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Abstract

Isotope effects have been investigated in Neutral Beam Injection (NBI) heated plasmas on the
Large Helical Device with similar operational parameters between Hydrogen (H) and Deuterium
(D) plasmas. Experimental results show that the global energy confinement has no significant
dependence on the isotope mass under similar discharge conditions with nearly the same heating
power, line-averaged density (7,) and magnetic field. For both electron and ion energy transport,
the transport coefficients, which are obtained based on local power balance analysis, have
analogous profiles between H and D dominant plasmas. For neoclassical x . and x; values, they
are almost equal between H and D dominant plasmas in low 7, discharges, whereas in high 7,
cases they are lower in H plasmas than those in D ones. At low #,, the electron and ion thermal
transport in both H and D plasmas are dominated by neoclassical transport at a certain zone
(p~ 0.6 — 0.85), while the anomalous transport process has primary effects in the remaining
area, and the density fluctuations exhibit ion temperature gradient mode nature. With increase of
7., the anomalous transport becomes prevailing and the density fluctuations propagate along
electron diamagnetic drift direction. Bispectral analysis reveals that the H plasma has
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stronger nonlinear coupling in edge density fluctuations in both low and high density
discharges, which is probably due to that the D plasma has stronger damping rate for the
nonlinear interaction of turbulence. For a comparative study, the present results have been
compared with those observed in the ECRH discharges (Tanaka et al 2019 Nucl. Fusion 59
126040). The reasons for the similarities and dissimilarities between these two different heating
manners are not clear yet. To unravel the underlying physics, essential inputs from theories and

simulations are required.

Keywords: isotope effects, NBI-heated plasmas, confinement, turbulence transport

(Some figures may appear in colour only in the online journal)

1. Introduction

One of key issues in fusion research is to understand the iso-
tope mass effect on plasma confinement for predicting the per-
formance of the Deuterium (D) and Tritium (T) operation in
the fusion reactor. In recent years, the isotope effects have
attracted much attention and a large number of experimental
studies have been implemented in various fusion devices [1].
In tokamaks [2-6], there were numerous experimental evid-
ences that the confinement properties in D plasmas is better
than in Hydrogen (H) ones at comparable plasma discharge
parameters, which is not in accordance with the gyro-Bohm
scaling for which the plasma diffusivity is proportional to the
square root of the ion mass (M;) [7, 8]. However, some dif-
ferent results also showed up in tokamak devices, e.g. in the
JET-ILW experiment and the L-mode discharge at DIII-D the
thermal energy confinement time (7,) is weakly dependent
upon the isotope mass [5, 9], and in the ELM-free H mode
on JET the 74, even decreases with the isotope mass (73 ~
M 0.25 ) [10]. In the RFX-mod reversed field pinch device, it
has been seen that the energy and particle confinement times
scaled with M; as 15, ~ M?g and 7, ~ M?"‘S, respectively [11].
In stellarators, the isotope mass effects on confinement prop-
erties appear also diverse in different machines. In the early
stage, comparative studies in the L-mode discharges among
ATF, CHS, Heliotron E heliotrons and W7-A and W7-AS stel-
larators indicated that the energy confinement depends very
weakly on the ion mass [4]. In the Large Helical Device
(LHD), a statistical regression analysis for the H and D plas-
mas heated by the Neutral Beam Injection (NBI) under dif-
ferent discharge parameters has yielded a 74 scaling, which
shows no significant dependence on M; [12]. But in electron
cyclotron resonant heating (ECRH) H and D plasmas with
the same line-averaged density and heating/absorbed power at
LHD, it has been found that the 73, in D plasmas is better than
in H ones, while 7, is worse in D plasmas [13]. In the CHS
device, it is observed that the isotope effect on 7, is associ-
ated with plasma density. In case of low density discharges
the 7, is better in D plasmas, whereas in high density regime
the 7, is nearly equal in H and D dominant plasmas [14]. In
Heliotron J, it has been found that both of the particle diffus-
ivity and inward convection are higher in H plasmas than in D
ones [15].

On the other hand, the importance of multiscale physics,
such as turbulence and zonal flows, in isotope effects have
been identified experimentally in tokamaks and stellarators
[2, 6, 16-24]. Experimental results revealed that trans-
port properties and turbulence modes, e.g. lon Temperature
Gradient mode (ITG) and Trapped Electron Mode (TEM),
may both vary depending on collisionality and the 7, /T; ratio
[25, 26], in agreement with the theoretical and simulation
results [27].

All above results indicate that the isotope effects on plasma
transport and confinement are rather diverse and complicated,
depending on magnetic configurations and discharge condi-
tions in various devices. Therefore, it is imperative to thor-
oughly understand the influence of the isotope mass on the
plasma confinement, transport and fluctuation characteristics
from the existing experimental database for improving the per-
formance of D-T operation in fusion reactors. In LHD, a care-
ful comparison of the isotope effect has been conducted in
terms of dimensionally similar parameters, p, Vs, [3, as men-
tioned above [12]. Isotope effects between the ECR-heated H
and D plasmas has been carried out under the same discharge
conditions [13]. In the present work, we revisit the isotope
effects of NBI heated plasmas in terms of global confinement
with heat transport analysis based on the local power balance
obtained from the experimental profiles for similar operational
parameters between H and D plasmas, such as n,, T, ;, Paps, B.
The operational parameters are also crucial for prediction from
the engineering point of view (e.g. magnetic field and heating
power) as well as achievable fusion power which is a func-
tion of the operational parameters, density and temperature,
etc. By assessing neoclassical transport, we deduce the contri-
bution from anomalous transport in relation to the fluctuation
measurements. We also investigate edge fluctuation character-
istics, which are important for the plasma-wall interaction as
well as core-edge coupling of transport, for which we observed
clear difference between H and D plasmas. This paper par-
ticularly addresses the inward shifted configuration of LHD,
where neoclassical transport is optimized. This is also due to
the data availability at present. The analysis on other magnetic
configurations is underway and published elsewhere.

The rest of the paper is organized as follows: section 2 gives
description of the experimental setup and main diagnostics.
Section 3 presents the experiment results, including the energy
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transport and turbulence characteristics. Finally, a summary is
given in section 4.

2. Experimental setup

LHD is a large superconducting heliotron-type device with
a major radius Ry = 3.9 m and an averaged minor radius
a ~ 0.6 m. In the present study, the NBI-heated experiments
were conducted in the 23rd experimental campaign and the
plasma parameters were as follows: the toroidal magnetic
field Br = 2.75 T, the magnetic axis position was fixed at
R,x = 3.6 m and the magnetic field direction of Counter-
Clockwise, which is the typical configuration in LHD. In order
to explore the impact of different heating powers and plasma
densities on the isotope effects in the H-majority (H con-
tent ~ 67%) and D-majority (D content ~ 72%) plasmas on
plasma transport properties, we have made a scan of the NBI
heating power in a range of 7-12 MW, and the line-averaged
densities (i) in a range of (1.5 —4.5) x 10! m~3 during the
experiments. The rest of the percentage of the species is deu-
terium (or hydrogen) for hydrogen (or deuterium) dominant
discharges, with small amount of helium that is introduced for
the purpose of diagnostics. For the line-averaged density, an
excellent feedback control of the fuel gas ensured that the H-
and D-dominant plasmas have approximately the same value
of n, in compared discharges. For the NBI heating, three tan-
gentially injected neutral beam heating systems [28] have been
utilized in the experiment. Although the NBI port-through
powers in H and D plasmas is slightly different, the depos-
ited power, which is evaluated by the NB shine-through meas-
urement as shown in [29], is almost the same in compared
discharges. In addition, a perpendicular NBI was employed
for the Charge Exchange Spectroscopy (CXRS) to measure
radial profiles of the ion temperature (7;), radial electric field
(E,) and the poloidal rotation velocity (Vgxp) [30]. The pro-
files of electron density (n.) and temperature (7,) were meas-
ured by the YAG laser Thomson scattering (TS) [31], and the
density fluctuation amplitude and phase velocity (V,;,) were
measured by a Two-Dimensional Phase Contrast Imaging sys-
tem (2D-PCI) [32]. The frequency and wavenumber ranges
detected by the 2D-PCI are 20-500 kHz and 0.1-0.8 mm™~!,
respectively. In this experiment, the accessible region of the
PCI is about p = 0.4—1.2. In addition, the edge density fluctu-
ation (71,) is measured by Ka-band Microwave frequency comb
Doppler reflectometer system [33, 34], the eight fixed probing
frequencies (27.7,29.1, 30.5, 32.0, 33.3, 34.8, 37.0, 38.3 GHz)
of reflectometer correspond to varying cut-off densities from
small to large.

3. Experimental results and discussions

3.1 Comparison of energy transport between isotopic H- and
D-dominant plasmas

In this study, experiments for the comparison of energy trans-
port between the H- and D-dominant plasmas were executed
under similar values of the NBI deposited power and the

line-averaged density. Figures 1(a)—(d) plot typical discharge
waveforms in H (#176305) and D (#171617) majority plas-
mas of high NBI power discharges. Figures 1(a) and (b)
show that the two discharges have nearly the same line-
averaged density (7, = 4.5 x 10! m™3) and NBI deposited
power (Pnpr = 10 MW). During the stationary discharge phase
(t =4-4.5 s), figure 1(c) shows that the plasma stored energy
(W,) measured by the diamagnetic loop in H majority plas-
mas is almost equal to that in the D ones. This implies that
the H- and D-dominant plasmas have comparable energy con-
finement under similar discharge conditions. The diamagnetic
energy confinement time (7g gi,) for the H- and D-dominant
plasmas can be estimated by 7g iy = W,/(Png1 — dW,/dr).
The results are depicted in figure 1(d). Note that in figure 1(c)
the abrupt jumps in the W), signals were caused by the perpen-
dicular injection of positive NBI for CXRS diagnostic at 4, 4.5
and 5 s.

Figures 1(e)—(g) plot the profiles of plasma density (n,),
electron and ion temperatures (7., T;) as well as the electron
pressure (P, = n,T,) for H- and D-dominant plasmas at t = 4 s,
at which the T; profile measured by the CXRS is available. In
these figures, points are raw data and the lines represent fit-
ted curves. It is seen that for the present discharge conditions
the 7; in the H and D plasmas is approximately equal (see
figure 1(f)). In the outer plasma region (p > 0.6) the D plasma
generally has higher n, and T, than the H ones. However, in
the inner plasma region (p < 0.6) the 7, is higher and the n, is
lower in D plasmas, resulting in no significant difference in P,
for H and D majority plasmas. These profiles confirm that the
H plasma has comparable energy confinement to D plasma.

Figure 2(a) further summarizes the 7¢ 4, values estimated
in H- and D-discharges with various NBI heating powers and
line-averaged densities as a function of the normalized colli-
sionality (17);) measured at the normalized radius p =2/3. The

normalized collisionality is defined as v}; = v,;/ (Ee%ff\/thL /Ro)
[35, 36]. Here, v,;, €ectr, vin, ¢ and Ry are the electron—ion
collision frequency, effective helical ripple, electron thermal
speed, rotational transform, and major radius of the torus. All
parameters are evaluated at p =2/3 as a representative loc-
ation. The results show that (i) the 7g 4, values generally
increase with increasing v};; (ii) in either high or low NBI
heating scenario the diamagnetic energy confinement time is
nearly the same between H and D plasmas at each compar-
able v;. Because the diamagnetic stored energy may include
effects of fast ions, we have also calculated the kinetic energy
confinement time 7g, ;, of those shots from n,, T, and T;
profiles [37]. For comparison, the 7¢_ i, values at p =2/3 are
illustrated in figure 2(c) as a function of v};, which exhib-
its very similar features to those in figure 2(a). Figures 2(b)
and (d) show the collisionality dependence of the confinement
enhancement factors, which is equal to energy confinement
time divided by ISS04 scaling. ISS04 scaling is defined as
TS0 = 0.1344>28RO0-64p~0-61520-54g0-84, 041 [38]. The results
explicitly indicate that the global energy confinement has no
significant dependence on the isotope mass in the present NBI
heating discharges under comparable discharge parameters at
LHD. The above result is consistent with the study by Yamada
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Figure 1. Typical discharge waveforms in H (#176305) and D (#171617) majority plasmas of high power NBI discharges. (a)
Absorpted/deposited heating power (Png); (b) line-averaged density (7i.); (c) plasma stored energy (W,); (d) diamagnetic energy
confinement time (7g,4iq); (€)—(g) show radial profiles of electron density (r.), electron and ion temperatures (7., T;) and the electron
pressure (P, = n.T.) for H (blue color) and D (red color) dominant plasmas at t = 4 s.

et al on isotopic effects in NBI heating based dimensionally
similar plasmas in terms of p, Vs, 5 [12], On the other hand,
the present results are very different from those observed in
the ECRH heated H- and D-dominant plasmas at LHD, where
the energy confinement time is lower in H plasmas than D ones
with similar heating power and the line-averaged density [13].
In addition, figure 2 shows that the energy confinement time
in both H and D discharges are systematically lower in higher
Pnpi cases, consistent with the ISS04 scaling of 7 p—0-61

In order to understand the impact of the NBI deposited
power and plasma density on the energy transport character-
istics of the isotopic H and D plasmas, we have compared
the radial profiles of n,, T, and T; together with the experi-
mental thermal transport coefficients x . and y; calculated by
the TASK3D code based on the local power balance analysis
[39]. The transport coefficient  is defined as follows:

T —T (D
(Ve V55

Xji=—

where j denotes species, and p, n;, Tj and P; are minor radius,
density, temperature and the heat source, which is defined as,

neTe niTi
Pe = — + +Pnbe (2)
Tei Tie
neTe niTi
pi="0e TPy, 3)
Tei Tie

Here P, and P,;; denotes the heating power of NBI for
electrons and ions, respectively. The first and the second terms
are energy equilibration between electrons and ions, and V/ =
0V/9p. We have used the transport coefficient x for the trans-
port analysis since the heat flux cannot be directly measured
in experiments. This is also the same for all previous trans-
port analysis in LHD listed in the references. Therefore, it is
reasonable to use x in the present analysis, too.

In LHD, the recycling neutrals are predominantly ionized
in the edge stochastic layer, more than 90% of total recycling
flux. It is also estimated the neutral density in the confinement
region is on the order of 10'* m—3 [40]. In this case, the charge
exchange time for the 180 keV NBI is estimated as ~1.5 s.
On the other hand, the slowing down time of the beam for the
plasma parameters in the present analysis is ~0.1 s. Since the
slowing down time is shorter than the charge exchange time
by one order of magnitude, the effects of the neutrals is reas-
onably negligible.

In the present version of the code, the prompt loss of the
fast ions is accounted for by executing orbit tracing, while
the neoclassical diffusion of the fast ions is not taken into
account. The latter effects is, however, more relevant for
the case of low magnetic field <1 T and for perpendicular
NBI. (The present analysis focuses on the discharges with
high magnetic field, 2.75 T, and the tangential NBI). In the
experiments, the NBI deposition power is evaluated by the
NB shine-through measurement [29]. The calculated power
agrees with the experimental one within the 7.7% standard
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deviation. We, therefore, consider that the uncertainty of the
NBI absorbed power in the analysis is below 10%.

The n,, T, profiles were measured by YAG laser TS and
T; profile was measured by CXRS diagnostics, and we used
these profiles as input parameters to calculate the x . and y; by
TASK3D. To incorporate the radial profiles of n,., T, and T; in
TASK3D, we have combined two smoothing schemes, such as
median filter with seven radial points and average 10—15 radial
points. This is because fitting function sometimes largely devi-
ates from the experimental profiles. We have found that the
combined smoothing scheme provides most reasonable pro-
files by removing scatters and spikes in the original data points
without large deviation. We calculated the x . and y; profiles
at five nearby time points, where the solid or dashed lines rep-
resent average values and the shading is the error range in a
standard deviation, as shown in panels (c¢) and (f) in figures 3
and 4.

Figures 3(a)—(c) and (d)—-(f) compare the results between
H (blue color) and D (red color) plasmas at low NBI
deposited power for low density (77, ~ 1.5 x 10" m~3) and

high density (72, ~ 4.5 x 10! m™?) discharges, respectively.
In figures 4(a)—(c) and (d)—(f), the results of the H and D plas-
mas at high NBI deposited power are compared in a similar
fashion for the low and high 7, discharges. From these figures,
one can see that in low 7, discharges the differences in n, and
T, profiles between the H and D plasmas are much smaller
than those in high 7, discharges. Figures 3(a)—(c) and 4(a)—(c)
show that at low #,, the n, and T, profiles of H plasmas are
almost the same as those of the D plasma, only being slightly
different, resulting in similar y . profiles for H and D isotope
gases. In case of high 7, discharges, the n, profiles become
much hollower in D plasmas than in H ones, and consequently,
T, profiles are higher in D plasmas. The resultant y , profile of
H plasmas is slightly higher in the edge (p > 0.6), while in
the inner plasma region (p < 0.6) it is almost comparable to
that of the D ones, as depicted in figures 3(d)—(f) and 4(d)—
(f). As aresult, the total electron energy transport coefficients
have similar profiles between H and D dominant plasmas with
various 71, and Pygy. For the ion temperature, figures 3(b), (e)
and 4(b), (e) indicate that the T; profiles between the H and D



Nucl. Fusion 64 (2024) 036023

Low density: 7, =2 1.5 x 10%m~

3

, Low power:

Pypr = A5MW (H #176312, D #171622)

(a) . —T, (1)
=T, (D)
& 15 — * T (H) @10
£ RN . ~
) x 2h5T E
F'c 1 i .
= = &
@ w
% = 1
c 1 =
05 __y
=D
0 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
P p p
High density: 7, = 4.5 x 109m >, Low power: Pypr = 6.5MW (H #176310, D #171614)
6
(d) 5| © —. () —x ) ()
. —T. (D) 10 —x (D)
*? — * T; (H) D R xi (H)
B A > # T(D) | & | e xi (D)
© = ? ‘E' T
= - 4
o 5 O ] 1
= = 1 >
—H
—D f
0 0 : L
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
P p P

Figure 3. Comparison of radial profiles of n., T, and T; together with the thermal transport coefficients x . and x; between H (blue color)
and D (red color) plasmas in low NBI heating power for (a)—(c) low density (77, ~ 1.5 X 10" m™3) and (d)—(f) high density
(e 2 4.5 x 10" m™?).
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Figure 4. Comparison of radial profiles of n., T. and T; together with the thermal transport coefficients x . and x; between H (blue color)
and D (red color) plasmas in high NBI heating power for (a)—(c) low density (77, ~ 1.7 X 10" m~3) and (d)—(f) high density
(fle 4.5 x 10" m™3).
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(e = 4.5 % 10 m™3).

plasmas are always analogous once they have nearly equival-
ent deposited power and line-averaged density. Therefore, in
all discharges the x; profiles of H and D plasmas are generally
similar despite minor distinction. Above results are different
from those observed in the ECRH discharges, in which the iso-
tope effects are reflected mainly on ion energy transport [13],
while for the NBI heating the isotope effects has no obvious
influence on both ion and electron energy transport.

To gain an insight into the contribution of the neoclas-
sical transport to the experimentally obtained total energy
transport in the H and D majority plasmas, figures 5 and 6
illustrate the calculated experimental (Exp.) and neoclassical
(Neo.) thermal transport coefficients in both H and D plas-
mas at low (Pnpr =~ 4.5-6.5 MW) and high (Pnp; = 7.0—
10.0 MW) NBI heating deposited powers, respectively. Here,
the neoclassical values of x,. and x; were calculated by the
numerical code GSRAKE [41] and used same density and
temperature profiles as in the TASK3D as input paramet-
ers for calculating the neoclassical values. The experimental
thermal transport coefficient, in principle, represents a sum-
mation of the neoclassical and turbulent transport, i.e. x Exp. —
xNeor 4+ x T [42]. In figure 5, the . and ; profiles in H
(blue curves) and D (red curves) dominant plasmas with low
Pngr are plotted in the top panels for low density discharges
(71, ~ 1.5 x 10! m—3) and in the bottom panels for high dens-
ity discharges (i1, ~ 4.5 x 10'” m~3). Figures 6(a)—(d) depict

the x . and x; profiles of H and D plasmas at high Pyj; for low
i, discharges (i, ~ 1.7 x 10" m~?) and high 7, discharges
(1, ~= 4.5 x 10! m—3), respectively. In figures 5 and 6, the
calculated neoclassical transport coefficients show quite clear
difference of the isotope effects between low and high 7, dis-
charges. In low 7, case the neoclassical . and yx; values are
nearly equal between H and D dominant plasmas, while in high
n, case the neoclassical . and x; in H plasmas are lower than
in D ones. The contribution of the neoclassical transport to the
total thermal transport also exhibits different features between
low and high 7, discharges. For both H and D plasmas, in
low 7, shots the neoclassical x . and x; are comparable to the
experimental transport coefficients at p ~ 0.6 — 0.85 (see yel-
low shades) and less than experimental transport coefficients
in the core (p < 0.6) and edge (p > 0.85) regions, whereas in
high 7, shots the neoclassical x . and ; are overall lower than
the experimentally measured transport coefficients. These res-
ults illustrate that in low 7, of both H- and D-dominant plas-
mas, electron and ion thermal transport are dominated by neo-
classical transport at a certain zone (p ~ 0.6 —0.85), while
the anomalous transport process has the primary effect in the
remaining area. Besides, in both H- and D-dominant plas-
mas, with increase of 7, the reduction of neoclassical energy
transport is more significant than the reduction of total trans-
port, and hence, the turbulent transport becomes prevailing at
high 7,.. This feature is clearly different from that observed in

~
~
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ECRH plasmas at LHD, in which the turbulent transport pre-
vails in low density discharges [13].

In figures 5 and 6, it is noticed that in both low and high NBI
heating cases, with increasing 7, the experimental x, values
drop remarkably, while the variation in y; values is quite small
for both H and D majority plasmas. Figure 7 plots the radial
profiles of experimental (figures 7(a)—(d)) and neoclassical
(figures 7(e)—(h)) transport coefficients in different 7, of H
and D discharges with low/high Pyp;. It is clearly seen that for
both H and D plasmas, the x . values generally decrease with
increasing 7, and the decrease in x "’ is more significant
than .27, which indicates that in NBI discharges the anom-
alous transport process has the main effect in high density 7,.
Meanwhile, figures 8(a) and (b) further summarize the x . and
x; values in H- and D-discharges as a function of the ratio of
NBI deposited heating powers on electron (P,) and ion (P;) to
line-averaged densities. For electrons, both . and y "¢
decrease with increasing density (decreasing P,/n,). The tend-
ency is similar to that observed in ECR heated plasmas [13],
where the x . values reduce with the increase of collitionality
(v o n.). However, the influence of 7, on x; seems to be dif-
ferent between the ECR and NBI heated plasmas. In [13], it
is shown that with ECRH the ; increases with increasing v/,
whereas in our case the x; appears to be unchanged or even
decreased with increasing 7, by the NBI heating, as shown

in figure 8(b). The results suggest an importance of heating
scheme on the ion energy transport, while the electron energy
transport is not affected very much. The underlying physics
of the phenomena needs to be further studied for prediction of
energy transport in future reactors where the heating processes
will be different from those in the present-day devices due to
the alpha particle heating.

3.2. Compatrison of turbulence characteristics between
isotopic H- and D-dominant plasmas

3.2.1 Turbulence characteristics in core plasmas.  As turbu-
lent energy transport plays a quite important role in the present
NBI-heated H and D discharges, it is necessary to compare
further the characteristics of turbulence between isotopic H-
and D-dominant plasmas. To this end, we have investigated
the turbulence properties in H and D plasmas at low and high
n, discharges using the 2D PCI diagnostic. Figure 9 depicts
the results in low density discharges (7, =~ 1.7 x 10 m—3)
with same NBI deposited power for H and D in the left and
right column, respectively. Figures 9(a-1), (a-2) and (b-1), (b-
2) show that the equilibrium density and electron/ion temper-
atures all have similar radial dependences between H and D
dominant plasmas. The radial profiles of density fluctuations
exhibit slightly smaller amplitude in H plasmas, as shown in
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figures 9(a-3) and (b-3). The bottom two panels show radial
distributions of the k spectrum (mainly along the poloidal dir-
ection) and phase velocity of density fluctuations. As seen
in 9(a-4), (a-5) and (b-4), (b-5), turbulence in both H and
D cases propagates along the ion diamagnetic drift direction
(wx,;) in the laboratory frame. The E, x B, drift velocity can
be roughly estimated by the Doppler shift, as overplotted by
the black curves in figures 9(a-5) and (b-5). Since the Doppler
shift is in the electron diamagnetic drift (w. ) direction in both
cases, itis thought that in the plasma rest frame the fluctuations
also propagate along the w, ; direction, suggesting a nature of
an ion mode. The local scale of the turbulence mode is estim-
ated to be kp; =~ 0.4 — 0.7 at the position p ~ +(0.7-0.9). It is
therefore considered that the turbulence is driven by the ITG
in both H and D discharges at low densities. In the case of low
NBI heating discharges, the turbulence exhibits similar charac-
teristics in both H and D plasmas to those in high NBI heating
discharges.

In high density (72, =~ 4.5 x 10"”m~3) discharges, the tur-
bulence properties in H and D plasmas with same NBI depos-
ited power are illustrated in figure 10. The equilibrium density
and electron/ion temperature profiles show slight differences
between the H and D plasmas, as displayed in figures 10(a-1),
(a-2) and (b-1), (b-2). Meanwhile, the radial profiles of density
fluctuations also exhibit slight discrepancy between the H and
D plasmas, as plotted in figures 10(a-3) and (b-3). For dens-
ity fluctuation propagations, the bottom two panels of the k&
spectrum and the phase velocity indicate that in both H and D
cases turbulence propagates along w; . direction in the labor-
atory frame, opposite to those in low 7, discharges. Since the
Doppler E, x B, shiftis also in the w, . direction and this value
is almost comparable to the turbulence phase velocity, from
these observations the turbulence propagation direction in the
plasma frame and nature of mode are uncertain. In addition,
using the density and electron/ion temperature profile data
shown in figures 9 and 10, we have computed the 7, and 7;
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values in both low- and high-density discharges of H and D
plasmas. The results show that in all scenarios the 7, and 7; val-
ues are larger than 1, which means that these values conform
to the theoretical prediction thresholds for electron and ion
thermal transport driven by TEM and ITG modes, e.g. the n, =
O;InT,/0,Inn > 1 for the TEM and 7; = 0,InT;/0,Inn > 1
for the ITG, respectively [43]. Consequently, the nature of
mode at high 7, case is unclear. Numerical simulations are
demanded to study further on this issue.

It is noticed that in the NBI heated plasmas, with increas-
ing 7, the density fluctuation levels are enhanced in both H
and D discharges (see figures 9 and 10), consistent with the
results estimated in figures 5 and 6, i.e. the turbulent energy
transport prevails in high density discharges. With regard to
the isotope effects, in high 7, discharges (i) the experiment-
ally observed lower density fluctuation levels in D plasmas
(see figure 10) agree fairly with lower x 7" values (x " =
x B+ — xNeo-) calculated by the simulation codes (see figures 5
and 6); (ii) different density fluctuation amplitudes (or turbu-
lent transport) between H and D dominant plasmas may be

compensated by the neoclassical transport so that the total con-
finement is nearly at the same level for H and D plasmas.
These results are different from those measured in the ECR
heated low 7, discharges at LHD, where higher density fluc-
tuation amplitudes in D discharges cannot account for better
energy confinement in the D plasma [13]. Besides, the turbu-
lence characteristics with NBI heating also manifest several
other distinct features compared to ECRH plasmas [13]. For
high density cases, the turbulence propagates in different dir-
ections between H and D plasmas, and H plasma has a wider
unstable region in ECRH. But, for high 7, in NBI heating, the
fluctuations of both H and D plasmas propagate along the w, .
direction and the unstable spatial region are also similar.

3.2.2. Turbulence characteristics in the edge region. In
order to gain an insight into the isotopic effects on edge turbu-
lence, the three-wave nonlinear interaction among edge dens-
ity fluctuations (71,) measured by the reflectometer in H and
D plasmas has been analyzed using the bispectral analysis
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technique [44, 45]. The bispectrum is defined as bxyz (fi,/2) =
X(f)Y(H)Z (fi +f) and the normalized squared bicoher-

ence is Bu (fi.2) = b /(X () Y (R)P)N(Z (h +1)[)-
The Byxy;> represents the degree of three-wave coupling at
frequencies f, f» and f, where the X(f), Y(f) and Z(f)
are the Fourier transform of fluctuation signals x(#), y(f)
and z(7), respectively. In this study, we have analyzed the
auto-bispectrum of density fluctuations, i.e. x(¥)= y(t)=
()= i1, (t). The summed squared bicoherence Y B?(f)
D f—fiih B*(fi,/2) /N(f) has also been computed to under-
stand the bicoherence for all frequencies obeying the selection
rule f = fi + f>, where N (f) is the number of Fourier compon-
ents for each f in the summation.

Figures 11 and 12 show the auto-bicoherence spectra of
edge density fluctuations in H/D plasmas in low 7, and high
7, cases, respectively. As depicted in figure 11(a), the x-axis,
y-axis and color bar represent the frequencies f; and f, and
the relative strength of nonlinear coupling in H plasma. It is
clear that the bicoherence value at f = f; + f, =5 kHz or
f>» = £5 kHz is much higher than those at other frequencies.

A distinct peak at f ~5 kHz is also found on the summed
squared bicoherence 3" B? (f), as shown in figure 11(b). These
results suggest that there is a significant three wave interac-
tion in edge density fluctuations of low-density H plasmas.
Similarly, the bispectral analysis has also been applied to D
dominant plasmas. The results are plotted in figures 11(c) and
(d). One can see that the three-wave coupling also exists in D
plasmas, but the coupling intensity is much weaker than that
in H ones, as evidenced also in figures 11(b) and (d), where
the value of > B2 (f) in H plasmas is much higher than that in
D ones. In case of high density discharges, the nonlinear inter-
action of edge turbulence turns to be weaker in both H and
D majority plasmas, as illustrated in figure 12. The contour
plot of bicoherence becomes less sharp in the H discharge (see
figure 12(a)) and the bicoherence almost disappears in the D
discharge (see figure 12(c)). The impact of increasing density
on damping the three-wave interaction of turbulence has also
been observed earlier in TEXTOR [45]. Nevertheless, in the
high density discharges the bicoherence of edge density fluc-
tuations remain stronger in H plasmas than that in D ones. The
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above results reveal that in the NBI heated plasmas at LHD
there exist clear isotopic effects on edge turbulence, i.e. the
nonlinear coupling of edge turbulence is much stronger in H
plasmas.

To understand underlying mechanisms for the difference on
the turbulence nonlinear coupling between H and D plasmas,
we have explored possible reasons responsible for the nonlin-
ear interaction of turbulence, i.e. energy cascading from small-
scale turbulence eddies to large-scale zonal flows. According
to the theory [46—48], the generation of zonal flows can be
attributed to the radial gradient of Reynolds stress together
with its damping rate, i.e. % = %(Vﬁg) — “Ydamp Vo, Where
Vo, <‘~/r‘~/0> and 7gamp denote the zonal flow, Reynolds stress
and the flow damping rate, respectively. From figures 9 and 10,
it is seen that the density fluctuation amplitudes between H and

D plasmas are comparable in low density cases and it is slightly
lower for D in high density discharges. Thus, it is assumed that
the driving term of the Reynolds stress induced by fluctuating
velocities imposes similar effects on H and D plasmas, ignor-
ing the phase influence between V, and Vj fluctuations. As a
consequence, the difference on the zonal flow generation may
arise from different damping rates between H and D plasmas.
To this end, we have compared the radial profiles of edge 7.,
T, in figure 13. The results clearly show that in the edge region
the D plasma has higher density (n.) and slightly lower tem-
perature (7,), leading to higher damping rate for zonal flows
(Ydamp X 1e/ Tf/ 2). This might explain why the H plasma has
stronger nonlinear coupling than that in the D plasma.

The above results indicate that for the NBI heated plasmas
in LHD there is a clear difference in turbulence characteristics
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between core and edge regions, that is, the isotope effects are
more pronounced in the edge region than in the core region,
whereas the global confinement is not affected by the differ-
ence in the edge. The discrepancy in the edge turbulence char-
acteristics for H and D plasmas would play more significant
roles in the plasma-wall interaction, such as broadening of
divertor heat flux channel [49], which is also a critical issue
for future reactors.

4. Summary

In this study, we report the experimental results of the iso-
tope effects on the plasma confinement, transport and fluctu-
ation characteristics in H- and D-dominant plasmas at LHD
with similar operational parameters, such as the heating power,
magnetic field, electron/ion temperature and line-averaged

density. Results show that under similar discharge conditions
(1) the global energy confinement has no significant depend-
ence on the isotope mass, ¢ (H) = 75 (D); (ii) both of electron
and ion total energy transport, the total transport coefficients
have similar profiles between H and D dominant plasmas. In
low 7, cases the neoclassical x . and x; values are nearly equal
between H and D dominant plasmas, while in high 7, cases the
neoclassical x, and x; in H plasmas are lower than in D ones;
(iii) in low 7, of both H- and D-dominant plasmas, electron and
ion thermal transport are dominated by neoclassical transport
at a certain zone (p ~ 0.6-0.85), while the anomalous trans-
port process has the primary effect in the remaining area. In
high 7, discharges, turbulent transport prevails at all radial
positions for both H and D plasmas; (iv) in low 7, shots, dens-
ity fluctuations exhibit ITG nature. In case of high 7,, dens-
ity fluctuations propagate in the w, . direction with slightly
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larger amplitude in H plasmas, while the turbulence mode is
unclear in the present analysis; (v) there exists stronger nonlin-
ear coupling in edge density fluctuations in H plasmas for both
low and high density cases than that in D ones, due to prob-
ably lower damping rate for the nonlinear three wave interac-
tion in H plasmas. The isotope effects on the turbulence char-
acteristics is more pronounced in the edge region than in the
core region, although the global confinement is not essentially
affected.

In the gyrokinetic simulations performed by Nakata et al
[23], the isotope effects on turbulence and zonal flows in hel-
ical plasmas have been addressed. Here, a brief qualitative
comparison between the simulation results and our experi-
mental observations is appropriate. In [23], it is shown that
combined effects of the collisional TEM stabilization by heav-
ier isotope ions and the increased impact of stronger zonal
flows in heavier isotope plasmas lead to the significant trans-
port reduction with the isotope mass dependence opposite
to the gyro-Bohm scaling. For the linear ITG and collision-
less linear TEM turbulence, the heat diffusivity (x o< /A7)
exhibits gyro-Bohm mass dependence, i.e. v/k* o v/A;. For
collisional linear and also the nonlinear TEM, the heat diffus-
ivity decreases with increased isotope mass. Meanwhile, the
nonlinear zonal flow in D plasmas is stronger than in H ones.
In our experiments, while the ITG turbulence plays a dom-
inant role in low density discharges, the nature of TEM tur-
bulence cannot be well identified in high density shots. The
experimental results indicate that in low 7, discharges the tur-
bulent transport coefficients of x . and ; are both nearly equal

between H and D dominant plasmas, whereas in high 7, dis-
charges (relatively higher collisionality) the turbulent x . and
X in D plasmas are lower than those in H ones. Moreover,
the isotope effect on turbulence characteristics at LHD is more
pronounced in the edge than in the core region, although the
global confinement is not essentially different. At the plasma
edge, there exists stronger nonlinear coupling (i.e. zonal flows)
in density fluctuations in H plasmas for both low and high
density cases than that in D ones.

Although the isotope effects on turbulent transport in high
density plasmas at LHD appear to be consistent with the simu-
lation work, the global confinement is not affected. And also,
the other experimental results are mostly not in accordance
with the simulation ones obtained in [23]. It is also noted that
the resistive interchange mode might play a role at the colli-
sional regime. In this sense, more sophisticated theoretical and
simulation work would be very helpful.

In addition, for deepening our understanding on the isotope
effects, we have also compared the present results with those
observed in the ECRH discharges at LHD [13]. The main con-
trasts are listed in table 1. The reasons for the similarities and
dissimilarities between these two different heating methods
are not clear yet. To unravel the underlying physics, input from
theories and simulations is necessary. At present, our find-
ings is limited to the range of the percentage of each majority
species, while we have obtained substantial understanding of
the isotope effects as discussed above. Experiments and ana-
lysis with purer hydrogen isotope plasmas are left for future
works.
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Table 1. Comparison of energy confinement time, equilibrium profiles, energy transport coefficients, transport mechanisms and turbulence
(n.) properties between ECRH [13] and NBI (present experiment) plasmas at LHD.

Heating scheme

ECRH [13]

NBI (present experiment)

Energy confinement time (7¢)

TE(H) < TE(D)

TE(H) %TE(D)

Ne Hollower in D than in H
Equilibrium T, L‘?W ﬁ_f T (H) ~ T (D)
profiles High 7, T.(H) <T.(D)
T Ti (H) ~ T;(D) Ti(H) > T; (D)
Energy Xe Xe(H) =X (D) Xg‘”' (H) ~ ng’" (D)
transport Xe " (H) < x.” (D)
coefficients Xi xi(H) > xi (D) XL.EX”' (H) ~ XI.EX’" (D)
xier () < o (D)
Low 7, Turbulence dominant Neoclassical dominant in
p =0.6-0.85, turbulence
Transpo.rt dominant in rest area
mechanisms High 7, Neoclassical dominant in Turbulence dominant
p =0.6-0.85, turbulence
dominant in rest area
Propacation Low 7, Ion-diamagnetic
pag High n, H: electron-diamagnetic Electron-diamagnetic
Turbulence (7,) D: ion-diamagnetic
properties Amplitude Low 7, Amp. (H) < Amp. (D) Amp. (H) = Amp. (D)
High 7. Amp. (H) > Amp. (D)

Nonlinear coupling

Nonlinear coupling exists
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