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Characteristics of plasma parameters and turbulence in the isotope-mixing and the non-mixing
states in hydrogen-deuterium mixture plasmas in the Large Helical Device are discussed. The
isotope mixing state is characterized by the uniform isotope ratio profile regardless of the location
of the particle source of each species in the isotope mixture plasma. The isotope non-mixing state is
identified by the non-uniform isotope ratio profile measured with bulk charge exchange spectroscopy
when the beam fueling isotope species differs from the recycling isotope species. The effect of
collisionality, Te/Ti ratio, sign of density gradient on transition between isotope mixing and non-
mixing is discussed. The plasma parameters preferable for the non-mixing state are found to be
lower collisionality, higher Te/Ti, and negative or zero density gradient (peaked or flat density
profile). The time scale of transition from non-mixing to mixing is evaluated by the hydrogen and
deuterium pellet injection near the plasma edge and is found to be less than 5 ms, which is much
shorter than the particle confinement time. The strong correlation between isotope mixing and
turbulence characteristics is observed. This strong correlation suggests the change in turbulence
is a strong candidate for the mechanism causing the transition between uniform and non-uniform
isotope density ratio profiles.

PACS numbers:

I. INTRODUCTION

Isotope mixing is a new bifurcation phenomena [1]
in the mixture plasma which can not be explained
solely by the conventional diffusive/non-diffusive trans-
port in single-ion species plasma. In the conventional
diffusive/non-diffusive model, each isotope has its own
diffusion coefficient (D) and pinch velocity (V). These
coefficients between different isotope species (for exam-
ple, hydrogen and deuterium) have been considered to
depend on the local parameter such as electron density,
temperature, magnetic shear, and radial profile of each
isotope species is determined independently. However,
recent simulation and experiment reveals that the radial
profile of each isotope species, for example, hydrogen (H)
and deuterium (D), is determined by the complex trans-
port processes with the strong coupling among the differ-
ent particle species, rather than the individual diffusion
coefficients (DH and DD) and pinch velocities (VH and
VD) between two species.

In single-ion species plasma, the electron density ne is
equal to ion density ni, and the electron and ion diffusion
coefficients are identical due to the quasi-neutral condi-
tion. However, in the isotope mixture plasma (hydrogen
and deuterium mixture plasma) the ratio of ion diffusion
coefficient to electron diffusion coefficient Di/De (e.g.,
DH/De, DD/De) has a strong impact on each isotope
density profile. Because the hydrogen and deuterium pel-
let injection experiment in LHD demonstrated that there

is no significant difference in particle transport between
hydrogen and deuterium [2], the hydrogen diffusion coef-
ficient is assumed to be equal to the deuterium diffusion
coefficient as DH = DD = Di. The transport simula-
tion model (QuaLiKiz [3, 4]) using nonlinear gyrokinetic
simulation code (GKW [5]) predicts that the ratio Di/De

strongly depends on the mode of turbulence [6]. The elec-
tron diffusion coefficient is much larger than that of ions
(De/Di � 1) when the trapped electron mode (TEM)
[7, 8] is dominant. In this case, each isotope can have a
different profile because only the sum of the density of
isotope species is required to be balanced to the electron
density profile determined by a large electron diffusion
to satisfy the quasi-charge neutrality condition. The iso-
tope density ratio profile varies significantly depending
on the location of the source of each isotope species for
the given electron density profile. For example, the hy-
drogen density profile can be significantly peaked by the
hydrogen beam fueling in the hydrogen deuterium mix-
ture plasma with the condition of deuterium dominant
recycling. In contrast, the ion diffusion coefficient be-
comes much larger than that of electron (Di/De � 1)
when the ion temperature gradient (ITG) mode [9, 10] is
dominant. In this case, the radial distribution of isotope
ratio (for example, the ratio of hydrogen density to deu-
terium density in the isotope mixture plasma) becomes
uniform regardless of the source location of each isotope
species because of the large ion diffusion. This is es-
sential transport process in multiple-ion-species plasmas,
and leads to isotope mixing state or non-mixing state,
regardless of the almost identical shape of the electron
density profile.
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Therefore, there are two states of isotope distribution
predicted in the isotope mixture plasma. One is isotope
mixing state which is characterized by the uniform iso-
tope density ratio profile regardless of the source location
of each isotope species. The other is isotope non-mixing
state which is characterized by the non-uniform isotope
density ratio profile if the isotope species of core beam
fueling differs from the isotope species of edge recycling.
The transition between the two states was reported in
the isotope mixture experiment in Large Helical Device
(LHD) [11], where gyrokinetic simulation by GKV in-
dicates the change of the dominant microinstability be-
tween TEM and ITG [12–16]. However, more experi-
mental and theoretical study is necessary to understand
the physics mechanism for isotope mixing. The parame-
ter dependence of the transition and the relation to the
turbulence characteristics have not been investigated, al-
though these studies are an important issue for testing
the hypothesis of isotope mixing/non-mixing profile for-
mation by turbulence mode.

Although the turbulence characteristics in the ECH,
NBI, and ion-ITB plasma have been reported in LHD
[17–20], the characteristics of turbulence in the isotope
non-mixing and mixing plasma has not been studied in
detail due to the lack of measurements of radial profiles
of isotope density. In this paper, parameter dependence
and the relation between turbulence characteristics and
isotope mixing or non-mixing are discussed. The isotope
mixing and non-mixing states are evaluated by the ra-
dial profile of hydrogen to deuterium density ratio mea-
sured with bulk charge exchange spectroscopy [21–24],
while the turbulence characteristics are investigated by
the electron density fluctuation spectrum measured with
two-dimensional phase contrast imaging (2D-PCI).

II. TURBULENCE CHARACTERISTICS IN
ISOTOPE MIXING AND NON-MIXING

PLASMAS

It should be noted that the isotope mixing/non-mixing
is determined by the ratio of anomalous ion diffusion
coefficient to anomalous electron diffusion coefficient
(Di/De) in turbulent transport. This is in contrast
to the ion/electron root in helical plasmas, where the
sign of radial electric field (Er) is determined by the
ratio of neoclassical ion diffusion coefficient to neoclas-
sical electron diffusion coefficient (DNC

i /DNC
e ) for Er

= 0. This is because electron and ion diffusion co-
efficients strongly depend on Er in neoclassical trans-
port but they are independent of Er in turbulent trans-
port. Therefore, Di/De > 1 corresponds to the mixing
state, while Di/De < 1 corresponds to the non-mixing
state in turbulent transport. In neoclassical transport,
DNC
i /DNC

e > 1 corresponds to ion root (Er < 0), while
DNC
i /DNC

e < 1 corresponds to electron root (Er > 0).
In the standard configuration in Large Helical Device
(LHD), the anomalous diffusion coefficient is much larger

than the neoclassical diffusion coefficient (Di/D
NC
i � 1

and De/D
NC
e � 1) [25]. In the parameter regime of

this experiment, TEM turbulence and ITG turbulence
are the most likely turbulence mode in the ion gyrora-
dius scale. Because the density profile is flat or hollow,
the TEM turbulence is predicted to be destabilized near
the plasma edge where the density gradient is negative
and TEM or ITG turbulences are predicted to be more
pronouncedly destabilized in the core region where the
density gradient is close to zero or positive. TEM indi-
cates a higher wavenumber spectrum of the growth rate
than ITG mode and mode frequency around k⊥ρti ∼ 1,
so that TEM and ITG turbulence are expected to co-
exist when the profile condition exceeds the criticality
for destabilizations in the plasma in LHD. Coexistenece
of multi modes (low k ITG, high k ITG, TEM, and ETG)
is commonly observed in tokamaks [26].

Since the TEM tends to be stabilized by the electron-
ion collisions[27], the ITG turbulence becomes more dom-
inant in higher collissionality plasma even for the same
R/LTi

, R/LTe
, and R/Lne

, where R, LTi
, LTe

, and Lne

are major radius, scale length of ion temperature, elec-
tron temperature, and electron density. This is because
the growth rate of TEM turbulence sharply increases as
the collisionality decreases, while the growth rate of ITG
turbulence has weak dependence on collisionality [27].
In order to study the collisionality dependence of iso-
tope mixing/non-mixing and turbulence characteristics,
simultaneous measurements for isotope density ratio pro-
file and turbulence have been performed in LHD. In this
experiment, the hydrogen neutral beam provides a signif-
icant particle source in the plasma core (reff/a99 < 0.4),
while the recycling from the wall and the divertor pro-
vides the particle source near the plasma edge. In order
to identify the non-mixing state from the isotope ratio
profile, ion species of the source near the plasma edge
should be different from the ion species of the source in
the plasma core. If the ion species of the core source is
the same as that of the edge source, a non-mixing state
can not be observed even when the plasma is in the non-
mixing state. Therefore, the ratio of deuterium influx
to hydrogen influx was kept to be as high as possible by
wall conditioning with deuterium gas before the experi-
ment and between shots.

Figure 1 shows the radial profiles of electron den-
sity, electron temperature, ion temperature, hydrogen
and deuterium density, and fraction of hydrogen den-
sity nH/(nH + nD) measured with bulk charge ex-
change spectroscopy for lower collisionality plasma (n̄e
= 1.39×1019m−3) and higher collisionality plasma (n̄e =
3.85×1019m−3), where n̄e is line averaged electron den-
sity. Although both electron temperature (Te) and ion
temperature (Ti) of lower collisionality plasma are higher
than those of higher collisionality plasma, the tempera-
ture ratio of electron to ion (Te/Ti) is comparable for
these two discharges. The hydrogen density profile is
similar to the deuterium density profile in the isotope
mixing state. In the isotope non-mixing state, the hy-
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FIG. 1: Radial profiles of (a) electron density, (b) elec-
tron temperature, (c) ion temperature, and (d)(e) hydro-
gen and deuterium density, (f) fraction of hydrogen density
nH/(nH+nD) in the isotope mixing (#142325 5.23s) and non-
mixing (#142315 3.73s) states in the hydrogen and deuterium
mixture plasma with hydrogen beam fueling.

drogen density profile is peaked and deuterium density
profile becomes hollow. As seen in the radial profile
of the fraction of hydrogen density nH/(nH + nD), the
peaking of hydrogen fraction is clearly observed in the
low collisionality plasma. This peaking of hydrogen frac-
tion is due to the combination of beam fueling of hy-
drogen (H) NBI and deuterium (D) dominated recycling
(ΓD/ΓH=4), which indicates that the plasma is in the
non-mixing state. Here, ΓD and ΓH are the influx (in-
ward radial flux of deuterium neutral and hydrogen neu-
tral) evaluated from Hα and Dα intensity measured with
passive spectroscopy. This non-mixing state is an equi-
librium steady-state with the balance between the source
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FIG. 2: (a) Density fluctuation spectrum and radial profiles of
(b) density fluctuation amplitude, (c) asymmetry factor fasym

of density fluctuation, (d) E × B velocity, and (e) intrinsic
toroidal flow veloicty in the isotope mixing (#142325 5.23s)
and non-mixing (#142315 3.73s) states in the hydrogen and
deuterium mixture plasma with hydrogen beam fueling.

(hydrogen in the core and deuterium near the edge) and
the transport. In the mixing state, the hydrogen frac-
tion profile becomes flat except for near the edge in the
higher collisionality plasma. The increase of hydrogen
fraction is attributable to the increase of hydrogen recy-
cling (ΓD/ΓH=1.2) but the flattening of hydrogen frac-
tion profile is due to the isotope mixing.

The clear difference in the turbulence spectrum be-
tween these two plasmas is also observed. Density
fluctuation spectrum, radial profile of fluctuation am-
plitude normalized by density and up-down asymme-
try factor measured with 2D-PCI is plotted in Figure
2. Here, the up-down asymmetry factor is defined by
fasym = (δndown − δnup)/(δndown + δnup). The spec-
trum is from line integrated 2D-PCI signal, where spa-
tially integrated at reff/a99 > 0.4, 5kHz < f < 500kHz,
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0.1mm−1 < k < 0.8mm−1. 2D-PCI can resolve spatial
distribution of turbulence from the propagation direc-
tion of turbulence by assuming k‖ = 0 [28, 29]. However,
frequency spectrum from spatially and wave number in-
tegrated turbulence shows clear difference in non mixing
and mixing state. Here, the background level of PCI
diagnostics evaluated from the fluctuation spectrum in
the period of no plasma is subtracted. Because the ra-
dial profile of E ×B velocity is almost identical between
the isotope mixing and the non-mixing plasma, the E×B
Doppler shift is considered to be almost identical between
the isotope mixing and the non-mixing plasma.

In the plasma with a non-mixing state, the density
fluctuation spectrum has a peak at a higher frequency
of 85 kHz. The characteristics of density fluctuation
with a higher frequency peak observed in LHD resem-
ble the Quasi-coherent (QC) modes, known as a type of
the trapped electron mode (TEM) turbulence, namely,
QC-TEM. This mode (QC-TEM) has been observed in
HL-2A and J-TEXT ohmic heating plasma [30] and in
KSTAR ECH plasmas [31]. The characteristic frequen-
cies of a higher frequency peak in LHD are 40-100 kHz
with a peak of 80 kHz (see Figure 2(a)), which is the
same range of QC-TEM observed in HL-2A and J-TEXT
(30-140 kHz). The parameter dependence of appear-
ance/disappearance of the higher frequency peak of den-
sity fluctuation observed in LHD is also quite similar
to the parameter dependence of QC-TEM, where the
QC modes appear in the plasma with lower collision-
ality or higher Te/Ti ratio. The change of the mode
from QC-TEM to ITG associated with the transition
from the LOC regime to the SOC regime is also pre-
dicted from non-linear gyrokinetic simulation [32]. The
QC-TEM mode appears in the LOC regime (lower den-
sity regime) but it disappears in the SOC regime (higher
density regime), where the ITG mode becomes dominant.

In the plasma with the mixing state, this higher fre-
quency peak disappears, and a lower frequency peak ap-
pears at 25 kHz. The frequency of the peak is consistent
with the frequency at the maximum growth rate for ITG
turbulence (f ≤∼20kHz) calculated by the GKV code
[11, 33]. The GKV code is a linear gyrokinetic numerical
simulation code for multi-ion species. Radial profiles of
hydrogen, deuterium, and carbon ions and the fraction
of helium ion measured are taken into account in this
simulation. The amplitude of fluctuation normalized by
density in the region of reff/a99 > 0.6 is larger in the
mixing state than the non-mixing state and the up-down
asymmetry factor fasym at reff/a99 = 0.7 is larger in the
isotope non-mixing plasma than in the isotope mixing
plasma. The reason for the up-down asymmetry is the
difference of the projection of the two vectors (kr and
kθ) of turbulence propagation to PCI measurements [34].
Therefore, the difference in up-down asymmetry factor
implies the change in the type of turbulence in these two
plasmas.

As seen in Figure 2(e), the gradient of intrinsic toroidal
flow (dvφ/dr) has opposite sign between these two dis-
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FIG. 3: Linear growth rate at reff/a99 = 0.5 and 0.9 for the
non-mixing (#142315) and isotope-mixing (#142325) states
calculated with GKV. The linear growth rates for the wave
number of kθ = 0.2 - 0.4 mm−1 are indicated with solid line
and the dashed lines correspond to the other wave number (
kθ < 0.2 mm−1 and kθ > 0.4 mm−1).

charges, where there is no net toroidal torque driven by
tangential neutral beams. It is well known that the resid-
ual stress produced the gradient of toroidal flow due to
the symmetry breaking ( kco

‖ 6= kctr
‖ ) ). Because of the

boundary condition of Vφ = 0 at the plasma boundary,
this residual stress produced is a strong candidate for in-
trinsic toroidal flow [35, 36]. Therefore, the direction of
intrinsic toroidal flow depends on the turbulence mode.
In LHD, the intrinsic toroidal flow is in the co-direction
in the low collisionality regime, while it is in the counter-
direction in the higher colllisionality regime [37].

In Alcator C-mode, the TEM mode turbulence is ob-
served when the direction of intrinsic toroidal flow is
co-direction and this TEM turbulence disappears associ-
ated with the flow reversal from co-direction to counter-
direction, which demonstrates that the TEM mode tur-
bulence drives the intrinsic toroidal flow in co-direction.
Therefore, the intrinsic toroidal flow in co-direction also
suggests the existence of TEM mode turbulence [38]. The
characteristics of turbulent spectrum are quite different
between isotope mixing and non-mixing plasma. These
observations suggest that the change in isotope mixing
/non-mixing is attributed to the change in turbulence
mode.

Figure 3 shows the linear growth rate at core region
(reff/a99=0.5) and at the edge region (reff/a99=0.9) for
the non-mixing and isotope-mixing states calculated with
GKV [12, 15]. PCI measurements show that the peak of
the wave number of density fluctuation is ∼ 0.3 m−1.
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The linear growth rates for the wave number of kθ = 0.2
- 0.4mm−1 are plotted with a solid line in order to indi-
cate the range for the density fluctuations measured with
PCI. In the isotope-mixing states, the TEM is destabi-
lized near the plasma edge where the density and elec-
tron temperature gradients are relatively sharp and ITG
mode is destabilized at the plasma core where the den-
sity gradient is positive (hollow density). In contrast, in
the mixing state, the TEM is stabilized near the plasma
edge and ITG is still destabilized at the plasma core. In
the mixing state, the ETG mode is also destabilized near
the plasma edge. Because the wave number for the ETG
mode is larger (k > 0.4mm−1) than the wave number for
TEM, this mode is not observed in the density fluctua-
tions in PCI measurements.

The comparison of the turbulence spectrum in the
ECH plasma and the NBI plasma is important to in-
vestigate in the turbulence modes that contribute the
turbulence peak at lower frequency and that at higher

frequency. This is because Te/Ti ratio is quite different
between ECH and NBI plasma. TEM turbulence is pre-
dicted to be dominant in the low density ECH plasma be-
cause of the large normalized electron temperature gradi-
ent in the plasma with high Te/Ti ratio. In contrast, the
ITG turbulence is predicted to be dominant in the NBI
plasma where the ion temperature gradient is steeper.

Figure 4 shows the radial profiles of electron and ion
temperature, electron density, and radial electric field.
The electron temperature is three times higher than the
ion temperature in the ECH plasma, while the electron
temperature is almost identical to ion temperature in the
NBI plasma. The electron density is low (1×1019m−3)
and the electron density profile is almost flat. The linear
gyrokinetic simulations GKV predicts that the TEM is
destabilized because the normalized ion temperature gra-
dient is relatively small in the core (reff/a99 = 0.3) of the
ECH plasma, where the Te/Ti ratio is ∼ 3. It also pre-
dicts that the ITG mode is destabilized in the core of the
NBI plasma, where the Te/Ti ratio is close to unity. Near
the plasma edge (reff/a99 = 0.9), the TEM is predicted
to be destabilized due to the negative density gradients
[39]. When both ITG mode and TEM are destabilized,
the growth rate of TEM often becomes larger than that
of ITG mode (γTEM > γITG ) at higher wave number
(and higher frequency).

There are no large differences in the radial electric field
profile between these ECH and NBI plasmas. Therefore,
the Doppler shifts of density fluctuation due to the E×B
drift are similar between these two plasma. However, the
density fluctuation spectrum measured with PCI shows
the clear difference. The peak at 80 kHz is significant
in the ECH plasma, which is similar to the plasma with
isotope non-mixing plotted in Figure 2. In the similar
ECH plasma, TEM-like fluctuation characteristics are
observed in the PCI measurements [39]. In the NBI
plasma, the peak at 80 kHz disappears completely, which
suggests the reduction of TEM turbulence in the plasma
core. These observations imply the strong linkage be-
tween the transition from non-mixing to mixing and the
change in turbulence characteristics.

III. IMPACT OF DENSITY GRADIENT TO
ISOTOPE MIXING AND NON-MIXING

The density gradient is also an important parameter
for the transition from TEM turbulence to ITG turbu-
lence temperature gradient [39]. In order to investigate
the impact of the density gradient on the transition from
non-mixing to mixing, two discharges with similar line
averaged density and temperature are compared. Fig-
ure 5 displays the time evolution of line averaged elec-
tron density, density fluctuation spectrum, the ratio of
density fluctuation amplitude integrated in the range of
40-90 kHz to that of 4-40 kHz, and the fraction of hydro-
gen density nH/(nH + nD) at reff/a99 = 0.68 and 0.96.
Schemes of heating are identical for the two discharges
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plotted. The plasma is initiated by ECH for t = 3.0 - 3.3
secs, followed by hydrogen neutral beam. The power of
hydrogen neutral beam increases from t = 3.8 sec. The
difference between these discharges is the amount of recy-
cling. The density increases faster in the discharger with
higher recycling and the density increases slower in the
discharger with lower recycling. The isotope non-mixing
state is observed in the discharge with lower recycling,
where the hydrogen fraction in the core (reff/a99 = 0.68)
increases rapidly after the increase of NBI power due to
the core beam fueling by hydrogen NBI. The increase
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FIG. 6: Radial proles of (a) electron density, (b)(c) hydro-
gen and deuterium density, (d) fraction of hydrogen density
nH/(nH + nD), (e) radial electric field, and (f) density fluc-
tuation spectrum at t = 4.0s in the isotope mixing plasma
(#158390) and at t=4.5s in the non-mixing plasma (#159396)
plotted in figure 3.

of the hydrogen fraction saturates in 0.2 sec, which is
the order of particle confinement time in the plasma core
region. In contrast, isotope mixing (but not complete
mixing) state is observed in the discharge with higher
recycling. The increase of the hydrogen fraction in the
core (reff/a99 = 0.68) is smaller even for the same beam
fueling. It is interesting that the hydrogen fraction near
the plasma edge (reff/a99 = 0.96) decreases for both dis-
charges.

The density fluctuation spectrum shows a clear differ-
ence between these two discharges. The density fluctua-
tion is peaked at the lower frequency (f < 40 kHz) regime
in the plasma with isotope mixing state. In contrast, the
density fluctuation is peaked at the higher frequency (40
kHz < f < 90 kHz) regime in the plasma with isotope
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non-mixing state. It should be noted that the higher fre-
quency peak appears at the ECH phase both in these
two discharges. The ratio of density fluctuation ampli-
tude integrated in the range of 40-90 kHz to that of 4-40
kHz decreases significantly after the switch from ECH to
NBI heating The ratio stays low in the discharge with
isotope mixing state, but starts to increase to the level
in ECH phase in the discharge with isotope non-mixing
state. These results also show the strong correlation be-
tween isotope mixing and density turbulence spectrum.

The difference of recycling results in the difference
in the density profile. The density profile becomes flat
for the discharge with lower recycling, while it becomes
hollow in the discharge with higher recycling. Figure
6 shows the radial proles of electron density, hydrogen
density, deuterium density, fraction of hydrogen density
nH/(nH + nD), and radial electric field at the time for
the same line-averaged electron density. In the discharge
with non-mixing state, the electron density is flat and
density gradient in the region of reff/a99 = 0.68-0.86 is
negative. In contrast, the electron density is flat and the
density gradient in the region of reff/a99 = 0.68-0.86 is
positive in the discharge with mixing state. Because of
the beam fueling of hydrogen beam, the hydrogen density
in the isotope mixing state is lower than the hydrogen
density in the non-mixing state. In contrast, the deu-
terium density in the isotope mixing state is higher than
the deuterium density in the non-mixing state due to the
higher influx of deuterium as the exchange of hydrogen
outflux to the wall. There are clear differences in the
gradient of hydrogen fraction. The gradient of hydrogen
fraction of that region in the discharge with isotope non-
mixing is much larger than that in the discharge with
isotope mixing even for the same line-averaged density
and hydrogen beam fueling rate. The radial profiles of
radial electric field are almost identical between the dis-
charges with isotope mixing and non-mixing. The density
fluctuation spectrum shows clear peak at 60 kHz in the
isotope non-mixing plasma. This peak disappears in the
isotope mixing plasma. This observation demonstrates
that the sign of the density gradient has a strong impact
on the isotope mixing turbulence characteristics. Lin-
ear gyrokinetic simulation predicts stronger decrease of
growth rate for TEM than that for ITG turbulence [39].
The transition from TEM turbulence to ITG turbulence
is expected by changing the sign of the density gradient
from negative to positive [39].

IV. ISOTOPE MIXING TRIGGERED BY
PELLET INJECTION

The shallow pellet injection [40] is a useful tool to trig-
ger the transition from isotope non-mixing state to iso-
tope mixing state, because the particles deposited near
the plasma periphery at reff/a99 ∼ 0.9 results in both
the increase of collisionality and hollow density profile,
in which the electron density gradient is positive. The
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FIG. 7: Time evolution of (a) line averaged electron density,
(b)(c) the fraction of hydrogen density fH = [nH/(nH+nD)] at
reff/a99 = 0.6 and 1.0, respectively, and (d) the ratio of hydro-
gen 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 (#142315) or
deuterium (D) pellet injection (#142314).

hydrogen and deuterium pellet injection experiments are
performed to study the time scale of isotope mixing.
Hydrogen and deuterium pellet is injected to the iso-
tope mixture plasma with hydrogen beam fueling and
with deuterium recycling, where the hydrogen fraction
is peaked in non-mixing state. If the plasma remains in
the non-mixing state, the hydrogen pellet causes the flat-
tening of hydrogen fraction, while the deuterium pellet
causes the peaking of hydrogen fraction. However, when
the transition from non-mixing state to mixing state oc-
curs, the hydrogen fraction profile becomes flat regardless
of the species of the pellet.

Figure 7 shows line averaged electron density, the frac-
tion of hydrogen density fH = [nH/(nH +nD)] at reff/a99
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= 0.6 and 1.0, respectively, and 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 pellet injection or deu-
terium pellet injection. Associated with the pellet injec-
tion, the line averaged electron density sharply increase
by ∼ 50%. Here the decay of hydrogen fraction rather
than the decay of ion density in pellet is discussed. The
decay of the ion density indicates the transport charac-
teristics which are related to the so-called diffusion coef-
ficient. It was reported that the decay time of hydrogen
density after the hydrogen pellet is almost identical to
the decay time of deuterium after the deuterium pellet
[2]. This result demonstrates that the diffusion coefficient
of hydrogen is similar to that of deuterium (DH ∼ DD).
The decay of the isotope fraction is determined by the
combination of decay of the species injected by pellet and
recycling. For example, when the deuterium wall recy-
cling is dominant, the decay of hydrogen fraction at the
plasma edge (reff/a99 = 1.0 ) after the hydrogen pellet is
determined by the exchange of species with the outward
hydrogen flux and inward deuterium flux. In contrast, in
the discharge with deuterium pellet, the increase of hy-
drogen fraction due to the decrease of deuterium density
at the plasma edge is simply determined by the edge deu-
terium particle confinement time with the recycling ratio
of unity where the outward deuterium flux is balanced
with the inward deuterium flux.

Hydrogen fraction fH both in the plasma core at
reff/a99 = 0.6 and plasma boundary at reff/a99 1.0 in-
crease after the hydrogen pellet and gradually decreases
in 0.2 sec. In contrast, the hydrogen fraction fH at
reff/a99 = 0.6 and 1.0 decreases after the deuterium pellet
and recovers in 0.1 sec. The time evolution of the fraction
ratio at two radii, fH(reff/a99=0.6)/fH(reff/a99=1.0), is
plotted as an indication of hydrogen peaking. This hy-
drogen peaking parameter decreases after the pellet in-
jection of both hydrogen and deuterium, which indicates
that the isotope mixing occurs by the pellet injection
regardless of pellet species. Hydrogen peaking parame-
ter for deuterium pellet is larger than that for hydrogen
pellet, because the flattening of hydrogen fraction of the
isotope mixing is partially canceled by the increase of
deuterium ions near the plasma edge due to deuterium
pellet fueling. Hydrogen peaking parameter gradually
increases after the sharp drop and recovers to the level
before the pellet injection within 0.2 sec. This indicates
that the isotope mixing state after the pellet injection is
transient (short period) and the plasma returns to the
non-mixing state.

The radial profile of hydrogen fraction 15ms before the
pellet injection (dashed lines) and 5ms, 25ms, and 145ms
after the hydrogen (H) and deuterium (D) pellet injection
are plotted in Figure 8. The increment of electron den-
sity by pellet injection is evaluated from the difference
in density profile before and after the pellet injection,
which indicates the source profile due to pellet injection.
The maximum increment of electron density is located
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FIG. 8: Radial profiles of (a)(b) fraction of hydrogen density
nH/(nH +nD), and (c)(d) E×B flow velocity, and (e)(f) den-
sity fluctuation spectrum before (∆t < 0) and after (∆t > 0)
(a)(c)(e) the hydrogen (H) pellet injection (#142315) and
(b)(d)(f) the deuterium (D) pellet injection (#142314). The
radial profiles of the increment of electron density δne by pel-
let injection are also plotted.

at reff/a99 = 0.95 because of the shallow pellet pene-
tration in this plasma. Before the pellet injection, the
hydrogen fraction is peaked because of the beam fuel-
ing of hydrogen NBI in both cases. After the hydrogen
pellet injection, the hydrogen fraction increases in the
level of 0.8 with a flat profile. The flattening of hydrogen
fraction is due to the hydrogen fueling near the plasma
edge by hydrogen pellet and isotope mixing. At 25 ms
after the pellet injection, the hydrogen fraction profile
starts to be peaked due to the decay of hydrogen near
the plasma edge injection by pellet. Further hydrogen
peaking occurs due to the back transition from mixing
state to non-mixing state. Then the gradient of hydrogen
fraction at 145ms after the injection becomes comparable
to that before the pellet injection, although the absolute
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value of hydrogen fraction is still higher before the pellet
injection.

In the discharge for deuterium pellet injection, the hy-
drogen fraction decreases to 0.2 and the hydrogen frac-
tion profile becomes flat. Because the deuterium fueling
by the pellet is mainly near the edge as seen in the radial
profile of the increment of electron density, this is clear
evidence for the isotope mixing. The hydrogen fraction
starts to increase 25ms after the pellet injection due to
the decay of deuterium and the hydrogen fraction profile
becomes almost identical to that before the pellet injec-
tion at 145ms after. These results demonstrate that the
flattening of hydrogen fraction is observed immediately
(at 5ms) after the pellet injection. This rapid flatten-
ing indicates that the large ion diffusion coefficient (i.e.,
Di/De � 1) which is consistent with the prediction of
simulation for ITG turbulence. On the other hand, the
recovery of the peaked hydrogen fraction after the pellet
injection is relatively slow (∼100ms) and this slow recov-
ery indicates the small ion diffusion (i.e., Di/De � 1)
which is consistent with the prediction of simulation for
TEM turbulence.

As seen in the radial profiles of E × B flow velocity,
the radial electric field is close to zero in the core and be-
comes more negative (in the electron diamagnetic direc-
tion) near the plasma edge (reff/a99 < 1) and positive (in
the ion diamagnetic direction) outside the plasma bound-
ary (reff/a99 > 1). The E × B flow velocity increases
slightly in the electron diamagnetic direction in the core
after the pellet injection. The density fluctuation spec-
trum has a clear peak at 80 kHz before the pellet injec-
tion (∆t = -35ms). This is quite similar to the spectrum
in the plasma with higher collisionality (Fig.1), higher
Te/Ti ratio (Fig.3), and flat density profile (Fig.4). After
the pellet injection, the peak at 80 kHz disappears and
increase of density fluctuation at lower frequency (20-60
kHz) becomes more significant. The density fluctuation
spectrum after the pellet injection (∆t = 15ms) is quite
similar to that isotope mixing plasma in higher collision-
ality plotted in Figure 2.

The short period of mixing state is due to the quick re-
covery of Te/Ti ratio and density profile. Figure 9 shows
time evolution of electron density, (b) electron and ion
temperature in reff/a99 = 0.87. After the pellet injec-
tion, the Te/Ti ratio drops to unity but the ratio recov-
ers quickly (∼ 50 ms) to the level before the pellet in-
jection. As seen in time evolution of electron density at
reff/a99 = 0.68 and 0.87 in Figure 9(a), the density gra-
dient at reff/a99 = 0.68-0.87 is negative before the pellet
injection. After the pellet injection, the density gradient
becomes positive until t = 3.84 sec. Although the decay
of the electron density is slow (∼ 0.3 sec) , the change
of the sign of density gradient at reff/a99 = 0.68-0.86 is
relatively short (∼ 0.1 sec). After the pellet injection,
the density fluctuation amplitude integrated in the range
of 10-80 kHz increases sharply but its amplitude quickly
decays (∼ 50 ms) to the levels before the pellet injec-
tion. The frequency spectrum of the density fluctuation
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FIG. 9: Time evolution of (a) electron density at reff/a99 =
0.68 and 0.87, (b) electron and ion temperature at reff/a99 =
0.87, (c) the ratio of hydrogen fraction fH = [nH/(nH + nD)]
at reff/a99 = 0.6 to that at reff/a99 = 1.0, and (d) density
fluctuation amplitude integrated in the range of 10-80 kHz,
and frequency spectrum of (e) density fluctuation and (f) in-
crement of density fluctuation after the pellet injection in the
hydrogen and deuterium mixture plasma with hydrogen beam
fueling and with deuterium (D) pellet injection (#142314).

and increment of density fluctuation after the pellet in-
jection are also plotted. Here the increment of density
fluctuation by pellet injection is defined as ∆δn(∆t) =
δn(∆t)−δn(∆t=-35ms). The increase of density fluctua-
tion is mainly in the flow frequency range below the peak
of density fluctuation (80 kHz) observed in non-mixing
state in Figure 8. The spectrum of density fluctuation
50 ms after the pellet injection is almost identical to that
before the pellet injection and the increment becomes
small, which indicates that the turbulence increases by
pellet is transient. These characteristics of density tur-
bulence are consistent with the short period of mixing
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state after the pellet injection. Time evolution of hydro-
gen peaking factor drops from 2.0 to 1.5 after the pellet
injection. Then the peaking factor remains at low level
for a short time (∼ 50 ms) then starts to increase from
t = 3.8 secs. The time evolution of density fluctuation
and hydrogen peaking factor strongly suggests the link-
age of turbulence and isotope mixing as predicted by the
gyrokinetic simulation.

V. DISCUSSION AND SUMMARY

Typical characteristics of plasma with isotope non-
mixing and mixing state plasmas are summarized in Ta-
ble 1.

Table 1: Typical characteristics of plasma with isotope
non-mixing and mixing state plasmas.

parameters non-mixing state mixing state

isotope density ratio non-uniform uniform

electron density < 2-3 x1019m−3 > 2-3 x1019m−3

density gradient dne/dr ≤ 0 dne/dr > 0

Te/Ti ratio large (> 1-2) small (< 1-2)

peak frequency 60-90 kHz 20-40 kHz

intrinsic toroidal flow co-direction counter-direction

The plasma parameters preferable for the non-mixing
state are 1) lower collisionality, 2) higher Te/Ti and
higher (R/LTe

)/(R/LTi
), 3) negative or zero density gra-

dient (peaked or flat density profile), where the TEM
is expected to be destabilized. In LHD, first and sec-
ond preferable plasma parameters (low collisionality and
higher Te/Ti) can be often obtained in the low density
plasma with ECH and with negative NBI where the beam
energy is high enough (160 - 180 keV) to heat electrons
rather than ions. The preferable plasma parameters for
mixing, that is higher collisionality and lower Te/Ti ∼ 1,
and positive density gradient (hollow profile), are pro-
duced by shallow pellet injection. The peaking of isotope
species of beam fueling is not always observed in the iso-
tope mixture plasma with non-mixing state. In order to
observe the peaking of beam fueled isotope species, the
number of particles of the species supplied by the beam-
fueling in the core should be large enough compared with
the number of particles supplied by recycling and gas
puff. For example, when the species of bean is hydrogen,
the hydrogen recycling should be significantly reduced,
that is ΓH/ΓD < 1. In the case of higher hydrogen recy-
cling (ΓH/ΓD > 1), the peaking of hydrogen fraction can
not be achieved even in the isotope mixture plasma with
non-mixing state. The conditions for observing the peak-
ing of beam fueled isotope species are 1) isotope mixture
plasma, 2) non-mixing state (Di/De � 1), low recycling
of beam fueling (Γbeam−species/Γrecycling−species < 1).

The strong correlations between isotope mixing and
turbulence characteristics are observed in LHD. The

peaking of beam fueled species is a direct indication of
non-mixing but can be observed only in the condition
of low recycling of beam species, which are not always
achieved. In contrast, the turbulence characteristics are
found to be relating to the isotope mixing and non-
mixing. The density fluctuation peak at 80 kHz is ob-
served in the plasma with non-mixing state, while this
peak disappears in the plasma with mixing state. This
is a useful finding, because the turbulence characteristics
can be obtained even in the condition of higher recycling
of beam species. Furthermore, the reversal of intrinsic
toroidal flow also suggests the change in the turbulence
characteristics because the direction of intrinsic toroidal
flow driven by residual stress strongly depends on the tur-
bulence mode (TEM or ITG), which has been observed
widely in tokamaks. It is difficult to identify the turbu-
lence mode (for example, TEM or ITG) from the spec-
trum of density fluctuation. However, significant differ-
ences in density fluctuation spectrum observed between
isotope mixing and non-mixing states demonstrate that
the change in turbulence observed is a strong candidate
for the mechanism causing the transition between isotope
mixing and non-mixing state.

Microinstability characteristics for the plasma with iso-
tope non-mixing and mixing state are identified by the
linear gyrokinetic calculations, and are summarized in
the Table 2. In LHD, the TEM can be destabilized near
the plasma edge due to the large density gradient and
ITG mode or TEM mode can be destabilized in the core
region. In this experiment, the ITG mode in the core re-
gion is destabilized for both non-mixing and mixing state.
The TEM is destabilized in the non-mixing state and
stabilized in mixing state, which suggests that the TEM
contributes the non-mixing state, where the De � Di is
expected [11].

Table 2: Linear gyrokinetic simulation results for the
plasma with isotope non-mixing and mixing state

non-mixing state mixing state

edge reff/a99 = 0.9 TEM destabilized TEM stabilized

core reff/a99 = 0.5 ITG destabilized ITG destabilized

The dependence of plasma parameters (collisionality,
Te/Ti ratio, density gradient) for the transition from non-
mixing to mixing transition is consistent with plasma
parameter dependence where the gyrokinetic simulation
predicts the transition from TEM to ITG in the plasma
core. These experimental observations in LHD are in
contrast to the observation of isotope mixing state in
JET where the large ion diffusion is observed in the iso-
tope mixture (H and D) plasma. In JET experiment,
the electron density is higher (n̄e ∼ 3×1019m−3) and the
Te/Ti is close to unity and ITG turbulence is expected
to be dominant [41]). The isotope mixture experiment
in the low density and high Te/Ti plasma in tokamak
would be interesting. This is because the comparison of
characteristics of the plasma with non-mixing state be-
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tween tokamak and helical plasma provides the deeper
understanding of isotope mixing mechanism, which is in-
dispensable for the better control of D-T isotope mixture
plasma in future.
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