances
energetic particle loss and degrades confinement. However, it
is speculated that the wave energy could instead be passed
on to fuel ions, which is well known as alpha-channeling.
The key question is to what extent these effects (energetic
particle loss and alpha-channeling) can be achieved simul-
taneously. Alpha-channeling is collision-less energy trans-
port from alpha-particles to bulk ions through wave—particle
interactions, so-called Landau and inverse Landau damping.
Alpha-channeling can be a solution to achieving a lower T /T;
ratio plasma and a high ion temperature plasma with an ion
transport barrier in the burning plasma. Therefore, it is import-
ant to study the wave—particle interaction through Landau
damping and inverse Landau damping in toroidal plasmas.
The other important study relating to this issue is tur-
bulence and transport in the plasma where electron-heating
is dominant. The characteristics of electron-scale turbulence
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have been paid less attention than ion-scale turbulence. This
is because achieving a high ion temperature relevant to igni-
tion conditions has been a milestone in nuclear fusion research,
and most of the experiments have been conducted in condi-
tions where ion heating is dominant. However, in the burn-
ing plasma, the characteristics of turbulence and transport in
plasma with electron heating become important. Therefore,
the characteristics of the electron-scale turbulence, which will
be essential in plasma with electron-dominant heating, are also
basic plasma physics for solving crucial issues in reaching
burning plasma conditions.

The other crucial issue in burning plasma is how to exhaust
the helium ash produced by the nuclear fusion reaction in the
plasma core, especially near the magnetic axis. Since the col-
lision process, known as neoclassical transport, drives only
small radial particle flux, enhancing outward radial flux by
turbulence is necessary to realize the effective exhaust of the
helium ash. In general, the enhancement of outward particle
flux, so-called outward convection, causes the flattening of
bulk ion and electron density profiles and enhances ion energy
transport. Therefore, it is an urgent issue to investigate particle
transport in plasma with multi-ion species. Recently, the find-
ing of isotope mixing [4] suggests a new particle transport
mechanism in mixture plasma. This is a particle transport
process, which differs from the convection model, where the
particle transport of each ion species is independent of each
other and expressed with diffusion coefficient and convection
velocity. Ion mixing is the process causing the mixing of the
ion species and results in a uniform ion fraction concerning the
electron density, i.e. ny/ne, np /ne, nt/ne, and nye /ne are con-
stant in space. Therefore, it is also an urgent issue to investigate
the physics mechanism of the ion mixing process to explore
the new approach for helium ash exhaust.

The fourth issue is reducing the divertor heat load and
extending the divertor target plate’s lifetime. Replacing the
divertor target plate would be difficult or expensive due to
the activation of the vacuum vessel in burning plasma con-
ditions. Since the total heat load to the carbon divertor plate is
constant, reducing the peak heat load and increasing scrape-
off layer (SOL) power decay length is essential. The SOL
power decay length generally becomes shorter as the mag-
netic field strength increases. Therefore, this issue becomes
more severe in the fusion reactor. Several approaches have
been proposed to increase the SOL power decay length. The
flux expansion technique is proposed in tokamak a configur-
ation variable (TCV), and the application of resonant mag-
netic perturbation (RMP) has been demonstrated in DIII-D and
KSTAR. However, these techniques require the delicate setup
of magnetic field coils, which could be challenging to realize
in a burning plasma device. Recently, it was pointed out that
turbulence spreading from the plasma core to the SOL and fil-
aments generated at the divertor leg have been recognized as
playing an essential role in determining the SOL decay length
at the divertor plate and, hence, divertor erosion. Therefore,
studying the physics mechanism of turbulence spreading is an
emerging issue.

The experimental results in the last two years of the
deuterium-deuterium (DD) operations are described in this

paper. Section 2 presents the experimental results of the wave—
particle interaction observed at the MHD-burst event. The
characteristics of electron-scale (high-k) turbulence and its
coupling with low-k turbulence are described in section 3.
Section 4 covers the ion mixing and the isotope effect in
the plasma of hydrogen and deuterium. Section 5 discusses
the reduction of heat load at the divertor plate by turbulence
spreading and detachment enhanced by the magnetic island.
The experimental results on turbulence transport in multi-
ion plasma and the other issues are briefly described in the
appendix.

2. Wave-particle interaction

The energy transfer from the alpha particle (energetic helium
ion) to the fuel ion (deuterium and tritium) through wave—
particle interaction is one of the crucial issues in fusion plasma.
Most alpha particle energy is transferred to electrons through
collisions because the energy of alpha particles is much higher
than the energy of bulk ions. However, a high ion temperat-
ure is essential for high fusion yield conditions. Therefore, the
question is how to increase ion heating efficiency by alpha
particles. The heating scenario using wave—particle interac-
tion, called alpha-channeling, is a promising technique. Still,
there are few experimental results to demonstrate the collision-
less energy transfer rate from energetic to bulk ions through the
Landau damping of the wave excited by the energetic particles.
Mass-dependent collisionless energy transfer via Landau and
transit-time damping were directly observed to be associated
with the collapse of tongue deformation in LHD [5]. The
tongue deformation is one of the non-modal and non-resonant
deformations of the magnetic flux surface, which is toroid-
ally and poloidally localized when the pressure gradient of a
trapped beam ion exceeds the limit [6, 7].

Landau damping is observed in plasma when an MHD burst
with large amplitude, which is also called energetic ion driven
resistive interchange mode (EIC) [8], occurs with deuterium
beam injection perpendicular to the magnetic field. Figure 1
shows the characteristics of an MHD burst triggered by a col-
lapse of tongue deformation. Figures 1(a)—(d) shows the time
evolution of line-averaged electron density measured with a
far infrared laser interferometer, magnetic field perturbation
measured by a toroidal and poloidal magnetic probe array
at a toroidal angle of 198° [9], and neutron emission meas-
ured with a scintillation detector as an indicator of the beam
component [10]. The time evolution of ion-temperature pro-
files measured by charge exchange spectroscopy from a carbon
C VI emission [11], electron temperature profiles measured
with the YAG Thomson scattering system, and RF intensity
measured with an RF radiation probe [12] as an indicator of
the onset of an MHD burst are also plotted in figures 1(e)—(g).
The increase of electron density at 4.57 s is due to carbon pel-
let injection into the plasma. This increase in carbon density
contributes to improving the signal-to-noise ratio in the ion
velocity distribution of carbon ions. The MHD burst occurs
when the deuterium beam pressure reaches a critical level, as
indicated by the increase of the neutron emission rate after the
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Figure 1. Time evolution of (a) heating power of hydrogen (H) and
deuterium (D) neutral beam injection (NBI) and electron cyclotron
heating (ECH), () line averaged electron density, (c) magnetic field
perturbation, (d) neutron emission rate, (e) ion temperature, (f)
electron temperature, and (g) RF intensity.

rise in deuterium beam power at 4.6 s. When the MHD bursts
occur, the deuterium beam pressure decreases, as indicated by
the drop in neutron emission rate. Both ion and electron tem-
peratures increase after the MHD burst, which indicates the
energy transfer from beam to bulk plasmas. The increase of
temperature at rer/dgg = 0.8 is not due to the energy released
from the core plasma. Here, r. is the effective minor radius,
which is equivalent to pa, while agg is the effective minor
radius where 99% of the kinetic energy is confined inside.
The gray region in the time window is the instant when the
probe deuterium beam is turned off to measure the back-
ground of charge exchange spectroscopy. The white region

is the time window where the ion temperature measurements
become invalid, due to the distortion of the ion velocity distri-
bution function from the Maxwell-Boltzmann distribution. RF
intensity with 880 MHz measured with an RF radiation probe
shows a sharp increase at the onset of the MHD burst. This
signal is widely used as a timing indicator for energetic ion
loss from the plasma and is also used as reference timing for
conditional averaging. This is because the RF radiation probe
has a high time resolution and high sensitivity to the high-
frequency RF signals excited by the loss of the energetic ions
at the plasma edge [13]. An RF intensity of 800 MHz is found
to be the best timing indicator in the LHD because the rise of
RF intensity is sharp.

In this experiment, the beam species of three parallel NBs
are hydrogen, and the beam species of two perpendicular NBs
are deuterium. Neutrons are mainly created by the reaction
between perpendicular beams and plasma. When the pres-
sure of an energetic trapped ion injected by a deuterium NB
exceeds a critical value, the MHD instability is characterized
by a transient large-amplitude magnetic perturbation that takes
place, which is called the MHD burst. The MHD burst is
triggered by the collapse of a tongue-shaped deformation in
the plasma with a sharp gradient of energetic trapped ions.
This deformation occurs not at the resonance magnetic flux
surface, the so-called rational surface, but at the off-resonant
magnetic flux surface.

Figures 2(a)—(c) shows the time evolution of neutron flux,
its time derivative, and the RF intensity measured with the
RF radiation probe (¢ = 121°). The amount of deuterium
beam pressure is monitored by the neutron flux measured with
a scintillation detector. As seen in figure 2(a), the neutron
flux gradually increases before the onset of the MHD burst
and suddenly drops by ~30% when the MHD burst occurs.
The loss of the energetic particles indicated by the negat-
ive spike of the time derivative of the neutron flux is tran-
sient (3—4 ms) and the neutron flux gradually recovers after
the disappearance of the MHD burst. The RF intensity meas-
ured with the RF radiation probe is widely used as a timing
indicator for the energetic ion loss from the plasma. The jump
of RF intensity measured at a toroidal angle of ¢ = 121° is
used as a reference time of the onset of the MHD burst. It is
crucial to evaluate the distortion of ion velocity distribution
from Maxwell-Boltzmann distribution quantitatively. The
moment analysis is applied to the velocity distribution meas-
ured with charge exchange spectroscopy viewing the plasma
toroidally.

When the velocity function f(v) is Maxwell-Boltzmann
distribution, each moment becomes M; =V,, M, = Vtzh/2,
M3 =0, where V; and Vy, are the projection of the flow velo-
city to the line-of-sight and thermal velocity, respectively. The
energy gain or loss of ion is evaluated by the increase or the
decrease of the MyM, value, which is evaluated from the ion
velocity distribution of carbon impurity measured with car-
bon charge exchange spectroscopy. As seen in figure 2(e), the
MuyM, value of carbon impurity increases, associated with the
onset of the MHD burst, and gradually decays afterward due
to the collision between the impurity carbon and bulk deu-
terium ions. The displacement of the plasma, &, is defined as
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Figure 2. Time evolution of (@) neutron flux, (b) time derivative of
neutron flux, (¢) RF intensity measured with RF radiation probe

(¢ = 121°), (d) spectrum measured with fast-charge exchange
spectroscopy, (e) product of Oth and 2nd moment of ion velocity
distribution function, (f) magnetic field perturbation at ¢p = 198°,
expanded view of (g) magnetic field perturbation and (%) plasma
displacement at ¢ = 198° and res/ag9 = 0.83, and (i) contour of
magnetic field perturbation amplitude measured with toroidal
magnetic probe array.

—0T./VTe, where 6T, is the temperature fluctuation in a fre-
quency range of 1-10 kHz and VT is the quasi-state (<40 Hz)
temperature gradient measured with electron cyclotron emis-
sion (ECE). The expanded view of the magnetic field per-
turbation and plasma displacement at regr/ag9 = 0.83 are also
plotted in figures 2(g) and (h). Most of the tongue deforma-
tion which triggers the MHD burst appears at regr/agy = 0.75—
0.85, which is in between the fundamental resonance surface
of m/n=1/1 and 2/1. A resonance surface with a rotational
transform of 1/2, 2/3, 3/4, and 1/1 is located at re/age of 0.54,
0.72,0.77, 0.92, respectively [14]. The toroidal mode number
is evaluated from a phase shift of magnetic field oscillation
measured with a toroidal magnetic probe array. Figure 2(i)
shows the time evolution of the magnetic field perturbation

measured with a toroidal array of the magnetic probe. The
magnetic field perturbations at 90° and 270° are out of phase,
which indicates that the toroidal mode number is odd. The con-
tour of the power in time and toroidal angle clearly shows that
the toroidal mode number n = 1.

In this experiment, the pressure of energetic trapped ions
injected by perpendicular deuterium NBs is comparable to the
bulk ion pressure. This energetic trapped ion is the energy
source for the wave excited at the MHD burst, while the carbon
is the wave’s energy sink through Landau damping. Therefore,
the energy of the energetic particle is transferred to the impur-
ity ions and is likely to be transferred to bulk ions through
wave—particle interaction, not by the collision process, which
is the dominant heating process of plasma by NBs.

A bipolar velocity-space signature can be observed by
measuring the change in ion velocity distribution across the
onset of Landau damping. This well-known signature of velo-
city distribution appears as evidence of Landau damping [15].
Figure 3 shows the distribution function of ion velocity per-
pendicularly and parallel to the magnetic field 0.1 ms before
and after the onset of the MHD burst. The parallel/perpendic-
ular velocity distribution functions are derived from the car-
bon VI emission profile measured by 10 kHz charge exchange
spectroscopy viewing in the toroidal/poloidal direction (nearly
parallel/perpendicular to the magnetic field). This system has
good time resolution with a frequency beyond that of ion—ion
collision and excellent accuracy (signal-to-noise ratio) enough
to detect the deformation of ion—velocity distribution from
Maxwell distribution. Here, the wavelength measured is con-
verted to Doppler velocity. The intensity of the carbon VI
emission is proportional to the carbon—ion population at that
velocity. The distribution function in the direction perpendic-
ular to the magnetic field is almost unchanged, as seen in
figure 3(a). In contrast, the distribution function in the direc-
tion parallel to the magnetic field shows a deviation from the
Maxwell-Boltzmann distribution of 0.1 ms after the onset of
the MHD burst, as seen in figures 3(b)—(d). These data show
that the deviation from the Maxwell-Boltzmann distribution
function has a strong anisotropy, which is consistent with the
Landau damping of the wave propagating in the direction par-
allel to the magnetic field with a frequency of 2-9kHz. The
deviation is most significant at refr/agg = 0.79 where the oscil-
lation amplitude of plasma displacement becomes maximum.
Figure 3(e) shows the difference of the parallel velocity dis-
tribution function between 0.1 ms before and after the MHD
burst. The bipolar velocity-space signature is clearly observed
at refr/age = 0.79, while it is unclear in the core region at
Feff/ @99 = 0.55 and at the plasma edge at refr/ag9 = 0.97. A
clear bipolar velocity-space signature at regr/dag9 = 0.79 indic-
ates that the energy transfer from wave to particle occurs
mainly off-resonance. It should be noted that the change in
velocity distribution function is due to re-distribution in velo-
city space, not in real space.

Figure 4 shows the energy flow from energetic particles
to bulk ions. The decrease of the kinetic energy of energetic
particles is evaluated from the drop in neutron emission rate.
The kinetic energy of energetic particles (beam ions) decreases
by 42KkJ (11% of beam energy) associated with the onset of
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Figure 3. Distribution function of ion velocity measured by
fast-charge exchange spectroscopy (a) perpendicular to magnetic
field at refr/age = 0.79, parallel to magnetic field at regr/agy = (b)
0.55, (¢) 0.79, (d) 0.97 and (e) difference of parallel velocity
distribution function between 0.1 ms before and after the MHD
burst. The bipolar velocity-space signature is clearly observed in
distribution function of ion velocity parallel to magnetic field at
rcff/a99 =0.79.

an MHD burst. This decrease is consistent with the decrease
of fast-ion D-alpha, which corresponds to deuterium beam
energy of 10%—15% [16]. Two-thirds of the decrease in kin-
etic energy of the energetic particle (28 kJ) is due to the particle
diffusion loss associated with the appearance of MHD instabil-
ity. In contrast, one-third of the decreased kinetic energy of the
energetic particle (14 kJ) is due to the inverse Landau damp-
ing. At the MHD burst, the energy of the solitary and coher-
ent waves is transferred to the carbon impurity ions and bulk
ions by the Landau/transit-time damping. The concentration of
the carbon impurity ions is only 1.5%, but the kinetic energy
absorbed by them is 5% of the total energy transfer from wave
to particles (0.7 kJ). Although carbon impurity gains energy
three times higher than bulk ions, the carbon ion temperat-
ure is eventually equalized to the bulk ions due to the colli-
sions between both. The energy transfer from beam to bulk

28 kJ | Particle diffusion

(re-distribution in space)

Energetic particle
(beam ions)

14 kJ Inverse Landau damping
MHD burst
0.7 kJ (5%) Landau/Transit time damping

13 kJ (95%)

Collisionless energy

Carbon transfer Bulk
impurity ions
1.5% Collisional energy 98.5%,
transfer
Larger S Smaller

gradient

<radient

VI

Vii

Figure 4. Left: energy flows from energetic particles (beam ions) to
bulk ions. Right: the ion velocity distribution of carbon ions and
bulk ions.

ion through energetic particle-driven geodesic acoustic modes
was investigated using a hybrid simulation code for ener-
getic particles interacting with an MHD fluid, MEGA code.
The deformation of the parallel velocity of bulk ions (called
clump) around the resonance velocity (transit frequency) was
calculated. This deformation showed a bipolar signature sim-
ilar to that observed in this experiment. The energy trans-
fer in this process was only 3-4kWm~3 [17], which was
much lower than the level detected in measurements. In con-
trast, the energy transfer observed in this experiment was
~10MW m~3,

3. Characteristics of electron-scale (high-k)
turbulence

The ion transport in the plasma with ion heating was domin-
ant by NB injection (NBI) and was a crucial issue in achieving
the high ion temperature plasma, which is relevant to nuclear
fusion. The characteristics of ion-scale turbulence, such as the
ITG mode, have been studied in various devices. The charac-
teristics of electron-scale (high-k) turbulence are an essential
issue in burning plasma where electron heating becomes dom-
inant. It is crucial to investigate the impact of electron heating
on ion transport. Therefore, the non-local characteristics of
electron-scale (high-k) turbulence and coupling between the
electron and ion-scale are studied in the LHD.

3.1 Fast radial propagation of electron-scale (high-k)
turbulence

Two types of plasma instabilities occur when the pressure
gradient becomes steep: those that appear slowly and persist
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Figure 5. (a) Radial profile of electron temperature before and after
collapse measured with YAG Thomson scattering system, and time
evolution of () intensity of electron cyclotron emission (ECE) as
indicator of electron temperature and (c¢) amplitude of electron-scale
turbulence measured with millimeter-wave backscattering system
(BS) and integrated over 150—490 kHz.

and those that appear suddenly, which are called abrupt
instability. Significant experimental results were obtained for
this abrupt type, to clarify the effect on the plasma. Regarding
abrupt instability, the preceding propagation of turbulence
pulses at avalanche events is observed to be associated with
the collapse of the electron internal transport barrier (ITB) [18,
19]. In this experiment, the collapsed electron ITB produced
the heat pulse outer region of the electron ITB.

The peaked electron temperature with the electron ITB sud-
denly flattened due to abrupt instability, as seen in figure 5(a).
This is called electron ITB collapse. Figures 5(b) and (¢) shows
the time evolution of the intensity of ECE as an indicator of
electron temperature at r/a = 0.55, 0.66, 0.72 and the amp-
litude of electron-scale turbulence measured with millimeter-
wave back-scattering at r/a = 0.21, 0.45, and 0.82. After the
ITB collapse, the electron temperature increases outside the
ITB foot and decays in a time scale of 5 ms, which indicates
the heat pulse associated with ITB collapse. The time evol-
ution of ECE intensity clearly shows the time delay towards
the plasma edge. In contrast, the amplitude increase of elec-
tron scale turbulence is transient and very short, within a few
hundred microseconds. Although a time delay is observed
between r/a = 0.21 and r/a = 0.45, no time delay is
observed between r/a = 0.45 and 0.82. This is due to slow
propagation inside the magnetic island, which is located at
}’eff/tlgg =0.35-0.6.

'_I'I'I'I'|'I'I'I'I'|'I'I1T|'I'I'II||||||||||| LLLLY LI LRLLI LRLR LLLLIRERLY

0.65— X » magnetic island

2 . E

— 0 45 =® Heat pulse 3
8 F # ~1.5km/s 7
2 C | 3
£ 2 T 7]
® C () .
S 02F - .
n . turbulence pulse 1

n % ~f10 km/s .

2 L ]

0] RSt s A 1z .3
%|||||||||||||||||||||||I|||| ||||I|||||||||||||||||||I|||;

00 02 04 06 08 10 1.2
Fefi/Agg

Figure 6. Radial profile of time delay of electron scale turbulence
measured with millimeter-wave backscattering system (BS) and
integrated over 150—490 kHz. and heat pulse. measured by electron
cyclotron emission (ECE).

The propagation speed of turbulence and heat pulse are
investigated in this experiment, as seen in figure 6. In this
experiment, the width of the 2/1 magnetic island is signific-
antly large due to the low magnetic shear in the core, and the
region of the magnetic island is indicated by the shaded area.
The propagation speed of the heat pulse is comparable to that
predicted by the avalanche model. Avalanche is a ballistic front
propagation of turbulence and gradient in the radial direction
due to a strong nonlinearity of the growth rate of the micro-
scale turbulence. However, electron-scale turbulence propag-
ates radially much faster than the heat pulse. This observation
contradicts the prediction of the avalanche model, where the
turbulence and heat pulse propagate at the same speed. One
of the candidates for the fast propagation of turbulence is tur-
bulence coupling between mediator turbulence and electron-
scale turbulence, where the change in turbulence amplitude
can occur much faster than the heat pulse propagation.

3.2. Coupling between electron-scale (high-k) and ion-scale
(low-k) turbulence

In LHD, the scan of temperature gradient at mid radius
(rer/agsg = 0.5) is performed by changing the ratio of off-
axis (refr/age = 0.6) electron cyclotron heating (ECH) power
to the on-axis (refr/age = 0.2) ECH power, to investigate the
gradient dependence of turbulence intensity. The normalized
electron temperature gradient, R,y /Lre., is scanned in a wide
range from —2 to 10. A significant electron-scale turbulence
intensity is observed even at the plasma radius where the elec-
tron temperature gradient is zero. This is more evidence of the
turbulence spreading, where the turbulence excited at a sharp
temperature gradient, propagates to the region with no temper-
ature gradient. This observation is consistent with the finding



Nucl. Fusion 64 (2024) 112009

K. Ida et al

03—

o
w
—

©
—_—
1

ion scale turbulence intensity
o
N
1

reff/agg = 09

0 PUREE T S T NN T W TR T N TN TN TR S N PR 1
0 0.05 0.1 0.15 0.2
electron scale turbulence intensity

0.25

Figure 7. Relation between electron scale turbulence amplitude
measured with millimeter-wave backscattering system (BS) and
integrated over 150-490kHz and ion scale turbulence amplitude
measured with Doppler backscattering system (DBS) and integrated
over 30-150kHz at refr/ag9 = 0.9 after additional ECH pulse is
turned on.

of a finite turbulence intensity level inside the magnetic island
where temperature and density gradients are zero [20].

The coupling between electron-scale turbulence and ion-
scale turbulence is investigated in LHD [21]. Figure 7 shows
the relation between electron scale turbulence amplitude and
ion scale turbulence amplitude when ECH applies the addi-
tional electron heating. Just after the onset of ECH, both
electron- and ion-scale turbulence intensities increase due to
the additional electron heating. However, 20 ms after the onset
of the ECH pulse, the ion-scale turbulence intensity starts to
decrease, while the electron-scale turbulence intensity keeps
increasing. The transition from correlation to anti-correlation
between the ion and electron scale turbulence 20ms after
the ECH onset. This is due to the coupling between high-k
(electron-scale) and low-k (ion-scale) turbulence, which is also
predicted by simulation [22]. It is interesting that the turbu-
lence intensity increases at 7. = 0.9 near the plasma peri-
phery immediately after the onset of ECH, which is consist-
ent with the non-local phenomena observed in the discharge
with modulation ECH [23]. In contrast, the appearance of anti-
correlation between electron scale and ion scale turbulence
intensity is delayed in the energy confinement time. This anti-
correlation is due to the coupling in k-space between high-k
and low-k turbulence.

4. lon-mixing and isotope effect

4.1. lon-mixing

Helium ash exhaust is also a crucial issue in burning plasma
because the helium ions produced by a fusion reaction cause a

dilution of fueling ions. Significant particle diffusion is neces-
sary to exhaust the helium ash because the convection velo-
city is usually inward. However, large particle diffusion often
counteracts the small heat diffusivity required for burning
plasma. One of the candidates for the mechanism causing the
enhancement of helium exhaust is ion-mixing. The small elec-
tron diffusion and large ion diffusion processes in multi-ion
plasma characterize ion-mixing. Here, the ion fraction (the
ratio of helium to bulk ions, or the ratio of tritium to deuterium)
becomes uniform in space due to a large diffusion, but electron
and total ion density can be peaked. The question is how ion-
mixing can be controlled. In LHD, both nonmixing and iso-
tope mixing states are observed in hydrogen—deuterium mix-
ture plasma. The isotope mixing states are typically observed
in higher density plasma above 2-3 x 10" m—* with flat or
hollow density profiles, and a small ¢ /T; ratio. The nonmix-
ing state is observed in trapped electron mode (TEM) domin-
ant plasma with low recycling beam fueled plasma, and iso-
tope fraction profiles depend on the location of the isotope
source (core beam fueling or edge influx due to recycling).
An isotope mixing state is observed in ITG dominant plasma,
and the isotope fraction profile becomes flat, regardless of the
location of the isotope source.

The isotopic ratio profiles are measured by bulk charge
exchange spectroscopy [24]. Charge exchange lines of H,, and
D,, are fitted by 4 Gaussian of H and D cold components and H
and D hot components with five parameters by combining the
measurement of plasma toroidal rotation velocity with carbon
charge exchange spectroscopy. The radial profiles of the relat-
ive density of hydrogen and deuterium ions are derived from
the H and D hot components measured and the beam density
calculated from a beam attenuation calculation. In the LHD,
an isotope nonmixing state is observed in plasma with a lower
density regime below the critical density of 2-3 x 10" m—3,
while an isotope mixing state is observed in plasma with a
higher density regime above the critical density [25]. The
density ramp-up experiment was conducted to investigate the
critical density for the transition between these two states in
time.

Figure 8 shows an example of the transition from an iso-
tope nonmixing state to an isotope mixing state at a higher
density phase in the discharge with density ramp-up. The
electron density is gradually ramped from 0.5 x 10" m—3 to
2.5 x 10" m~3 with deuterium gas puff. As seen in the time
evolution of the central electron temperature, it significantly
drops at the higher density phase in the discharge with density
ramp-up. The contour of the hydrogen fraction clearly shows
the transition from peaked to flat profile of the hydrogen frac-
tion. This abrupt change in the hydrogen fraction shows the
transition from an isotope nonmixing state, where the hydro-
gen and deuterium ions are not mixed, to isotope mixing,
where the hydrogen and deuterium are mixed. This transition
is due to a change in the turbulence state associated with an
increase of ion collisionality.

As seen in figure 9, both electron and ion temperature pro-
files peak at t =5.29 s, with the density before the transition.
However, electron and ion temperatures drop to 0.5 keV, the
electron temperature becomes slightly hollow, and the ion



Nucl. Fusion 64 (2024) 112009

K. Ida et al

(1019m-3)

O O N PO ~) N LW DO =N W

(S

n

e

T (keV)

R (m)
L

i
time (sec)

40

Figure 8. Time evolution of line-averaged electron density
measured with far infrared laser interferometer, central electron
temperature measured with YAG Thomson scattering system, and
contour of hydrogen fraction in space measured by bulk charge
exchange spectroscopy. Two arrows indicate instant of two time
slices in figure 9. Blue and red arrows represent time before and after
transition from isotope nonmixing to mixing state. Here, magnetic
axis located at R = 3.6, and edge of plasma located at R=4.6 m.

temperature profile becomes flat in the core region. The hydro-
gen fraction is significantly peaked due to core hydrogen beam
fueling and edge deuterium recycling at  =5.29s. When the
plasma approaches the critical density, the hydrogen fraction is
flattened in the core region of the plasma at  =5.51 s, which is
clear evidence of ion mixing. The error bar due to the photon
statistic can be seen in the scatter of the ration in the radial
profile, which is 0.05 in this experiment. The systematic error
bar owing to the uncertainty of the offset of the carbon tor-
oidal rotation measurement is 0.04. This experiment demon-
strates the transition from the nonmixing to the ion mixing
state between the hydrogen and deuterium ions in the H-D
mixture plasma. This finding implies that the nonmixing state
between deuterium and tritium ions and bulk ions and helium
ash could also be achieved in D-T mixture burning plasma,
depending on the turbulence state.

The impact of impurity pellet injection on a transition from
the non-mixing state to the mixing state of hydrogen isotope
ions (hydrogen (H) and deuterium (D)) has been first investig-
ated in LHD. Figure 10 shows the time evolution of the hydro-
gen and deuterium fractions in a discharge with carbon pel-
let injection at r=4.25s. When a carbon pellet was injected
into the H-D mixed plasma, the radial profiles of the hydro-
gen fraction showed the transition from hollow to peaked pro-
files. In contrast, the radial profiles of the deuterium frac-
tion show the transition from peaked to hollow profile [26].
After the carbon pellet injection, broadband density fluctu-
ation appeared. The broadband density fluctuation was shifted
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Figure 9. Radial profiles of electron temperature measured with
YAG Thomson scattering system, ion temperature measured by
carbon charge exchange spectroscopy, and hydrogen fraction
measured by bulk charge exchange spectroscopy in isotope
nonmixing state (+ = 5.29 s) and isotope mixing state (t = 5.51s).

to low frequency (~30kHz) density fluctuation, and it disap-
peared after 4.4 s. The carbon pellet injection is found to be
another powerful tool to change turbulence characteristics and
control the radial profiles of the isotope fraction. This experi-
mental result may suggest that there is coupling among mul-
tiple ions and a difference in their coupling.

4.2. Isotope effect

The isotope effect in isotope mixed plasma is also investig-
ated in the parameter regime of the isotope non-mixing state.
The hydrogen isotope effect in the electron ITB is dynamic-
ally investigated using an input power modulation experiment
in LHD. In the L-mode, the modulation amplitude of electron
temperature is small for the given modulation power of ECH.
However, in plasma with an ITB, the modulation amplitude
becomes significantly larger due to the reduction of electron
thermal diffusivity. Therefore, the ECH modulation experi-
ment is more suitable for investigating ITB formation, rather
than continuous pulse heating.

Figure 11 shows the radial profiles of the increment of elec-
tron temperature by ECH for a power density scan of ECH at
a low-density regime of 1.2 x 10'” m~3 [27]. The temperature



Nucl. Fusion 64 (2024) 112009

K. Ida et al

[ hollow =——@ peaked Hydrogen
-~ M@ ferlPor = 033~ 053
=) 0.6 [ % _-
+E : 1
g/ 0.4 i M_ g —‘
ﬁm [ ]
0.2 - Carbon I‘eff/ag9 =0.73 1
ol pellet | T /25~ 0.89
Epeaked s hollow  Deuterium
_ 08Fb) ., ir,a,=033 ]
o) v reﬁ/a% =0.54

£ 04] % ]
£ =0.73 ]
021 Carbon Tea/ g = 073
. : pellet I /a5,=0.89 ]

4.20 4.25 4.30 4.35 4.40

time (s)

Figure 10. Time evolution of hydrogen fraction and deuterium
fraction measured by bulk charge exchange spectroscopy at
rett/agy = 0.33, 0.54, 0.73, and 0.89 in the discharge with carbon
pellet injection.
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Figure 11. Radial profiles of increment of electron temperature
measured with YAG Thomson scattering system for power density
of ECH, p/n = 0.6, 0.85, 1.0 MW/10'° m 3 and increment of
central electron temperature as function of modulation ECH power
normalized by electron density.

difference becomes more significant when an electron ITB is
formed. In contrast, the temperature difference is small in L-
mode plasma. The modulation amplitude (difference in elec-
tron temperature between ECH-on and ECH-off) is plotted as

a function of ECH power normalized by electron density. A
sharp increase in the modulation amplitude indicates the form-
ation of the electron ITB. The threshold power for the trans-
ition from L-mode to the electron I'TB is lower in the deuterium
than in the hydrogen plasma. When the ECH power is well
below the threshold power (p/n = 0.6 MW/10' m~3) or well
above it (p/n = 1.0 MW/10'* m—3), there are no differences in
the increment of electron temperature between hydrogen and
deuterium. It is interesting that the isotope effect appears only
in marginal ECH power (p/n = 0.85 MW/10'” m—3) near the
threshold power.

The density turbulence was measured by two-dimensional
phase contrast imaging (2D-PCI), which measures pol-
oidal dominated wavenumbers k = 0.1-0.8 mm~—! and f = 20—
500kHz. 2D-PCI resolves ion-scale turbulence with a spatial
resolution of 10%—-30% of the minor radius, using magnetic
shear and turbulence wavenumber asymmetry between a par-
allel and perpendicular magnetic field. The density depend-
ence of the turbulence level has been investigated for hydrogen
and deuterium plasma [28, 29]. The turbulence levels decrease
as the electron density is increased for low density, but they
increase as the density is increased for higher density. This
density dependence is due to the transition of ion-scale turbu-
lence from ITG turbulence in a low-density regime to resist-
ive interchange (RI) turbulence in a high-density regime. The
difference in the electron density dependence of turbulence
level between deuterium and hydrogen is found. The turbu-
lence levels and electron/ion energy transports are reduced in
a high-density RI regime in deuterium plasma more than in
hydrogen plasma. The electron density at the minimum turbu-
lence levels is higher in deuterium plasma. Therefore, the tur-
bulence level of deuterium plasma is lower than that of hydro-
gen plasma in a higher density regime.

5. Reduction of divertor peak heat load

5.1. Reduction of divertor peak heat load by turbulence
spreading

High peak heat flux to the divertor plate is also a severe prob-
lem in burning plasma because replacing the divertor plate
requires remote handling in the burning plasma, and frequent
maintenance is unrealistic in a fusion reactor. Therefore, redu-
cing the peak heat load at the divertor plate is indispensable
to extending the lifetime of the divertor plate. There are vari-
ous approaches to increasing the fall-off length of power. One
of the practical techniques is utilizing turbulence spreading,
which is a nonlinear coupling of fluctuation energy that redis-
tributes the turbulence intensity field away from the regions
where it is exciting. Turbulence spreading plays an important
role in the region where the locally driven turbulence is weak
in the SOL, magnetic island, and stochastic magnetic layer.
Turbulence spreading into an edge stochastic magnetic layer
induced by magnetic fluctuation and its impact on divertor heat
load was clearly observed in LHD [30, 31].

The divertor peak heat load was found to be reduced by
the enhancement of turbulence spreading. Figure 12 shows the
contour of the fast Fourier transform of the magnetic probe
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Figure 12. Contour of fast Fourier transform (FFT) of magnetic
probe signal and turbulence amplitude across last closed flux surface
(LCFS) measured by two-dimensional phase contrast imaging
(2D-PCI), (from figures 2(a) and (c) in [30]). Reproduced from
[30]. CC BY 4.0.

signal and turbulence amplitude across the last closed flux
surface (LCFS) at ro = 0.475 m. The toroidal (n) and pol-
oidal (m) mode number of magnetic fluctuation n/m = 3/3
at the rational surface of unity located at 7 = 0.475 m. The
magnetic flux surface becomes stochastic outside the LCFS
(regr > 0.475 m). The frequency of this magnetic fluctuation is
4kHz at the onset and then gradually decreases to 2.5 kHz.
The relative density fluctuation is localized inside the LCFS,
where the pressure gradient is high, before the appearance of
magnetic field fluctuation at t =4.1 s. After the magnetic field
fluctuation appears, high-density fluctuation expands outward,
and significant density fluctuation is observed well outside the
LCFS, where the pressure gradient is too small to excite the
turbulence. This is one of the non-local transport phenom-
ena where MHD activity plays the role of mediator of radial
propagation of turbulence [32].

As seen in figure 13(a), the relative density fluctuation out-
side the LCFS increases as the amplitude of the magnetic field
increases, while the density fluctuation at the LCFS is con-
stant in the wide range of magnetic fluctuation amplitude. This
figure shows that the density fluctuation outside the LCFS is
not the locally driven turbulence by the MHD activities but the
turbulence spreading from just inside the LCFS. Figures 13(b)
and (c) shows how the divertor peak heat load and the full
width of half maximum (FWHM) of heat load change when
the density fluctuation increases due to the turbulence spread-
ing. The reduction of peak heat load and the broadening of heat
load are well correlated with the increase of turbulence out-
side the LCFS. These results demonstrate that spreading tur-
bulence broadens the heat load profile and reduces peak heat
load. In the center of the plasma, a steep temperature gradient
can be formed by reducing the turbulence, whereas increas-
ing it at the edge reduces the device’s heat load. Experiments
have shown that turbulence, which has been emphasized as a
negative aspect of fusion, has a positive factor.

400 ——— T

L (@) r_=0.475m (LCFS) :
G323
39/ [ [} ’.‘~. ]
S 200F / ]
= 35 F
>E Increase of density ]
B2 r .=0.54m . ]
g £ 100F e fluctuation ]
©

o) ]
© ]
© 3
© :
(0] 3
< ]
X ]
© .
(] ]
o ]
2> E
(m)
=3 ]
é ]
E J
I 10} .
= [ ]
L L J
® S5 h
< [ Broadening heat load ]
5 0 [ PR BT BT BT B
0 110° 210°% 310° 410°® 510°
B, [T]

Figure 13. (a) Density fluctuation at LCFS and outside LCFS
measured by two-dimensional phase contrast imaging (2D-PCI),
and (b) peak heat load and (c) full width of half maximum (FWHM)
of heat load profile at divertor plate measured with divertor probe.

5.2. Reduction of divertor heat load by magnetic island

Self-sustained divertor oscillation driven by magnetic island
dynamics was also found to contribute to the reduction of heat
load at the divertor plate [33, 34]. Figure 14 shows a typical
example of self-sustained divertor oscillation driven by mag-
netic island dynamics. The square root of the amplitude of
the perturbation radial flux,®, normalized by the amplitude of
the perturbation radial flux of RMP, ®, is also plotted as an
indicator of magnetic island width, W, because the ® /Dy, is
approximately equal to (W/§)?, where the & is magnetic island
width produced by RMP. Here, W/ is called the island expan-
sion ratio. Both the island expansion ratio and radiation at
the magnetic island’s X-point clearly show the self-regulated
oscillations. The increase of radiation is due to the rise in elec-
tron density and a drop in electron temperature at the X-point
of the magnetic island, due to an impurity accumulation at the
X-point on the magnetic island separatrix associated with the
detachment.

The time evolution of the expansion ratio of the mag-
netic island also shows clear oscillation without rotation, as
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Figure 14. Time evolution of (a) island expansion ratio and
radiation at the magnetic island’s X-point, (b) peak heat load and (c)
FWHM of heat load profile at divertor plate measured with divertor
probe.
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Figure 15. (a) Peak heat load and (b) FWHM of heat load profile at
divertor plate as function of island expansion ratio measured with
divertor probe.

indicated by a constant phase in time. The plasma current
shows a gradual increase in the negative direction and self-
regulated oscillation. The gradual increase of plasma current
is due to the beam-driven current of the tangential NB, and the
self-regulated oscillation is due to the change in the bootstrap
current [35] of the magnetic island. As seen in figure 15, the

divertor peak heat load significantly drops as the island expan-
sion ratio increases. However, the FWHM of the heat load is
unchanged, which differs in the case of turbulence spreading.
The heat load reduction is due to the enhancement of detach-
ment associated with increased magnetic island width. This
experiment demonstrates that the magnetic island near the
plasma periphery enhances the detachment of the plasma and
reduces the heat load at the divertor plate. The magnetic axis
sweep is an excellent tool for reducing the peak heat load at
the divertor plate in a long steady-state pulse operation. In con-
trast, detachment or turbulence spreading is valuable in short
operations because the pulse duration is shorter than the mag-
netic axis scan period.

6. Summary and outlook

Basic plasma physics, especially on wave-particle interaction
through (inverse) Landau damping, ion mixing, and turbu-
lence spreading, has been investigated to solve the future prob-
lems in burning plasma where alpha-channeling (ion heat-
ing by alpha particles), helium ash exhaust, and reduction of
the diverter heat load become emerging issues. The under-
standing of these basic plasma physics should provide new
insight to develop an innovative approach for solving severe
problems in the future. Physics experiments on plasma turbu-
lence and abrupt instability have provided important insights
for developing control methods for turbulence and instabil-
ity in future fusion plasmas. Therefore, the study of basic
plasma physics using low collisional plasma in LHD con-
tributes to the development of nuclear fusion research in
the future, especially for the burning plasma. Turbulence
and abrupt instabilities are deeply related to fusion plas-
mas and various phenomena occurring in space and on
the Earth.
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Appendix A. Turbulence transport in multi-ion 8
plasma . =

10 LHD ET
A.1. Comparison of turbulence characteristics between LHD - RERE NG B
and W7-X W7-X ETG
Physics experiments on deuterium and hydrogen isotope
mixed plasmas have led to discoveries about turbulence and 107"

abrupt instability that interfere with maintaining plasma sta-
bility. Concerning turbulence and transport, we investigated
the impact of magnetic field configuration on heat transport
in the Wendelstein 7-X (W7-X) stellarator and LHD helio-
tron using gyrokinetic simulations. It is an important issue
how the magnetic configuration, such as ripple, magnetic
shear, and geodesic curvature, affect turbulence characterist-
ics. Therefore, when comparing turbulence and transport in
different magnetic configurations, such as LHD and W7-X,
it is necessary to understand turbulence and transport bet-
ter. We found ion-temperature gradient (ITG) and electron-
temperature gradient (ETG) turbulence’s different contribu-
tions to the total heat flux between W7-X and Large Helical
Device (LHD) [36].

Figure 16 compares turbulence and transport characteristics
between W7-X and LHD. The gyrokinetic simulation using
the same normalized temperature and density gradient (a/Lr;
=3,a/Lte =3, a/Lye =0, and T, /T; = 1) demonstrates that
the ITG turbulence is much higher than the ETG turbulence
in W7-X. In contrast, ITG and ETG turbulence is comparable
in LHD. This is consistent with the experimental fact that ion
temperature clamping is severe in W7-X [3] but not observed
in LHD [37].

A.2. Pellet injection experiment

In both W7-X and LHD, pellet injection can trigger the trans-
ition from a low- to a high-performance branch during the
density decay phase after the pellet injection [38]. As seen
in figure 17(a), the plasma stored energy is higher in a dis-
charge with density ramp-up with pellet injection than with gas
puff only. Confinement improvement by pellet injection has
been widely observed in tokamaks and stellarators. In addi-
tion, further confinement improvement is observed during the
density decay phase after the pellet injection, which is indic-
ated as high performance (HP), while the plasma stored energy
is lower (low performance: LP) during the density ramp-up
phase after the pellet injection. The improvement of the con-
finement time in the HP phase is 1.5 and 2 with respect to gas
puff fueled plasmas. The improvement of performance after
the pellet injection is more significant and the improvement
factor of confinement time in the HP phase can be up to 2.0

100 200 300 400 500 600 700 800
Time [a/c,]

0

Figure 16. Heat fluxes, normalized to gyro-Bohm units, were
inferred from turbulence simulations for W7-X and LHD (from
figure 6 in [36]). Reproduced from [36]. CC BY 4.0.

in LHD, as seen in figure 17(b). In both cases, the improve-
ment of confinement is goes along with density peaking and
the suppression of turbulence. Because W7-X and the LHD
have the same volume of 30m?® and their global energy con-
finement times are comparable, the stored energy obtained by
pellet injection is similar.

Besides pellet injection, anisotropic energetic particles are
an additional tool for controlling electron and carbon density
profiles in the LHD. Both electron and carbon density tend to
peak as a fraction of the anisotropic energetic particles per-
pendicular to the magnetic field increase. The experimental
results indicate that the anisotropy P /P of the energetic
ions enhances the electron density gradient and reduces trans-
port in the core [39]. This finding provides an alternative
approach, causing density peaking and confinement improve-
ment. The improvement of core transport by divertor pumping
is also observed in LHD. The effective thermal diffusivity is
unchanged, even when the neutral density at the plasma peri-
phery is reduced by divertor pumping. However, the effect-
ive thermal diffusivity in the core region decreases by divertor
pumping. This is evidence of core—edge transport coupling due
to the non-local transport process [40, 41].

Because the density peaking is predicted to stabilize the
internal transport barrier turbulence, the deeper particle depos-
ition of the pellet is essential. However, when the pellets are
injected from the low magnetic field side in a toroidal device,
it has been observed that high-density plasmoids generated
by ablation exhibit radially outward drift. This is because
the magnetic field gradient causes overpressured plasmoids
to become polarized, which leads to an E x B drift across the
magnetic field in the direction down the magnetic field’s gradi-
ents. Therefore, it is a crucial issue to reduce the plasmoid
pressure and hence E x B drift and realize the deeper particle
deposition of the pellet. Then, the neon-doped pellet has been
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Figure 17. Plasma stored energy as function of line-averaged
density in discharge with pellet injection in (a) W7-X and (b) LHD.
Here, LP stands for low performance and HP stands for high
performance.

proposed as a technique to reduce the plasmoid pressure by
line radiation. In LHD, it is demonstrated that a small fraction
(=5%) of neon added to hydrogenic pellets enhances the core
density assimilation with reduced outward transport for the
low magnetic-field side injection [42].

Figure 18 shows the radial profiles of ablation and particle
deposition measured with Thomson scattering (TS). The abla-
tion peak is 0.75 of the normalized minor radius for a pure
hydrogen and 5% neon doped pellet. The pure hydrogen and
neon-doped pellets reach the same radial location. The elec-
tron density for the neon-doped pellet is 117% of that of the
pure hydrogen pellet. The ablation emission in figure 18(a) is a
total (line volume integrated) intensity, where the time of flight
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Figure 18. Radial profiles of (a) ablation profile measured and (b)
particle deposition evaluated from increase of electron density using
Thomson scattering (TS) data for pure hydrogen pellet and 5% neon
doped pellet. (¢) Deposition location (plO%) as a function of the

dep
ablation location (pﬁﬁfmul) for hydrogen (H,) and 5% and 10% neon
doped pellet.

is converted to a normalized minor radius, using the pellet
velocity measured. In contrast, there are significant differences
in the deposition peak between the pure hydrogen and 5% neon
doped pellet. In the case of pure hydrogen pellets, the depos-
ition peak is almost at the plasma edge (p ~ 1) due tothe E x B
drift. The deposition peak almost matches the ablation peak
(p ~ 0.75) in the cases of neon-doped pellets, which indicates
that the £ x B drift is almost suppressed by the small amount
(5%) of neon. Figure 18(c) shows that the suppression of the
E x B drift is observed in a wide range of ablation locations.
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Here, p‘li(e);% is defined by the normalized radius at which the

normalized electron density increment value evaluated from
the pre- and post-injection density profiles becomes 10% to
characterize the inner envelope of the An,(p) profile. It is also
essential to find that the neon concentration required to sup-
press the E x B drift is only 5%.

A.3. Boron powder injection experiment

We also found a reduced-turbulence regime with boron powder
injection in LHD [43, 44]. The impurity powder dropper (IPD)
is a device capable of injecting controlled amounts of sub-
millimeter powder into the plasma under gravity. The IPD
was first installed on the LHD with the National Institute for
Fusion Science (NIFS) / Princeton Plasma Physics Laboratory
(PPPL) International Collaboration framework in Japan. The
transition to increased confinement and reduced turbulent fluc-
tuations is driven by injecting sub-millimetric boron powder
grains into the plasma. With the line-averaged electron dens-
ity kept constant, we observe a substantial increase in stored
energy and electron and ion temperatures. As seen in figure 19,
both central ion and electron temperatures increase by boron
injection using an IPD, while the electron density profile is
almost identical. The increase of central temperature by boron
injection is 20%-30%.

Transport analysis shows that ion and electron thermal dif-
fusivity decreases, especially near the plasma edge, as seen
in figure 20. The shaded areas represent an estimated average
relative error of 20% on the transport analysis results obtained
by comparing different time frames of the simulation over a
time window of t=0.4s centered around t=7s. The reduc-
tion of ion thermal diffusivity is observed in the whole plasma
region, while the decrease in electron thermal diffusivity is
localized near the plasma periphery. Figure 20(c) shows the
frequency spectrum of plasma turbulent fluctuation amplitude
measured with PCIL. The turbulence peak at a frequency of
60kHz disappears with the boron power injection. There are
two types of turbulence observed in LHD; one is turbulence
with a narrow peak at ~15kHz, and the other is a broad peak
at ~60kHz [25]. Gyrokinetic simulation predicts that ITG
has a low frequency of 10kHz (k; = 0.2mm™') with nar-
row width (~10kHz), while TEM has a higher frequency of
55kHz (k; = 0.23mm™") with a wider width (~30-50 kHz).
In LHD, the ITG mode appears at higher density and has a
peak at a lower frequency because it has a peak at low-k in
the scale of k| p; ~ 0.2-0.4 in LHD [45]. Therefore, one of
the candidates for the turbulence with a peak of 60kHz is
the trapped electron mode (TEM), which has been typically
observed in plasma with relatively low density in LHD. By
injecting impurity powder, the peak at 60 kHz disappears com-
pletely, which suggests the reduction of TEM turbulence in the
plasma core.

Boron power injection has two effects. One is the reduction
of turbulence by increasing the effective charge, Z., and the
other is the reduction of neutral influx through wall condition-
ing with boron coating. The reduction of ion thermal diffus-
ivity by increasing the impurity concentration and its negat-
ive gradient has been observed in the carbon pellet injection
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Figure 19. Radial profile of electron density, electron temperature,
and ion temperature in discharge with (red) and without (blue)
boron injection with impurity powder dropper (IPD).

experiment in LHD [46, 47]. A comparison study of materials
using powders of different materials (B, C, BN) was also made
to distinguish these two effects in LHD [48]. These three cases
observed a similar increase in temperature and a reduction
of the 60 kHz peak of turbulence amplitude. The decrease in
recycling has also observed for these three cases, although it
was not expected for the carbon powder drop.

A.4. Proton-boron (p"' B) fusion experiment

In deuterium—tritium (DT) fusion, a high-energy neutron is
produced, which causes the fusion devices to be activated.
Proton—boron (p'!'B) fusion has a great advantage in that an
energetic alpha particle is produced rather than an energetic
neutron. It is an attractive potential energy source but is tech-
nically challenging to implement. Developing techniques to



Nucl. Fusion 64 (2024) 112009 K. Ida et al
t=7 1+ 02s #178062, B=2.75 T (CCW), R,,=3.60 m
I I I ! 2 _l I T I T I L] I T I T I I_
(a) Pecy 1H (a)_
3 1 (MW) olhlde v vt 0y
L 1 I T I T I L] I T ] T 1 L=
6 —
Pyg_inj 4 ] — NB1
{MW) 2 | — NB3
B J|—— NBS
]
5 0.9
g 0.6 Nepar
Too (keV) > . 19 3
1 03 (10 m)
i 0 0.0
Line 8
integrated 6
BV emission 4
(a.u) 2
0F =
E 3 Alpha
Pulse 150F (e)_E 1.5 particle
count 100 E_ _: 1.0 emission
rate 3 E rate
(keps) SOF - 0-5by FEUEN
o C. " ' D.D (10 S_ )
3 4 65§ 6 7 8 9 10

10" Freq [kHz] 102

Figure 20. Radial profiles of (a) ion thermal diffusivity and (b)
electron thermal diffusivity, and (c) frequency spectrum of density
fluctuation in discharge with (red) and without (blue) boron
injection with impurity powder dropper (IPD).

realize its potential requires first developing the experimental
capability to produce p!'B fusion in a magnetically confined,
thermonuclear plasma environment. A simulation experiment
for p!'B fusion has been done in LHD using a boron IPD [49].
The detector is designed so that there is no direct line of sight
from the core plasma to the detector, in order to eliminate dir-
ect radiation from the plasma.

The alpha particle detector was installed in the lower
port section in LHD. The first experiment to demonstrate
the proton-boron (p!''B) fusion was performed in a hydro-
gen beam discharge with a magnetic axis of Ry = 3.6m,
a magnetic field of 2.75T, line averaged electron density of

Time (s)

Figure 21. Time evolution of heating power of (a) ECH and (b)
hydrogen NBI (NB1, NB3, NB5), (c) central electron temperature
and line-averaged electron density, (d) line integrated B V emission,
and (e) pulse count rate of alpha particle detector, and prediction by
simulation code FBURN.

5% 10" n~3, and a central electron temperature of 3keV.
The tangential beam energy was 150-160keV, which could
access the energies required for p''B fusion near the first res-
onance. Figure 21 shows the time evolution of the heating
power of ECH and two NBIs with a negative-ion source (NB1,
NB3) and one nuclear beam injecion (NBI) with a positive-ion
source (NBS5), central electron temperature, and line-averaged
electron density; line-integrated B V emission, and pulse count
rate of the alpha particle detector, and prediction by simulation
code FBURN. The hydrogen beam and hydrogen gas puff are
applied to avoid the neutron emission from the D-D reaction.
After the boron injection, the passivated implanted planar sil-
icon (PIPS) detector’s count rate increases. After the NBI with
an acceleration energy of 160keV is turned off, the count rate
drops to zero, although the NBI with an acceleration energy
of 80keV sustains the discharge. The flux of alpha particles
produced by the p''B fusion is calculated using the simulation
code FBURN. The excellent agreement of the measured count
rate with the simulation results proves the realization of p''B
fusion in a magnetically confined plasma.

Appendix B. Other issues

Reducing energy loss due to particle diffusion is indispens-
able to realize a stable sustainment of nuclear fusion reac-
tions. Therefore, the external control of the energetic particles
is another aspect of basic plasma physics for solving the
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problem of future burning plasma [50]. External control of
the stiff energetic-ion-profile was successfully demonstrated
when an electron cyclotron current drive (ECCD) was applied
to plasma with energetic-ion-profile stiffness. The gradient of
the neutron emission profile at the Alfven eigenmode active
region (0.6 < refr/agg < 0.9) is much larger in the counter-
ECCD case than in the co-ECCD case. It is noted that
energetic-ion confinement can be externally controlled by a
change of damping rate of the Alfven eigenmode, even when
the energetic-ion profile becomes stiff. The profile stiffness
of energetic ions and their external control could contrib-
ute to developing a control method of fusion-burning plas-
mas. Energetic ion anisotropy was also observed with neut-
ron diagnostics [51], and the experimental result yields pro-
spects for quantitative validation of neoclassical fast-ion trans-
port calculations [52].

The plasma physics on other issues are also studied in LHD.
For example, in the magnetic island and MHD instability, a
comparison of plasma boundary stochastization and divertor
detachment between W7-X and LHD has been investigated
[53]. Employing the 3D edge transport code EMC3-EIRENE
in tandem with the 3D non-linear equilibrium code HINT
in W7-X, it was found that the changing magnetic topo-
logy was significantly reflected in edge transport and diver-
tor heat load patterns. Parity transition in the radial structure
of instability was found in LHD [54, 55]. The transition from
the interchange parity to the tearing parity and its back trans-
ition was observed at the rational surface of ¢ =1 near the
plasma periphery. This parity change is associated with the
appearance and disappearance of a 1/1 magnetic island asso-
ciated with a minor collapse with magnetic field reconnec-
tion. Theoretical models relating to the experimental obser-
vation in LHD were proposed. Turbulence-driven vortex-flow
and a magnetic island-induced internal transport barrier was
also investigated [56]. The influence of sawtooth oscillations
on fast ions were also investigated in LHD [57]. Optimization
of the MHD stability in inward shifted LHD plasmas has been
studied from a theoretical point of view [58].

Impurity control and plasma-wall interactions were also
studied in LHD. It was found that additional electron cyclo-
tron resonance heating (ECRH) mitigated thermal quenches
induced by tungsten TESPEL injection in LHD [59]. This
experiment demonstrates the importance of electron temperat-
ure gradient in enhancing the outward flux of impurity trans-
port. Simultaneous measurement of multiple charge states,
from WO to W** was made via visible, vacuum ultravi-
olet, extreme ultraviolet, and x-rays spectroscopy [60, 61].
Observing tungsten emission spectra up to W40 ions has good
prospects for high-Z impurity transport control in fusion plas-
mas. Recently, a statistical approach was applied to control
the plasma parameters as a new method beyond feedback con-
trol. ASTID’s data assimilation system demonstrated real-time
predictive plasma control in LHD [62]. The ion cyclotron res-
onance frequency (ICRF) heating system in LHD includes a
hand-shake form antenna and a field-aligned-impedance trans-
forming antenna. A plasma production and heating exper-
iment using the ICRF heating system was performed in
LHD [63].
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