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1. Introduction

With the aim of realizing the controlled nuclear fusion as
a possible energy source in the future, research and develop-
ment of magnetic confinement fusion devices have been
extensively promoted in the world. For ignition of fusion
reactions, it is necessary to confine gas of hydrogen isotope
with high density and temperature for a certain time period.
The high-temperature gas exceeding 10 keV is ionized, and
called "plasma" which consists of huge numbers of charged
particles, ions and electrons. Various types of turbulent fluc-
tuations are spontaneously excited in the plasma confined in
a limited space. Then, particles and heat are transported from
the core to edge regions of the confinement device, and are
finally lost. The transport level associated with plasma fluc-
tuations is higher in orders of magnitudes than that expected
from theoretical estimates based on the binary Coulomb col-
lisions of particles. The collisional transport theories are
named "classical" or "neoclassical" ones. Contrarily, the
observed high-level transport is called "anomalous".

The anomalous transport problem has been one of the
central subjects addressed in the long history of the magnetic
fusion research. The magnetic field is employed to keep the
high-temperature plasma off a wall. Two major types of the
magnetic fusion devices are tokamak and helical systems
both of which have a donut shape (torus). The confinement
field of tokamak devices, such as ITER [1], has rotational
symmetry in the toroidal direction. The tokamak magnetic
field in the poloidal direction is produced by the plasma cur-
rent in the toroidal direction. The equilibrium magnetic field
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in helical systems is toroidally asymmetric, and is mainly
supplied by external coils. The world-largest helical system,
that is, the Large Helical Device (LHD) [2], has been operat-
ed at National Institute for Fusion Science (NIFS). In the
present study, the gyrokinetic-Vlasov (GKV) simulations [3]
utilizing the Earth Simulator are applied to the anomalous
transport phenomena in the LHD experiments.

Magnetically-confined plasmas intrinsically have inhomo-
geneous profiles of the density and the temperature because
of the limited volume of devices. The density and tempera-
ture gradients drive various types of plasma instabilities
which cause turbulent fluctuations of density, flow, tempera-
ture, and electromagnetic fields. Then, the anomalous trans-
port of particles and heat is induced by the plasma turbu-
lence. So far, a lot of theoretical efforts have been devoted to
investigation of the anomalous transport, and our knowledge
on the transport mechanism has been deepened. The linear
properties of plasma instabilities in toroidal confinement
systems are clarified in detail. Nevertheless, quantitative
understandings of the anomalous transport caused by the
plasma turbulence, which involves the nonlinear couplings
among different spatio-temporal scales, have not been able
to be established by the theoretical approach only.

It is noteworthy in studying the anomalous transport that
the conventional fluid approximation can not be valid for the
high-temperature plasma in fusion devices with low collision
frequencies where the mean-free-paths of particles are much
longer than the device size. This makes the theoretical and
numerical approaches to the problem quite difficult, because
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dynamic behaviors of distribution functions in the multi-
dimensional phase-space should be fully taken into account.

The gyrokinetic simulation of the toroidal plasma turbu-
lence has been advanced in the last decade, and is currently
promoted in the worldwide. One of the advantages of the
gyrokinetics is the reduction of the phase-space dimensions
that are reduced from six to five by taking average in a phase
angle of the gyro-motion of particles (the three-dimensional
real-space and the two-dimensional velocity-space).
However, it is still a big challenge to directly and accurately
simulate fluctuations of the distribution function in the phase
space even with tera-flops and tera-bytes scale computers.
For studying the anomalous transport, the five-dimensional
gyrokinetic-Vlasov simulation (GKV) code [3] has been
developed at NIFS, and is implemented with high perform-
ance of vector and parallel operations.

In our project of utilizing the Earth Simulator [4] (the
project name is "Synergetic simulation study on cross-hier-
archy complex physics in high-temperature plasmas"),
we succeeded in the GKV simulations of the ion tempera-
ture gradient (ITG) instability in a tokamak system, where
the statistically steady state of the turbulence with zonal
flows is clearly demonstrated [5]. In 2005-2006, we also
carried out the GKV simulations of the electron temperature
gradient (ETG) turbulence in a tokamak as well as linear
simulations of the ITG instability in helical systems. Our
gyrokinetic simulation project in the fiscal year of 2006-
2007 is, then, focused on the ITG turbulent transport in heli-
cal systems.

In this article is reported our recent progress in the gyroki-
netic-Vlasov simulations of plasma turbulence. We extended
the nonlinear GKV code to helical systems while introduc-
ing helical components of the equilibrium magnetic field.
Then, effects of helical-ripple-trapped particles are incorpo-
rated, which is essential to considering the zonal-flow
dynamics in helical systems [6]. This report is organized as
follows. The GKV simulation model used for helical sys-
tems is given in the next section. Simulation results of the
helical ITG instability is described in Section 3. A short
summary is written in the last section.

2. Simulation Model for Helical Systems

In the GKV simulations of toroidal plasma turbulence, the
nonlinear gyrokinetic equation of the perturbed gyro-center dis-
tribution function Jf is numerically solved as a partial differen-
tial equation in the five-dimensional phase space, such that

(240 by, V-uh m)a%u]aﬂl%){wﬁf}
=(vom v, =, 8) TV R+ clsy). (1)

Here, the parallel velocity v, and the magnetic moment y are
chosen as the velocity-space coordinates. Each term on the
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left-hand-side (l.h.s.) of Eq.(1), except for the time deriva-
tive one, represents advection of Jf associated with particle
motions in the phase space. The background distribution is
approximated by the Maxwellian F,. The last term on the
Lh.s. indicates the nonlinear electric (ExB) drift term caus-
ing the turbulent transport where { , } means the Poisson
brackets.

Effects of the helical field are introduced through spatial
variations of the magnetic field strength |B|, such that

B = Bo{l — Ego(r) — £,(r)cosz
=L+t 2

— Z &, (r) cos [(l — Mgy)z — Moc]

I=L—1 },
where ¢(r) denotes amplitude of a helical component with
the poloidal periodicity of /. The major helical field compo-
nent of the LHD is given by L=2 and M=10 where L and M
mean the poloidal and toroidal periodicities, respectively.
The radial and field-aligned coordinates are shown by r and
z, respectively. The field-line label is denoted by a. Equation
(2) is substituted into the magnetic drift v, and the mirror
force [the last term in the square brackets on the L.h.s. of
Eq.(1)] terms. The safety factor of the confinement field is
represented by ¢,.

The perturbed distribution function for ions, df, is used to
calculate the electrostatic potential fluctuations ¥ by the
charge neutrality condition, where the electron response is
assumed to be adiabatic. Thus, collective motions of ions
and electrons change the fluctuating electric field. The finite
gyro-radius effect is retained in the gyrokinetic equations,
while the fast time-scale phenomena associated with gyro-
motions are eliminated by taking the gyro-phase average.

We calculate the nonlinear ExB term by means of the
spectral method. The GKV code is designed so that the Fast
Fourier Transform (FFT) operations are efficiently performed
on a single computational node of the Earth Simulator. The
fourth-order finite-difference methods are employed for the
first and second derivative terms in the z, Vp and p directions.
The GKV code is implemented with the hybrid paralleliza-
tion technique of MPI and the automatic one, and highly
optimized both for the vector and parallel operations. The
peak performance of about 5 T flops is achieved by using
192 nodes of the Earth Simulator. See Refs. [3], [4] and [7]

for more details of the GKV simulation model.

3. GKYV Simulations of ITG Turbulence in Helical
Systems
The magnetic field configuration of helical systems has
more degrees of freedom in the equilibrium profile than that
in tokamaks with the toroidal symmetry. The central position
of the poloidal cross-section (that is, the magnetic axis) of the
LHD can be shifted by changing the electric currents in the



external coils. As the magnetic axis is shifted inward, magni-
tudes of the helical sideband components are increased so that
the radial drift velocity of the helical-ripple-trapped particles
is decreased. It leads to improvement of the neoclassical
transport in the inward-shifted configuration. At the same
time, however, the inward-shift of the axis enhances the unfa-
vorable magnetic curvature that degrades stability of the pres-
sure-driven modes such as the toroidal ITG mode. Thus, it has
attracted many researchers' attention that, in the LHD experi-
ments, not only the neoclassical but also the anomalous trans-
port is reduced in the inward-shifted configurations [8].

It has widely been believed that radially-sheard mean
plasma flows driven by the Reynolds stress in the ITG turbu-
lence regulate the anomalous transport. Thus, generation and
damping mechanisms of the shear flow, which is called the
zonal flow, have intensively been studied in the last decade.
We analytically derived the response function of the zonal
flow in helical systems [6]. Validity of the theory is con-
firmed by the linear GKV simulations of collisionless damp-
ing of the zonal flow [9]. The theoretical analysis shows that
optimization of the three-dimensional magnetic configura-
tion of helical systems for reducing the neoclassical ripple
transport, e.g. the inward-shifted configuration of the LHD,
can simultaneously leads to enhancement of the zonal flow
response, which may lower the anomalous transport as well.

The experimental and theoretical results summarized
above strongly motivate us to extend the GKV code to heli-
cal systems. The first GKV simulation of the ITG turbulent
transport in helical systems is successfully carried out in
August, 2006, by utilizing 192 computational nodes of the
Earth Simulator. A whole picture of a helical system of L=2
and M=10 like the LHD is plotted in Fig. 1, where the inner-
most toroidal magnetic flux surface in the simulation domain
is colored according to amplitude of potential perturbations
resulted from the GKV simulation of the ITG turbulence. On
the helically-twisted toroidal flux surface, one can see fine
striation patterns along field lines which have larger ampli-
tudes on the outside of the torus, that is, the ballooning type

mode structure.
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Fig. 2 Snapshots of the electrostatic potential perturbations at t=37.5 L /v, (left), 75.0 L
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Magnified snapshots of the turbulent potential perturba-
tions at r=37.5, 75.0, and 112.5 L /v, are shown in Fig. 2
(from the left to the rigt), where an elliptic poloidal plane is
also plotted. Here, only the main helical component (/=2) of
the confinement field is included in the simulation model
(single-helicity case). In the linear growth phase of the
toroidal ITG instability, one finds the ballooning type mode
structure with radially elongated potential patterns (left). In
the nonlinear phase of the instability, the self-generated
zonal flows destroy the mode structure. Then, the statistical-
ly steady ITG turbulence is observed with the mean ion heat
transport (middle and right).

Accuracy of the present simulation is verified by the
entropy balance calculation, where the square integral of the
perturbed distribution function Jf, the potential energy, the
ion heat transport flux, and the collisional dissipation are
examined [5]. The non-Maxwellian nature of Jf, which is
properly reproduced in our GKV simulations, substantiates
the limitation of the conventional fluid model for the high-
temperature plasma turbulence. Thus, the five-dimensional
gyrokinetic-Vlasov simulation dealing with the fluctuating
distribution function, which is realized by using the Earth

Simulator, is necessary for reliable evaluation of the anom-

Fig. 1 A whole picture of a helical system of L=2 and M=10, where the
innermost toroidal magnetic surface is plotted. Here, L and M
denote the poloidal and toroidal periodicities of the major helical
component of the confinement field. Red and blue colors repre-
sent positive and negative electrostatic potential perturbations of
the ion temperature gradient mode resulted from the GKV simu-

lation.

/v (middle), and

L

112.5 L /v, (right) obtained by the GKV simulation of ITG turbulence in a helical system with L=2 and

M=10 like the LHD. The equilibrium magnetic field is given by a single-helicity model configuration.
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alous transport in fusion plasmas.

The gyrokinetic simulations of the ITG turbulence for the
standard and inward-shifted model configurations of the
LHD are also carried out by introducing the multi-helicity
components of the confinement field. The nonlinear GKV
simulations show that the ion heat transport in the inward
shifted model, which has the larger linear growth rates of the
ITG instability, is observed in a level comparable to the stan-
dard case [7]. This is attributed to the stronger zonal flows
generated in the inward-shifted model configuration.
Numerical simulations using more detailed equilibrium
parameters to reproduce the LHD experimental conditions
have also been started, and will be reported afterwards.

4. Summary

In our project of utilizing the Earth Simulator (the project
name is "Synergetic simulation study on cross-hierarchy
complex physics in high-temperature plasmas"), the follow-

ing activities are advanced in the fiscal year of 2006-2007.

(1) The fist gyrokinetic simulation of nonlinear saturation of
the tokamak electron-temperature-gradient turbulence is
successfully carried out for the standard parameter set of
the Cyclone DIII-D base case [10] with the adiabatic ion
response.

(2) The gyrokinetic-Vlasov simulation code (GKV code) is
extended to helical systems while achieving the high
computation speed (about 5 T flops on 192 nodes of the
Earth Simulator).

(3) The first gyrokinetic simulation of the ion temperature
gradient turbulence in helical systems is performed on
the Earth Simulator by means of the GKV code. Effects
of the helical-ripple-trapped particles on the zonal flow
and the turbulent transport are investigated for model
configurations of the Large Helical Device.

(4) Parallelization and optimization of a kinetic simulation
code for the high-energy particle transport are advanced.

Through the present Earth Simulator project, the gyroki-
netic-Vlasov simulations of the plasma turbulence and the
zonal flows in toroidal fusion systems are established with
physical reality, where time-evolutions of the one-body dis-
tribution function are accurately solved in the five-dimen-

sional phase-space.
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