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CrossMark
Abstract
In recent deuterium experiments on the large helical device (LHD), we succeeded in
expanding the temperature domain to higher regions for both electron and ion temperatures.
Suppression of the energetic particle driven resistive interchange mode (EIC) by a moderate
electron temperature increase is a key technique to extend the high temperature domain of
LHD plasmas. We found a clear isotope effect in the formation of the internal transport barrier
in high temperature plasmas. A new technique to measure the hydrogen isotope fraction was
developed in the LHD in order to investigate the behavior of the isotope mixing state. The
technique revealed that the non-mixing and the mixing states of hydrogen isotopes can be
realized in plasmas. In deuterium plasmas, we also succeeded in simultaneously realizing the
formation of the edge transport barrier (ETB) and the divertor detachment. It is found that
resonant magnetic perturbation plays an important role in the simultaneous formation of the
ETB and the detachment. Contributions to fusion reactor development from the engineering
point of view, i.e. negative-ion based neutral beam injector research and the mass balance
study of tritium, are also discussed.
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1. Introduction

Deuterium experiments were conducted on the large helical
device (LHD) since March 2017 [1-3]. The objectives of these
experiments are to (1) realize high performance plasmas that
can foresee reactor relevant plasmas in the helical system using
the benefit of isotope effects in plasma confinement and an
upgraded heating device, (2) explore the physics related to
the isotope effect in toroidal plasmas, (3) investigate the con-
finement property of energetic particles (EPs) in helical plas-
mas and (4) extend the plasma—material interaction, especially
the retention of hydrogen isotopes inside the machine, using
the steady state operability of the LHD. The experiments will
demonstrate the scientific feasibility of a helical-type fusion
reactor and will provide important information in developing
operation scenarios and a comprehensive understanding of the
physics for future reactor plasmas.

In the first campaign of the deuterium experiment in 2017,
an ion temperature (7;) of 10 keV was achieved for the first
time in helical devices [3]. The achieved electron temper-
ature (7.) was ~4 keV for high ion temperature plasmas.
In a future fusion reactor, high temperature plasmas will be
mainly sustained by energetic alpha particles, produced by a
deuterium—tritium (D-T) fusion reaction. Because the initial
energy of the alpha particle is much higher than the critical
energy (E. ~ 37.2T.), the heating power from alpha particles
to bulk ions becomes comparable to that of bulk electrons, and
electron heating is dominant in such a fusion sustained plasma.
Thus, it is expected that the T is larger than or at least com-
parable to the T in fusion sustained plasmas. Conversely, it is
pointed out that the confinement property of such an electron-
heat dominant plasma might be degraded because turbulence
transport becomes significant when the 7./T; ratio becomes
high [4, 5]. Therefore, exploring the high electron temperature
region of high ion temperature plasmas and investigating their
confinement properties are important.

The isotope effect is a long underlying mystery in plasma
physics because most experimental observations in tokamak
plasmas show favorable effects from the ion mass on the
energy confinement time (7g) while the theoretical prediction
based on the gyro-Bohm model shows an unfavorable effect,
i.e. 75 oc M2, The isotope effect of L-mode confinement
plasmas was investigated by comparing dimensionally simi-
lar hydrogen and deuterium plasmas in the LHD and showed
the existence of a mass dependent factor in the empirical scal-
ing law of confinement time, in addition to the gyro-Bohm
dependence [6]. The comparison has been extended recently
to mixture plasmas to achieve a more general understanding
of the 7. The isotope effect on plasmas is also evaluated with

the internal transport barrier (ITB) by defining an ITB intensity
[7]. Particle behaviors of hydrogen isotopes in their mixture
plasmas are also important because the fusion output of future
reactors is dominated by the ratio of D and T ions in plasmas. A
new technique based on charge exchange spectroscopy (CXS)
to investigate the hydrogen isotope fraction was developed to
investigate the behavior of hydrogen isotopes in their mixture
plasmas [8].

Investigation of the EP confinement property in helical plas-
mas is also an important issue in LHD deuterium experiments.
Because a neutron produced by the deuterium-—deuterium
(D-D) fusion reaction exhibits a larger cross section as the rel-
ative energy between reactant ions increases, the neutron diag-
nostic can be used as a good tool to evaluate the confinement
properties of EPs. In the first year of the deuterium experi-
ment, we successfully demonstrated that the LHD has good
EP confinement properties which are comparable to tokamak
devices with a similar size in the poloidal cross section, such
as the KSTAR using a triton burn-up experiment [9]. Through
the deuterium experiment, we are also constructing an EP-
confinement database of helical system for quiescent plasmas
using an NB-blip experiment and have revealed its confine-
ment property through a comparison to a numerical simulation
code, i.e. GNET [10]. The interactions between EPs and EP-
driven instabilities are of our great interest. A significant loss
of up to 60% of EPs, produced by NB injection, by the influ-
ence of the EP driven resistive interchange mode (EIC), was
reported [11]. Since the loss of EPs by the EIC is a significant
obstacle in extending high temperature plasmas in the LHD, a
method to control the EIC [12] and the influence of the EIC on
EPs were investigated [11, 13].

The realization of both divertor heat load mitigation and
good core confinement properties is an important issue in
developing future reactor scenarios. The resonant magnetic
perturbation (RMP) is utilized to stabilize the detachment
[14, 15]. It was found that the expansion of the low tempera-
ture region below 20 eV, enables enhanced radiation power that
almost reaches 60% of the input heating power. An edge trans-
port barrier (ETB) was formed at the confinement boundary at
the onset of detachment. Further improvement in confinement,
i.e. an RMP induced H-mode, was also found after the onset
[16].

The contribution to fusion reactor development from an
engineering point of view is also an important aspect of the
LHD deuterium experiment. Especially, the contribution to the
development of negative-ion based neutral beam injectors (N-
NBIs) is very important for the ITER and/or future fusion reac-
tor development because the LHD is the only machine which
has demonstrated the reliable operation of multiple N-NBIs for
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more than twenty years and also shows that the requirements
of the ITER-NBI in a beam current, beam divergent angle, and
co-extracted electron fraction can be simultaneously fulfilled
in real plasma experiments. This fact strongly encourages the
use of N-NBI in the ITER. The tritium mass balance study is
also an important contribution of the LHD deuterium experi-
ment, because the LHD is the only toroidal plasma confining
device which can monitor the tritium amount contained in the
whole vacuum exhaust, not only from the torus but also the
peripheral devices which connect to the torus, except the JET
where tritium can be used as a fueling gas. Investigation of tri-
tium distribution in the torus is also important to examine EP
behavior in the device, because the initial energy of tritium by
the deuterium—deuterium (D-D) fusion reaction is very high,
ie. ~1 MeV.

In this paper, recent research activities on the LHD are
reported. The extension of the temperature domain of LHD
plasmas is reported in section 2. The exploration of the physics
related to hydrogen isotopes is reported in section 3. Control of
the EIC and the effect of the EIC on EP transport is discussed
in section 4. Realization of both divertor heat load mitigation
and good core confinement properties with an RMP induced
H-mode are shown in section 5. In section 6, contributions to
fusion reactor development are shown from the engineering
point of view, where the research and development activities
for N-NBIs and tritium mass balance studies are discussed.
Section 7 is the summary.

2. Extension of high temperature domain of LHD
plasmas

Recent activities in extending the high temperature domain of
LHD plasmas are summarized in figure 1(a). As shown in this
figure, the achieved high T; domain was successfully expanded
to the high T region in the deuterium experiment. The expan-
sion of high 7; plasmas to the high 7. region becomes pos-
sible mainly due to the suppression of the EIC, which causes
significant loss of EPs, by an increase of 7. with the superposi-
tion of electron cyclotron heating (ECH) with high-T; plasmas
[17]. Presently, we successfully achieved the T; = 10 keV and
T. = 6.6 keV with mitigation of the EIC by ECH. The main
mechanism of EIC mitigation by ECH is reduction of resis-
tivity, which leads to narrowing the width of the EIC mode
structure [18]. The detail of the EIC mitigation mechanisms
is discussed in section 4.1 and can also be found in [18, 19].
Conversely, if the increase in T, by ECH is significant, the
thermal ion confinement property degrades with the increase
of the T./T; ratio [4, 5, 17]. Figure 1(b) shows the depen-
dence of the normalized scale length of 7; on the T./T; ratio
at a normalized minor radius (reg/age) of 0.17. Here, ret is the
effective minor radius defined as the radius of the equivalent
simple torus which encloses the same volume as the toroidal
flux of interest and agg is the effective minor radius which
encloses 99% of the total electron pressure [20]. This figure
indicates that the existence of a threshold value in the 7./T;
ratio at ~0.75 where the thermal ion confinement property is
degraded and that the flattening of the T-profile occurs above
the threshold. These results show that the control of T, at
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Figure 1. (a) Temperature domain achieved in LHD.

(b) Dependence of normalized scale length of 7'; on T/T; at
normalized minor radius of reg/agg = 0.17. (Reproduced with
permission from [17].)

a moderately high value, i.e. T, = ~0.75Tj, is important in
achieving high-T; plasmas to simultaneously mitigate the EIC
and avoid confinement degradation of thermal ions [5, 17].
Figure 2 shows the radial profile of T, T; and thermal dif-
fusivities for electrons (x.) and ions (;) for high temperature
discharges with and without on-axis ECH superposition [17].
Applying the ECH superposition, the 7, gradient increased at
the center region and the reduction of Y., especially in the
region ref/agg < ~0.4 due to electron ITB formation, was
observed. For the ion thermal confinement, the yx; reflects the
tendency of the 7; gradient and y; with the ECH case was
smaller than that without the ECH case, especially in the region
around reg/ag9 = 0.6—0.8. Here, we have to note that the EP
losses by the EICs were not included in the power balance anal-
ysis because an adequate simple EP loss model, which can be
used for the analysis, was not constructed, yet. Thus, the ion-
heating power was overestimated in the power balance analysis
when the EIC was excited. This leads to an overestimation of
x; When the EIC is excited. The EIC occurs as a result of inter-
action between helically trapped EPs and the resistive inter-
change (RIC) mode at iota = 1 surface, which usually locates
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Figure 2. Raidal profiles of (a) T, (b) T}, (¢) Xe, and (d) x; without
and with on-axis ECH.superposition of 1.8 MW. (Reproduced with
permission from [17].)

near reg/agg = ~0.9. It was found that the peak of EIC mode
structure locates slightly inward to the peak location of the RIC
and is at reg/agg = ~0.8 [21]. Thus, the decrement of actual
ion heating power around reg/agy = ~0.8 is expected by the
influence of the EIC. This interpretation is more or less consis-
tent with the increase of y; without an ECH superposed case,
where the EICs are not mitigated, as shown in figure 2(d). A
simple EP loss model construction for power balance analy-
sis is now under investigation based on the analysis shown in
reference [8]. This model will validate the interpretation for x;
overestimation by the EP losses by the influence of the EICs.

3. Isotope effect and phenomena related to
hydrogen isotopes

3.1. Investigation of the isotope effect in L-mode plasmas
(including ion species mixture plasmas)

As mentioned in the previous section, the isotope effect
on 7g of L-mode plasmas was investigated by comparing
dimensionally similar plasmas of H and D ions [6, 22, 23].
In future fusion burning plasmas, D and T ions will co-
exist. Thus, extending the understanding to mixture plasmas
of hydrogen isotopes is important. A comparison of H, D and
H/D mixture plasmas heated by the NBI at the configuration of
R.x. = 3.6 m, which is the standard configuration of the LHD,
was performed for dimensionally similar plasmas [23]. Here,

dimensionally similar means that the dimensionless param-
eters, which are normalized Larmor radius (p*), normalized
collisionality (~*) and normalized pressure (), are kept at the
same value. In order to keep p*, v* and § the same value,
the magnetic field strength (B), density (n), and temperature
(T) must scale as B oc M**, n o« M, and T o< M"2, respec-
tively, where M is a mass number [6, 22—-25]. For mixture
plasmas, the effective mass (M) is adopted as M. The main
heating scenario of these experiments is electron-heating by
high-energy tangential N-NBI because the plasma initiation
at non-ECH-resonant magnetic field strength (1.64 T) is only
possible by hydrogen tangential N-NBI on the LHD [2, 26].
Figure 3 shows typical profiles of dimensionally similar exper-
iments for hydrogen and deuterium plasmas. As shown in this
figure, the normalized T, T; and n. profiles of hydrogen and
deuterium plasmas are amazingly similar to each other. As a
result, evaluated p*, v* and 3 profiles for hydrogen and deu-
terium plasmas become almost identical. Figure 4 shows the
comparison of 7 in the experiment [23]. Here, stored thermal
energy was evaluated by the measured temperature and density
profile. The dilution of ions due to major impurities of helium
and carbon was also considered. An empirical scaling law was
achieved as

R360NBI —0.07£0.01 p0.85— 0.73+0.01 —.081+0.01
TE xM B""n, Pps > (D

where the effective mass (M. ) including the multi-ion effect
was used as M [23].

Here, an almost negligible mass dependence was identi-
fied and contradictory to gyro-Bohm scaling, which exhibits
a M2 dependence in engineering parameter scaling [27].
When 7¢ normalized by ion gyrofrequency (£2;) is assumed to
be expressed by 4 dimensionless parameters (M, p*, v* and B),
this scaling law can be rephrased as [23]

—3.02 15 H—
TER360NBlQi o M0.94p* 3.0 l/*O Sﬂ 0.23. (2)

This expression exhibits a clear dependence on M, in
addition to the gyro-Bohm dependence of 7€) oc M°p*~3
[6, 23, 28]. The equation (2) is similar to the expression pro-
vided in the previous work [6], although the exponents of v*
and [ are slightly different.

In empirical scaling laws for tokamak-devices, mass depen-
dence is also considered. For example, the favorable mass
dependence of M%* and M®!' is shown both for the
ITER L-mode (ITER97-L) scaling and the ITER ELMy H-
mode (IPB98(y,2)) scaling, with engineering variables like
equation (1) [29, 30]. The physical expression for these two
scalings are [30];

ITER97—L
TE,th /T8 X p

% M0.67q73.74570.09l€3.22’ and (3)

*0.15671.411/*0.19

1PB98(y,2 —0.70 ,—0.90, *—0.01
g 2) /T8 x p* I1 v*
% M0.96q—34060.73’€2.3’ (4)

respectively. Here, 75 is Bohm time, ¢ is the safety factor, ¢ is
the inverse aspect ratio, and « is the elongation/ellipticity. The
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Figure 3. Profiles of dimensionally similar hydrogen and deuterium plasmas. (@) Normalized electron temperature, (b) ion temperature, and
(c) electron density profiles shown by blue open circles for hydrogen and red closed circles for deuterium. Negative and positive sign in
reff/agg indicate inboard and outboard side location. Evaluated (d) p*, (e) v*, and (f) local S profiles also shown by blue solid lines for
hydrogen and red dashed lines for deuterium. Reprinted figure with permission from [6], Copyright (2019) by the American Physical Society.
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Figure 4. Comparison of energy confinement in experiment with
empirical scaling law. (Reproduced with permission from [23].)

7 is defined as 7 = a’B/T using the minor radius (a), mag-
netic field strength (B), and temperature (7°) [30]. Considering
the fact that 75 can be written as 7 = 1/£2;p*? for hydrogen
isotopes, equations (3) and (4) become;

ITER97—L +—1.85 5—1.41 x0.19
TE th Qo< p B v

X MO'67q_3‘74€_0'09;‘€3‘22, and (5)

IPB98(y,2) #=2.70 5-0.90 x—0.013 0.96 ~3.0_0.73,.2.3
TR Qi ox p I} v MO96g730073,23 - (6)

Comparing these equations to equation (2), it was found
that the M and p* dependences of the LHD L-mode are closer
to those of the ELMy H-mode scaling in tokamaks although
the confinement property of H-mode plasmas is originated
from the ETB formation at the pedestal region, while the
formation of ETB is not clear in LHD L-mode plasmas.

Thermal diffusivity in dimensionally similar plasmas has
also been compared to clarify the character of the isotope
effect. Figure 4 shows the comparison of thermal transport
at a two thirds minor radius in dimensionally similar H and
D plasmas [23]. Considering the fact that the global energy
confinement time is roughly expressed by the square of the
minor radius (a) and the reciprocal of thermal diffusivity (),
i.e. Tg ~ a?/x, and the mass dependence of equation (2) can
be approximated by 7£€); oc M', the normalized thermal diffu-
sivity (x/€2;) can be expressed as x/€; oc M~'. Thus, the ratio
of normalized thermal diffusivity can be given by [22, 23];

X2/ . My
~TH o5, 7
X1/Qu Mp @
and
(XM/m) =2 (x°/p) . (8)

As shown in figure 5(a), the x./€2; of hydrogen plasmas
stayed almost twice as large as those of deuterium plasmas.
This is consistent with equation (8). Conversely, the tendency
of xi/€); is different. As shown in figure 5(b), the xi/€); of
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Figure 5. Comparison of (a) electron thermal diffusivity and (b) ion
thermal diffusivity for dimensionally similar H and D plasmas
(Reproduced with permission from [23]).

hydrogen plasmas are almost twice as large as those of deu-
terium plasmas at the low collisionality region. As the colli-
sionality increases, the y;/€); of both hydrogen and deuterium
plasmas decreases and the difference between hydrogen and
deuterium becomes almost none. The mechanism of this differ-
ent tendency in ion thermal diffusivities at the high collision-
ality region is not clear yet. It must be noted that this discrep-
ancy of x;/€2; from equation (8) at high collisionality will not
affect the linear dependence of M in 7g(}; scaling, because the
contribution of the ion confinement channel to the global con-
finement property is small under the electron heating dominant
condition by energetic N-NBI [22, 23].

In figures 6(a) and (b), the normalized density fluctuation
and density profiles are shown for a typical dimensionally sim-
ilar pair of H and D plasmas at v* = ~0.2, respectively [22].
Here, density fluctuations are measured by a phase contrast
imaging (PCI) diagnostic [31] and are normalized by the elec-
tron density of figure 6(b). The electron densities are evaluated
by the Arbel inversion technique, using line integrated electron
densities, measured by a far-infrared interferometer diagnos-
tic, which locates next to the PCI diagnostic [32]. As shown
in figure 6(a), the relative amplitude of hydrogen is larger than
that of deuterium in the region between reg/agg = 0.5 and 0.8.
The k-spectra normalized by the ion Larmor radius (p;) are
also shown in figure 6(c) where the density fluctuation data
between reg/agg = 0.5 and 0.8 were used. The peak positions
of the wave number spectra are almost same at kp; = ~0.7 and
the peak amplitude is smaller for deuterium than for hydro-
gen. Coinciding reduction of density fluctuation and thermal
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Figure 6. (@) Normalized electron density fluctuation profiles and
(b) electron density profiles shown. Electron density profile
evaluated by Arbel inversion technique using line integrated electron
density measurements by FIR interferometers. Electron density
fluctuation measured by PCI diagnostic and normalized by electron
densities. (b) Wave number spectra for electron density fluctuation
between r = 0.5-0.8. ((a) and (c) Reproduced from [22]. © IOP
Publishing Ltd. CC BY 4.0.)

transport has been observed [22]. Further analysis based on
gyrokinetic Vlasov (GKV) simulation [4] is ongoing to inves-
tigate the mechanism of the reduced transport and its relation
with density fluctuation.

3.2. Isotope effect for plasmas with an ITB

In the high 7; plasmas on the LHD, the formation of an ITB
is observed. To qualitatively investigate the isotope effect for
plasmas with an ITB, we defined an ITB intensity;

f}’liTidV

(ITB intensity) = W,

€)

where T;; ™" is a reference ion temperature for L-mode plas-
mas [7, 33, 34]. The analysis was applied for plasmas of mag-
netic axis configurations of Ry, = 3.55 m, 3.58 m, and 3.6 m
[33, 34], where high T; plasmas scenario development was
often performed because the neoclassical transport of LHD
plasmas were predicted to be better at these inwardly shifted
magnetic configurations, i.e. configurations of R, < 3.75 m.
The configuration of R;x = 3.53 m is called a neoclassical
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Figure 7. (a) Dependence of ITB intensity on P; /7. for the
magnetic-axis configuration of R,x = 3.55 m and () for
magnetic-axis configuration of R,x = 3.6 m. Open circles and closed
squares represent data from deuterium and hydrogen discharges,
respectively. (¢) ITB intensity distribution on P; /7. and L, 1 for
magnetic-axis configurations of R,y = 3.55 m, 3.58 m and 3.6 m.
Open circles and closed square represent data from deuterium and
hydrogen discharges, respectively. Colors of symbols indicate ITB
intensities. (Reproduced from [35]. © 2021 IAEA. CC BY 4.0.)

optimized configuration [35], but it was difficult to perform
an experiment recently, due to the interference of EPs with
the inboard side of the LHD-VV with the increased heating
power of LHD-NBI and the R,x = 3.55 m is the minimum
major radius of the magnetic configuration with high-power
NBI operation.

Figure 7(a) shows the dependence of the ITB intensity on
the ion heating power density for a magnetic-axis configura-
tion of Ry = 3.55 m, where ion heating power is normalized
by the line averaged electron density. A similar figure for a
magnetic-axis configuration of R, = 3.6 m is also shown in
figure 7(b). As shown in figures 7(a) and (), the ITB inten-
sity becomes larger as the ion heating power density increases.
For a magnetic-axis configuration of Ry, = 3.55 m, the inten-
sity is larger in deuterium than in hydrogen, when the ion

0,0 ITG o,0 TEM
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Figure 8. Turbulence linear growth rate calculated by GKV
simulation for ITB and L-mode plasmas at R,x = 3.55 m
configuration. Simulation performed for D-plasmas (left column)
and H-plasmas (right column), and at reg/agy = 0.5 (top row) and
0.8 (bottom row). Red solid lines with symbols and black dashed
lines with symbols indicate results for ITB plasmas and L-mode
plasmas, respectively. Closed circles for ITG and open squares for
TEM. (Reproduced from [35]. © 2021 IAEA. CC BY 4.0.)

heating power density is greater than 4 MW/10'> m—3. This
indicates the existence of an isotope effect in plasmas with an
ITB. Principal component analysis (PCA) was performed in
the dimensional space of (P;/7ie, G1.0, Ly, ~ U ne, L,~ 1, where
ne is the electron density, and 7, is the carbon density, evalu-
ated by CXS. The L indicates the gradient scale length for each
density profile at ret./agg = 0.6 [33, 35] and is defined as;

1 da
« Breff’

L, ' = (10)
for a certain parameter «. These five parameters were cho-
sen according to empirical experimental knowledge [3, 36—38]
and theoretical predictions [4, 39, 40], where their impact of
them on the micro-scale turbulence growth rate is pointed out.
PCA determines the orthogonal principal component coordi-
nates P;, where ‘j° is an index of natural numbers up to 5,
in such a way the data variance is maximized, and data are
regarded as points in the five dimensional space (P; /7, G| .0,
L., ', ne, L,,~") [34]. Here, direct impacts of the magnetic
axis position and the plasma ion species are assumed to be less
dominant, and their effect on the ITB strength through these
plasma parameters is considered.

By the PCA, it was found that L,,, “Land P; /7. are important
parameters for describing the dataset. In figure 7(c), all of the
data points from magnetic-axis configurations of R, = 3.55m,
3.58 m, and 3.6 m are plotted. As shown in this figure, the
ITB intensity is large when L, ' and P; /7. are large, regard-
less of the difference of magnetic-axis configuration. This fact
supports the hypothesis that the magnetic-axis configuration
and the ion-species affect the I'TB formation through plasma
parameters [34]. The mechanism how these two quantities, i.e.
L,, ~land P, /T, affect the formation of the ITB is not clear at
present.
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Table 1. List of discharges, where GKV simulations were performed, and

their plasma parameters and I'TB intensities [27].

Shot numbers 141209 141215 142541 142534
Fuel gas D D H H
7. (x10'° m~?) 1.25 3.69 1.11 3.77
Ti(0) (keV) 5.5 24 32 24
T(0) (keV) 29 2.7 35 3.2
ITB intensity 1.48 1.02 1.35 1.05
State ITB L-mode ITB L-mode
To explore the physics underlying the ITB formation, a — B5f
series of GKV simulations was performed for an ITB D- O?E 4f
plasma (#141209), an L-mode D-plasma (#141215), an ITB o 3t
H-plasma (#142541), and an L-mode H-plasma (#142534) at S 2 E
refi/agg = 0.5 and 0.8, which correspond to the inside and the -5-0 1 :
outside of the ITB foot point, respectively [32]. The results < 05 . non-rlnixing .
are shown in figure 8. As shown in figure 8, the ion tempera- 1.0 , , , ——]
ture gradient mode (ITG) driven turbulence is unstable in most B 08f 43 ;iil biis b) _
cases, and linear growth rates for ITB plasmas are one order f.: 06l Attt S _ THHE\; ]
larger than those for L-mode plasmas. In tl}e case of L-mode £ o4l W&M mixing ]
D-plasma at refr/agg = 0.8, the turbulence is found to be sta- = 0.2 * ‘R\“H"ﬂ‘d_ﬁ ]
ble. The linear growth rates at the inner side of the ITB foot “f H-beam non-mixing B
point (ref/agg = 0.5) tend to be larger than those at outer side 0.0 : - - e—
of the point (rf/agg = 0.8) in both H and D ITB plasmas. This —_ . o . c
tendency is due to the large ITG which is formed inside the g 10 Pl "“\\-\."H ) ;
ITB. The relatively large linear growth rate in the H plasmas = H-beam n N
is qualitatively consistent with its weak ITB formation. The < 5f vo e aen P N
linear growth rate of turbulence is significantly smaller in the < eme T T a.,f\.\
L-mode plasmas, although the input power, which corresponds 0 . mixing ey
to the total heat flux, is similar and the density differs only by a _ ' o ' ' ' d)
factor to the I'TB plasmas as shown in table 1. Therefore, ther- 5 3f hon-mixing et np "7
mal transport may not be explained by turbulences or a model L v s .:;".E bt
considered here. & 2F e e T
a qt * EN
3.3. Mixing and non-mixing states of hydrogen isotopes - 0 H-begm . \'\-,;:
In order to maximize fusion power in a future fusion reactor, a 02 04 06 08 1.0
uniform mixture of D and T ions with a ratio of D/T = 1 is pre- Mot /399

ferred. From a gyro-kinetic simulation, two states of isotope
particle transport can be expected in isotope mixture plasmas,
where isotope species exhibit freedom in a quasi-neutral con-
dition, because this can be a constraint in evaluating ion den-
sities, when charge numbers of ions are different but cannot
be a constraint when the charge numbers are same and mass
numbers are different [41]. The first state is an ITG dominant
case, wherein the particle diffusivity of the ion (D;) is larger
than that of the electron (D.). In this case, a large ion particle
transport is expected, and the radial density profile of differ-
ent isotope species will become the same, regardless of their
source location, i.e. the isotope mixing state. The second state
is the trapped electron mode (TEM) dominant case, wherein
the D, is larger than the D;. In this case, a small ion particle
transport is expected, and the radial density profile of these
species can be different, depending on their source location,
i.e. the isotope non-mixing state. These cases are crucial issues
for controlling fusion power in reactors. Thus, investigating
the behavior of mixing/non-mixing states of hydrogen isotopes
and their relation to the turbulence in plasmas is important.

Figure 9. (a) Electron density profile, and (b) hydrogen fraction
profiles for non-mixing (red lines with symbols) and mixing (light
blue lines with symbols) cases shown. (c) Profiles of hydrogen
(solid lines with circles) and deuterium (dashed lines with circles)
ions for non-mixing case, and (d) hydrogen (solid lines with circles)
and deuterium (dashed lines with circles) ions for mixing case also
shown. (Reprinted figures from [42] with permission of IOP
publishing).

In the LHD, a new diagnostic to evaluate the H/D ratio
using CXS of bulk ions was developed and established [8].
The turbulence in plasmas can be evaluated through density
fluctuation by a PCI diagnostic. The particle source location
can be controlled using wall conditioning, ice pellets, and the
NBI. Thus, the LHD is a good platform to explore this type
of physics. Figure 9(a) shows typical electron density profiles
for mixing (light blue lines) and non-mixing states of hydrogen
isotopes (red lines). With low density plasma, a peaked density
profile was observed for hydrogen, while the deuterium profile
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was hollow, as shown in figure 9(d). This indicates the forma-
tion of a non-mixing state of hydrogen isotopes. The peaking
of the hydrogen fraction at the core region is due to the com-
bination of hydrogen NBI fueling at the core and deuterium
dominated wall recycling (I'p/I'y = 4) at the periphery. Here,
I'p and I'y are the influx (inward radial flux of deuterium and
hydrogen neutrals) evaluated from H, and D, intensity, mea-
sured with passive spectroscopy. When the electron density
is high, the density profiles of hydrogen and deuterium are
similar, as shown in figure 9(c), and the profile of the hydro-
gen fraction, i.e. ny/ (ny + np), is flat except at the periphery,
as shown by light blue lines in figure 9(b). The increase of
the hydrogen fraction is attributed to the increase of hydro-
gen recycling (I'p/I'y = 1.2) but the flattening of the hydrogen
fraction profile is due to the isotope mixing state. Note that
an ice pellet injection does not play a role in particle fueling in
the profile shown here. The ion temperature profiles are similar
to each other and the central ion temperature (773(0)) is about
1.7 keV. The electron temperature is higher in a non-mixing
case, where the central electron temperature (7(0)) is ~4 keV,
than in a mixing case, where 7.(0) is ~3 keV. Thus, the T./T;
ratio is higher for the non-mixing state than for the mixing state
[42]. Tt has to be mentioned that the intrinsic toroidal rotation
of co-direction is observed in the non-mixing state and that of
the counter direction is observed in the mixing state [42].

The clear difference in the turbulence spectra between these
two plasmas are also observed in figure 10, where red lines and
light blue lines indicate observed turbulence spectra in the non-
mixing and mixing state, respectively. The spectra are obtained
from 2D-PCI signals and are integrated in the real space in
the region of reg/agy > 0.4 and also in the wave number (k)
space in the region of 0. mm~!' < k < 0.8 mm~!. Here, the
background level of the PCI diagnostic is subtracted by using
the signal at the no-plasmas phase. The characteristic frequen-
cies of the fluctuation in non-mixing state are 40—100 kHz and
the fluctuation has a peak at ~80 kHz. The observed turbu-
lence in non-mixing state resembles the quasi-coherent modes
(QCMs), which is a type of TEM, observed in HL-2A and J-
TEXT ohmic plasmas and in KSTAR ECH plasmas [42—44].
The observed frequency range of the QCM at HL-2A and J-
TEXT is similar, i.e. 30—140 kHz. The QCM appears at a
low collisionality (low density) range and a higher 7./T; ratio
in these machines, as is similar to the non-mixing state. In
the Alcator C-mod, the TEM turbulence is observed when
the direction of intrinsic toroidal flow is co-direction and this
TEM turbulence disappears, associated with the flow rever-
sal from co-direction to counter-direction, which demonstrate
that TEM drives the intrinsic toroidal flow in co-direction [45].
Thus, the existence of intrinsic flow in co-direction could be an
indication of the TEM turbulence [42]. The density fluctuation
in the mixing state has a peak at 25 kHz and its frequency range
is 0-50 kHz, as shown in figure 10.

Linear growth rates of turbulence at the core, i.e.
refilagg = 0.5, and at the edge, re/age = 0.9, are calculated
by GKV code for the non-mixing and mixing state, as shown
in figure 11. The PCI diagnostic shows that the peak of the
wave number of density fluctuation is ~0.3 mm~'. The linear
growth rates for the wave number of ky = 0.2-0.4 mm~! are
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Figure 10. Results of density fluctuation measurement by PCI for
discharges shown in figure 9. Red lines for non-mixing and light
blue lines for mixing cases. (Reproduced courtesy of IAEA. Figure
from [43]. Copyright (2021) IAEA.)
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Figure 11. Linear growth rates of turbulences evaluated by GKV
code at refr/agyg = 0.5 and 0.9. Red lines and light blue lines indicate

growth rates for non-mixing and mixing states, respectively. Solid

lines indicate growth rates in ky range between 0.2 and 0.4 mm~ ',

while dashed lines correspond to other wave numbers, i.e. ky
<0.2 mm~" and ky > 0.4 mm~". (Reproduced courtesy of IAEA.
Figure from [43]. Copyright (2021) IAEA.)

plotted with a solid line in order to indicate the range for the
density fluctuations measured by the PCI. In the non-mixing
state, TEM is destabilized at the edge, where electron density
and temperature are relatively sharp, and ITG is destabilized
in the core region, where density gradient is positive (hollow
profile). Conversely, in the mixing state, TEM is stabilized near
the edge and ITG is still destabilized in the core. In the mixing
state, the electron temperature gradient (ETG) mode is also
destabilized near the edge. Because the wave number of the
ETG,i.e. ky >0.4 mm™!, is greater than that of TEM, the ETG
is not observed by the PCI diagnostic [42].

Typical characteristics of the isotope non-mixing and mix-
ing state are summarized in table 2. The plasma parameters
preferable for the non-mixing state are (1) lower collisionality,
(2) higher T./T; ratio, and (3) negative or zero density gradi-
ent, i.e. peaked or flat density profile, where TEM is expected
to be destabilized. The preferable parameters for the mixing-
state is higher collisionality, lower T./T; ~ 1, and positive
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Table 2. Typical characteristics of plasms with isotope
non-mixing and mixing state [38].

Parameters Non-mixing state Mixing state

Uniform
>2-3 x 10" m3
dne/dreg > 0
Small (<1-2)
20-40 kHz
Counter-direction

Non-uniform
<2-3 x 10 m™3
dne/dreffg 0
Large (>1-2)
60-90 kHz
Co-direction

Isotope density ratio
Electron density
Density gradient
T./T; ratio

Peak frequency
Intrinsic toroidal flow

density gradient, which can be produced by shallow pellet
injection [42]. The strong correlation between isotope mixing
and turbulence was observed in the LHD. The density fluctu-
ation peaked at ~80 kHz was observed in the plasma with the
non-mixing state, while this peak disappeared in the plasmas
with the mixing state. It was difficult to identify the turbulence
mode from the spectrum of density fluctuation. However, sig-
nificant differences in density fluctuation spectrum observed
between isotope mixing and non-mixing states demonstrate
that the observed change in turbulence is a strong candidate
for the mechanism causing the transition between isotope mix-
ing and non-mixing states. By the GKV code, it was found
that TEM can be destabilized near the plasma edge, due to a
large density gradient and the ITG can be destabilized in the
core region. The ITG in the core region is destabilized both for
non-mixing and mixing states. TEM is destabilized in the non-
mixing state and stabilized in the mixing state, which suggests
that TEM contributes to the non-mixing state, where D, > D;
is expected [46].

4. Suppression of the EIC and its effect on EP
transport

4.1. Suppression of the EIC

As mentioned in section 2, the loss of EPs by the EIC is a
significant obstacle in extending high temperature plasmas in
the LHD. Thus, we are trying to find a way to suppress the
EIC. There are three conditions for the excitation of the EIC,
i.e. (1) the marginally unstable status of the n/m = 1/1 RIC,
(2) interaction between EPs and MHD instabilities through
the resonant process, and (3) a sufficiently large EP pres-
sure gradient. Therefore, if we can remove one of these three
conditions from the high temperature discharge, we can sup-
press the EIC. However, the purpose of the suppression is to
increase the effective heating power by EPs through the avoid-
ance of its loss. The reduction of an EP population to reduce
its pressure gradient is out of our scope. Thus, we exclude
the third condition. Figure 12(a) shows a stability diagram of
the EIC as a function of the local temperature and density at
iota = 1, surface evaluated by FAR3d code [12, 19, 47]. The
iota is the inverse of the safety factor (1/¢g) and the iota = 1
surface locates at the edge of the LHD, e.g. its location corre-
sponds to reg/agy = ~0.9 in #150141 of figure 2. It was found
that the stability of the EIC is closely related to the dumping
effect of the Alfvén wave, whose frequency decreases with
increasing electron density. Thus, the EIC becomes unstable
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Figure 12. (a) Stability diagram of EIC as function of local
temperature and density. Colored circles show plasma parameters
when EIC is observed and color of circles indicate amplitude of EIC
(small: black to large: red). Dashed lines show boundary between
dominant n = 1/m = 1 EIC to RIC. (b) Threshold density to excite
EIC as function of RMP coil current. ((@) and (b) Reproduced with
permission from [12].)

for the low-density regime, and the existence of a density limit
for its excitation is expected, as shown by dashed curves in
figure 12(a). Pairs of plasma parameters (n. and 7..) when EIC
bursts are observed are plotted as circles in figure 12(a). The
upper bounds of the plotted circles seems to be consistent with
the expected EIC excitation boundary. At high electron tem-
perature regimes, two effects simultaneously affect the stabil-
ity of the EIC. One effect is the change of resistivity and Alfvén
gap structure. This was considered using FAR3d [19, 47]. The
other effect is the reduction of the width of the mode struc-
ture, which is proportional to T, "2(8(dpe/dres)/pe)'’® [18].
The reduction of a width smaller than the orbit width of heli-
cally trapped EPs will reduce the chance of EPs to resonate
with the EIC. This effect was not considered in FAR3d and was
not included in figure 12(a). Figure 13 shows a comparison of
EIC activities and associated EP confinement with and with-
out ECH superposition. As shown in figure 13(b), the neutron
emission rate drops with EIC bursting activity. This indicates
the loss of EPs by the EIC. As can be seen in figure 13(c),
the number of EIC activities is reduced by the application of
ECH, and the neutron emission rate becomes larger than the
case without RMP. Thus, the application of the ECH, is a useful
tool to suppress the EIC [12].

As another tool for controlling the EIC, the RMP for
m/n = 1/1 island formation was examined. Application of
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Figure 13. Temporal evolution of (a) 8 and timing of NBI heating,
(b) total neutron emission rate, and (c) magnetic fluctuation
measured by Mirnov-coil. Black lines correspond to discharge
without ECH superposition, while red lines correspond to discharge
with ECH suppression. ECH superposed from 4.3 s through 5.3 s in
#157569. (Reproduced with permission from [12].)

RMP is known to stabilize the RIC mode, which is consid-
ered as a seed instability of the EIC. The original aim of RIC
stabilization by RMP application is to reduce the pressure gra-
dient of bulk plasmas at iota = 1 surface by forming a magnetic
island; although it was found that the RIC could be suppressed
even if an island was not formed due to the plasma response at a
low RMP coil current setting [48]. Figure 12(b) shows pairs of
electron line average density and RMP-coil current. When an
EIC is observed, the pair is plotted as a red cross. Conversely,
the pair is plotted as a black circle when an EIC is not observed.
As shown in figure 12(b), the threshold density where the EIC
disappearance can be controlled by the applied RMP current,
i.e. the threshold density decreases as the absolute value of the
applied RMP coil current increases [12]. This figure indicates
RMP can be used to control the EIC disappearance, but it must
be noted that application of too much RMP coil current is not
preferable in extending the high temperature domain of LHD
plasmas, because an application of a large RMP coil current
could cause a flattening of electron temperature at iota = 1 sur-
face through an island formation. This results in the reduction
of electron temperature and the decrease of the EP population
through the decrease of energy slowing-down time. Thus, an
applied RMP coil current must be chosen carefully so that it
reduces the threshold for RIC onset, without deteriorating the
electron temperature profile, as shown in [45]. Optimization of
RMP application with ECH superposition is ongoing to extend
the high-temperature domain of the LHD.

4.2. Influence of the EIC on EPs

The interactions between EPs and EP-driven instabilities are
of great interest. A significant loss of up to 60% of EPs, which
are produced by radial NBI, by the influence of the EIC, were
reported [13]. Recently, the influence of the EIC on ener-
getic triton produced by the D-D fusion reaction was also
observed, as shown in figure 14 [11]. Figures 15(a) and (b)
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Figure 14. Waveforms for discharge (#164334) where loss of triton
produced by D-D reaction observed. (@) Magnetic fluctuation
measured by Mirnov-coil, () D—D neutron emission rate, and

(¢) D-T neutron emission rate shown [11]. During this time interval
all NBs injected with deuterium atoms at port-through power of

~3 MW (NB#1), ~1.5 MW(NB#2), ~2 MW(NBI3), ~8 MW
(NB#4), and ~9 MW (NB#5). (Reproduced from [11]. © 2021
TIAEA.CCBY 4.0.)

show the mode amplitude dependence of the neutron emission
drop rates for D-D and D-T reactions [11]. It is noted that
the data shown in figure 15(a) are obtained when the N-NBIs,
which are tangentially injected, are operated with hydrogen
while positive-ion based NBIs (P-NBIs), which are radially
injected, are operated with deuterium. Thus, the D-D neu-
trons are produced by helically trapped energetic deuterons.
We also note that the reactant triton energy of the D—T reac-
tion is around 100 keV because the cross section of the reac-
tion is maximized at ~100 keV, although the initial energy
of triton is about 1 MeV. It was found that the drop rate of
the D—-D neutron emission rate is almost linearly correlated
to the mode amplitude of the EIC (bg_gic). This indicates the
loss of deuteron is the convective type [11, 49]. As shown in
figure 15(b), 30% of the triton might be lost by the influence
of the EIC, and the drop rate of the D—T neutron emission rate
roughly correlates to bg_EIC3. The exponent of the mode ampli-
tude to the drop of the D—T neutron emission rate is three. This
indicates that the loss of triton is much more sensitive to the
EIC mode activity, compared to that of deuteron. This might be
due to the triton Larmor radius being much larger than that of
the deuteron produced by the P-NBI, whose injection energy
is 80 keV. The Lorentz orbit of triton produces a stochastic
layer around its drift orbit surfaces for EPs, due to the effect
of the finite Larmor radius with various gyro-phases, as shown
in figure 16. Because the width of stochastic layer for 1 MeV
triton is much wider than that of 80 keV deuteron, the loss
boundary of the triton locates more on the inner side of plas-
mas than that of the deuteron. Thus, a small radial excursion of
EPs by the interaction with the EIC could result in a more sig-
nificant EP loss for the 1 MeV triton than the 80 keV deuteron.
Therefore, the formation of these stochastic layers by the finite
Lamor radius effect makes the triton orbit more sensitive to the
magnetic field perturbation caused by the EIC [11].
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Figure 15. (a) EIC mode amplitude dependence of drop rate of
neutron emission rates for D—D and (b) DT reaction shown.
(Reproduced from [11]. © 2021 IAEA. CC BY 4.0.)

5. Realization of divertor detachment and
confinement improvement

confinement. Because a stable divertor detachment is realized
by the application of an RMP of n/m = 1/1 and the improved
confinement is associated with the formation of an ETB, we
call this improved confinement mode the RMP induced H-
mode [16]. Figure 17 shows typical waveforms of a discharge
wherein an RMP induced H-mode was observed. In this dis-
charge, the density was ramped up using deuterium gas. Radi-
ation mainly originated from the carbon impurity generated by
sputtering of the graphite tiles at the divertor plates. No addi-
tional impurities were seeded to enhance radiation. As shown
in figure 17(d), detachment occurs at t = ~3.95 s, and the
reduction of particle flux to the divertor is observed. The par-
ticle flux was measured by a sum of ion saturation currents
from 20 channel Langmuir-probes which were installed at a
single divertor tile to monitor the particle flux profile. During
the detachment phase, the electron density exceeds the Sudo
density limit [50], as indicated by dashed lines in figure 17(a)
and the radiation power from the plasma reaches ~60% of the
input power at t = ~4.2 s, as shown in figure 17(b). Increase
of plasma stored energy (W,%*) is observed at the onset of
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Figure 16. Typical Poincare plots of helically trapped particles’
orbit are shown by green dots for (a) deuterium beam ions of 80 keV
and (b) triton of 1 MeV at vertically elongated poloidal cross section
[11]. Magnetic configuration of R,x = 3.6 m and B = 2.75 T on
axis adopted. Particle launched from point (R, Z) = (3.7 m, —0.5 m)
with pitch angle of 91 degree. Orbit calculation performed for one
helical section with periodic boundary condition. Black and pink
elliptic curves indicate magnetic surfaces, while colored curves,
except pink elliptic curves, show contours of magnetic field
strength. From red to purple via light blue, magnetic field strength
becomes weak. Pink elliptic curve indicates magnetic surface of
iota = 1. (Reproduced from [11]. © 2021 IAEA. CC BY 4.0.)

detachment at = ~3.95 s. Stable sustainment of the detach-
ment and the enhanced radiation becomes possible by appli-
cation of the RMP. This enhancement of radiation is due to
the formation of a stochastic layer around the iota = 1 sur-
face by the RMP. As shown in figures 17(f) and (g), a flat low
temperature region below ~20 eV is formed at the region of
L. < 10* m with the detachment onset. The expansion of the
volume with this low temperature range significantly enhances
the radiation from impurity ions. After the onset of the detach-
ment, we also observe another increase of plasma stored
energy at r = ~4.55 s. This second increase in stored energy
causes an increase of pressure gradient at the ETB, resulting in
the formation of an improved confinement mode, i.e. the RMP
induced H-mode, as shown in figure 18(a). An improvement
in 7g of 38% was observed during this phase. The expanded
electron pressure, temperature, and density profiles are also
shown for the outboard peripheral region in figures 18(c)—(e),
respectively. As shown in these figures, the steep gradient is
observed during the attached phase, only in temperature profile
not in density profile, resulting in a modest pressure gradi-
ent formation at the confinement boundary, where the steep
gradient in L. is formed. At the onset of detachment, a steep
gradient in density profile is formed in the region R = 4.52 m
and 4.64 m, while the steep temperature gradient is formed
more in the inner region of the plasma. The formation of steep
gradient regions at different locations suggests the decoupling
between thermal and particle confinement properties. In toka-
mak plasmas, the decoupling of these confinement properties
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by the influence of the RMP field is also pointed out, resulting
in the formation of I-mode in the Alcator-C mod and parti-
cle enhanced H-mode in the DIII-D [51]. At the onset of the
RMP induced H-mode, the steep gradient regions in tempera-
ture and density profiles match each other. The increase of the

pressure gradient at the ETB also triggers the edge localized
mode (ELM) from ¢t = ~4.7 s, as shown in figure 17(d). Dur-
ing this improved confinement mode, a reduction of impurities
is observed, as shown in figure 18(b). This reduction leads to
the increase of the divertor heat load, in addition to ELM activ-
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ities. The triggering mechanism for the RMP induced H-mode
is not clear and its investigation is ongoing. One hypothesis of
the mechanism is that the parallel flow enhancement along the
separatrix of the n/m = 1/1 island and its associated shear flow
generation might trigger the RMP induced H-mode, where the
enhanced parallel flow is induced by the radiative cooling at
the x-point during the divertor detachment [16, 52].

6. Engineering contribution to fusion reactor
development

6.1 Research and development of a negative-ion source for
the NBI

An N-NBI is an inevitable heating and current drive device
for the ITER and future fusion reactors based on the tokamak
concept. The LHD is the only machine that has operated multi-
ple N-NBIs and demonstrated their reliable operation for more
than 20 years, as shown in figure 19(a). The N-NBI has been in
operation since 1998 on the LHD with two injectors [53]. The
third injector was installed and began operation in 2001. The
injection power of the N-NBI was far below the nominal injec-
tion power of 5 MW in the first year of operation and gradually
increased year-by-year, with improvements in voltage holding
capability and negative-ion production efficiency. In 2007, we
succeeded in exceeding the nominal injection power. More-
over, one NBI achieved 6.6 MW with an injection energy of
190 keV. Figure 19(b) shows the achieved negative-ion cur-
rent density by the ion source of this NBI. As can be seen is
this figure, a current density of 342 A m~2, which is far above
the specification of the ITER-NBI, was achieved by the ion-
source. The minimum beam divergent angle achieved by this
ion-source is 4.1 mrad in the horizontal direction and 6.1 mrad
in the vertical direction, where a single beamlet shows an ellip-
tical shape due to the slotted shape of the grounded grid of the
sources [54, 55]. This achievement also fulfills the requirement
of the ITER-NBI for a beam divergent angle of 3—7 mrad. In
the negative-ion source, electrons are extracted from the ion-
source plasma with negative-ions because the ion-source is
negatively biased. The fraction of electron beam current to the
extracted negative-ion beam, which is called the ‘co-extracted
electron fraction’, is also an important parameter for an N-NBI
because the extracted electron is the source of heat load onto
the grid system of the ion-source and its increase could damage
the grid. For the ITER-NBI, a co-extracted electron fraction
below unity is required, while 0.25 is achieved in the LHD-
NBI. In table 3, parameters achieved by the LHD-NBI are
summarized and compared to the ITER-NBI requirements. As
can be seen in this table, the three parameters in the ITER-NBI
requirements are simultaneously fulfilled by the LHD-NBI.
This fact, together with the demonstration of reliable opera-
tion of the LHD-NBI over twenty years, strongly supports the
adoption of an N-NBI as the main heating and current drive
device for the ITER and future fusion reactors.

Deuterium beam operation began in 2017 with the start
of deuterium experiments in the LHD. By starting deuterium
operation of a negative-ion source, we recognized the isotope
effect in negative-ion beam production, i.e. the increase of the
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Figure 19. (a) History of maximum total injection power and
(b) achieved negative-ion current density by N-NBIs in LHD. Both
results with hydrogen operation.

Table 3. Requirement of N-NBI for ITER and achievement at
LHD-NBI for current density (Jy—), co-extracted electron fraction
to negative ion (/./Iy—), and divergent angle (04;y.).

ITER-NBI LHD-NBI(H)
Ju— >260 A m 2 340 A m—2
I /ly— <1 0.25
Ogiv 3-7 mrad 5 mrad (average), 4 mrad

(horizontal) x 6 mrad (vertical)

co-extracted electron fraction with the change of ion species
from hydrogen to deuterium. We found that the co-extracted
electron fraction increases from ~25% in hydrogen to ~40%
in deuterium [2, 56]. In order to avoid damage to the grid,
which might be caused by the increase of the co-extracted elec-
tron, the total extraction beam current must be reduced. Thus,
reducing the injection power of the N-NBI for the deuterium
operation to almost half that of the hydrogen operation was
necessary. To reduce the co-extracted electron fraction dur-
ing the deuterium operation without deteriorating the perfor-
mance during the hydrogen operation, several methods, e.g.
shortening the gap distance between grids [56], installing an
‘electron fence’ at the vicinity of the beam extraction region of
ion-source plasmas [57], etc, were conducted. These methods
demonstrate preferable effects in mitigating the isotope effect
in negative-ion production, and the beam injection power for
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by vacuum pump for first deuterium campaign. ((b) [60] 24 June
2020, reprinted by permission of the publisher (Taylor & Francis
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the deuterium operation was improved from ~50% of the
power in the hydrogen operation to ~60%, which becomes
closer to the limit of beam extraction current by mass through
the Child—Langmuir law, i.e. (beam current) oc M~ ~ 70%.

6.2. Tritium mass balance study

The mass balance of tritium in a single fusion reactor is a cru-
cial issue for developing a future fusion reactor fuel cycle.
Especially, the evaluation of tritium consumption other than
D-T fusion reaction, i.e. retentions in the VV of the reac-
tor torus, peripheral devices, and vacuum components of a
fusion reactor are important. In deuterium experiments, the
amount of tritium produced in plasmas can be accurately eval-
uated from neutron diagnostics because the branching ratio of
D(d, n)*He and D(d, p)T reactions can be considered as con-
stant, e.g. the ratio can be almost unity in many cases. Thus,
the D-D fusion born tritium is often used as a tracer parti-
cle to investigate the tritium retention fraction and mass bal-
ance studies for future fusion reactors [S8—61]. In many cases,
only the tritium exhausted by the vacuum pumping system of
a torus is monitored although certain fraction of the tritium
is evacuated through the peripheral facilities, i.e. NBIs and
diagnostic systems which are directly connected to the VV
of the torus with their connection ports. The fraction of tri-
tium evacuated through the peripheral facilities becomes an
ambiguity in mass balance evaluation. In the LHD deuterium
experiment, trittum produced by the D-D fusion reaction is
evaluated by absolutely calibrated measurement of neutrons
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Figure 21. (a) Photograph of inboard side of LHD-VV, and (b)
Schematic drawing of divertor tile arrays of LHD. Divertor tiles to
which TIPT was applied indicated by arrows with tile index, i.e.
I-1L. ((b) Reproduced from [65]. © 2020 The Royal Swedish
Academy of Sciences. All rights reserved.)

produced by the D—D fusion reaction. The total tritium content
in the vacuum exhaust from the LHD vacuum vessel and all of
the peripheral facilities are monitored at the inlet of the exhaust
detritiation system (EDS), as shown in figure 20(a). Thus, the
LHD deuterium experiment is a good platform for the evalua-
tion of tritium mass balance in a plasma confinement device.
Figure 20(b) shows the tritium inventory and total exhausted
tritium during the first deuterium campaign. As shown in this
figure, a total of 6.4 GBq of tritium was produced and 2.1 GBq
was exhausted through the vacuum pumping system during the
period [62, 63]. Thus, the remaining 4.3 GBq of the tritium
is in the vacuum vessel of the LHD. We also estimated the
remaining tritium in the divertor tiles as ~2 GBq, which cor-
responds roughly half of the remaining tritium in the LHD-VV
evaluated by the exhaust gas monitoring. The detail of the esti-
mation is shown later in this section. It has to be mentioned
that the uncertainty of tritium inventory evaluation is about
10%, which comes from the accuracy of neutron diagnostics
which are used to evaluate the tritium production rate, assum-
ing this production rate is equal to the neutron emission rate in
the D-D fusion reaction [64—-66].

Because NBIs have the largest influences on the pumping of
the LHD-VV among the peripheral facilities, except the vac-
uum pumping system of the LHD. Thus, NBI-V Vs could con-
tain a part of the remaining tritium. Activated charcoal panels
of cryo-sorption pumps in NBI-VVs are considered to be the
largest reservoir of the tritium in NBI-V Vs, because these pan-
els are used as vacuum pumps by absorbing hydrogen isotopes
during the operation of NBIs. Several pieces of charcoal were
sampled after the first deuterium campaign and the remain-
ing tritium in the charcoal was measured by the water immer-
sion method. From this measurement, the total inventory in
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the charcoal panels was estimated to be ~3 MB(q, which cor-
responds to less than 0.1% of the produced tritium [63]. Thus,
the contribution of remaining tritium in peripheral devices to
the total inventory is considered to be negligible.

To investigate the remaining tritium in the vacuum vessel,
the tritium content in the plasma facing components (PFCs),
i.e. the divertor tiles and the first wall panels (FWPs) of the
vacuum vessel, is now under investigation using tritium imag-
ing plate technique (TIPT) [67—70]. Divertor tiles are made of
carbon, while the FWPs are made of a stainless steel and cop-
per composite on the LHD. Figure 21(a) shows a picture of the
inboard-side of the LHD-VV. As shown in this figure, divertor
tiles are installed in the region between two helical coils and
FWPs are placed to protect helical coil cans. Twelve divertor
tiles (I-1L—6L and I-1R—-6R) from the inboard divertor region
and four divertor tiles (O-2L, 3L, 2R and 3R) from the out-
board region in one helical section were selected to apply the
TIPT, as shown in figure 21(b) [67]. For the divertor tiles, a full
combustion method is also applied to evaluate tritium imping-
ing deeper than the escape depth of S-rays from tritium decay
[69, 70]. Two FWPs, which are next to the divertor tiles and
one from the top and the other from the bottom part of the
LHD-VYV, are also selected to apply the TIPT [67]. To sample
the tritium on the surface of FWPs more easily than to directly
measure FWP surfaces, twenty-six material probes, which are
pieces of small stainless-steel plates and are made of same
material as the FWP surface, were placed on the surface of
FWPs at various locations [67, 70]. The largest remaining tri-
tium amount of 0.5 GBq m~? was observed among measured
divertor tiles, while that of 0.6 MBq m~2 was observed among
measured FWP surfaces and material probe surfaces [70]. It
was found that the tritium remains mainly in the divertor tiles.

To evaluate the distribution of tritium in the LHD-VYV, the first-
orbit loss points of energetic tritons, which were produced
by the D-D fusion reaction, were calculated by a Lorentz
orbit following (LORBIT) code, as shown in figure 22(a)
[68, 70, 71]. In the orbit calculation shown in figure 22(a), the
toroidal magnetic field direction was set in a counter clock-
wise (CCW) direction seen from the top of the LHD-VV and
magnetic field strength was set to 2.75 T. As shown in the
figure, the loss points of energetic tritons are concentrated at
the right-side of the divertor region for CCW magnetic field
configurations. Because the first orbit loss is dominated by
the grad-B drift on the LHD, this loss region moves to the
left-side of the divertor region when the magnetic field direc-
tion is set in a clock-wise (CW) direction [67, 70]. The dis-
tribution of tritium impinged on divertor tiles during the first
deuterium campaign was estimated from the triton loss distri-
bution, calculated by the LORBIT code for the CCW and CW
of R,x = 3.6 m configurations at 2.75 T, and assuming the dis-
tributions were similar to them for all magnetic field strength.
The results of the calculation are shown in figure 22(b) with
closed symbols, where the total amount of tritium produced for
CCW and CW configurations are estimated from the measured
neutron yield for CCW and CW configurations, during the
first deuterium campaign. Distributions of tritium contained
in divertor tiles were evaluated by the TIPT and are shown
by open symbols in figure 22(b). In the TIPT, intensities of
photo-stimulated luminescence (PSL), which are proportional
to the intensities of S-rays emitted from tritium on the sur-
face of measurement objects, are measured. As shown in the
figure 22(b), the PSL intensity distributions are consistent with
the first orbit loss distributions of energetic tritons [67—69],
especially in the region of inboard right side divertor plates.
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This indicates the evaluation of tritium distribution in a mag-
netic confinement device with a deuterium experiment can be
used to validate the EP transport simulation. In figure 22(b) the
triton loss calculation by the LORBIT code seems to overesti-
mate the measured tritium distribution in a region of between
45 and 112 degrees in poloidal angle. This difference might
come from the effect of EP collision with background plas-
mas, which are not considered in the LORBIT code. Assum-
ing that the remaining tritium distribution in the LHD-VV is
proportional to the impinged triton distribution evaluated by
the LORBIT code and considering the measured remaining
tritium evaluated by the TIPT and the combustion method,
the total remaining tritium in the LHD-VV are estimated to
be 2 GBq [70]. The tritium inventory in the LHD-VV by
the remaining tritium measurement is about a half of that by
the exhaust gas evaluation, i.e. 4.3 GBq. Further analysis and
measurement are necessary for accurate evaluation.

7. Conclusion

Deuterium experiments have been conducted since March
2017. The high temperature domain of LHD plasmas was
extended further, in both electron and ion temperatures, to
explore the physics related to reactor-relevant plasmas. The
T; = 10keV and T, = 6.6 keV were successfully and simulta-
neously achieved. The suppression of the EIC is key to extend-
ing the high temperature domain as 60% of EPs, which mainly
heat the ions of plasmas, can be lost by interaction with the
EIC. It was found that the applications of RMP and ECH to
high temperature plasmas are effective methods to suppress
the EIC. The effect of the T./T; ratio in extending the high
ion temperature plasma domain was surveyed, and we found a
threshold value of 0.75. Above this ratio, confinement prop-
erties of thermal ions are degraded. Considering these new
findings, a moderate increase in electron temperature by ECH
superposition is the most effective way to suppress the EIC and
to expand the high 7; and 7. domains of the LHD.
Understanding the isotope effect is one of most impor-
tant tasks in deuterium experiments. The scaling law for 7g
describing the isotope effect for L-mode plasma was extended
to H, D, and their mixture plasmas. The scaling law of the
confinement time normalized by ion gyro frequency (7g£2;)
clearly shows mass (M) dependence on the exponent of near
unity (0.94), in addition to the gyro-Bohm dependence of
T o Mop**3, where the effective mass (M. ) is used as M
for mixture plasmas. Thermal diffusivity in dimensionally sim-
ilar plasmas has also been compared to clarify the character
of the isotope effect. It was found that the x./€2; of hydrogen
plasmas stayed almost twice as large as those of deuterium
plasmas. This tendency exhibits the mass dependence in nor-
malized global energy confinement time, i.e. 75 ~ M'. It
was also found that the improvement in ;/€2; for D plasmas is
significant, especially for the low collisional region of *<0.2.
Conversely, the difference in x;/€2; is less significant when
v*>0.2. The relative amplitude and k spectrum of density fluc-
tuation were also surveyed for dimensionally similar H and
D plasmas. The k spectrum of density fluctuation for H and
D plasmas have a similar peak position and the amplitude is

smaller for deuterium plasma than hydrogen plasma. Coincid-
ing reduction of density fluctuation and thermal transport was
observed.

The ITB intensity was defined to qualitatively investigate
the isotope effect for plasmas with an ITB. It was found that the
ITB intensity exhibits a larger value for D-plasmas than for H-
plasmas in the region, where both the ion heating power den-
sity (P;/7.) and the inverse of the density scale length (L,, ")
are large. To explore the physics underlying the ITB forma-
tion, a series of GKV simulations were performed to evaluate
the linear growth rate of turbulences for hydrogen and deu-
terium I'TB and L-mode plasmas. The tendency of an evaluated
linear growth rate was consistent with the experimental obser-
vation in the difference between hydrogen and deuterium, but
the tendency was not consistent with the experimental obser-
vation in the difference between ITB and L-mode plasmas. The
results indicate the thermal transport may not be explained by
the turbulences and/or model considered in the calculation.

To maximize the output power of a fusion reactor, it is pre-
ferred that the D and T ions are uniformly distributed with
the ratio of D/T = 1. In other words, the mixture of hydro-
gen isotopes can be used as a tool for controlling fusion power
without changing the performance of the plasmas. A theory
suggests the mixing state will be observed when ITG turbu-
lence is dominant, while the non-mixing state will be observed
when TEM turbulence is dominant. The research for investi-
gating the mixing/non-mixing states of the hydrogen isotope
plasmas began with the LHD. Initial results suggest they are
consistent with theoretical prediction.

The realization of both divertor heat load mitigation and
good core confinement properties is an important issue for
developing future reactor scenarios. The RMP is utilized to
stabilize the detachment. A low temperature region, below the
electron temperature of ~20 eV, was expanded in the stochas-
tic region formed by the RMP coil. This expansion of the
low temperature region enhances radiation power, reaching
60% of injection heating power. After the onset of detachment,
improved confinement, called the RMP induced H-mode, was
realized. Enhanced radiation at the X-point of an n/m = 1/1
island during the detachment might play an important role in
the triggering RMP-induced H-mode.

The LHD is the only machine that has demonstrated a
reliable operation of multiple N-NBIs for more than twenty
years. It has also demonstrated that the three parameters of
the ITER-NBI requirement, i.e. a negative-ion current den-
sity, co-extracted electron fraction, and beam divergent angle,
can be fulfilled simultaneously. These demonstrations strongly
encourage the adoption of N-NBIs as the main heating and cur-
rent drive devices for future fusion reactors. The isotope effect
in negative-ion beam production is recognized in N-NBIs of
the LHD. Due to this effect, the beam injection power in the
deuterium operation was limited to ~50% of that in the hydro-
gen operation during the first deuterium campaign of the LHD.
Several methods were explored to mitigate the isotope effect.
These methods successfully increased the injection power in
deuterium operation from ~50% of the hydrogen operation to
~60%, which becomes closer to the limit of beam extraction
current by mass through the Child—Langmuir law, i.e. (beam
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current) oc M~ ~ 70%. This exploration in the mitigation
of the isotope effect will also contribute to the development of
N-NBIs for future fusion reactors.

A tritium mass balance study was performed using the
installed EDS and required accumulation of the vacuum
exhaust gases from not only the LHD-VV but also all of
the peripheral facilities whose VVs were connected to the
LHD-VV. A tritium mass balance was investigated for the first
deuterium campaign. From exhaust gas analysis, 37.8% of the
tritium produced by the D—D fusion reaction was found to be
exhausted, and 57.2% of the tritium remained in the LHD-V'V.
The investigation of the remaining tritium in the LHD-VV was
also performed through the measurement of tritium content in
materials in the LHD-VV. The measurement showed that most
of the tritium remained in the divertor tiles, not in the first wall.
The largest amount of remaining tritium was 0.3 GBq m~—>
in the divertor tiles and 0.6 MBq m~? in the first wall. The
distribution of remaining tritium in the divertor region were
compared with the first orbit loss points calculation of tritons
by the LORBIT code. The calculated loss distribution well
expressed the measured remaining tritium distribution at the
inboard side of the LHD-VV, while the LORBIT calculation
overestimated the measured tritium distribution in the region
between 45 and 112 degrees in poloidal angle. The difference
might come from the effect of collision of EPs with back-
ground plasmas, which was not considered in the LORBIT-
code. The remaining tritium in the LHD-VV was evaluated to
be ~31% of the tritium produced by D—D reaction. This cor-
responded to about the half of the remaining tritium evaluated
from exhaust gas analysis. Further analysis is necessary for an
accurate investigation.
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Appendix List of acronyms and their full spells
used in this paper

CCW Counter clock-wise

CwW Clock-wise

CXS Charge excahnge xpectroscopy
D-D Deuterium—deuterium

D-T Deuterium—tritium

ECH Electron cyclotron heating

EDS Exhaust detritiation system

ETB Edge transport barrier

ETG Electron temperature gradient mode

FIR Far infrared

FWP First wall panel

ILW ITER like wall

ITB Internal transport barrier

ITG Ion temperature gradient mode

LHD Large helical device

LORBIT Lorentz ORBIT calculation code

NBI Neutral beam injector/injection

N-NBI Negative-ion based NBI

PCA Primary component analysis

PFC Plasma facing component

PSL Photo-stimulated luminescence

RMP Resonant magnetic-field perturbation

RIC Resistive interchange mode

TEM Trapped electron mode

TIPT Tritium imaging plate technique

\'AY Vacuum vessel
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