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Ion internal transport barrier (ITB) was formed in both hydrogen discharge and helium dominated discharge.
The central ion temperature was investigated as a function of the hydrogen density ratio (nH/(nH+nHe)). The
central ion temperature increases with the decrease of the hydrogen density ratio, while the electron temperature
does not change significantly. The experimentally observed ion temperature was not reproduced by the prediction
of TASK-3D modeling. The dominant activity in the density fluctuation measured by the phase contrast imaging
is consistent with ion temperature gradient mode and they are almost identical between the hydrogen dominated
and helium dominated plasmas.
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1. Introduction
The deuterium experiment is planned in the Large He-

lical Device (LHD) project. The physics mechanism of the
isotope effect is one of the most important subjects in the
deuterium experiment [1], where the isotope effect means
the differences of confinement characteristics between a
hydrogen discharge and a deuterium discharge.

In tokamak plasmas, it is widely recognized that the
heating power threshold of the L-mode to H-mode tran-
sition depends on the ion species. In the deuterium dis-
charges in a tokamak, the power threshold is smaller than
that in the hydrogen discharges [2, 3]. The transport im-
provement in the core region was also identified in JT-
60U [3]. However, the physics mechanism is not yet un-
derstood.

A gyrokinetic simulation of the ion temperature gradi-
ent (ITG) mode in the LHD configuration shows the reduc-
tion of zonal flow damping rate in a deuterium plasma. As
a result, the enhancement of zonal flow and the suppres-
sion of ion heat transport are predicted in the deuterium
discharges in LHD [4].

The transport characteristics and their ion species de-
pendence have been investigated using hydrogen and he-
lium dominated plasmas in LHD. In this paper, the depen-
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dence of the heat transport characteristics of ion internal
transport barrier (ion ITB) discharges upon the density ra-
tio of hydrogen to helium is presented. In the next section,
the ion ITB plasma and the experimental observations are
presented. The density fluctuation characteristics are also
discussed. Finally, important points for research on isotope
effect in deuterium experiment in LHD are discussed.

2. Ion ITB Discharges
The experimental stage is the Large Helical Device

(LHD) at the National Institute for Fusion Science (NIFS)
[5]. The coil systems are composed of super conductors.
The magnetic field strength is up to 3T. The major and the
averaged mirror radii are 3.75 m and 0.6 m, respectively.
The toroidal and poloidal mode numbers are n = 10 and m
= 2, respectively.

In order to replace the gas species, intense discharge
cleaning was carried out before the experiment. The
long pulse helium discharges with the duration time of 60
sec were repeated with ion cyclotron range of frequency
(ICRF) heating [6–8]. The hydrogen recycling was re-
duced significantly.

Next the ion ITB discharge with helium gas puff-
ing was performed with neutral beam injection (NBI)
heated plasmas. The hydrogen ion ratio (nH/(nH+nHe)) was
scanned from 0.34 to 0.78 on shot by shot basis by chang-
ing the gas puff from helium to hydrogen. Figure 1 shows
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Fig. 1 (a) Time evolution of heating power of negative NBI, positive NBI and ECH. The port-through powers of negative-ion-based
NBIs (tangential injection) and the positive-ion-based NBIs (perpendicular injection) are 10.1 - 12.3 MW and 11.6 - 11.7 MW,
respectively. (b) Time evolutions of the line averaged density and (c) hydrogen ratio (nH/(nH + nHe)) of four shots. The helium gas
was puffed at t = 3.5 - 3.55 and 3.6 - 3.75 sec for 128670, and t = 3.5 - 3.54 and 3.6 - 3.75 sec for 128665. The hydrogen gas was
puffed at t = 3.5 - 3.9 sec for 128708. No gas puff was operated for 128717. Radial profiles of (d) electron temperature, (e) ion
temperature and (d) electron density of four shots with the time of t = 4.7 sec.

four discharges and we compare plasmas with the same
line averaged density of 1.3 × 1019 m−3 and with differ-
ent hydrogen ion ratio. Figures 1 (d-f) show the typical
profiles of electron temperature, ion temperature, and elec-
tron density. The one perpendicular NBI (BL4) was modu-
lated with ON/OFF = 80 msec / 20 msec for the calibration
of charge-exchange spectroscopy (CXS) diagnostic and the
ion temperatures are estimated by the line spectrum of car-
bon impurities [9]. The hydrogen ratio was experimentally
evaluated by line emissions of hydrogen and helium [10].
The total hydrogen beam current injected into the plasma is
about 350A, and the particle fueling rate for the hydrogen
beam is the order of 1021 s−1. The minimum hydrogen ra-
tio (nH/(nH+nHe)) with helium gas puffing was 0.34 in the
condition of low hydrogen recycling wall. The wall con-
dition with very low hydrogen recycling was sustained in
only a few discharges and the wall condition changes shot
by shot during the experiment. The electron density near
the edge (reff/a99 > 0.7) slightly changes depending on the
wall condition and gas puff condition, however the elec-
tron density in the core (reff/a99 < 0.5) is almost identical
among the four shots compared in Fig. 1. Therefore, the
clear change of particle transport was not identified in the
experiment.

The electron temperature profiles are identical among
the four plasmas presented in Fig. 1. On the other hand, the
central ion temperature of around 6 keV was observed with
hydrogen ion ratio of 0.34, and the central ion temperature
decreased with the increase of hydrogen content. In order
to evaluate the heat transport in the ion ITB discharges,
the experimental observation was compared with the pre-
diction with the empirical transport model. The thermal
diffusivity in the transport model is given by

χi,e = χ
Neo
i,e + χ

TB
i,e ,

where the subscript “Neo” and “TB” indicate the neoclas-
sical transport and turbulent transport components, respec-
tively. The turbulent diffusivity is modeled based on gy-
roBohm scaling with temperature gradient effect,

χTB
i = χiGB ·

(
a
T
∂T
∂ρ

)
,

where χiGB, a, T , ρ are gyroBohm thermal diffusivity, mi-
nor radius, temperature and normalized minor radius, re-
spectively [1]. Figure 2 shows the comparison of exper-
imental observations and the model prediction calculated
with TASK-3D transport code [12, 13]. In the model cal-
culation, the population of hydrogen ions, helium ions and
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carbon impurity ions are taken into account, and the trans-
port coefficients are assumed to be the same among differ-
ent ion species. The model prediction in the hydrogen ion

Fig. 2 Ion and electron temperature at the magnetic axis (reff ∼
0) as a function of hydrogen ion ratio (nH/(nH + nHe)).
Solid lines show the experimental observation, and the
dashed lines show the prediction of the empirical model.

Fig. 3 Radial profiles of the density fluctuation measured with PCI. (Upper: a/b-1) Amplitudes of density fluctuation directed electron
diamagnetic drift, ion diamagnetic drift and total of them, (Middle: a/b-2) the distribution of the perpendicular wave number
dependence, and (Bottom: a/b-3) the distribution of the perpendicular velocity to the magnetic field in the laboratory frame. The
density fluctuation with frequency range of 20 - 500 kHz are plotted. The color contour represents the intensity in the logarithmic
scale. The profiles of poloidal rotation velocity evaluated by the CXS are also plotted in the (a/b-3).

dominated regime is consistent with the experimental ob-
servation. However, the ion temperature in the helium ion
dominated regime is higher than the model prediction. In
order to evaluate the NBI heating power more accurately,
GNET code was utilized. The full orbits of fast ions dur-
ing the energy slow-down are calculated with multi-ion
bulk plasma in GNET [14], while an analytical formula
of Fokker-Plank equation with prompt finite orbit effect
is utilized in TASK-3D code [13]. The total ion particle
number changes with the hydrogen ratio, however the ion
heating power normalized by the particle number evaluated
with GNET code is almost identical and is (0.14 ± 0.01)
× 10−19 MW/particle for four cases due to the decrease of
critical energy (Ecr ∼ (Z/A)2/3) for helium dominated plas-
mas. Therefore it was identified that the ion heat transport
changes with the ion species. On the other hand, the elec-
tron temperature does not depend on the ion species con-
tent and agrees with the model prediction. Theoretical re-
search for developing predicable model with transport im-
provement with Zeff or Aeff dependence is in progress [15],
which is beyond the scope of this paper.

In order to discuss anomalous transport, the density
fluctuation properties measured with the phase contract
imaging (PCI) diagnostic [16] were compared between hy-

2402106-3



Plasma and Fusion Research: Regular Articles Volume 11, 2402106 (2016)

drogen ion dominated and helium ion dominated plasmas.
Figure 3 shows radial profiles of (upper) the amplitude
of the density fluctuation, (middle) intensity of the wave
number of the density fluctuation, and (bottom) intensity
of phase velocity of the density fluctuation in the labora-
tory frame. The density fluctuation with a frequency of
20 - 500 kHz are analyzed and plotted in Fig. 3. The den-
sity fluctuation rotating in the direction of ion-diamagnetic
drift with the wave number of 0.1 - 0.4 mm−1 was observed
in the both plasmas with hydrogen ratio of 0.34 and 0.78.
Although the mode identification is difficult from only the
PCI observation, ion temperature gradient (ITG) mode was
identified to be dominant mode in the high ion temper-
ature discharges in LHD from the comparison between
the experimental observation and gyrokinetic calculation
[17–19]. The dominant mode observed in this experiment
is very similar to that obtained in the previous experiment,
thus the mode seems to be the ITG mode. The global char-
acteristics of the density fluctuation observed with PCI,
such as, the amplitude profile, peak level, wave number
profile, rotation, etc. are almost identical between the two
plasmas, while the ion heat transport is different between
them. The observed wave number spectra seem to be rea-
sonable, because the characteristics scale of ITG is deter-
mined by the ion Larmor radius (ρi ∼ (A1/2/Z), where A
and Z are mass number and atomic number, respectively),
which is identical between hydrogen plasma (A = 1 and
Z = 1) and helium plasma (A = 4 and Z = 2). However,
the observation of fluctuation amplitude seems to be incon-
sistent with the fact that the ion heat transport is different
between helium dominated and hydrogen dominated plas-
mas. Based on the mixing length theory, the thermal diffu-
sivity is given by χi ∼ γ/k2, where γ and k are the growth
rate and wave number perpendicular to the magnetic field,
and the fluctuation measurements suggest that the growth
rate changes depending on ion species. In other words, the
phase relation between two fluctuating quantities such as
density and temperature changes and the induced turbulent
heat flux changes as well.

3. Discussion and Summary
The transport of the plasma with ion ITB is compared

between hydrogen dominated plasma and helium domi-
nated plasma. The experimental observation clearly shows
that the ion temperature depends on the density ratio of
hydrogen ions, and the ion temperature is higher in the
low hydrogen density ratio. On the other hand, no dif-
ference in particle transport and electron heat transport
were identified in the present experiment. The compar-
ison with the developed empirical transport model based
on the gyroBohm scaling with temperature gradient fac-
tor indicates the improvement depending on the hydrogen
ion ratio in the ion heat transport. The density fluctuation
measured with PCI indicates that the density fluctuation
rotating in the ion-diamagnetic drift direction is dominated

in the plasmas and the global characteristics of the mode
do not change depending on the ion species. The impor-
tance of evaluation of growth rate is highlighted, while the
physics mechanism of the ion transport improvement is a
still open issue.

The similar behavior was observed when small
amount of impurity is injected into the plasma, such as car-
bon pellet injection, nitrogen gas puffing, etc. In the case
of carbon pellet injection, the ion heat transport is clearly
reduced with the carbon density of 1 % of bulk ion den-
sity and effective charge number Zeff of around 2. The de-
tailed transport analysis shows that the ion thermal diffu-
sivity depends on the carbon density in the plasma [20].
These experimental results indicate the need to investigate
the dependence of ion thermal diffusivity on Zeff and/or
Aeff . The further upgrade of the analytical tool TASK-3D
code is ongoing [21], and the theoretical modeling, which
includes Zeff and/or Aeff dependence for heat transport im-
provement, is discussed in another paper [15].

In this paper, the transport characteristics of different
ion species were experimentally compared in the condi-
tion that the ion Larmor radii were kept a constant, which
is considered as an important reference experiment for
studying the physics mechanism of isotope effect, which is
planned in coming deuterium plasma experiment in LHD.
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