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In this study, we discovered a turbulence transition in a large helical device. The turbulence level and
turbulence-driven energy transport decrease to a specific transition density and increase above it. The ruling
turbulences below and above the transition density were ion-temperature gradient (ITG) and resistive-
interchange (RI) turbulences, consistent with the predictions of gyrokinetic theory and two-fluid MHD
model, respectively. Isotope experiments on hydrogen (H) and deuterium (D) clarified the role of transitions.
In the ITG regime, turbulence levels and energy transport were comparable in the H and D plasmas. In
contrast, in the RI regime, they were clearly suppressed in the D plasma. The results provide crucial
knowledge for understanding isotope effects and future optimization of stellarator and heliotron devices.
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Nuclear fusion reactors with magnetically confined
plasmas are attractive future energy sources. Tokamaks
are currently the most advanced device concept, and
stellarators and heliotrons are an alternative concept with
the advantage of steady-state operation without a plasma-
current drive. In tokamaks, transport is dominated by
turbulence-driven anomalous processes. On the other hand,
in stellarators and heliotrons, neoclassical transport is also
essential because of the three-dimensional magnetic con-
figuration. In these toroidal devices, the dominant ion-scale
turbulence varies and transits depending on the plasma
parameters. For instance, in a linear theory, the increase of
scale length ratio of density to ion temperature gradient
destabilizes ion temperature gradient (ITG) turbulence,
whereas it stabilizes the trapped electron mode (TEM)
turbulence [1]. The turbulence transition affects the trans-
port characteristics such as energy [2], particle [3], and
momentum transport [2,4].
The large helical device (LHD) [5] is one of the largest

stellarator and heliotron devices. Comparing with advanced

stellarators such as the Wendelstein 7-X [6], the magnetic
configuration is not optimized to reduce neoclassical
transport, and the contribution of neoclassical transport
is larger [7,8]. In addition, turbulence-driven transport is
also not negligible in LHD [8–10], thus, it is essential to
investigate the underlying physics of anomalous transport
in stellarators and heliotrons as well as in tokamaks. In the
core region of LHD, density gradient-driven TEM cannot
be unstable because of the flat or hollow density profiles
due to the neoclassical thermodiffusion [11]. Therefore,
ITG is the dominant instability in most cases [12–15].
In addition to drift-wave instabilities, interchange modes
become unstable owing to a magnetic-hill configuration
in LHD [16]. To suppress ideal interchange modes, the
magnetic configuration is designed to have a strong
magnetic shear, however, is not able to stabilize resistive
interchange (RI) modes [17]. RIs with low-poloidal and
toroidal modes in high-β plasmas have been extensively
studied for avoiding the internal collapse event that
limits the achievable β [18], and high-poloidal and toroidal
modes have been shown to affect energy transport [19,20].
However, the role of high-mode resistive-interchange (RI)
turbulence in the transport of low-β plasmas is not under-
stood, and the relation to ITG-driven transport is of great
interest. Thus, an investigation of ITG and RI turbulences
in LHD will shed new light on the physics of turbulence in
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toroidal devices and be valuable for the future configuration
and optimization of stellarators and heliotrons.
Herein, we conducted two experiments to comprehen-

sively understand turbulence-driven transport in LHD and
discovered a transition from ITG turbulence to RI turbu-
lence. One is a density ramp-up experiment to demonstrate
the presence of turbulence transitions, and the other is a
shot-by-shot density scan experiment to clarify the relation-
ship between turbulence and transport through mode
identification. The shot-by-shot density scan experiments
were conducted in H and D plasmas to further understand
the turbulence transition. These experiments were con-
ducted in an inward-shifted configuration with the mag-
netic axis position (Rax) at 3.6 m and the toroidal magnetic
field (Bt) at 2.75 T. This configuration shows the best
performance in LHD and is the most widely used [21].
Figure 1 shows the turbulence behavior in a density ramp-
up experiment [shot No. 143757(H)]. In this experiment,
the line-averaged electron density n̄e was ramped up from
1 × 1019 to 3.5 × 1019 m−3 in 2.5 MW ECRH H plasma.
Figure 1(b) shows the time evolution of the turbulence level
ñe=ne (i.e., the local turbulence amplitude ñe normalized by
the local electron density ne). We measured the turbulence
using two-dimensional phase contrast imaging (2D-PCI),
which measures the poloidal-dominated wave numbers k ¼
0.1–0.8 mm−1 over the frequency range f ¼ 32–500 kHz
[22–24] corresponding to the ion-scale turbulence.
The white area in Fig. 1(b), which appears as a valley,
corresponds to the area with the lowest turbulence level.
The turbulence level first decreases with an increase in
density over time; however, after reaching the mini-
mum value, it increases with further increasing density.
Simultaneously, its propagation direction switched
from the ion-diamagnetic (i-dia.) direction toward the
electron-diamagnetic (e-dia.) direction in the laboratory
frame. These results show that different turbulence

modes appear in different density regimes under identical
heating conditions.
To understand the turbulence transition and its role in

transport, we conducted shot-by-shot density-scan experi-
ments [48 successful shots from No. 160120-160170(H),
45 successful shots from No. 157143-157186(D)]. Two
154-GHz microwaves for heating were injected tangen-
tially co and counter to Bt to cancel out the EC-driven
current. The total ECRH power was adjusted to 1.4 MW in
the H and D plasmas. The purities of H and D plasmas were
more than 90%. Figures 2(a) and 2(b) show the density
dependence of the turbulence level ñe=ne and its phase
velocity in the laboratory frame V lab measured by 2D-PCI.
These are averaged values for the range of normalized radii
ρ ¼ 0.5–0.7, as the turbulence changes during the series of
experiments. Figure 2(a) shows that the turbulence level
first decreases with increasing n̄e, and after reaching a
minimum value, it increases with further increasing n̄e.
This density dependence of ñe=ne is also observed in
the density ramp-up experiment [Fig. 1(b)]. We define the
transition density (ntr) to be the density at which the
turbulence level reaches a minimum value, as indicated
by the dashed lines in Fig. 2. The transition density is
1.6 × 1019 and 2.6 × 1019 m−3 in the H and D plasmas,
respectively. The turbulence levels are comparable in the H
and D plasmas for n̄e < ntr, whereas it is lower in the D
plasma than in the H plasma for n̄e > ntr. As shown in
Fig. 2(b), the turbulence propagates in the i-dia. direction
for n̄e < ntr and in the e-dia. direction for n̄e > ntr in the
laboratory frame. The reversed density dependence of
the turbulence level, the turbulence suppression in the D
plasma only for n̄e > ntr and the different propagation
directions strongly suggest that the dominant turbulence
modes are different in each density regime.
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FIG. 1. Time evolution of (a) the line-averaged electron density
n̄e and the central electron and ion temperatures, Te and Ti,
respectively. (b) Ion-scale turbulence level profile in the density
ramp-up experiment using hydrogen plasma. Here, ρ is the radius
normalized by the averaged minor radius, which includes 99%
electron kinetic energy [25].
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FIG. 2. Electron-density dependence of (a) the turbulence level
and (b) phase velocity of turbulence in the laboratory frame.
ntrðHÞ and ntrðDÞ represent the transition densities in the H and D
plasmas, respectively. The blue and red symbols represent the
H and D plasmas, respectively. The closed and open symbols
represent n̄e < ntr and n̄e > ntr , respectively. The values are
averaged at ρ ¼ 0.5–0.7.
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To discuss the role of the observed turbulence on the
confinement characteristic, the density dependence of the
global energy confinement time (τE) and the anomalous
contributions to the electron and ion thermal conductivities
are shown in Fig. 3. Figure 3(a) shows that the density
dependence of τE changes at ntr, becoming more weakly
positive for n̄e > ntr. The global energy-confinement time
is almost identical in the H and D plasmas for n̄e < ntr,
whereas τE is extended in the D plasma for n̄e > ntr.
Figures 3(b) and 3(c) show the density dependence of
the anomalous thermal conductivity of ion and electron.
We evaluated the anomalous thermal conductivities by
subtracting the neoclassical conductivities from the
experimental conductivities (χe;i ano ¼ χe;i exp − χe;i neo).
The experimental conductivities were obtained from a
power-balance analysis using LHDGAUSS [26] and
TASK3D [27], and the neoclassical conductivities using
GSRAKE [28]. Some of the datasets in the high-density
regime were omitted because the electron and ion temper-
atures are close, which makes it difficult to evaluate the
electron and ion thermal conductivities separately. As
shown in Fig. 3(b), in the low-density regime, χe ano
decreases as n̄e increases, and the values are almost
identical in the H and D plasmas. This is qualitatively
consistent with the n̄e dependence of the turbulence level
shown in Fig. 2(a). Simultaneously, χi ano is close to zero,
suggesting that ion transport is dominated by neoclassical
transport in this regime. Thus, the correspondence between
the turbulence levels and χe ano suggests that ion-scale
turbulence plays a role in electron-energy transport in

the low-density regime at n̄e < ntr. Meanwhile, in the
high-density regime, χe ano and χi ano increase as n̄e
increases in the H and D plasmas and are lower in the
D plasma; this density dependence and isotope effects
correspond to the turbulence level, suggesting that the
measured turbulence plays an essential role in electron- and
ion-energy transport.
Next, the types of turbulence above and below ntr were

identified by experimental parameter dependencies and
linear calculations. As the electron density increases, the
plasma parameters vary as follows: The electron temper-
ature decreases, and the temperature ratio (Ti=Te) increases
because the change in Ti is smaller than the decrease in Te.
Collisionality, β and plasma resistivity (η ∝ Te

−3=2)
also increase with density. The normalized Te gradient
(L−1

Te
¼ −1=Te dTe=dr) decreases, whereas the normalized

Ti gradient (L−1
Ti

¼ −1=Ti dTi=dr) remains nearly con-
stant. The normalized ne gradient (L−1

ne ¼ −1=ne dne=dr)
decreases with increasing n̄e at n̄e < ntr, and increases at
n̄e > ntr. Among these parameters, the normalized gra-
dients do not play a crucial role in turbulence transitions,
instead, Ti=Te and η are clear indicators of turbulence
identification. As shown in Figs. 4(a) and 4(b), the
turbulence level decreases with increasing Ti=Te and η
in n̄e < ntr and increases in n̄e > ntr in the H and D
plasmas. In other words, Ti=Te and/or η are stabilizing
terms for turbulence at n̄e < ntr and destabilizing terms at
n̄e > ntr. These results suggest that the turbulence mode
differs at each density regime.
For further investigation, we performed linear calcula-

tions of the instabilities. First, gyrokinetic linear calcula-
tions were carried out by using the local flux-tube
gyrokinetic simulation code (GKV) [29,30] including
the kinetic electrons, collisionality, and electromagnetic
effects. In our linear analysis, grid points of 480, 32, and 15
in the coordinate along the field line z, parallel velocity vk,
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FIG. 3. Electron-density dependence of (a) global kinetic
energy-confinement time, (b) anomalous electron thermal con-
ductivity, and (c) anomalous ion thermal conductivity. The values
in (b) and (c) are averaged at ρ ¼ 0.5–0.7.

50
100
150
200
250
300

0.4 0.6 0.8

H (ne<ntr)
D (ne<ntr)

H (ne>ntr)
D (ne>ntr)

Ti/Te

n e /
 n

e  
(a

rb
. u

ni
ts

) 
~

(a)

- -
--

50
100
150
200
250
300

0.80.91.0 2.0 3.0 4.0
� (x10-8 �m)

n e /
 n

e  
(a

rb
. u

ni
ts

) 
~

(b)
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and perpendicular velocity v⊥ directions are distributed in
−10π ≤ z ≤ 10π, −4vTs ≤ vk ≤ 4vTs, and 0 ≤ v⊥ ≤ 4vTs,
respectively. The wavenumber in the Fourier space is
represented by kx¼0 and kyρi¼0.1×m, where 1≤m≤10,
corresponding to the measurement region of 2D-PCI.
The effect of impurities on the growth rate was tested in
several cases, however, the effect was negligibly small and
therefore not included in these calculations.
Figure 5(a) shows the density dependence of the linear

growth rates of ITG turbulence (γITG). The calculations
were performed at ρ ¼ 0.5, 0.6, and 0.7, and the maximum
values of γITG are plotted. In all calculations, the real
frequency is in the i-dia. direction, indicating ITG turbu-
lence. The linear growth rate decreases with an increase in
n̄e in the H and D plasmas. The reduction of γITG is due
to the stabilization effects of Ti=Te and/or collisions.
Meanwhile, finite-β stabilization effects are negligible with
strong magnetic shear in LHD [31]. For n̄e < ntr, the
reduction of γITG with increasing n̄e confirms qualitatively
with the decrease in the turbulence level. Furthermore,
the i-dia. propagation direction in the laboratory frame is
consistent with the characteristics of ITG turbulence. It is
remarked that the propagation velocity of the ITG turbu-
lence at the laboratory frame can be influenced by the
E × B flow velocity, which is not available in this series of
experiments. For n̄e > ntr, the linear calculation of GKV
does not account for the increase in the observed turbulence
level. GKV can handle TEM and microtearing modes,
which are ion-scale turbulence propagating in the e-dia.
direction, and thus these are ruled out. For these reasons,
we conclude that non-drift-wave-type instabilities are
responsible for the turbulence observed at n̄e > ntr, and
focus on RI turbulence due of the formation of a magnetic
hill in LHD as the most promising candidate. Present GKV
is unable to handle RI turbulence, which is a non-drift-
wave-type instability with the parallel wavenumber kk ¼ 0.

Therefore, we employed two-fluid MHD simulations to
evaluate the growth rate of RI turbulence (γRI) [32,33].
This simulation was conducted at ρ ¼ 0.55, where a
turbulence peak was observed in the experiment. As shown
in Fig. 5(b), the linear growth rate of RI turbulence
indicates that RI turbulence is stable for n̄e < ntr in the
H and D plasmas; however, both plasmas become unstable
at n̄e > ntr. This density dependence at n̄e > ntr is con-
sistent with the turbulence level. Moreover, a lower γRI in
the D plasma is also consistent with a lower turbulence
level, which can be interpreted for the following reasons.
A linear growth rate of RI turbulence is expressed as
γRI ∝ η1=3ðdP=drÞ2=3m−1=3 (P: total pressure,m: ion mass)
in the analytical solution [34]. First, η is lower in the D
plasma because of the higher Te. The higher Te is formed
partially due to lower electron thermal conductivity
[Fig. 3(b)], and partially due to the negative ion mass
dependence of the electron-ion equipartition heating
power [35], which results in higher electron heating power
even under the same ECRH power and transport condi-
tions. Second, the pressure gradient becomes weak because
of hollow density profile due to the neoclassical thermo-
diffusion [11] induced by the higher Te. Third, the heavier
ion mass in the D plasma decreases γRI. All these effects
result in the lower γRI in the D plasma. Particularly, low
resistivity and heavier ion mass in the D plasma play the
most important role in reducing γRI. In addition to the linear
growth rate, the real frequency of RI turbulence is in the
e-dia. direction [32], which is consistent with the exper-
imental observation in the laboratory frame. These simu-
lation results provide further evidence that the dominant
turbulence is RI turbulence at n̄e > ntr. Based on the above
experimental and theoretical identification studies, the
turbulence at n̄e < ntr is identified as ITG turbulence,
and that at n̄e > ntr is identified as RI turbulence. The
transition to RI turbulence in the high-density regime
results in a reduction in the turbulence level in the D
plasma, and it is the main cause of the improved confine-
ment of the D plasma in ECRH plasmas on LHD.
In this study, a transition in the ion-scale turbulence was

discovered in ECRH plasmas on LHD. The turbulence level
reaches a minimum at a specific density with increase of
electron density. Then, the electron density dependence and
the propagation direction are reversed above the specific
density. In the high-density regime, turbulence level was
suppressed in D plasmas than in H plasmas. Furthermore,
anomalous energy transport shows a similar trend of
turbulence level, indicating that the measured turbulence
plays an important role in confinement characteristics.
Detailed turbulence measurements and simulations have
identified that turbulence switches from ITG to RI turbu-
lences below and above the specific density. Furthermore,
the suppression of turbulence in high-density D plasmas
was found to be due to weaker driving forces of RI, such
as heavy ion mass and low resistivity. This reduction
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mechanism is completely new and different from other
core-isotope physics mechanisms, including the positive-
ion mass effects of collisional stabilization of TEM [36,37],
E × B shear effect [38], and nonadiabatic electron effects of
parallel motion [39]. Therefore, the observed turbulent
transition provides new insights into isotope effects.
These findings are also essential for the operation and

optimization of stellarators and heliotrons with reduced
turbulence-driven anomalous transport. In a future stella-
rator and heliotron-type reactor, ne ≃ 3 × 1020 m−3 and
Te ¼ Ti ≃ 8 keV in the core region are assumed as the
condition to achieve Q ¼ 10 [40,41]. Under this
assumption, the normalized collisionality (ν�h, ν

�
h ¼ 1 cor-

responds to a boundary between 1=ν regime and plateau
regime [11]) is approximately 7 at ρ ¼ 0.5–0.7. This
collisionality corresponds to the high-density RI region
of ne ¼ 3.5 × 1019m−3 for the H plasma and ne ¼
4.0 × 1019m−3 for the D plasma in our series of experi-
ment. Currently, the operational limits of the high-
temperature side are determined by neoclassical transport,
whereas those of the high-density side are determined by
radiation collapse [41]. Our study suggests that confinement
degradation due to RI turbulence may also limit the opera-
tional regime on the high-density side. Therefore, concern-
ing the configuration optimization to reduce anomalous
transport, the magnetic-hill condition should be avoided to
prevent confinement degradation by RI. However, if oper-
ation can be maintained at a minimum turbulence level at
turbulence transition even under magnetic-hill conditions,
confinement degradation can be prevented.

The data supporting the findings of this study are
available in the LHD experiment data repository at [42].
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