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Abstract

Isotope effects are one of the most important issues for predicting future reactor operations.
Large helical device (LHD) is the presently working largest stellarator/helical device using
super conducting helical coils. In LHD, deuterium experiments started in 2017. Extensive
studies regarding isotope effects on transport have been carried out. In this paper, the results of
isotope effect studies in LHD are reported. The systematic studies were performed adjusting
operational parameters and nondimensional parameters. In L mode like normal confinement
plasma, where internal and edge transport barriers are not formed, the scaling of global energy
confinement time (τ E ) with operational parameters shows positive mass dependence (M 0.27 ;
where M is effective ion mass) in electron cyclotron heating plasma and no mass dependence
(M 0.0 ) in neutral beam injection heating plasma. The non-negative ion mass dependence is
anti-gyro-Bohm scaling. The role of the turbulence in isotope effects was also found by
turbulence measurements and gyrokinetic simulation. Better accessibility to electron and ion
internal transport barrier (ITB) plasma is found in deuterium (D) plasma than in hydrogen (H).
Gyro kinetic non-linear simulation shows reduced ion heat flux due to the larger generation of
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zonal flow in deuterium plasma. Peaked carbon density profile plays a prominent role in
reducing ion energy transport in ITB plasma. This is evident only in plasma with deuterium
ions. New findings on the mixing and non-mixing states of D and H particle transports are
reported. In the mixing state, ion particle diffusivities are higher than electron particle
diffusivities and D and H ion density profiles are almost identical. In the non-mixing state, ion
particle diffusivity is much lower than electron diffusivity. Deuterium and hydrogen ion profiles
are clearly different. Different turbulence structures were found in the mixing and non-mixing
states suggesting different turbulence modes play a role.
Keywords: isotope effect, turbulence, transport, stellarator, heliotron, gyrokinetic simulation
(Some figures may appear in color only in the online journal)

1. Introduction

There is significant progress in theoretical work to understand
anti-gyro-Bohm characteristics. These are the stronger stabilization effects on the ion scale turbulence due to the radial electric field (Er) shear in heavier ion mass plasma [11], stronger
collisionality effects of turbulence saturation in TEM [12, 13],
and nonadiabatic response associated with fast electron parallel motion [14]. Validation with experimental observations
have been performed [15–18]. Early validation studies using
gyrokinetic simulations with collisionless assumption showed
discrepancy from the experimental observation as the gyrokinetic nonlinear simulation underestimated the heat flux in H
plasma [15, 16]. However, the recent validation studies in
JET H and D plasma of the ELMy H mode show reasonable agreement between experimental heat flux and heat flux
predicted by gyrokinetic simulation taking into account collision effects, ExB shear from bulk toroidal rotation and dilution due to Beryllium ions [17, 18]. Taking into account the
uncertainty of electron temperature (Te), and ion temperature
(Ti) profile measurements, 20% lower normalized temperature
gradients were inputted to the gyrokinetic nonlinear simulation. Simulated heat flux then almost agreed with experimental
observation [18]. In addition, the fast ion pressure can stabilize ITG turbulence and cause isotope effects [18, 19]. Taking
into account these effects, the experimentally observed antiGyro-Bohm characteristics are well explained in tokamak core
plasma of ELMy H mode [18]. On the other hand, the physics
mechanism of isotope effects in the edge pedestal in tokamaks
are still under investigation and clear physics mechanism are
not yet explained [18].
Limited data sets of isotope experiments were reported
in sterallator/heliotron devices before large helical device
(LHD) experiments [20–22]. The international stellarator scaling 2004 (ISS04) [23] shows gyro-Bohm parameter dependence on n, a, B and P. However, ion charge and mass dependence were not shown because the database was hydrogen
plasma only. LHD deuterium experimental campaign was started in 2017. Extensive studies of isotope effects have been carried out. In LHD, a variety of heating schemes is available. The
electron cyclotron resonant heating (ECRH) system consists
of five sets of gyrotrons—three 77 GHz, two 154 GHz. The
power of each gyrotron is ∼1 MW. The neutral beam injection consists of three negative ion-based neutral beams (NNB)
and two positive ion-based neutral beams (PNB). The negative

The isotope effect on transport is one of the un-resolved
important issues in fusion research. Understanding the isotope
effect is essential to predict the performance of the deuterium
(D) and tritium (T) fusion reactor from the present database,
where deuterium and hydrogen (H) are used for the fueling species. In a tokamak, better confinement characteristics
together with lower H mode threshold power have been reported [1–8]. The reduced transport in D plasma is in contradiction to the gyro-Bohm diffusion, where ion scale turbulence
such as ion temperature gradient mode (ITG) and trapped electron mode (TEM) play roles in transport. Many global energy
scalings show gyro-Bohm dependence except ion mass. In the
gyro-Bohm diffusion process, the wavelength of the ion scale
turbulence is on the order of the ion Larmor radius. The step
size of the diffusion process and the diffusion coefficient are
described as follows [9]:
χGyro Bohm ∝ ρ∗ χBohm =

M 0.5 T1.5
aq2 B2

(1)

here, ρ∗ is the normalized ion Larmor radius (ρ∗ = ρi /a, ρi =
√
TM/qB, ρi ; ion Larmor radius), M is ion mass, T is ion temperature, a is plasma minor radius, q is ion charge and B is
magnetic field. χBohm ∝ T/qB is the Bohm diffusion coefficient. In Bohm diffusion, the long wavelength turbulence, with
wavelengths on the order of the scale lengths of the density or
temperature gradient, plays a role in the diffusion process. In
gyro-Bohm diffusion,
´ the global energy confinement (τE ) time
is given by τE ∼ nTdV/P ∼ a2 /χ, where n is plasma density, V is plasma volume, P is heating deposition power, and
χ is thermal conductivity. Then, τE governed by gyro-Bohm
diffusion is expressed as follows [3]:
τE Gyro Bohm ∝ a3 B 0.8 n 0.6 P−0.6 M−0.2 .

(2)

Tokamak scaling laws [1, 2, 10] show close to gyro-Bohm
dependence except ion charge and ion mass number. These
scalings show positive ion mass dependence against gyroBohm diffusion. One of the contradictions and mysteries is
that global confinement is anti-gyro-Bohm, although the linear growth rate of ITG and TEM shows gyro-Bohm nature.

2
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ion-based neutral beams are injected tangentially to the magnetic field and their injection power is ∼5 MW each in hydrogen and ∼3 MW each in deuterium. The positive ion-based
neutral beams are injected perpendicularly to the magnetic
field and their injection power is ∼5 MW each in hydrogen
and ∼8.5 MW each in deuterium [25]. The positive ion based
neutral beam predominantly heats ion. On the other hand, and
the negative ion based neutral beam predominantly heats electron. The different heating channels are due to the difference in
injection energies. The injection energy of PNBs is 40 keV in
H plasma and 60 ∼ 80 keV in D plasma. The injection energy
of the PNB is lower than the critical energy [24–26]. On the
other hand, the injection energy of NNBs is 180 keV both in H
and D plasma. The injection energy of the NNB is higher than
the critical energy [24–26].
These heating schemes enable the construction of a database of isotope experiments scanning a wide range of plasma
parameters.
The isotope experiments in LHD show a clear view of isotope effects in stellarator/heliotron devices for the first time.
According to a recent theoretical study, the isotope effects of
neoclassical transport are weak in electron root and negligibly
small in ion root [27]. Thus, observed isotope effects originate
from the turbulence-driven anomalous effects also seen in a
tokamak. In addition to a difference in magnetic properties, the
different profile shapes in LHD and tokamak provide opportunities to examine the theoretical model of isotope effects.
In particular, temperature ratio (Te /Ti ) in NB heated plasma
and density profiles are clearly different in LHD and tokamak.
In LHD, NNBs heat electrons predominantly, then, Te /Ti > 1
can be achieved in the entire region of the plasma. On the
other hand, in tokamak, Te /Ti is generally equal or larger than
1, since NBs in most of tokamak are PNB and heat ions predominantly. Density profiles in LHD are hollowed in many
cases both in ECRH and NB heated plasma due to the neoclassical thermo-diffusion [28, 29]. This is in strong contrast to
the tokamak, where density profiles are generally peaked [30]
except for strong central ECRH heating [31]. The temperature
ratio and density gradients play important roles in turbulence
stabilities and saturation mechanisms. These characteristics
of profiles result in finding a new aspect of isotope effects in
toroidal devices.
Most of the contents in this paper are based on published
material. Some new data are added to support reported results. New data include evaluations of scaling from kinetic τE
in ECRH plasma, while diamagnetic τE were used in the previous studies [32], the isotope effects of ion scale turbulence in
dimensionally similar plasmas, and the isotope effects of transition to electron-ITB in high density region. Particle transports have been extensively investigated by recently performed
density modulation experiments. The results are reported in a
separate publication [33]. The following is the structure of this
publication. In section 2, isotope effects of ECRH plasma are
reported. In ECRH plasma, electron density and heating power
were scanned to evaluate τE scaling. Also, transport and turbulence characteristics are compared, adjusting operational parameters. In section 3, isotope effects of NNB heated plasma

are reported. The dimensionless parameters, which are normalized ion Larmor radius (ρ∗ ), normalized collisionality (ν ∗ )
and normalized pressure (β) are adjusted identically in H and
D plasmas. Optimal adjustments are achieved by tuning density and heating power at different magnetic field, in H at 1.64 T
and in D at 2.75 T. In section 4, isotope effects in the internal
transport barrier (ITB) are reported. In section 5, the particle
transports in hydrogen–deuterium mixed plasma are reported. Finally, a summary and discussion are given in section 5.
The magnetic configuration of the experimental results in this
paper is the so-called inward-shifted configuration except for
some data points in figure 14 about the the configuration
dependence of isotope effects. The inward-shifted configuration has a magnetic axis position (Rax ) of 3.6 m and shows
the best performance in the data set of the ISS04 scaling study
[23].

2. Isotope effects of ECRH plasma on adjusting
operational parameters
ECRH is a promising heating technique to control electron
temperature profiles. Due to the good accessibility to the
plasma, ECRH will be the main heating technique in future
reactors. The discharges described in this section are heated
by ECRH only. The PNB was injected for charge exchange
recombination spectroscopy (CXRS) with a shot pulse (20 ms
pulse width every 400 ms step) but this does not contribute any
ion heating. The ion heating is due to the electron–ion energy
equipartition only.
The results reported in this section are from ECRH plasma
tangentially injected in a horizontal port [34]. Perpendicular
injection was not performed in order to avoid damage to divertor cyro-pumps, which are located on the inner torus side.
The plasma current induced by the tangentially injected ECRH
affects the profiles of rotational transform and magnetic topologies. These effects bring additional effects on transport in
addition to isotope effects [35–38]. In order to investigate the
isotope effects in ECRH plasma clearly, the effects of plasma
current induced by tangentially injected ECRH were minimized using balanced injections. The magnetic field was set to
be 2.75 T for the 77 GHz fundamental and 154 GHz second
harmonic heating. The problem of tangential injection is the
refraction effect due to the long distance from the resonance
layer. Part of the refracted microwave transmits through the
plasma without absorption. Such microwaves are reflected at
the vacuum vessel and returns to the plasma again. Such multiple injections make the deposition profile very uncertain.
Therefore, 77 GHz fundamental heating was used in low density only (line-averaged density ne bar < 1.6 × 1019 m−3 ),
where refraction is negligible. On the other hand, the refraction effect of 154 GHz is negligible in the whole dataset, where
ne bar < 5 × 1019 m−3 . Thus, 154 GHz were used in the whole
data set with balanced injection. Also, focusing positions were
carefully set to be identical in both H and D plasma. This is
because a small difference in the focusing spot results in a
large difference in performance.

3
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In the 21st LHD experimental campaign in 2019–2020,
data sets of kinetic τ E of ECRH plasma were obtained. In
the previous study [32], τ E was estimated using diamagnetic
stored energy due to the lack of ion temperature (T i ) profiles.
The kinetic stored energy was estimated from electron density (ne ), electron temperature (T e ) profiles by Thomson scattering [39], and ion temperature profiles by CXRS [40]. The
ion density ratio between H and D was estimated from the
Hα and Dα intensities. The contamination with He was evaluated by the ratios of calibrated HeI, Hα and Dα line intensities
[41]. These neutral atom line intensities are generally thought
to stand for the neutral fluxes at the plasma edge. Here we
assume that the neutral flux approximately represents the ion
density in the plasma and the ion ratio is constant in space.
In the data set, the purity of H and D are close to 100%,
where nD /(nH + nD ) ∼ 0 in H plasma and nD /(nH + nD ) ∼ 1
in D plasma. nH and nD are the hydrogen and deuterium ion
density. There is about 5%–10% He contamination in the
total ion density. The helium contamination is due to residual components of helium discharge cleaning. The following
scaling law was deduced from the database and figure 1 shows
scaling from this data set:
τE = 0.096M 0.27±0.03 n̄e0.57±0.01 Pabs −0.74±0.04

Figure 1. Comparison of the thermal energy confinement time in

the experiment and the prediction by the scaling of ECRH plasma.
Squares and circles are hydrogen plasmas and deuterium plasmas,
respectively. R2 is the correlation coefficients of the scaling.

(3)

here M is the effective ion mass, n̄e is the line averaged density
and Pabs is the absorption power. The value of M was estimated
from the ratio of three ion species (H, D, He). The effective
ion mass was 1.3 ± 0.1 in H plasma and 2.1 ± 0.1 in D
plasma. In the data set, B was fixed at 2.75 T and the configuration was fixed at Rax = 3.6 m, thus, plasma size (major
and minor radius) was fixed. In the data set of figure 1, ne bar
was scanned over approximately 0.4–4.9 × 1019 m−3 in H
plasma and 0.6–4.7 × 1019 m−3 in D plasma. The deposition
power was scanned over the range of about 1.4–2.2 MW both
in H and D plasma. The deposition of the first path absorption was estimated by using LHDGAUSS [42] and was higher
than 95% both in H and D plasma. Thus, the effect of multiple reflection of un-absorbed power is negligible. Equation
(3) shows clear positive ion mass effects, which are anti-gyroBohm. Compared with the Gyro-Bohm scaling of equation (2),
the density dependence is comparable and the power dependence is slightly stronger. Compared with ISS04 [23], the density dependence is comparable and the power dependence is
slightly stronger.
Figure 2 shows the collisionality dependence of kinetic
τ E . The normalized collisionality in figure 2 is defined as
ν ∗ h = ν ei /(εeff 3/2 vT /qRmj ). ν ei is the electron ion collision frequency, vT is the electron thermal velocity, q is the safety
factor, Rmj is the major radius, and εeff is an effective helical ripple [28, 43, 44]. ν h ∗ = 1 is the boundary between 1/ν,
where neoclassical coefficients are inversely proportional to
collisionality, and the plateau regime. As shown in figure 2,
τ E increases with increasing ν h ∗ . However, the increase saturates at ν h ∗ (ρ = 0.5) ∼ 0.6. The isotope effects are different
depending on ν h ∗ . At ν h ∗ (ρ = 0.5) < 0.6, a difference in τ E is
not apparent between H and D. At ν h ∗ (ρ = 0.5) = 0.6 ∼ 6, the
difference in τ E becomes clearer. At ν h ∗ (ρ = 0.5) > ∼ 6, again,

Figure 2. Collisionality dependence of τ E in ECRH plasma of

LHD.

the difference in τ E becomes smaller. The results suggest that
isotope effects are different depending on collisionality.
According to local power balance analyses by TASK3D
[45], the electron thermal conductivities χe are almost
identical in the low collisionality regime [46]. On the other
hand, in the high collisionality regime, clear differences of
transport are found [46]. Figure 3 shows comparison of the
profiles in the high collisionality case. The line-averaged
density was 3 × 1019 m−3 and injection power was 154 GHz
2 MW ECRH with balanced injection in both cases. As shown
in figure 3(a), T e is clearly higher in D plasma, while T i is
almost identical. The electron density profiles are more hollowed in D plasma. The 3D Monte Carlo simulation EIRINE
[47] shows the peak of the edge particle source has a peak
at ρ = 1.05 and it decreases exponentially toward the plasma
core [32]. The penetration of hydrogen atoms is deeper due
to the lighter ion mass. However, the difference is negligible
[32]. The small difference of the particle source does not cause
the difference in density profile. Also, the difference in carbon impurity does not play a role in the observed difference
of the ne profile [32]. The isotope effects of neoclassical transport are negligibly small, in particular in the neoclassical ion
root, which is the case of figure 3. However, higher T e in
4
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Figure 3. Profiles in high density (a) T e , T i , (b) ne , (c) pressure, (d) Xe , (e) Xi , and (f) turbulence level. In (d) and (e), Xe , and Xi from

power balance analyses are shown by solid lines and , from neoclassical estimations by dashed lines [46]. Reproduced from [46].
© IOP Publishing Ltd All rights reserved.

D plasma enhances neoclassical convection, which is mainly
neoclassical thermo-diffusion. This makes density profiles
hollower in D plasma. The previous studies showed experimental estimated convection velocities are comparable with
neoclassical values [28, 29]. Thus, higher neoclassical convection and lower anomalous diffusion in D plasma result in hollower density profiles in D plasma. More detail investigations
about the isotope effects on particle transport will be reported
in [33].
One of the particularities of ECRH plasma is equipartition
heating. The ion heating is due to energy equipartition. The
power of the equipartition heating is given by the following
equation [9]:
Pei ∝

Zi2 n2
3/2

mi Te

(Te − Ti )

contribution of anomalous transport reduces at this location,
where the turbulence level is clearly lower in D plasma than in
H plasma as shown in figure 3(f). The ion thermal conductivity is lower in D plasma in the entire region as shown in
figure 3(e). Ion heating power is higher in H plasma than D
plasma. However, the resultant T i profiles are almost identical
in H and D plasma as shown in figure 3(a). Thus, both total χi
and anomalous χi in D plasma become lower in D plasma. The
ion scale turbulence measured by two-dimensional phase contrast imaging (2D-PCI) [48, 49] shows a clear reduction of turbulence level as shown in figure 3(f). The reduction is observed
in almost the entire region. Thus, the reduction of the turbulence in D plasma is suggested to contribute to the reduced
anomalous transport in both the electron and ion channel.
In ASDEX-U L mode ECRH plasma, ion and electron
energy transports were compared in H and D plasma [6].
The same transport model without ion mass dependence can
reproduce the experimental χe and χi [6]. Thus, there is no
improvement of the confinement in D plasma compared with
H plasma [6]. The ASDEX-U has a tungsten wall. However,
the effective ion charge number (Z eff ) is around 1 in both H
and D plasma of L mode ECRH [6]. In LHD, the divertor plate
is carbon and the main impurity is carbon. Z eff is around 1.3
in H plasma and 1.5 in D plasma. Higher Z eff in D plasma is
due to the higher C6+ density. It should be noted that Z eff is
almost identical in the low (∼1.6 × 1019 m−3 ) and high density
(∼3 × 1019 m−3 ) regime, while electron transport and turbulence is clearly reduced only in the high density regime. The
impurity ions can stabilize ITG turbulence [50]. However, the
reason for the reduced turbulence and transport in high density
D plasma is not due to the higher impurity density. The effects
of impurity ions on turbulence and transport will be reported
in ref. [33].

(4)

here Z i is ion charge number, n is electron density, mi is ion
mass, and T e and T i are electron and ion temperature. As
shown in equation (4), due to the inverse ion mass dependence,
Pei doubles in H plasma for same density and temperature difference. Thus, higher Pei in H plasma results in lower electron heating power (Pe ), where Pe = Ptotal − Pei , and Ptotal is
total deposition power. The higher T e in D plasma as shown
in figure 3(a) can be interpreted to be caused by partly higher
Pe in D plasma. The ratio of χe between H and D plasma at
ρ < 0.8, where T e is clearly higher in D plasma, is comparable with the ratio of T e . However, it should be noted that the
χe ratio is clearly lower than the Gyro-Bohm prediction by
equation (1) using T e .
As shown in figure 3(d), at ρ < 0.8, χe neo , which is the neoclassical electron thermal conductivity, becomes comparable
with χe from power balance analyses. This suggests that the
5
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Figure 5. Linear spectrum of growth rate (γ) at ρ = 0.7 case

(H 152270, D 147829). ky ρi is the normalized wavenumber, where
ρi is ion Larmor radius. ρi is calculated for hydrogen and deuterium
ion mass respectively. The measured ky ρi are shown by the arrows
[46]. Adapted from [46]. © IOP Publishing Ltd All rights reserved.
Figure 4. Spatial profiles of high density case (a-1), (b-1)

turbulence amplitude, (a-2), (b-2) wavenumber spectrum and (a-3),
(b-3) turbulence phase velocity. In (a-3) and (b-3), V ExB measured
by CXRS is by shown by the blue line [46]. Reproduced from [46].
© IOP Publishing Ltd All rights reserved.

figure 4, not only amplitude, but also spatial structures are
clearly different in H and D plasma.
Figure 5 shows the linear spectrum at ρ = 0.7 of figure 4
by local flux tube gyro kinetic simulation GKV code [51, 52].
Input parameters are shown in table 1. The dominant mode of
ion scale turbulence is ITG. As shown in figure 5, ITG is stabilized in D plasma. This result qualitatively agrees with the
reduced turbulence level observed experimentally in D plasma
as shown in figure 3(f). However, the lower growth rate is not
due to the difference of ion mass, but due to the difference of
profile. As shown in table 1, R/Ln and R/Lti are lower and R/Lte
are higher in D plasma. The largest difference is R/Ln , which
corresponds to hollower density profiles in D plasma than in
H plasma. The growth rate of electron temperature gradient
mode is comparable in H and D plasma. The measurements
of microwave backward scattering (BS) [53] showed a higher
turbulence level in the unstable ETG wavenumber region [32].
The growth rate of ETG is much higher than that of ITG. However, higher growth rate of the ETG does not indicate a higher
contribution to electron transport. This is because a higher k
corresponds to a smaller step size of the turbulence driven diffusion and diffusion coefficients becomes much smaller for
higher k. ETG plays a role in transport when a radial streamer
is formed. Recent gyrokinetic study shows that negative shear
of the safety factor breaks streamers [54]. This is the case of
a negative shear tokamak, W-7X and LHD. Non-linear simulations are necessary for the quantitative arguments for the
ETG.
One contradiction between turbulence measurements and
gyrokinetic calculation is propagation direction. As shown in
figure 4(a-3), turbulence propagates toward the e-dia direction in the plasma frame at ρ = 0.6–0.8. This is against the
basic characteristics of ITG, which propagates toward the idia direction in the plasma frame. Other types of instabilities should also be considered. The turbulence level at
about ρ = 0.5–0.8 increases with increase of collisionality

Figure 4 shows a comparison of turbulence spatial structure. In figure 4, spatial profiles of turbulence amplitude (a-1),
(b-1), wavenumber spectra (a-2), (b-2) and turbulence phase
velocities are shown. These quantities are not normalized by
background electron density. 2D-PCI measures turbulence of
which the frequency is 20–500 kHz and the wavenumber is
k = 0.1–0.8 mm−1 . The accessible region is ρ > 0.4. The vertical injection of the probe laser beam can measure the upper
side and the lower side relative to the equatorial plane [32]. The
measured wavenumber is poloidally dominated. In figure 4,
ion diamagnetic direction (i-dia) and electron diamagnetic direction (e-dia) indicate the propagation direction of turbulence
in the laboratory frame. In figures 4(a-3) and (b-3), ExB poloidal rotation velocities (VExB ) are shown by blue lines.
As shown in figures 4(a-1) and (b-1), turbulence amplitude
profiles are clearly different. The turbulence amplitude is
higher in H plasma than in D plasma except close to the plasma
boundary. Turbulence expands in the more inner region in H
plasmas. This amplitude profile results in a reduced fluctuation
level as shown in figure 3(f). As shown in figures 4(a-2) and
(b-2), measured k is k ∼ 0.3 mm−1 . Although absolute k is a
similar value, normalized k becomes different. The wavenumber normalized by ion Larmor radius (kρi ) is approximately
0.33–0.36 in H plasma and 0.4–0.51 in D plasma. As shown
in figure 4(a-3), most of the components propagate toward
the e-dia direction in laboratory frame in H plasma, and the
phase velocity is further toward the e-dia direction compared
with V ExB at ρ = 0.6–0.8 in H plasma. This observation indicates that the turbulence propagates toward the e-dia. direction
in plasma frame of H plasma. While in D plasma, as shown
in figure 4(b-3), the turbulence propagation direction changes
from e-dia direction to i-dia direction at about ρ = 0.95–1.05.
The turbulence phase velocities follow V ExB . As shown in
6
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Table 1. Input parameters of linear calculation [46].

ion

Shot

R/Ln

R/Lte

R/Lti

T e /T i

ITG

ETG

H
D

152 270
147 829

2.91
−0.68

13.44
16.7

8.31
6.05

1.05
1.34

Unstable
Stable

Unstable
Unstable

at ν∗ h > 4 [32]. Dissipative trapped electron mode (DTEM)
can increase the growth rate with increase of collisionality
at ν∗ h (ρ = 0.5–0.8) > 4 and qualitatively agree with observation in LHD. However, according to the analytical theory,
DTEM appears in the very low collisionality regime only
[9], although there is a report of DTEM from the Advanced
Toroidal Facility (ATF), which is a similar magnetic configuration to LHD [55]. The resistive interchange (RI) turbulence [56] is another candidate to explain the observations
in LHD. Its growth rate increases with increase of resistivity and approximately with increase of collisionality. The
propagation direction is the e-dia direction in the plasma
frame. In high beta plasma of LHD, turbulence level measured by a far-infrared laser interferometer increases with
increase of β corresponding to increase of collisionality suggesting that RI turbulence degrades the transport [57]. Unfortunately, RI mode cannot be calculated by using present
gyrokinetic code, since the parallel wavenumber of RI is
zero and its eigen function is not ballooning structure. It will
be possible to investigate RI mode using MHD fluid code.
Then, the role of RI turbulence in isotope effects can be
investigated.

Figure 6. Comparison of the thermal energy confinement time in

the experiment and the prediction by the scaling of dimensionally
similar NBI plasma. Crosses and circles are hydrogen plasmas and
deuterium plasmas, respectively [58]. Reprinted figure with
permission from [58]. Copyright (2019) by the American Physical
Society.

Equation (5) does not show any ion mass effects. Compared
with the gyro-Bohm scaling of equation (2), the magnetic field
dependence is comparable, the density dependence is stronger,
and power dependence is slightly stronger. Compared with
ISS04 [23], the magnetic field dependence is identical, the
density dependence is stronger and power dependence is
slightly stronger. The data base of ISS04 from LHD is from
hydrogen NNB heated plasma. However, the maximum injection power was about 6 MW. Here the maximum injection
power is about 12 MW. The stronger power degradation
becomes evident by using higher heating power. Compared
with the scaling of ECRH plasma in equation (3), density
and power dependences are slightly stronger. However, a
noticeable difference is ion mass dependence, which is M 0.27
in ECRH plasma.
Among the data sets of the scaling study, 12 pairs adjusting ρ∗ , ν ∗ and β in H and D plasmas were available. The
set of plasmas with identical nondimensional parameters (ρ∗ ,
ν ∗ and β) are considered to be governed by identical transport physics [59, 60]. Such plasmas are called dimensionally similar plasma. Identical normalized confinement time
and transport coefficients are reported from the data set of
different size and different operational regime of dimensionally similar plasma [59].These experimental results support
the expectation that plasmas with the same dimensionless
parameters are subject to the same physics processes. This
experimental technique is particularly useful to predict the
performance of a future large-scale reactor from the dataset of
the current working machine [61], although reactor relevant
ρ∗ , ν ∗ and β have not been achieved simultaneously under the
present conditions.

3. Isotope effects of neutral beam injection (NBI)
heated plasma by adjusting nondimensional
parameters
The isotope effects were investigated for the NNB heating
plasma as well. The scaling study including isotope effects
was performed scanning density, heating power and magnetic
fields [58]. The line-averaged density was scanned over the
approximate range of 0.64–4.32 × 1019 m−3 in H and 0.64–
5.7 × 1019 m−3 in D plasma. The absorption powers of the
NNB are about 1.8–11.7 MW in H and 1.5–12.5 MW in D
plasma. It should be noted that the plasmas investigated are
under electron dominant heating since high energy (180 keV)
NNB is the heating source. The ion species of NNB are hydrogen both in H and D plasma. However, since beam fueling
due to the NNB is small, the purity of H and D achieved was
more than 90% both in H and D plasma. PNB was used for the
CXRS measurements with a short pulse (20 ms) and did not
contribute to the ion heating. The magnetic fields were 1.64
and 2.75 T in H and 1.375 and 2.75 T in D plasma. The datasets
consisted of 64 cases in H and 103 cases in D plasma. The following scaling law was deduced from the database and figure
6 shows comparison of experiment data with prediction by the
scaling:

0.87±0.01
scl
τE,th
= 0.072M 0.00±0.02 B 0.84±0.02 n̄e0.76±0.01 P−
. (5)
abs
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Figure 7. Profiles of dimensionally similar hydrogen and deuterium plasmas. reff is the effective minor radius, and the last closed flux

surface is located at reff = 0.63 m. The negative and positive signs mean the inboard side and the outboard side with respect to the magnetic
axis, respectively. (a) The electron temperature, (b) ion temperature, and (c) electron density in the top panels. Data from hydrogen plasma
and deuterium plasma are shown by crosses and circles, respectively. (d) The normalized gyroradius, (e) normalized collisionality, and
(f) normalized pressure in the bottom panels. Data from hydrogen plasma and deuterium plasma are shown by solid and dashed curves,
respectively [58]. Reprinted figure with permission from [58]. Copyright (2019) by the American Physical Society.

pure H (M = 1) and D (M = 2), in D plasma, these factors
are 1.68, 2 and 1.41. Thus, toroidal magnetic field (Bt) in D
plasma was set to be 2.75 T, which is the maximum magnetic
field in LHD at Rax = 3.6 m, and Bt was set to be 1.64 T in
H plasma. For the comparison of different device size, other
geometrical factors and magnetic configuration factors should
be adjusted [59, 60], however, the experiments in LHD were
performed with the same magnetic configuration, which is an
inward-shifted configuration (Rax = 3.6 m), thus such adjustments are not necessary.
Figure 7 shows example of dimensionally similar plasma
in H and D plasma. As shown in figures 7(a)–(c), normalized
density and temperature profiles show excellent matching. The
nondimensional parameters are almost identical in the entire
region of the plasma as shown in figures 7(d)–(f).
As shown in equation (6), the obtained scaling shows
ρ∗−3 dependence indicating that global energy transport is
gyro-Bohm character. On the other hand, dependences on
ν ∗ and β are weak. In addition, the important result is
that positive mass dependence co-exists in equation (6). The
contradiction between gyro-Bohm scaling and non-negative
ion mass dependence have been reported in many publications.
However, equation (6) indicates that gyro-Bohm character and
positive mass dependence are not contradictory.

The application of dimensionally similar experiments to
the isotope experiments examines different features. If the
normalized confinement time or normalized transport coefficients are identical for dimensionally similar plasma of H and
D, transport follows an identical physics story. The examined
transport model in this study is gyro-Bohm diffusion.
First, the scaling of operational parameters shown by
equation (5) are rephrased by using ρ∗ , ν ∗ and β. Here, the
global energy confinement time is normalized by the ion cyclotron frequency (Ωi ). The normalized global energy confinement time τ E Ωi is proportional to ρ∗−2 in Bohm diffusion
and proportional to ρ∗−3 in gyro-Bohm diffusion. Thus, the
ρ∗ dependence in power law scaling can indicate that scaling
is governed by Bohm or gyro-Bohm. The following scaling
law was obtained from the data set of dimensionally similar
plasma:
τE Ωi ∝ M 0.99 ρ∗−3 ν ∗0.19 β −0.30 .

(6)

Then, local analyses were carried out for the pairs of identical
ρ∗ , ν ∗ and β. In order to adjust the ρ∗ , ν ∗ and β values, the ratio
of magnetic field, density and temperature between
√ D and H
plasmas should be adjusted to be M 3/4 , M, and M, respectively. Here M is ion mass ratio of D plasma to H plasma. For
8
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Figure 8. Comparison of the thermal diffusivity in a pair of

dimensionally similar hydrogen (solid curves) and deuterium
(dashed curves) plasmas shown in figure 6. Thermal diffusivity is
normalized by the ion cyclotron frequency. (a) Electron thermal
diffusivity and (b) ion thermal diffusivity [58]. Reprinted figure with
permission from [58], Copyright (2019) by the American Physical
Society.

Figure 8 shows local power balance analyses of the shots
in figure 7. In figure 8, thermal conductivities are normalized
by Ωi . The normalized thermal conductivity (χ/Ωi ) is proportional to ρ∗ 3 in gyro-Bohm diffusion. As shown in figure 7(d),
ρ∗ is identical in both H and D plasma in the entire region.
Thus, if transport is purely gyro-Bohm, χ/Ωi should be
identical in H and D plasma, However, as shown in figure 8,
both χe /Ωi and χi /Ωi are smaller in D plasma than in H plasma.
The reduction is larger in the electron channel, however, the
reduction is clear in the ion channel as well taking into account
the uncertainty of the estimation [58]. The local analyses also
show that both electron and ion transports do not have simple
gyro-Bohm characteristics as well as global energy transport
as shown by equation (6) [58].
Figure 9 shows the collisionality dependence of normalized thermal conductivity ratios between H and D plasma at
ρ = 2/3. The obtained scaling of dimensionless parameters
equation (6) is approximated by τE Ωi ∝∼ M−1 for identical
ρ∗ v∗ β, then, the following equation is obtained
χ
∝∼ M−1 .
(7)
Ωi

Figure 9. Comparison of the thermal transport in pairs of

dimensionally similar hydrogen and deuterium plasmas. (a) The
ratio of thermal diffusivity in a deuterium plasma to that in a
hydrogen plasma at ρ (= reff /a) = 2/3 as a function of the
collisionality. Closed circles and crossed squares are the electron
heat loss channel and ion heat loss channel, respectively. Ellipses
are 95% probability. (b) The ratio of electron heat flux to ion heat
flux at ρ = 2/3 as a function of the collisionality. Crosses and open
circles are hydrogen and deuterium plasmas, respectively [58].
Reprinted figure with permission from [58], Copyright (2019) by
the American Physical Society.

equation (4), Pei is proportional to n2 , mi −1 and T e − T i . The
electron temperature is about twice as high as the ion temperature in the entire region of H and D plasma due to electron dominant heating of NNB. The electron density is doubled in D
plasma compared to H plasma to adjust ρ∗ , ν ∗ and β, thus, Pei
is higher in D plasma than in H plasma due to the n2 dependxD /Ω
ence of Pei . Thus, xiH /ΩDH > 0.5 at ν ∗ > 0.15 does not affect
i
the total transport and finally, local characteristics shown by
equation (8) agree with global characteristics of τ E shown by
τE Ωi ∝∼ M−1 , which is an approximation of equation (6).
In JET ELMy H mode plasma, the main isotope effects originate from the edge pedestal [7, 18]. Since the present data
set from LHD does not show clear formation of an edge pedestal, comparison should be made with JET L mode plasma
[8]. In JET L mode plasmas, the values of normalized effective
thermal conductivities in H and D plasmas are close, within the
estimation uncertainty [8]. The difference between LHD and
JET results may be due to the differences in magnetic configuration parameters or due to the differences in the plasma parameters. One of the important differences of the plasma parameters are temperature ratios (T e /T i ), In JET L mode plasma,
T e ≈ T i , while in LHD, T e /T i > 1 over the entire region as
shown in figures 7(a) and (b). This is because in JET, PNBs
were used and PNB predominantly heated ions, while in LHD
NNBs were used and NNB predominantly heated electrons.
Experiments and analyses using PNBs will be performed with
LHD as the next steps for a clearer understanding of the effect
of temperature ratio.

The ratio of the normalized thermal conductivity is given by
the following:
χD /ΩD ∼ MH
= 0.5.
=
χH /ΩH
MD

(8)

D

D
As shown in figure 9(a), χχee H /Ω
/ΩH at ρ = 2/3 (r eff = 0.4 m) of all
the data sets is around 0.5. As shown in figure 8(a), this ratio is
kept over almost the entire region of plasma. While as shown
D
D
in figure 9(a), χχii H /Ω
/ΩH at ρ = 2/3 (r eff = 0.4 m) becomes higher
than 0.5 with increase of ν ∗ . However, as shown in figure 9(b),
the dominant transport channel is the electron channel in the
whole data set of H and most of the data set of D plasma showing qe /qi > 1. This effect is clearer in H plasma
at higher ν ∗ .
/
With increase of the collisionality (ν ∗ ∝ n T2 ), qe /qi decreases
e
both in H and D plasma as shown in figure 9(b). This is due to
the increase of equipartition heating power Pei . As shown in
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Figure 10. (a) Turbulence level and (b) wavenumber spectrum in

dimensionally similar plasma measured by 2D-PCI. In (b),
wavenumber is normalized by ion Larmor radius ρi (= 1.7 mm) and
the spectrum amplitude is normalized by the density at ρ = 0.5–0.8.

Figure 11. Dependence on line-averaged density of change of T e

gradient during ECRH modulation and thermal conductivities from
local power balance analyses at reff = 0.15 m (reff /a99 = 0.25, a99 is
minor radius, where 99% of kinetic electron energy is stored inside
this radius). The data of H, D and H–D mixed plasma are shown.
The green lines are predicted values from high density data on
non-electron-ITB plasma [67]. Reproduced courtesy of IAEA.
Figure adapted from [67]. Copyright (2020) IAEA.

Figure 10 shows comparison of turbulence in dimensionally similar plasma. Three nondimensional parameters
(ρ∗ , ν ∗ and β) matched over the entire region of the plasma.
The fluctuation level is higher in H plasma at about ρ = 0.5–
1.0 as shown in figure 10(a). Figure 10(b) shows comparison
of wavenumber spectrum at about ρ = 0.5–0.8. In figure 10(b),
the wavenumber is normalized by ρi , which is 1.7 mm for
both cases, and spectrum amplitude is normalized the averaged densities at about ρ = 0.5–0.8, which are 1.6 × 1019 m−3
in H and 3 × 1019 m−3 in D plasma. The peak normalized
wavenumber (kρi ) is almost identical and is ∼0.7. The normalized amplitude is clearly lower in D plasma around the spectrum peak. This observation qualitatively agrees with reduced
transport in D plasma. It is in contrast to the observation in
ECRH plasma, where peak absolute wavenumber is almost
identical as shown in figure 4, but normalized wavenumber
kρi is higher in D plasma.

ITB formations are also discussed in the following subsection.

4.1. Isotope effects in electron-ITB

A strong central ECRH induces a positive radial electric
field in the central region. As the outer region is ion root
due to equalized electron and ion temperature, thus, a negative radial electric field is formed. Then, strong Er-shear is
formed between positive Er in the core region and negative Er in the outer region, and it stabilizes turbulence and
reduces transport [65]. In order to investigate the isotope
effects on electron-ITB, analyses of the ECRH modulation
were performed [67]. Figure 11 (top) shows the change of
T e gradient between ECRH on and off timing. At lower lineaveraged density, the T e gradient increases clearly indicating
the formation of electron-ITB. The increase of T e gradient
appears at higher density in D plasma than in H plasma. In
the mixed H and D plasma, the electron-ITB appears at intermediate density between H and D plasma. The electron-ITB
can be formed at higher density with higher concentration of
deuterium [67].
In ECRH modulation, hysteresis of heat flux was found
[68, 69]. The jump of the heat flux in the hysteresis is defined
as δqjump and the entire heat flux qe is modeled as

4. Isotope effects of ITB plasma
The internal transport barrier (ITB) plasma is the improved
confinement mode, which is observed both in a tokamak
and a stellarator/heliotron [62]. The internal transport barrier is defined as a bifurcation of the flux-gradient relationship between enhanced transport and reduced transport in the
internal confinement region [62]. The barriers are formed generally at ρ = 0.2 ∼ 0.7. It is contrast to the edge transport barriers in H mode, where transport barriers are formed at ρ ∼ 1.0.
The formation of ITB causes steep density and/or temperature
gradients due to the reduction of the local transport in the core
region. In a tokamak, ITBs are formed in particle, electron, and
ion energy transport simultaneously. While in LHD, an ITB is
formed only in a single transport channel. For example, the
particle ITB is formed with pellet injection [63, 64], the electron ITB is formed by strong central ECRH [65], and the ion
ITB is formed by strong PNB heating [66]. In LHD, isotope
effects were found in formation of the ITB of electron energy
transport (electron-ITB) and ion energy transport (ion-ITB).
In the following subsection, isotope effects in the electron and
ion ITB are discussed. The role of carbon impurity on the ion

qe = −ne χslow
e ∇Te + δqjump .

(9)

Equation (9) indicates that electron heat flux cannot be
described by a simple diffusion model. In equation (9), χe slow
indicates slow time scale diffusivity in the modulation, and is
approximated as
χslow
∼−
e
10

(δqECH − δqjump )
.
ne ∇Te

(10)
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Figure 12. Comparison of e-ITB formation (a) time history of density, (b) central electron temperature, (c) ne profiles and (d) T e

(open symbol) T i (closed symbol) and ECRH power density (solid lines) profiles. (e) Total integrated power (Qtotal ) in thick solid lines,
integrated electron power (Qe ) in thin solid lines and integrated ion power (Qi ) in dashed lines and (f) χe in plain lines and χi in dashed
lines. ne and T e profiles are accumulated for 4.4–4.7 s. ne profiles are from FIR interferometer [70]. T i profiles are obtained from CXRS
with short pulse (20 ms) PNB at 4.41 s. Two 154 GHz ECRH 2nd harmonic heating at 1.9 MW. In (b), the back transition takes place at
t = 4.74 sec in shot 157699.

In equation (9), δqECH indicates the change of the heat flux
due to the ECH modulation [67] and χe slow , which corresponds to power balance χe [67]. As shown in figure 11 (bottom), χe slow are almost identical at higher than 1.6 × 1019 m−3 .
The whole data set at this density regime follows the predicted curve from the data set in high density non electronITB plasma regardless of the ion species. However, at
lower than 1.6 × 1019 m−3 , χe slow in mixed and D plasma
clearly reduces at higher density. This result indicates that
the transition to electron-ITB occurs at higher density with
higher contamination of deuterium. However, no clear difference of hysteresis was found in H, mixed and D plasma
[67].

Figure 12 shows the a comparison of performance of ECRH
plasma in H and D plasmas. As shown in figure 12(a), the
line-averaged density was identical after t = 4.4 sec and was
3.5 × 1019 m−3 . Two 154 GHz tangentially balance injections
were used. The injection power was ∼1 MW each and total
injection power was ∼2 MW. As shown in figure 12(b), the
central electron temperature was clearly higher in D plasma
until t = 4.75 s. The electron density, temperature and ion temperature profiles are compared. For the accurate power balance
analyses, ne and T e profiles were accumulated for approximately 4.4–4.7 s and T i profiles were measured by CXRS with
short pulse (20 ms) PNB. As shown in figure 12(c), ne profiles
are hollower in D plasma. The higher T e are observed at ρ < 0.8
11
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in D plasma and clear increase of T e gradient appears at ρ < 0.4
only in D plasma indicating the formation of electron-ITB. As
shown in figure 12(d), deposition profiles are identical in both
cases. Power balance analyses are shown in figures 12(e) and
(f). As shown in figure 12(e), the integrated power to electrons
is higher in D plasma and integrated power to ions is higher
in H plasma for the identical total integrated power. This is
due to the higher Pei in H plasma as shown in equation (4).
The higher T e in D plasma is partly due to the higher electron
heating power. However, as shown in figure 12(f), χe is lower
in D plasma than in H plasma at ρ < 0.45 indicating a reduction
of electron transport due to the formation of an electron-ITB.
Clear reduction of χe at higher T e was not observed in normal
confinement ECRH as shown in figure 3(d). The ion thermal
conductivity is lower in D plasma than in H plasma in almost
the entire region. This is due the almost identical T i profile,
while Qi is lower in D plasma than in H plasma due to lower
Pei in D plasma.

Figure 13. Comparison of Ti profiles with ion-ITB (red) and

without ion-ITB (blue). Dashed lines indicates predicted T i profiles
using equation (11). G1.0 indicates α is 1.0 from equation (11) [74].
Adapted from [74]. https://www.nature.com/articles/s41598-01952271-w.

4.2. Isotope effects on ion-ITB

Ion-ITB in LHD was achieved with strong ion heating. With
carbon pellet injection and reduction of the edge recycling by helium glow discharge cleaning, 10 keV central ion
temperature was achieved [35]. In this subection, in order to
study the isotope effects due to the difference of ion species,
ion-ITBs in high purity H and D plasmas were investigated.
In an electron-ITB, the transition takes place clearly as
shown in figure 12(b). On the other hand, formation of an ionITB is gradual. Also, ion scale turbulence changes gradually
with increase of ion temperature [71, 72]. These gradual transitions make it difficult to identify the formation of the ionITB. Thus, in order to quantify the ion-ITB, the profile gain
factor was recently defined [73]. For the definition of profile
gain factor, reference T i profiles are selected. The reference T i
profiles are low central T i with low heating power. Then, the
following ion thermal conductivity with positive temperature
power index is defined:
χi ∝ Tiα , α = 1 ∼ 1.5.

Figure 14. Comparison of profile gain factor in (a) D plasma and in

(b) H plasma. The data from different magnetic axes are shown by
different colors [74]. Adapted from [74]. https://www.nature.com/
articles/s41598-019-52271-w.

formed at lower density more clearly. As shown in figure 14,
the profile gain factor is systematically higher in D plasma. In
figure 14, configuration dependence is also observed. Among
three magnetic axes 3.55, 3.58 and 3.6 m, the profile gain
factor is highest at Rax = 3.55 m. Also, isotope effects are
the strongest and the highest improvements are achieved. In
all three configurations, the profile gain factor is higher in D
plasma. The magnetic helical ripple is lower at more inner axis
shift among these three configurations [43]. The lower magnetic helical ripple induces larger zonal flows [75, 76]. The
difference of formation of zonal flow may play a role in the
highest improvements at Rax = 3.55 m.
Power balance analyses were carried out for ion-ITB
plasma in H and D plasma [77]. Three NNBs and two PNBs
were used for the heating. Ion deposition power was adjusted
to be 3 MW in both cases. Electron heating power was 5 MW
in H plasma and 3 MW in D plasma. Because of the difference
of the critical energy in H and D ions, simultaneous adjustment of electron and ion heating power was not technically

(11)

Figure 13 shows an example to determine profile gain factor.
First, in non-ITB plasma (shot 141 215, t = 3.94 s), the power
index α is determined by using the T i profile at ρ > 0.6.
In figure 13, the subscript 1.0 of G indicates that α = 1.0
in equation (11). Then, by using equation (11) with determined α, T i profile is predicted at ρ < 0.6. The profile gain
factor is defined from the ratio of experimental to predicted
ion kinetic energy. This profile gain factor is 1.01 for the
T i profile of 141 215 t = 3.94 s indicating almost no gain
of ion kinetic energy compared with prediction. While in
the T i profile of 141 209 t = 4.24 s, the profile gain factor
becomes 1.47 indicating that kinetic ion energy gains are
due to the ion-ITB formation. The higher profile gain factor
indicates higher improvement of ion energy transport due to
ion-ITB.
As shown in figure 14, the profile gain factor increases
with decrease of the density. This indicates that the ion-ITB is
12
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Figure 15. Profiles of (a) T i , (b) ion thermal conductivities in

ion-ITB plasma. Ion deposition power is almost identical in both
discharges. The line-averaged electron density is 1.3 × 1019 m−3 in
both cases. Ion deposition power is 3 MW in both cases. In (b),
normalized ion thermal conductivities by gyro-Bohm diffusion,
where χGB = ρ2i vth /Rax , are shown [77]. Reproduced courtesy of
IAEA. Figure adapted from [77]. Copyright (2019) IAEA.

Figure 16. Linear spectrum of ion-ITB plasma in H and D plasma

at (a) ρ = 0.3, (b) ρ = 0.5 and (c) ρ = 0.9. Most unstable mode with
kr = 0 are plotted. ITG is shown by asterisk, TEM by colored circle
and ETG by colored triangle [81]. Reproduced from [81].
© IOP Publishing Ltd All rights reserved.

the higher T i /T e and hollower density profile in D plasma
than in H plasma [81]. The lower growth rate in D plasma
at ρ = 0.9 is partly due to lower density gradient and partly
due to the stronger collisionality stabilization effects on TEM
in D plasma [12, 13]. In electron scale turbulence, where
ky ρte is approximately 0.05–0.2, ky is poloidal wavenumber,
and ρte is electron Larmor radius, ETG is stable at ρ = 0.3 and
ρ = 0.5 and unstable at ρ = 0.9. At ρ = 0.9, ETG growth
rate is lower in D plasma, this is partly due to lower electron temperature gradient and partly due to the lower density
gradient [81].
Nonlinear simulations were carried out for H and D plasma
at ρ = 0.5. Figure 17 shows temporal evolutions of nonlinear
normalized thermal ion conductivities (χi /χGBi , i = H, D).
The lower normalized ion thermal conductivities were found
from the nonlinear simulations. This result is due to the larger zonal flow generation as shown in figure 17 (bottom).
The zonal flow power is about 30% higher in D plasma than
in H plasma. The nonlinear results account for the experimentally observed lower ion thermal conductivities qualitatively. Nonlinear χi /χGBi reduces by a factor of 0.36 from
H plasma to D plasma. On the other hand, the experimental
χi /χGBi reduces by a factor of 0.29 from H plasma to D plasma.
The ratios of the reduction from H to D plasma are comparable in simulation and in experiment. However, absolute values do not match well. In figure 17 (top), experimental values are shown by dashed horizontal lines. Both in H and D
plasma, simulation values are larger than experimental values by about a factor of 2 to3. One of the possible disagreements is due to the strong stiffness of ion transport
[80]. In LHD and tokamaks, the heat flux increases rapidly
at higher than critical T i gradients. As shown in figure 17
(top), the simulation with 20% lower normalized T i gradient
(Rax /LTi , LTi ; T i scale length) matches experimental values.
The uncertainty of determination of Rax /LTi is around 20%.

possible with H and D neutral beams. Therefore, ion deposition power was adjusted for the investigation of ion energy
transport.
Figure 15 shows comparison of T i profiles and ion thermal
conductivities. As shown in figure 15(a), T i is clearly higher in
D plasma. As reported in the first publication of ion-ITB [66],
the normalized thermal ion conductivities by gyro-Bohm conductivity decrease significantly toward the plasma center both
in H and D plasma as shown in figure 15(b). The ion thermal
conductivity without normalization is lower in D plasma than
in H plasma beyond the estimation uncertainty. After normalization, the difference between H and D plasma becomes larger due to the positive ion mass dependence of χiGB .
Validation between gyrokinetic analyses and experimental
observation of ion transport was performed. In hydrogen ion-ITB plasma, linear [78] and nonlinear analyses
[79, 80] have been performed. The nonlinear ion heat flux
with non-adiabatic electron agreed with experimental values
within measurement uncertainty [80]. The linear analyses
[81] and nonlinear analyses with non-adiabatic electron and
collisionality effects [77] were performed to for ion-ITB
plasma in H and D plasma, which are shown in figure 15.
Figure 16 shows linear analyses at three radial locations
(ρ = 0.3, 0.5 and 0.6). The calculations were performed for
radial wavenumber (kr = 0) and finite poloidal wavenumber (ky ). The linear analyses show that dominant instability
of ion scale turbulence (ky ρti = 0.05–1.1, ρti is ion Larmor
radius for H and D) is ITG at ρ = 0.3 and 0.5. On the other
hand, at ρ = 0.9, the dominant instability is TEM except
ky ρti <0.25 in D plasma. The normalized growth rate of ion
scale turbulence is lower in D plasma than in H plasma in
all locations and in almost the whole normalized wavenumber region. At ρ = 0.3 and 0.5, the lower growth rate in D
plasma is not due to the ion mass [12, 13], but is due to
13
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Figure 17. Temporal evolutions of nonlinear gyrokinetic

(a) normalized ion heat conductivities and (b) zonal flow energy
partition. In (a), experimental values are shown by thick dashed
lines. The thin dashed line indicates the results of H plasma with
20% lower normalized T i gradient [77]. Reproduced courtesy of
IAEA. Figure adapted from [77]. Copyright (2019) IAEA.

Thus, results in figure 17 show agreement within experimental
uncertainty.
Figure 18. Time evolution in the hydrogen discharge (#123145) of

(a) heating power, (b) plasma stored energy and radiated power,
(c) ion temperature, (d) electron temperature, (e) electron density
and line-averaged electron density, (f) carbon density, (g) peaking
factor of carbon density profile, and (h) density fraction of hydrogen
and helium [82]. Reproduced from [82]. © IOP Publishing Ltd All
rights reserved.

4.3. Role of carbon impurity on ion-ITB

In LHD, high central ion temperature was achieved in PNB
and NNB heated plasma with the assistance of carbon pellet
injection and helium glow discharge cleaning. Higher central
T i was achieved with use of deuterium PNB. In figures 18,
16 MW H-NNB and 10 MW H-PNB were used. The shots
in figure 18 were carried out in the hydrogen experimental
campaign in 2013–2014. Thus, there is no deuterium in the
vacuum vessel. In figures 19, 14 MW H-NNB and 17 MW DPNB were used. The shots in figure 19 was carried out in deuterium experimental campaign in 2017. External gas fueling
was not performed in either case. The fueling is due to residual helium gas after helium discharge cleaning and hydrogen
and deuterium in flux from the neutralizer of NNB and PNB. In
this subsection, we call the shot in figure 18 without deuterium
gas H-discharge and the shots in figure 19 with deuterium gas
D-discharge.
In both cases, central T i increases after carbon pellet injection at t = 4.6 s. In H-discharge, central T i reached 8 keV
transiently as shown in figure 18(c). While in D-discharge,
central T i reached 9.5 keV and was maintained for around
0.2 s, as shown in figure 19(c). The injected carbon pellet is
a cylindrical (1.05 mm diameter and 1.5 mm height) type.
Injection speed was 190 m s−1 in H-discharge and 130 m s−1
in D-discharge. In spite of the different NB heating power
and injection speed, ablation locations, which are measured by
CXRS, were reff /a99 = 0.8 in both cases [82]. Thus, the different T i observed is not due to a difference of pellet ablation.
The remarkable difference is the temporal evolutions of
carbon ions. As shown in figure 18(g), the carbon peaking

factor, which is defined as the ratio between carbon density
at ρ = 0.2 and 0.5, increases up to one in H-discharges. Carbon density profiles were kept hollowed in H-discharge. On
the other hand, as shown in figure 19(g), in D-discharge, the
carbon peaking factor exceeded 1 and reached to 1.2. The carbon profile becomes peaked in D-discharge. In both cases,
temporal evolutions of carbon profiles coincide with temporal
evolutions of central T i . This result strongly suggests that carbon profile plays a significant role to achieve higher ion temperature. It should be noted that the peaked carbon profile was
achieved only in D-discharge. Thus, the observed differences
of achieved central T i and carbon profile are due to the existence of deuterium ions.
Figure 20 shows the comparison of the temporal behavior of T i and carbon profiles [83]. Carbon density profiles
are measured by CXRS by using PNB. The estimation was
performed taking into account the difference of beam divergence and attenuation in hydrogen and deuterium beams [84].
As shown in to figure 20(b), in H-discharge, the carbon profiles
are hollow. The hollowness becomes highest at the timing of
the highest T i (4.94 s). This hollowed impurity profile is called
an ‘impurity hole’ [66]. On the other hand, in D-discharge, carbon profile becomes peaked at ρ < 0.55. It is a strong contrast
that the carbon profile is hollowed in H-discharge and peaked
in D-discharge. Recent theoretical study shows that hollowed
14
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Figure 21. Diffusion coefficients and convection velocities of C6+

ions with H and D perpendicular NBI heated plasma of carbon
pellet-assisted ion-ITB. Positive V c indicates outwardly directed
convection [82]. Reproduced from [82]. © IOP Publishing Ltd All
rights reserved.

Figure 19. Time evolution in the deuterium discharge (#133707) of

(a) heating power, (b) plasma stored energy and radiated power,
(c) ion temperature, (d) electron temperature, (e) electron density
and line-averaged electron density, (f) carbon density, (g) peaking
factor of carbon density profile, and (h) density fraction of
hydrogen, deuterium and helium [82]. Reproduced from [82].
© IOP Publishing Ltd All rights reserved.

Figure 22. Relation between (a) carbon peaking factor and central

ion temperature and (b) profile of χi in carbon pellet- assisted
ion-ITB [83]. Reproduced courtesy of IAEA. Figure from [83].
Copyright (2019) IAEA.

carbon profiles destabilize ITG and enhance ion thermal transport [85, 86]. Observations in figure 20 can be possibly due to
the larger stabilizing effects of ITG due to the peaked carbon
profile inside the ion-ITB region.
Figure 21 shows the comparison of diffusion coefficients
and convection velocities of C6+ ions injected by carbon
pellet [82]. These coefficients were estimated from the relation between normalized carbon flux and normalized carbon
density gradient after carbon pellet injection. As shown in
figure 21, diffusion coefficients are lower and outwardly directed convection velocities are lower in D-discharge than in Hdischarge. This observation results in the peaked carbon profile
and its longer sustainment in D-discharge.

Figure 20. Temporal evolutions of ion temperature (a), (c) and

carbon ion density (b), (d) in carbon pellet-assisted ion-ITB. The
dashed lines indicate foot point of ion-ITB [83]. Reproduced
courtesy of IAEA. Figure from [83]. Copyright (2019) IAEA.
15
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Figure 22(a) shows the relation between central T i and carbon peaking factor Cp , which is defined as the ratio of carbon density at the magnetic axis to carbon density at the ITB
foot point. As shown in figure 22(a), the higher central T i
is achieved at higher Cp . Also, it should be noted that the
data in H-discharge and D-discharge overlap each other. This
indicates that carbon profile plays a prominent role in ion
transport. With deuterium contamination, peaked carbon profiles are achieved, then, the peaked carbon profile increases
central T i possibly due to the reduction of the ITG-driven
turbulence. Figure 22(b) shows χi are clearly reduced at the
location where ion-ITB is formed in D-discharge, while χi are
comparable outside of ion-ITB.
5. Particle transport of mixed ion plasma
In the high purity H or D plasma, the spatial profiles of electron density and ion density (H or D) are identical due to the
plasma quasi neutrality. In this case, diffusion coefficients and
convection velocities are identical in electron and ion particle
transport. However, in the mixed plasma, these coefficients of
electron and ion particle transport can be different. According
to the theoretical study, electron and ion transport in mixed
plasma are different due to the dominant turbulence mode [87].
In the future reactor operation, the plasma will be deuterium
and tritium mixed plasma. Thus, the investigations into the differences in particle transport between electron and ions are
absolutely important. Such studies are possible in mixed H
and D plasma with ion density measurements. In LHD, the
spatial profiles of hydrogen and deuterium ions were successfully measured by using a bulk charge exchange spectroscopy
[88, 89].
A new finding of the experiments in mixed plasma in LHD
is the discovery of mixing and non-mixing states [90, 91].
In the mixing state, both electron and ion profile have the
same shape. In the non-mixing state, electron and ion density
profiles are different. The non-mixing state is clearly visible,
when ion particle fueling is different in core and edge [90, 91].
Figure 23 shows mixing and non-mixing states. Three cases,
which have different wall conditions, are compared. ΓH /ΓD is
the ratio of ion influx between hydrogen and deuterium from
the wall recycling and the gas fueling. This ratio was measured
by passive spectroscopy with high spectrum resolution [41].
The hydrogen PNB was injected in three cases. The shape
of the electron density was almost identical and hollowed in
three cases as shown in figure 23(a). The hollowed density profiles in pure hydrogen plasma were well explained by the outwardly directed pinch due to the neoclassical thermo-diffusion
[28]. However, H and D ion density profiles are different in
three cases. In figure 23(b), the profile shape of H and D ions
are almost identical and close to the electron density profile.
Figure 23(b) shows the mixing state. In figure 23(c), the difference in H and D ion profiles is visible. In figure 23(d),
clear differences of H and D ion profiles are found. Also,
these ion density profiles are different from electron density
profiles. The state in figure 23(d) is the non-mixing state. In
figure 23(d), the H ion profile is peaked and D ion profiles are
hollowed. The peaked H ion profile is due to low ion particle

Figure 23. (a) Radial profiles of electron density and (b)–(d) radial

profiles of H and D density in the plasma with H-beam fueling for
the different line-averaged density and wall recycling isotope ratio
of (b) 3.8 × 1019 (ΓH /ΓD = 0.8), (c) 3.1 × 1019 (ΓH /ΓD = 0.5),
and (d) 1.9 × 1019 m−3 (ΓH /ΓD = 0.3) [90]. Reprinted figure with
permission from [90]. Copyright (2020) by the American Physical
Society.

diffusion and central particle fueling by H-PNB. The hollowed
D ion profiles are due to low ion particle diffusion and deuterium edge source. Figure 23 suggests that the mixing state
appears in high density and the non-mixing state appears in
low density.
Further investigations were performed to understand the
conditions for the mixing and non-mixing state using pellet
injection. Figure 24 shows the time trace of H and D pellet
injection. The pellet size and injection speed were tuned to
ablate the pellet in the edge region at reff /a99 ∼ 0.85 [92].
Central fueling is by H-PNB and edge fueling is deuterium
by deuterium-rich wall. Figure 25 shows a comparison of H
and D ion profiles before and after pellet injection. Figure 26
shows a comparison of the hydrogen ion ratio. In figure 26,
a uniform hydrogen ratio indicates isotope mixing and a nonuniform profile indicates the isotope non-mixing state. Before
pellet injection, H, D ion profiles and hydrogen ratios are
almost identical in H and D pellet injection cases as shown
in figures 25 and 26. In both cases, H ion is peaked and D
ion is hollowed. Then, just after pellet injection (14 ms after
in H pellet injection case and 15 ms after D pellet injection
case), H and D ion profiles become hollowed in both cases as
shown in figure 25. The ratio between H and D ions becomes
flat in both cases as shown in figure 26. The change from
non-uniform ion ratio (peaked H ion and hollowed D ion) to
16
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Figure 26. Radial profiles of the hydrogen isotope fraction,

nH /(nH + nD ) before and after the (a) H pellet (No. 142315) and
(b) D pellet (No. 142314) [90]. Reprinted figure with permission
from [90]. Copyright (2020) by the American Physical Society.

Figure 24. Time evolution of (a) line-averaged electron density,

(b), (c) the fraction of hydrogen density f H = [nH /(nH + nD )] at
reff /a99 = 0.6 and 1.0, respectively, and (d) the ratio of hydrogen
fraction at reff /a99 = 0.6 to that at reff /a99 = 1.0 in the hydrogen and
deuterium mixture plasma with hydrogen beam fueling and with
hydrogen (H) pellet injection (No. 142315) or deuterium (D) pellet
injection (No. 142314) [91]. Reproduced courtesy of IAEA. Figure
from [91]. Copyright (2021) IAEA.

Figure 27. Line integrated density fluctuation spectrum in the

non-mixing and isotope- themixing states in (a) and contour of
density fluctuation in the space of the normalized minor radius and
phase velocity in laboratory frame for (b) the non-mixing state and
(c) isotope-mixing state (No. 142315). Radial profiles of the
projection of V ExB to the 2D-PCI observation plane are also plotted.
The positive and negative phase velocity indicates ion and electron
diamagnetic direction [90]. Reprinted figure with permission from
[90]. Copyright (2020) by the American Physical Society.

uniform ion ratio (both H and D ion profiles are hollowed)
indicates the transition from non-mixing to mixing state. It
should be noted that the ion ratio is uniform after pellet injection, but the value of the ion ratio is different, In H-pellet injection case, edge H ion density increases, and core D ion slightly
decreases. Both the peaked H ion profile and flat D ion profile

Figure 25. Radial profiles of hydrogen (H) and deuterium (D)

density in the plasma with H-beam fueling before (∆t < 0) and after
(∆t > 0) (a) hydrogen pellet (No. 142315) and (b) deuterium pellet
(No. 142314). The peak of deposition of pellets is located at
reff /a99 ∼ 0.9 [90]. Reprinted figure with permission from [90],
Copyright (2020) by the American Physical Society.
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isotope non-mixing state (figure 27(b)), a dominant component of turbulence amplitude exists at ρ < 0.8. The component
propagates toward the ion diamagnetic direction in laboratory frame. In the isotope mixing state (figure 27(c)), an additional turbulence component clearly appears at ρ > 0.8. The
gyrokinetic linear analyses were performed at ρ = 0.8 in nonmixing and mixing state. Figure 28 shows ne , T e , T i profiles
and the linear spectrum. In the non-mixing state, the dominant instability is TEM and in the mixing state, the dominant
instability is ITG. The key parameter is the electron density
gradient. The peaked electron density gradient in the nonmixing state results in unstable TEM and the hollowed electron density gradient results in unstable ITG. The linear analyses suggests that TEM induces the non-mixing state and ITG
induces the mixing state. This quantitatively agrees with theoretical considerations [87].

6. Summary
In LHD, extensive isotope experiments have been carried out.
The results of the first three years of isotope experiments
are reviewed. In ECRH plasma, τ E scaling of operational
parameters shows a positive ion mass dependence, which is
proportional to M 0.27 . The improvements of τ E in D plasma are
negligible in the low collisionality regime and become apparent in the high collisionality regime. At close to density limits,
the difference becomes smaller again. In the mid collisionality
regime, where isotope effects are apparent, clear reduction of
the ion scale turbulence was observed suggesting reduction of
turbulence-driven transport. Linear gyrokinetic analyses suggest that the hollower density profile in D plasma stabilizes
ITG, although further detailed survey is necessary considering
other types of instabilities such as resistive interchange mode.
In normal confinement of L mode-like NBI heated plasma,
dominant heating channel was electron channel by using NNB.
In the dataset, Te /Ti > 1 were generally achieved in the entire
region of plasma. The scaling of τ E with operational parameters shows no mass dependence. However, normalized τ E
(τ E Ωi ) scaling of nondimensional parameters (ρ∗ , ν ∗ and β)
∗
shows co-existence of gyro-Bohm character (∝ρ 3 ) and positive ion mass dependence (∝M0.99 ). The normalized thermal
conductivity (χi /Ωi , χe /Ωi ) in dimensionally similar plasma of
H and D plasma shows robust reduction in D plasma indicating
that transport in D plasma is lower than gyro-Bohm diffusion.
Degradation of ion energy transport at high collisionality in
D plasma does not play a significant role in total transport,
because the main transport channel is the electron channel.
The turbulence in dimensionally similar plasma were compared. The turbulence level is lower in D plasma but peak
wavenumber was identical. It is not clearly understood why
isotope effects are more marked in ECRH plasma than in NNB
heated plasma. One of the important differences is temperature ratio T e /T i . The temperature ratio is higher in ECRH
plasma than in NNB heated plasma in the deep core region,
but in toward the edge region T e /T i is higher in NBI heated
plasma. The temperature ratio changes significantly in space
in ECRH plasma, while it is almost constant in NNB plasma.

Figure 28. Radial profile of (a) the electron density and (b) the

electron and ion temperature before pellet injection (non-mixing
state) and after pellet injection (isotope-mixing state), and (c) the
linear growth rate at reff /a99 = 0.8 for the non-mixing and
isotope-mixing states calculated with GKV [90]. Reprinted figure
with permission from [90], Copyright (2020) by the American
Physical Society.

before pellet injection become hollowed ones after pellet injection. The majority ion is hydrogen due to H-pellet injection
(f H = nH /(nH + nD )∼ 0.7). On the other hand, in the D pellet
injection case, the D ion increases in the entire region and edge
H ion increases as well. The D ion profile maintains a hollowed
profile, and the H ion profiles changes from peaked profile to
hollowed profile. The majority ion is deuterium due to D-pellet
injection (f H = nH /(nH + nD )∼ 0.3). However, the mixing
state does not sustain. As shown in figure 24(d), about 200 ms
after pellet injection, the hydrogen peaking factor defined as
f H (0.6)/f H (1.0) returns to the initial value before pellet injection (non-mixing state). The mixing state transits back to the
non-mixing state.
The physics mechanism of isotope mixing and non-mixing
was also investigated. The clear difference of turbulence spatial structure was measured by 2D-PCI [48, 49]. Figure 27
shows comparison of the frequency spectrum and spatial profile of ion scale turbulence in isotope non-mixing and mixing
states. The non-mixing and mixing state is before and after D
pellet injection in figures 25 and 26. As shown in figure 27(a),
a clear difference of frequency spectrum is found between
non-mixing and mixing states. As shown in figures 27(b)
and (c), the spatial structure was clearly different. In the
18
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condition is ne = 1 × 1020 m−3 , and T e ∼ 10 keV. The collisionality of the present LHD experiments are about a factor of
five larger than the reactor condition. Mixing and non-mixing
status should be investigated at lower collisionality, which is
close to reactor relevant region.
Particle transport has been extensively investigated by
using density modulation experiments. The results are reported in a separate paper [33]. Generally, density profiles are hollower in D plasma both in ECRH and NBI plasma. Lower diffusion and more outward convection velocity in D plasma than
in H plasma were identified. Density profiles play an important role in turbulence stabilities. A hollower profile stabilized
both ITG and TEM and possibly plays a role in isotope effects.
Systematic survey of impurity transport by using a TESPEL
(Tracer EncapSulated PELlet) are underway. The initial results show better confinement of vanadium ions (V21+ ) in D
plasma than in H plasma in the identical condition of ECRH
plasma [93]. The detailed results will be reported in future publications.
Neoclassical transport itself does not have isotope effects.
It is small in electron root and negligible in ion root. However, higher temperature in D plasma introduces enhanced
neoclassical transport [27]. Observed isotope effects in LHD
are prominently due to the anomalous effects.
Results from LHD show different aspects of isotope effects,
which were not visible in the tokamak. Also, possible roles
of turbulence on isotope effects are shown experimentally
and theoretically by numerical simulations. Additional experimental data and turbulence simulations are necessary for further understanding. The isotope effects reported in this review
paper are mainly about the core transport. In the next step,
studies on isotope effects in the edge region should be carried
out. Edge stochasticity may play a role. Such investigation will
be important to clarify isotope effects in H mode [94–96] and
detachment [97]. These results will contribute to the comprehensive understanding of isotope effects in toroidal devices.

Further investigation is necessary to understand the effects of
temperature ratio.
What causes the difference between a tokamak and LHD?
This also is not yet clearly understood. The difference might
be partly due to the plasma profile. In a tokamak, density
profiles are peaked in ECRH and NBI plasma in most of
the cases, while it is hollowed in LHD. In NNB plasma, the
present data set from LHD are T e /T i > 1, while in most of
NB heated tokamaks, T e /T i is close to 1 using ion heating
PNB. In LHD, it is experimentally possible to obtain T e /T i ∼ 1
with strong ion heating using PNB. These experiments will be
done and analyzed in the near future. Also, observed differences can be caused by the difference in the magnetic configuration parameters such as q profiles, magnetic helical ripple
and magnetic curvature. Further investigations are necessary
to understand the magnetic configuration effects on isotope
effects.
In the ITB plasma of LHD, better accessibility to electronand ion-ITB were found in D plasma. Better accessibility
and improvement of ion energy confinement are shown in the
inwardly shifted configuration, where magnetic helical ripple
is lower. Clearly higher central T i was achieved in D plasma
for the identical ion deposition power. Gyrokinetic simulation
shows reduced growth rate and lower saturation level in D
plasma. The lower saturation level in D plasma is due to the larger zonal flow generation. There are quantitative discrepancies
of non-linear χi /χGBi and experimental χi /χGBi . However, the
discrepancy is within the uncertainty of the normalized T i
gradient, which is 20% of the experimental value. In carbon
pellet-assisted ITB, higher central T i (∼10 keV) was achieved
in D-discharge. There is clear evidence that the carbon profile
plays a role to achieve higher T i . Peaked carbon profile helps
to reduce χi and sustain high T i .
In mixed plasma experiments, direct measurements of H
and D ions were performed for the first time in the toroidal
device. Non-mixing and mixing states are found experimentally. In the non-mixing state, ion particle diffusivity is clearly
lower than electron particle diffusivity, and H and D ion density profiles are different according to source locations, while in
the mixing state ion and electron particle diffusivity is comparable and shapes of H and D ion density profiles are identical,
regardless of the particle source location. Gyrokinetic linear
analyses show that TEM is the dominant instability in the
non-mixing state and ITG in the mixing state. Measured turbulence shows different spatial structure in non-mixing and
mixing states suggesting that turbulence mode is different in
the two states. The mixing state is favorable for the future
fusion reactor, since the He ash profile will be broadened. On
the other hand, if the non-mixing state appears in the reactor,
He ash accumulates in the central region and cools down the
plasma. Thus, understanding the conditions for non-mixing
and mixing status is absolutely essential. Our present results
suggest that turbulence mode plays an important role. Also,
these new findings tell us that a new approach to study of
particle transport is necessary rather than estimating particle
transport coefficients in the single species plasma. Presently,
the experimental conditions of the mixing and non-mixing
state are ne ∼ 2 × 1019 m−3 , T e ∼ 2 keV, while the reactor
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