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Gyrokinetic Vlasov simulations of the ion temperature gradient turbulence are performed in order to
investigate effects of helical magnetic configurations on turbulent transport and zonal flows. The obtained
results confirm the theoretical prediction that helical configurations optimized for reducing neoclassical
ripple transport can simultaneously reduce the turbulent transport with enhancing zonal-flow generation.
Stationary zonal-flow structures accompanied with transport reduction are clearly identified by the
simulation for the neoclassically optimized helical geometry. The generation of the stationary zonal
flow explains a physical mechanism for causing the confinement improvement observed in the inward-
shifted plasma in the Large Helical Device [O. Motojima et al., Nucl. Fusion 43, 1674 (2003)].
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Magnetically confined toroidal plasmas involve two dis-
tinctive transport processes: that is, the neoclassical and
turbulent diffusions. The neoclassical transport is strongly
influenced by geometry of the toroidal field and is espe-
cially important for determining confinement properties in
helical systems [1], where particles trapped in helical
ripples cause significant radial particle and heat fluxes.
The turbulent transport driven by microinstabilities [2]
are widely observed in fusion plasma experiments while
the E� B zonal flows have been investigated in numerous
theoretical, numerical, and experimental studies as an at-
tractive mechanism for regulating the turbulent transport
[3–6]. So far, the two transport processes have been
separately treated in conventional frameworks although it
has been argued in recent theories that there exists a
close relation between the neoclassical and anomalous
transport through generation of zonal flows in helical
systems [7–11].

Gyrokinetic theoretical studies of zonal flows driven by
the ion temperature gradient (ITG) turbulence [7–9] show
that a high-level zonal flow can be maintained for a longer
time by reducing bounce-averaged radial drift velocity of
helical-ripple-trapped particles. This means that optimiza-
tion of the three-dimensional magnetic configuration for
reducing the neoclassical ripple transport [12–14] simul-
taneously enhances the residual zonal flows which can
lower the anomalous transport as well [7–11]. In fact, it
is observed in the Large Helical Device (LHD) [15] experi-
ments that the anomalous transport decreases in the
inward-shifted plasma configuration optimized for reduc-
ing the neoclassical transport [16]. Thus, it is desired to
validate the theoretical prediction of the transport reduc-
tion in the neoclassically optimized helical configurations
by gyrokinetic simulations.

Preliminary simulations of the ITG turbulence and the
zonal flows in helical systems were performed [17] by
means of the gyrokinetic Vlasov simulation code GKV

[18] and demonstrated stronger generation of zonal flows

in a model configuration for the inward-shifted LHD
plasma. However, the stationary zonal-flow structure ef-
fectively regulating the turbulent transport was not clearly
observed, and the obtained �i in the inward-shifted case
was higher than that in the standard one in contrast to the
LHD experimental results. This is attributed to discrepan-
cies in the linear ITG growth rates and the zonal-flow
response between the numerical and experimental
conditions.

In our recent study [9] on the linear ITG stability and the
zonal-flow response relevant to the LHD experiments, we
have employed more accurate confinement field models.
Stabilizing effects of the smaller safety factor and the
stronger magnetic shear associated with the inward plasma
shift decrease the difference of the ITG mode growth rates
between the two cases. Also, specified changes in the
helical field components, the safety factor, and the aspect
ratio clearly show that an initially given zonal flow keeps a
higher level for a longer time in the inward-shifted con-
figuration than that in the standard one. Both favorable
changes in the zonal-flow response and the linear stability
are expected to contribute to reduction of the ITG turbulent
transport in the inward-shifted LHD configuration. Indeed,
in this Letter, the nonlinear GKV simulation implemented
with the relevant magnetic field parameters confirms gen-
eration of large zonal flows enough to reduce the ion heat
transport in the inward-shifted plasma. Stationary zonal-
flow structures are clearly shown in the present simulation
for the helical system with the neoclassical optimization.
The obtained results agree with our theoretical analysis and
are consistent with observation of better confinement in the
inward-shifted LHD plasma [16].

The nonlinear gyrokinetic equation for the perturbed
ion gyrocenter distribution function in the low-� electro-
static limit is numerically solved by the GKV code [18] as
a partial differential equation defined on the five-
dimensional phase space. We introduce a collision model
given by the gyrophase average of the Lenard-Bernstein
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collision operator [19]. The quasineutrality condition and
the electron response of �ne=n0 � e��� h�i�=Te are
used for calculation of the electrostatic potential �, where
Te and h� � �i represent the electron temperature and the
flux-surface average. In the GKV code, we employ the
toroidal flux-tube coordinates (x; y; z), where y and z are
defined in terms of the poloidal angle �, toroidal angle � ,
and the safety factor q as y � �r0=q0��q�r��� �� and z �
�, respectively [20]. The radial coordinate x is given by the
average minor radius r, such that x � r� r0 �	 r0�. Here,
r is defined by �t � �B0r2, and �t means the toroidal
flux. The minor radius, at which local background parame-
ters are evaluated, is represented by r0. Then, q0 � q�r0�.
We also assume constant background density and tempera-
ture gradients with scale lengths of Ln and LT as well as
the constant magnetic shear parameter, ŝ � �r0=q0��

�dq=dr�r�r0
. The parallel velocity vk and the magnetic

moment � are taken as the velocity-space coordinates.
Here, we consider large-aspect-ratio helical systems

with

 

B � B0

�
1� 	00�r� � 	t�r� cosz

�
Xl�L�1

l�L
1

	l�r� cos��l�Mq0�z�M
�
�
; (1)

where L and M denote the poloidal and toroidal period
numbers of the main component of the helical field. For the
LHD, L � 2 and M � 10. The main helical field is repre-
sented by 	L, while the sideband components and the
averaged normal curvature are given by 	L�1, 	L
1, and
	000 � d	00=dr, respectively. The confinement field pa-
rameters are chosen so as to reproduce the inward-shifted
and standard LHD configurations (for each value, see
cases I-B and S-B given in Table I of Ref. [9]). We also
set the field-line label 
 to be constant (
 � 0) in Eq. (1)
because of negligibly weak
 dependence of the linear ITG
instability [21] and the zonal-flow response [7,8] in the
large M limit. In order to mainly examine magnetic-
configuration effects, the same local plasma parameters
are used for the two cases, such that �i � Ln=LTi � 3,
Ln=R0 � 0:3, and Te=Ti � 1. The collision frequency is
given by � � 0:002vti=Ln for both cases, where R0, Ti,
and vti denote the major radius, the ion temperature, and
the ion thermal speed, respectively.

The ITG turbulence simulations for helical systems with
a high toroidal period number M� 1 demand fine nu-
merical resolution along the field line. In addition, motion
of helical-ripple-trapped particles causes complicated fine
structures of the distribution function in the phase space
[8,9]. Thus, we employ a huge number of grid points over
5� 1010 in total [that is, 128� 128� 768� 128� 48 for
the inward-shifted case or 128� 128� 512� 128� 48
for the standard case in the (x; y; z; vk; �) coordinates] so
that the entropy balance [18] is accurately satisfied within

an error less than 7%. The minimum poloidal wave number
is given by ky;mini � 0:0463 (the system length of Ly �
2�=ky;min � 135:7i covers 1=6 of the whole flux surface)
while the minimum radial wave number is kx;mini �
0:140 (Lx � 2�=kx;min � 44:9i) for the inward-shifted
case, and kx;mini � 0:124 (Lx � 2�=kx;min � 50:7i) for
the standard case, where i means the thermal ion gyrora-
dius. The small difference in kx;min stems from change of
the magnetic shear parameter ŝ (that is, ŝ � �0:96 and
�0:85 for the inward-shifted and standard configuration
cases, respectively [9]), but has no essential influence on
the resultant transport. Further details of the GKV simula-
tion model are found in Refs. [9,17,18].

The time history of the flux-surface-averaged potential
obtained by the linear GKV simulation of the collisionless
zonal-flow damping is shown in Fig. 1, where, for com-
parisons with the ITG turbulence simulation results shown
below, the radial wave numbers of kxi � 2kx;mini �
0:280 and 0.248 are used for the inward-shifted and the
standard cases, respectively. Slower decay and higher re-
sidual level of the zonal-flow amplitude are obviously
found in the inward-shifted configuration. This improved
zonal-flow response for the neoclassically optimized ge-
ometry agrees with the theoretical prediction. For the case
of Fig. 1, the enhancement of the residual level by about
50% is comparable with the increase by about 30% which
is derived from the theoretical formulas [7,8].

The ion thermal diffusivity �i obtained by the GKV

simulation of the ITG turbulence is shown in Fig. 2 as a
function of time t for the inward-shifted (solid line) and
standard (dashed line) configurations. It is found that, as
expected from the linear stability analysis [9], �i in the
linear growth stage of the instability �t < 40Ln=vti� grows
slightly faster for the inward-shifted configuration than for
the standard case, and that the peak value of �i for the
former case is larger than that for the latter case. In the
saturated ITG turbulence �t > 60Ln=vti�, however, the
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FIG. 1. Time history of the flux-surface averaged potential
obtained from the linear GKV simulation of the collisionless
zonal-flow damping for the inward-shifted (solid line with the
radial wave number kxi � 0:280) and the standard (dashed line
with kxi � 0:248) model configurations of the Large Helical
Device (LHD) experiment.
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time-averaged ion thermal diffusivity �i  1:272
i vti=Ln

for the inward-shifted plasma is about 30% smaller than
the time-averaged value of �i  1:782

i vti=Ln for the
standard one. The evident transport reduction in the
inward-shifted case is attributed to a larger amplitude of
zonal flows generated by turbulence as shown below, and is
in contrast to the previous simulation result for the simpler
model cases in Ref. [17]. This is a consequence of the
aforementioned slower decay and higher residual level of
the zonal-flow response in the inward-shifted case as well
as the reduction of the difference in the linear growth rates
of the ITG instability between the two cases.

Color contours of the electrostatic potential � in the
nonlinear saturation phase at t � 120Ln=vti are shown in
Fig. 3. The potential fluctuations are mapped on the inner-
most flux surface of the simulation box and the elliptic
poloidal cross section by simultaneously plotting the color
contours on the six equivalent flux-tube simulation do-
mains. The ballooning-type mode structures found in the
linear growth phase of the instability are destroyed by the
self-generated E�B zonal flows in the later turbulent
state as seen in the color figures. In the potential patterns

on the poloidal plane, the zonal-flow structures are more
obviously identified in the inward-shifted configuration
and cause the lower �i than for the standard one shown
in Fig. 2.

Radial profiles of the flux-surface-averaged potential
eh�ky�0�x�iLn=Tei shown in Fig. 4 indicate the stronger
generation of stationary zonal flows in the inward-shifted
case, where the potential data are time averaged from t �
60 to t � 250Ln=vti. A sinusoidal mode structure domi-
nates in the radial profile of the stationary zonal flows in
the inward-shifted case. The peak value of h�ky�0�x�i 
4:5Tei=eLn for the inward-shifted case is about 6 times
larger than the largest amplitude of h�ky�0�x�i 
0:72Tei=eLn for the standard one. Radial wave numbers
kx for the dominant component of the stationary zonal
flows are the same as those employed in the linear re-
sponse analysis shown in Fig. 1. As expected in our pre-
vious works [7–9,17], the stronger zonal-flow generation
in the inward-shifted configuration agrees with the im-
provement of the zonal-flow response by the neoclassical
optimization.

The transport reduction associated with the zonal-flow
generation is clearly recognized in Lissajous plots of time
histories of the simulation data in Fig. 5, where the vertical
axis measures the squared potential of the zonal flow,P
kx jeh�kx;0iLn=Teij

2. The horizontal axes in the left
and right panels of Fig. 5 stand for the turbulent fluctua-
tions,

P
kx;kyhje�kx;kyLn=Teij

2i, and the transport coeffi-
cient, �i=�2

i vti=Ln�, respectively. In the left and right
panels of Fig. 5, starting from the initial condition near
the origin �0; 0�, the data points move along the horizontal
axis as the instability grows. In the nonlinear stage of the
instability, the data points shift upward as the zonal flow is
generated. One can see that the ion heat diffusivity �i is
reduced when the zonal flow is enhanced, where the orbit
of the data point moves in the upper-left direction of the
figure. In the nonlinear saturation stage of the instability
�t > 60Ln=vti�, the data point for the standard configura-
tion (dashed line) stays in the region with higher transport
and weaker zonal flows, while it is found in the region with

FIG. 3 (color). Color contours of the electrostatic potential �
of the zonal flow and the ITG turbulence obtained by the GKV

simulation for the inward-shifted (left) and standard (right) LHD
configurations at t � 120Ln=vti, where a part of the helical tori
are zoomed in. Numbers below the color bars represent the
values of the normalized potential e�Ln=Tei.
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FIG. 2. Time history of the ion heat conductivity �i resulted
from the GKV simulation of the ion temperature gradient (ITG)
turbulent transport for the inward-shifted (solid line) and the
standard (dashed line) LHD configurations.
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lower transport and stronger zonal flow for the inward-
shifted one. The Lissajous plots also manifest that the
zonal flows for the inward-shifted case have much larger
averaged amplitudes than those for the standard case. In the
former case, one can see a correlation that both the turbu-
lent energy and the ion heat diffusivity are decreased as the
zonal flow amplitude increases.

The nonlinear gyrokinetic Vlasov simulations demon-
strate that the ion thermal diffusivity �i driven by the ITG
turbulence for the inward-shifted LHD plasma takes a
lower time-averaged value in the steady turbulent state
due to the stronger generation of stationary zonal flows.
The obtained results clearly show that the neoclassical
optimization leads to reduction of the anomalous transport
through enhancement of the zonal flow [7,8] and explains
a probable physical mechanism of the confinement im-
provement found in the inward-shifted configurations of
the LHD experiments. Extension of the present gyro-
kinetic simulation as well as more detailed comparison
with experimental results is planned for future studies to
investigate effects of the radial electric field driven by
the neoclassical ripple transport, arbitrary helical geome-
try, the nonadiabatic electrons, and electromagnetic
fluctuations.
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FIG. 5. Lissajous plots of the simulation results for the
inward-shifted (solid lines) and standard (dashed lines) model
cases. The vertical axis represents the squared potential of
the zonal flow,

P
kx jeh�kx;0iLn=Teij

2. The horizontal axes in
left and right panels measure the turbulent fluctuations,P
kx;ky hje�kx;kyLn=Teij

2i, and the transport coefficient,
�i=�

2
i vti=Ln�, respectively.
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