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ABSTRACT

The turbulent transport of magnetic confinement plasmas including multi-ion-particle-species in helical systems such as the Large Helical
Device (LHD) [Takeiri et al., Nucl. Fusion 57, 102023 (2017)] and their plasma profile sensitivities are investigated by local flux-tube gyroki-
netic simulations. In the multi-ion-species plasmas, while the heat transport of each particle species has slightly different sensitivity towards
the plasma temperature gradients and the density gradients, there exist quite different dependencies in the particle transport on the radial
gradient profiles of the plasma temperatures and densities between each particle species. Furthermore, in the LHD plasma with the carbon
impurity hole structure [Ida et al., Plasma Phys. 16, 056111 (2009)], the turbulent particle transport flux of the impurity carbon ion remains
radially inward-directed robustly within the wide ranges of radial gradient profiles of the plasma temperatures and densities.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142405

I. INTRODUCTION

Understanding the physical mechanism for plasma turbulent
transport phenomena is one of the most critical issues in magnetically
confined fusion research because the turbulent transport often strongly
influences the plasma confinement performance in fusion reactors.
The turbulent transport is considered to be driven by microinstabilities
such as the ion temperature gradient (ITG) mode.1 Numerical simula-
tions based on the gyrokinetic approaches are useful and powerful for
analyzing turbulent transport physics. Due to the recent rapid progress
of large-scale simulations using high-performance computers, it is pos-
sible to validate the gyrokinetic simulation results against the experi-
mental observations for the plasma temperature and density profiles
with the experimental errors considered.2 For predicting the perform-
ances of the burning plasmas in the ITER, future fusion reactors, and
also stellarator/heliotron systems such as the Wendelstein 7-X3 and
the Large Helical Device (LHD),4 the understanding of the turbulent
transport physics of the multi-ion-species plasma is strongly
demanded because the realistic plasmas generally consist of multi-
ion-species.

In our linear gyrokinetic analyses for the multi-ion-species plas-
mas in LHD, it was confirmed that the linear growth rate of the micro-
instability strongly depends on the relative densities and temperature
profiles of each species,5,6 while the large density of the impurity ions
with higher electric charge causes the dilution of the main hydrogen

ion that is the main driver of the instability. This means that the details
of the plasma profiles for each particle species can affect the resultant
transport levels of the multi-ion-species plasmas. In the global gyroki-
netic simulation study,7 it has also been confirmed that the impurity
ions can reduce the turbulent transport driven by the ion temperature
gradient. The impurity ions are often accumulated in core regions, and
the accumulated impurities degrade confinement performance of the
plasmas by radiation losses of heat, reduction of the plasma tempera-
ture, and other confirmed reasons. On the other hand, in the LHD
plasmas heated by neutral beam injection (NBI), we often observe the
extremely hollow impurity density profiles called impurity holes8 with
internal transport barriers. Therefore, the clarification of the genera-
tion mechanism of the impurity hole is a critical issue for achieving
high-performance magnetically confined plasmas.

Now, we consider a simple equation of continuity for the densi-
ties ns of the species s in such plasmas,

@nsðqÞ
@t

þ 1
V 0

@

@q
V 0 CðTrbÞs ðqÞ þ CðNCÞs ðqÞ
� �

¼ Ss; (1)

with the given particle source term Ss. Here, q is the normalized radial
positions, V is the volume surrounded by the flux-surface labeled by q,
V 0 means the radial derivatives of V, and CðTrbÞs ðqÞ and CðNCÞs ðqÞ are
the turbulent and neoclassical contributions of the particle transport
fluxes of the species s, respectively. In Eq. (1), if the system is in the
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steady state, i.e., @ns=@t ¼ 0, the particle source term can be neglected,
Ss ¼ 0, and the total particle transport fluxes CðTotalÞs ðqÞ
¼ CðTrbÞs ðqÞ þ CðNCÞs ðqÞ should vanish for each species. In our recent
work for the neoclassical transport analyses9 for the LHD impurity
hole plasma, the neoclassical contribution of the impurity carbon
particle transport can be radially outward-directed. According to the
neoclassical estimates, if the sufficient external torque by the NBI heat-
ing exists, the radial electric field that satisfies the ambipolar condition,
CðNCÞe ¼

P
s6¼e ZsC

ðNCÞ
s , can be positive, i.e., the plasma can be in the

“electron root” regime at radii where the impurity hole structure is
generated. Here, Zs is the charge number of the species s. In the case of
the electron root, the neoclassical particle transport flux of the impu-
rity carbon can be radially outward-directed. Therefore, for the particle
balance between the turbulent and neoclassical contributions, we must
confirm that the turbulent contributions of the particle transport will
be radially inward-directed. Indeed, the quasilinear analyses of the tur-
bulent transport of the impurity ions in the LHD impurity hole plasma
indicated that the quasilinear particle fluxes of the carbon impurity are
radially inward-directed.6 In this work, in order to understand the tur-
bulent transport of the multi-ion-species plasmas including the impu-
rity ions and to clarify the turbulent contributions in the transport
phenomena, we perform the gyrokinetic simulations for the transport
of the multi-ion-species LHD plasmas with the impurity hole
structure.

This paper is organized as follows. In Sec. II, the LHD plasma
with the impurity hole structure is briefly reviewed. In Sec. III, we
describe the simulation model used in the present study and basic
equations employed in the calculations. In Sec. IV, we show the linear
instability analyses and the nonlinear simulation results for the turbu-
lent transport. We evaluate the turbulent contributions of the heat and
particle transport. In Sec. V, we compare the turbulent contributions
and the neoclassical contributions for the multispecies plasma trans-
port. Finally, we summarize this work in Sec. VI.

II. IMPURITY HOLE PLASMA IN LHD

In the LHD experiment with high ion temperature heated by the
NBI, we often observe the extremely hollow impurity density profile,
which is called an impurity hole with internal transport barriers. In
a typical case of the LHD impurity hole plasma of shot #113208
at t¼ 4.64 s, which is the same plasma discussed in the neoclassical
analyses9 and the quasilinear analyses,6 Fig. 1 shows the radial profiles
for temperatures Ts, the radial gradients of the temperatures R0=LTs,
the densities ns, the normalized charge densities fCs, the radial gra-
dients of the densities R0=Lns, and fCsR0=Lns. Here, R0 is the major
radius, LTs is the temperature gradient scale length for the species s
defined by L�1Ts � �d lnTs=dr, Lns is the density gradient scale length
for the species s defined by L�1ns � �d ln ns=dr, and fCs is the normal-
ized charge density for the ion species s defined by fCs � nsZs=ne. In
this plasma, there are four particle species including electron e�,
hydrogen ion Hþ, helium ion He2þ, and carbon ion C6þ. The temper-
ature for each ion species is assumed to be the same with each other.
As shown in Figs. 1(c) and 1(e), the impurity carbon density has a
strong hollow structure for the inner radial region around
q � 0:4–0.7. While there are several structures of the radial profiles
for the densities between each species, the quasineutrality conditions,
fCe ¼

P
s6¼e fCs and fCe=Lne ¼

P
s6¼e fCs=Lns, are exactly satisfied as

shown in Figs. 1(d) and 1(f). In this paper, we will analyze the turbu-
lent transport in this plasma by utilizing the gyrokinetic simulations.

III. GYROKINETIC SIMULATION MODEL

In this paper, in order to evaluate the turbulent transport of the
multispecies helical plasmas, we employ the local df flux-tube gyroki-
netic code, GKV.10–13 The code can solve the time evolution of the
wavenumber-space representation of the gyrokinetic equation for the
perturbed gyrocenter distribution function of species s in the three-
dimensional equilibrium field. The perturbed distribution function is
represented by dfsk? ¼ �esJ0sd/k?FMs=Ts þ hsk? , where hsk? is the
nonadiabatic part of the perturbed distribution function. The gyroki-
netic equation for hsk? is represented by

FIG. 1. The radial profiles in the LHD impurity hole plasma #113208 at t¼ 4.64 s
for (a) the temperatures Ts, (b) the radial gradients of the temperatures R0=LTs, (c)
the densities ns, (d) the normalized charge densities fCs, (e) the radial gradients of
the densities R0=Lns, and (f) fCsR0=Lns.
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@

@t
þ vkb � r þ ixDs �

lb � rB
ms

@

@vk

 !
hsk?

� c
B

X
D

b � ðk0? � k00?ÞdWk0?
hsk0 0?

¼ esFMs

Ts

@

@t
þ ix�Ts

� �
dWk? þ Csðhsk?Þ; (2)

where ms, es, and Ts are the particle mass, the electric charge, and the
equilibrium temperature of the particle species s, respectively. As the
velocity space coordinates, the magnetic moment l ¼ v2?=2B and the
parallel velocity vk are employed. dWk? ¼ J0s½d/k? � ðvk=cÞdAkk? � is
the gyroaveraged potential fluctuation with the zeroth order Bessel
function J0s ¼ J0ðk?v?=XsÞ, and Xs ¼ esB=ðmscÞ is the gyrofre-
quency of the particle species s. xDs ¼ k? � vsD and x�Ts ¼ k? � vs�
are the magnetic and the diamagnetic drift frequencies with vsD
¼ ðc=esBÞb� ðlrBþmsv2kb�rbÞ and vs� ¼ ðcTs=esBÞb� ½r ln ns
þðmsv2=2Ts � 3=2Þr lnTs�, respectively. A linearized model collision
operator Cs is introduced using a simplified Lenard–Bernstein type
model14 for the numerical scans for wide parameter regimes. In Eq.
(2), the symbol

P
D represents double summations with respect to k0?

and k00?, satisfying k? ¼ k0? þ k00?. The equation is solved in the local
flux-tube coordinates, fx; y; zg ¼ faðq� q0Þ; aq0qðq0Þ�1½qðqÞh
�f�; hg with conventional flux-coordinate system fq; h; fg. Here, a is
the minor radius, qðq0Þ is the safety factor at the focused magnetic
flux surface labeled by q0, and q �

ffiffiffiffiffiffiffiffiffiffiffi
w=wa

p
is the normalized radial

coordinate. w represents the toroidal magnetic flux, and wa is also
defined by the value at the last closed surface. The fluctuations of the
potentials are calculated by the Poisson and Ampère equations,

k2? þ k�2D

� �
d/k? ¼ 4p

X
s

es

ð
dvJ0shsk? ; (3)

k2?dAkk? ¼
4p
c

X
s

es

ð
dvvkJ0shsk? : (4)

Here, kD is the Debye length.

IV. TURBULENT TRANSPORT ANALYSES IN LHD
IMPURITY HOLE PLASMA
A. Linear analyses for microinstabilities

In this subsection, before the nonlinear turbulence simulation
analyses, the results of the linear gyrokinetic analyses are introduced.
For the analyses of the microinstabilities in the LHD impurity hole
plasma #113208 at t¼ 4.64 s, we performed linear gyrokinetic simula-
tions. The plasma is in the neoclassical regime of 1=� or

ffiffiffi
�
p

for the
bulk ions and the electron and around the boundary of the banana
and the plateau regimes for the carbon ion where the normalized colli-
sion frequencies are shown in Table I. In Fig. 2, the poloidal wavenum-
ber spectra of linear growth rates and the real frequencies of the
microinstabilities at q ¼ 0:42; 0:52; 0:61, and 0.70 in the LHD impu-
rity hole plasma are obtained from electromagnetic linear gyrokinetic
simulations with the typical value of local beta in the plasma,
b ¼ 0:5%. Here, qH is the thermal gyroradius and vtH is the thermal
speed of the hydrogen ion. In this plasma, we found that the ITG
modes with negative real frequency are most unstable. As seen in the
figure, the ITG modes are unstable enough anywhere the strong hol-
low density structure of the impurity carbon ion exists, 0:4� q � 0:7.

Furthermore, for changing the density gradients of the carbon ion
LðnomÞnC =LnC, it is found that the instability channel does not change,
namely, the ITG modes are still dominant instability. Here, the nomi-
nal values of the density gradient length LðnomÞnC are shown in Table III.
According to the previous paper6 on the quasilinear gyrokinetic analy-
ses, the quasilinear particle transport flux of the carbon ion based
on the linear gyrokinetic simulations, CðQLÞC � ðCðlinÞC ðne=nCÞ=
hjd/j2iÞðc=ðkyqHÞ2Þ, should be negative, i.e., radially inward-directed
as long as the hollow density profile remains.

TABLE I. The normalized collision frequencies ��ab � q0R0s�1ab =
ffiffiffi
2
p
�3=2vta

� �
used

in the simulations at q ¼ 0:61. Here, s�1ab is the characteristic collision time between
species a and b, and � is the inverse aspect ratio.

a b ��ab a b ��ab

e e 3:23� 10�2 He e 8:95� 10�2

e H 1:64� 10�2 He H 5:21� 10�2

e He 2:21� 10�2 He He 6:72� 10�2

e C 2:91� 10�2 He C 8:29� 10�2

H e 2:23� 10�2 C e 0:81� 100

H H 1:36� 10�2 C H 0:44� 100

H He 1:75� 10�2 C He 0:57� 100

H C 2:16� 10�2 C C 0:70� 100

FIG. 2. The growth rates c and the real frequencies xr of the microinstabilities for
q ¼ 0:42; 0:52; 0:61, and 0.70 in LHD plasma #113208 at t¼ 4.64 s. For
q ¼ 0:61, the dotted, dotted-dashed, solid, and dashed red curves represent the
frequencies for LðnomÞnC =LnC ¼ �0:6; 0:5; 1:0, and 1.5, respectively.
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B. Turbulent heat transport

In many gyrokinetic simulations performed to date, a significant
fact has been found. That is, the plasma near the marginal gradients of
the plasma temperature and density has the strong stiffness of the tem-
perature and density profiles against the turbulent transport
fluxes,15–19 where it has been considered that such strong stiffness is
significant for investigating the underestimation of the ion heat trans-
port, namely, the transport shortfall.20,21 Therefore, in terms of the val-
idation metrics22 of the simulations against the experiments, to clarify
the turbulent contributions of the transport of the multispecies plasma,
we should analyze the sensitivity of the turbulent transport of heat and
particles to the radial gradients of the plasma temperatures and densi-
ties for wide ranges.

In this subsection, first, we estimate the sensitivity of the turbu-
lent heat transport to the plasma temperature gradients and density
gradients by the nonlinear gyrokinetic turbulence simulations using
the GKV code. Here, to reduce the computational costs, we employed
the following model LHD configuration with limited numbers of field
components from the field configuration obtained by the three-
dimensional equilibrium code VMEC,23

B ¼ B0 1� �00ðqÞ � �tðqÞ cos h�
XLþ1
l¼L�1

�lðqÞ cos lh�Mf½ �
" #

; (5)

where h is the poloidal angle, f is the toroidal angle in the magnetic
coordinate system fq; h; fg, and �t and �h ¼ �L are the toroidal and
the main helicities, respectively. �þ ¼ �Lþ1 and �� ¼ �L�1 are two
sideband helical components.M and L indicate the main period num-
bers of the confinement field in the toroidal and poloidal directions,
respectively. For the LHD, L¼ 2 and M¼ 10 should be employed. In
Table II, the parameters are summarized, which are obtained from the
VMEC configuration in terms of the toroidal, main helical, two side-
band components and their radial derivatives. Here, the model config-
uration does not affect the main features of the transport.11 The
number of grid points in the phase space ðx; y; z; vk;lÞ used in the
simulations is 256� 96� 256� 64� 16. In the real space, we
employ�p 	 z < p along the field line, and the system lengths in the
perpendicular directions are Lx ¼ 2p=Dkx and Ly ¼ 2p=Dky with the
minimum wavenumbers ðDkxqH;DkyqHÞ ¼ ð0:109; 0:080Þ. In the
velocity space, the simulation box size is �4:5vtH 	 vk 	 4:5vtH and
0 	 l 	 10:13mHv2tH=B.

Figure 3 shows the time evolution of the heat fluxes and the parti-
cle fluxes at q ¼ 0:61 where the strong impurity hole is generated
with the nominal values of the temperature and density gradients
shown in Table III. For t > 50R0=vtH, it is confirmed that the turbu-
lences are sufficiently saturated with the well-developed zonal flows.

Figure 4 shows the dependences of the turbulent heat transport fluxes
for all four species on the electron and the ion temperature gradient
lengths at q ¼ 0:61. In the figures, we performed 25 nonlinear gyroki-
netic simulations upon changing the temperature gradients of ions
and electrons from 0:6� R0=L

ðnomÞ
Ti;e to 1:5� R0=L

ðnomÞ
Ti;e , where

R0=L
ðnomÞ
Ti;e are the nominal values of the temperature gradients shown

in Table III. All ion heat fluxes rapidly increase with the increasing ion
temperature gradient, which is a typical property of the ITG-driven
turbulent transport, where the electron heat flux also depends on the
electron temperature gradient. As shown in Fig. 4, the experimental
values of the anomalous contributions of the heat fluxes QðanoÞs for
s ¼ e, H, and He are within the scan ranges of the temperature gra-
dients performed in the simulations. For the carbon heat flux and the
particle fluxes of all species, we could not discuss the validations of the
simulations because the experimental data for them are not sufficiently
available. In the simulations, the electromagnetic contributions in the
heat fluxes are relatively small compared to the electrostatic contribu-
tions, QðEMÞs =QðTotalÞs < 1%. On the other hand, Fig. 5 shows the
dependences of the turbulent heat transport fluxes on the density gra-
dients. Here, to concentrate on the responses of the heat fluxes to the
change in the density gradient, the radial gradient of the density for
specific species artificially changes with other fixed species density gra-
dients. In the figure, we performed a total of 28 nonlinear gyrokinetic
simulations with the change in density gradients. From the figure,
small differences are observed between each species in the dependen-
ces on the density gradients. Therefore, in the turbulent heat transport,
there are slight differences in the plasma gradient profile dependences
between each particle species due to the turbulent potential fluctuation
that is shared with all species.

TABLE II. Parameters at the flux surface q ¼ 0:61 employed in the GKV code. The
prime symbol means A0 ¼ dA=dq.

q0 r0=R0 �t �h=�t ��=�t �þ=�t

1.6 0.1019 0.08996 0.9745 �0.5074 0.1294

ŝ q0�
0
00=�t q0�

0
t=�t q0�

0
h=�t q0�

0
�=�t q0�

0
þ=�t

�0.8672 0.1294 0.9970 2.1603 �1.1041 0.1163

FIG. 3. The time evolution of (a) the turbulent heat fluxes QðTrbÞs and (b) the turbu-
lent particle fluxes ZsC

ðTrbÞ
s for each species with the nominal parameters of the

plasma profiles. QðTrbÞs is normalized by q2
HvtHTiðqÞneðqÞ=R2

0, and ZsC
ðTrbÞ
s is nor-

malized by q2
HvtHneðqÞ=R2

0. In (a), the black solid curve represents the time evolu-
tion of the zonal flow component of the potential fluctuation hjd/ky¼0j2i.
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C. Turbulent particle transport

In this subsection, we estimate the sensitivity of the turbulent
particle transport to the plasma temperature gradients and density gra-
dients by the nonlinear gyrokinetic turbulence simulations.

Figure 6 shows the dependences of the turbulent particle trans-
port fluxes for all four species on electron and ion temperature gradi-
ent lengths at q ¼ 0:61, where the strong hollow density profile of the
impurity carbon exists. Here, the turbulent particle fluxes satisfy the
ambi-polar condition at each gradient. In contrast to the cases of the
heat transport fluxes in Fig. 4, as seen in Fig. 6, there are quite different
temperature gradient dependences in the particle fluxes among differ-
ent particle species. For example, if the ion temperature gradient
increases, the particle transport fluxes for the hydrogen and the helium
ions increase, while the particle fluxes of the electron and the carbon
ion decrease. Furthermore, if the electron temperature gradient
increases, all particle fluxes decrease. For the hydrogen ion, especially,
the direction of the particle flux can be changed from positive for
higher grad-Ti and lower grad-Te to negative for lower grad-Ti

and higher grad-Te. Since the ambi-polar condition CðTrbÞe
¼
P

s6¼e ZsC
ðTrbÞ
s is satisfied24 in each gradient, such complicated

FIG. 4. Temperature gradient length dependences of turbulent heat fluxes QðTrbÞs (color contours) for (a) electron, (b) hydrogen, (c) helium, and (d) carbon, where LðnomÞTe and
LðnomÞT i represent the nominal temperature gradient lengths for electrons and all ion species, respectively. Each flux is evaluated at q ¼ 0:61 and normalized by the same unit,
q2
HvtHTiðqÞneðqÞ=R2

0 . In (a)–(c), the bold curves represent the experimental values of the anomalous contributions of the heat fluxes QðanoÞs for s ¼ e; H; and He,
respectively.

TABLE III. Nominal values of the radial gradients of the temperature and densities at
q ¼ 0:61 employed in the nonlinear simulations.

R0=L
ðnomÞ
Te R0=L

ðnomÞ
Ti R0=L

ðnomÞ
ne

7.6485 13.3487 �2.38929

R0=L
ðnomÞ
nH R0=L

ðnomÞ
nHe R0=L

ðnomÞ
nC

�0.8228 �0.8228 �10.6738
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dependences on the temperature gradients should be determined by
the balances of the particle fluxes between each species. In addition to
these complicated temperature gradient dependences, in wide ranges
over 50% changes of the ion and the electron temperature gradients
from their nominal values, which are shown in Table III, the impu-
rity carbon particle flux remains negative. Therefore, the turbulent
particle flux of the carbon impurity is radially inward-directed, while
the turbulent particle flux of the helium ion remains outward-

directed. In the wavenumber spectra of the particle fluxes shown in
Fig. 7, it is found that the spectra of the particle fluxes have a peak
near the wavenumber where the ITG mode is most unstable as
shown in Fig. 2.

On the other hand, particle fluxes are strongly affected by not
only the temperature gradients as shown in Fig. 6 but also the density
gradient lengths for several particle species. Figure 8 shows the
dependences of the turbulent particle transport fluxes on the density

FIG. 5. Density gradient length dependences of turbulent heat fluxes QðTrbÞs for (a) electron density gradients, (b) hydrogen density gradients, (c) helium density gradients, and
(d) carbon density gradients. Each flux is evaluated at q ¼ 0:61 and normalized by the same unit, q2

HvtHTiðqÞneðqÞ=R2
0 .
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gradients. Here, the density gradient length dependences of turbulent
particle fluxes are evaluated by the nonlinear gyrokinetic simulations
by changing the density gradients for specific species with other fixed
species density gradients. In Fig. 8, we can see that the ambi-polar con-
dition is certainly satisfied in whole regions of the density gradients.
Furthermore, compared to the cases of the heat transport flux, there
are quite different dependences on the density gradients. For changing
density gradients of bulk ions shown in Figs. 8(b) and 8(c), there seem
to be clear balance relations between the pair of hydrogen and helium
ions and the pair of electron and carbon ions. Since it is still not clear
whether the balance relations are accidental or not, we should perform
more precise theoretical analyses, e.g., quasilinear analyses as future
works. On the other hand, for changing density gradients of electrons
and carbon ions shown in Figs. 8(a) and 8(d), there are still compli-
cated dependences without the clear relation found in the cases of
changing density gradients of bulk ions. However, the carbon particle

flux should not be radially outward-directed unless the impurity hole
structure disappears, i.e., the turbulent particle transport of the carbon
ion can be outward-directed only when the carbon density profile is
sufficiently peaked. Therefore, at least in the results obtained here, the
turbulent particle transport of the impurity carbon ion in the impurity
hole plasma is radially inward-directed. This conclusion is consistent
with our previous quasilinear estimates for the impurity carbon parti-
cle transport.6 Therefore, if the system is in the steady state with negli-
gible auxiliary particle sources or sinks, the neoclassical carbon particle
flux should be expected to be outward-directed against the inward-
directed turbulent flux.

V. AGAINST NEOCLASSICAL CONTRIBUTION
OF PARTICLE TRANSPORT

For the balance relation between the turbulent contributions and
the neoclassical contributions of the particle transport fluxes in Eq. (1),

FIG. 6. Temperature gradient length dependences of turbulent particle fluxes CðTrbÞs (color contours) for (a) electrons, (b) hydrogen, (c) helium, and (d) carbon, where LðnomÞTe
and LðnomÞT i represent the nominal temperature gradient lengths for electrons and all ion species, respectively. Each flux is evaluated at q ¼ 0:61 and normalized by the same
unit, q2

HvtHneðqÞ=R2
0 .
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we should consider the comparison between both contributions. In
our previous work for the neoclassical contributions in the LHD impu-
rity hole plasma transport, if sufficient external torque by the NBI
heating exists, the ambi-polar radial electric field can be positive, i.e.,
the system can be in the electron-root. In this case, the neoclassical
particle transport flux of the carbon ion can be radially outward-
directed. On the other hand, in the case of the ion-root, the radial elec-
tric field is negative, and the neoclassical particle transport flux of the
carbon is radially inward-directed. From the results of the nonlinear
turbulence simulations performed in the previous subsection, the tur-
bulent contributions of the particle transport flux of the carbon impu-
rity ion should be inward-directed for wide ranges of radial gradients
of the temperatures and densities. Figure 9 shows the comparisons of
the particle transport fluxes for each species between the turbulent
contributions CðTrbÞs , which are obtained by nonlinear gyrokinetic sim-
ulations, and the neoclassical contributions �CðNCÞs , which are
obtained by neoclassical simulations performed by utilizing DKES/
PENTA code25,26 in our previous work. If the system is in the ion-root
with the negative radial electric field, the neoclassical contributions are
absolutely larger than the turbulent contributions, i.e., jCðTrbÞs j

 jCðNCÞs j for electrons and bulk ions. On the other hand, if the sys-
tem is in the electron-root with the positive radial electric field, the
neoclassical contributions can be comparable to the turbulent contri-
butions for each species, i.e., jCðTrbÞs j � jCðNCÞs j. In the plot, it is cer-
tainly confirmed that the neoclassical particle transport flux of
the carbon ion in the electron-root can be slightly radially outward-
directed, CðNCÞC je�root ¼ 2:006� 1017 ½1=m2s�, while the flux of the
carbon ion in the ion-root is inward-directed, CðNCÞC ji�root
¼ �1:238� 1017 ½1=m2s�.

For the different radial position at q ¼ 0:52 where the impurity
hole still remains, the comparisons between the turbulent and the neo-
classical particle fluxes are also performed. Figure 10 shows the turbu-
lent and the neoclassical particle fluxes for each species at q ¼ 0:52
and 0.61. At q ¼ 0:52, the same as the case of q ¼ 0:61, the turbulent
flux of the carbon ion is still negative, namely, radially inward-
directed, and the neoclassical flux of the carbon is radially outward-

directed in the case of the electron-root. The inward-directed turbulent
particle fluxes of the carbon obtained here are consistent with the pre-
vious results in which the quasilinear particle flux of the carbon impu-
rity is radially inward-directed for different radial positions and for
different density gradients in the impurity hole plasma.6 Furthermore,
the turbulent fluxes for electrons and hydrogen are of the same order
as the neoclassical values with opposite signs. For the helium ion, the
orders match, while the direction does not match, which is the same at
q ¼ 0:61. Therefore, if the plasma is in the electron-root, the particle
balance relation between the turbulent and the neoclassical contribu-
tions may be satisfied at least for main particle species, the electrons
and the hydrogen ions. For the carbon ions, since the directions of
both contributions match with quite small fluxes, it may be possible to
realize the particle balance relation in the case of the electron-root.

VI. SUMMARY AND DISCUSSIONS

In this work, the first nonlinear gyrokinetic simulations for the
turbulent transport of the multi-ion-species helical plasma including
impurity carbon ions with the impurity hole structure are carried out.
Since the turbulent transport is sensitive to the temperature and the
density profiles, we performed many gyrokinetic turbulence simula-
tions for the wide ranges of radial gradients of the temperatures and
the densities. For the turbulent heat transport, due to the typical char-
acter of the ITG-driven turbulent transport, all ion heat fluxes rapidly
increase with the increasing ion temperature gradient, and the heat
fluxes of each species have slightly different dependences on the tem-
perature gradients and the density gradients due to the turbulent
potential fluctuation that is shared with all species. Therefore, the tur-
bulent heat transport has slightly different sensitivity on the plasma
gradient profiles between each particle species.

For the turbulent particle transport, on the other hand, there are
quite different dependences between different particle species on the
plasma gradient profiles. On the temperature gradient dependences, if
the ion temperature gradient increases, the particle transport fluxes for
the hydrogen and the helium ions increase, while the particle fluxes of
the electron and the carbon ion decrease, and if the electron tempera-
ture gradient increases, all particle fluxes decrease, satisfying the ambi-
polar condition between different species. For the hydrogen ion, the
direction of the particle flux can be changed. Furthermore, the impu-
rity carbon particle flux remains radially inward-directed in wide
ranges of temperature gradients over 50% changes. On the density gra-
dient dependences, there are also quite different dependences between
each particle species. In particular, for changing density gradients of
bulk ions, there seem to be clear balance relations between the pair of
H and He ions and the pair of e and C ions. In addition to the depend-
ences, the carbon turbulent particle flux should not be radially
outward-directed unless the impurity hole structure disappears.

The neoclassical particle flux can be changed by the external
torques, where the sufficient NBI heating causes the electron-root with
the positive ambi-polar radial electric field. In the electron-root case
with the positive radial electric field, there can be radially outward-
directed neoclassical impurity carbon particle flux, and the neoclassical
contributions can be comparable to the turbulent contributions. In
conclusion, the particle balance relation between the turbulent contri-
butions and the neoclassical contributions may be satisfied in the case
of the electron-root at least for main particle species, the electrons, the
hydrogen, and the impurity carbon ions.

FIG. 7. The wavenumber spectra of the particle fluxes for each particle species in
the case of LðnomÞT i =LT i ¼ 1:5 at q ¼ 0:61.
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In this paper, the absolute analyses for the balance relation have
not yet been performed since some physical effects are lacking in the
nonlinear gyrokinetic simulations performed here. For example, the
simulations employ the model field configuration and do not include
the shearing effects from the radial electric field and the effects of the
potential variation on the magnetic surface, i.e., U1 effects.27–29

Specifically, the sheared radial electric field plays a significant role in
the reduction of the turbulent transport in LHD with the electron

internal transport barrier30 and in the inward pinch of the electron
particle transport in JET.31 Furthermore, the global treatment is also
important for the neoclassical analyses since the global neoclassical
estimates by using the FORTEC-3D code32 can result in substantial
weakening of the neoclassical ion fluxes near the marginal radial elec-
tric field Er � 0,33,34 which may bring on the outward directed neo-
classical impurity particle flux.35 More precise simulations regarding
the above issues will appear elsewhere.

FIG. 8. Density gradient dependences of turbulent particle fluxes ZsC
ðTrbÞ
s for (a) electron density gradients, (b) hydrogen density gradients, (c) helium density gradients, and

(d) carbon density gradients. Each flux is evaluated at q ¼ 0:61 and normalized by the same unit, q2
HvtHneðqÞ=R2

0 .
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