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Turbulent transport in magnetically-confined fusion plasma is investigated by means of kinetic simulations where time-evo-

lutions of the one-body distribution function are numerically solved in the five-dimensional phase-space. It is confirmed by

the numerical simulations that the turbulent heat transport in toroidal helical systems can be reduced by self-generated plasma

flows (zonal flows) which are enhanced in an optimized configuration of the confinement magnetic field. The obtained results

also provide a possible explanation for the transport property found in the Large Helical Device experiments.
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1. Introduction

Magnetically-confined fusion plasma, that is, an ionized
gas of hydrogen (or its isotope), involves a variety of fluctu-
ations of density, flow, temperature, and electromagnetic
fields which cause the turbulent transport of particles and
heat from the core to the edge regions of the toroidal con-
finement device. The turbulent fluctuations are driven by
density and temperature gradients as well as current distribu-
tion in the equilibrium profiles. The observed transport lev-
els in the fusion plasma experiments are higher in orders of
magnitudes than those expected from the collisional trans-
port theories such as the "classical" and "neoclassical" ones.
Then, the turbulent transport is often called "anomalous".
The anomalous transport problem has long been studied as
one of the central subjects of the magnetic fusion research.

In fusion plasmas with high temperature of several keV,
the conventional fluid approximation is not valid, and one
needs to employ kinetic descriptions of plasma on the multi-
dimensional phase space. For quantitative understandings of
the anomalous transport, the gyrokinetic simulations of the
toroidal plasma turbulence have been advanced in the last
decade, where a kinetic equation of the one-body distribu-
tion function defined on the five-dimensional phase-space is
solved. Extensive simulation studies revealed that a mean
sheared plasma flow generated by the turbulence could
effectively regulate the anomalous transport [1]. The self-
generated plasma flow perpendicular to the magnetic field
and the radial directions is called "zonal flow" in analogy to
the strong longitudinal winds in the Jovian atmosphere.
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The gyrokinetic simulation with sufficient accuracy
demands a lot of computer resources and can be realized
only on a tera-flops and tera-bytes scale computers like the
Earth Simulator, because of the high-dimensionality of the
problem. We have developed the five-dimensional gyroki-
netic Vlasov simulation code (GKV code) [2] which has
been used for studying the turbulent transport in tokamak
and helical fusion devices. The equilibrium configuration of
tokamak, such as ITER [3], has toroidal symmetry, while the
helical system, such as the Large Helical Device (LHD) [4],
is characterized by toroidal asymmetry of the confinement
field generated by external coils. In the present study, the
plasma turbulent transport in helical systems is investigated
by means of the GKV simulations.

In our project of utilizing the Earth Simulator [5] (the
project name is "Synergetic simulation study on cross-hier-
archy complex physics in high-temperature plasmas"), the
GKYV simulations of the ion temperature gradient (ITG) tur-
bulence in a tokamak were successfully carried out [6]. In
2006, we also performed the GKV simulations of the elec-
tron temperature gradient (ETG) turbulence in a tokamak as
well as linear simulations of the ITG instability in helical
systems. The first nonlinear GKV simulation of the ITG tur-
bulence in helical systems was done in the fiscal year of
2006-2007, where regulation of ITG turbulent transport by
the zonal flow was investigated for the model LHD configu-
rations [7].

In this article we report our recent progress in the GKV
simulations of ITG turbulence and zonal flows in helical sys-
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tems. It is observed in the inward-shifted configuration of
the LHD experiments, where the radial drift motion of heli-
cal-ripple-trapped particles is slower, that not only the neo-
classical but also the anomalous transport is reduced in spite
of the unfavorable instability property [8]. The experimental
results seem to be contrary to the conventional idea that the
stronger instability drive leads to higher turbulent transport
level. On the other hand, our theory of the zonal-flow
dynamics in helical systems [9, 10] predicts that optimiza-
tion of the three-dimensional magnetic configuration for
reducing the neoclassical ripple transport can simultaneously
enhance the zonal flows which may lower the anomalous
transport as well. In our project in the fiscal year of 2007-
2008, thus, we examine the effects of the helical confine-
ment field on the ITG turbulent transport for the two cases
relevant to the LHD experiments, that is, the inward-shifted
and standard configurations.

The rest of this report is organized as follows. The GKV
simulation model used for helical systems is given in the
next section. Simulation results of the helical ITG instability
is described in Section 3. A brief summary is written in the
last section.

2. GKV Simulation Model for Helical Systems

The basic formulae for describing the drift wave turbu-
lence in magnetically-confined plasmas are given by the
gyrokinetic equations, where time-evolution of the one-body
distribution function is described as a nonlinear partial dif-
ferential equation defined on the five-dimensional phase
space. In the gyrokinetics, the finite gyro-radius effect is
introduced while the gyro-phase averaging eliminates the
fast time-scale phenomena associated with gyro-motions.
The nonlinear gyrokinetic equation of the perturbed gyro-
center distribution function Jf,

Sp Wb Vv V(b V) |8 + - {v. 5f)

evy
T

(1
=(v.—va— 6) Fy + C(5f),

is numerically solved in the GKV code. Here, the parallel
velocity v, and the magnetic moment p are chosen as the
velocity-space coordinates. Each term on the left-hand-side
(Lh.s.) of Eq.(1), except for the time derivative one, repre-
sents advection of Jf along gyrocenter orbits in the phase
space. The background distribution is approximated by the
Maxwellian F,,. The last term on the L.h.s. indicates the non-
linear electric (E x B) drift term causing the turbulent trans-
port where { , } means the Poisson brackets. Collective
motions of ions described by gyrokinetic equation change
the fluctuating electric field. The perturbed ion distribution
function Jf is substituted into the quasi-neutrality condition
of space charge (not shown), for calculation of the electro-
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static potential fluctuations, where the adiabatic electron
response is assumed (except for the zonal flow component).

Effects of the helical confinement field are introduced
through variation of the magnetic field strength |B| along the
field line, such that

B = Bo{l — €y (r) — €, (r)cosz

I=L+1

e (r)cos[(l — Mgy)z —Ma]

2

)

where ¢(r) denotes amplitude of a helical component with

1

the poloidal period number of /. The major helical field of
the LHD is given by L =2 and M = 10 where L and M mean
the poloidal and toroidal period numbers of the confinement
field, 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. See Refs. [2] and [7]

for more details of the GKV simulation model.

3. GKYV Simulations of ITG Turbulence in Helical

Systems

In order to investigate effects of helical magnetic configu-
rations on the ITG turbulence and zonal flows, we have per-
formed GKV simulations by utilizing the Earth Simulator.
Magnetic configuration models relevant to the LHD experi-
ments with the inward-shifted and standard plasma positions
[11] are employed in the GKV code. The frequency and
growth rate of the ITG instability obtained from the linear
GKYV simulations agree with the results of the eigenvalue
analysis in a low wavenumber regime. For the experimental-
ly relevant conditions, it has also been confirmed that an ini-
tially given zonal flow keeps a higher level for a longer time
in the inward-shifted configuration than that in the standard
one [11] as predicted by the analytical theory of zonal flows
[9, 10]. Here, it is noteworthy that the inward-shifted case is
optimized for reducing the neoclassical transport but with
more unfavorable stability property than the standard config-
uration. In the present study, the nonlinear GKV simulation
implemented with the specified magnetic field parameters
successfully confirms generation of large zonal flows
enough to reduce the ion heat transport in the inward-shifted
plasma [12]. 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 prediction, and are consistent with
observation of better confinement in the inward-shifted LHD
plasma [8].

Color contours of the electrostatic potential ¢ in the
steady ITG turbulence are plotted in Fig. 1, where the colli-
sion frequency is negligibly smaller than the linear ITG
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Fig. 1 Color contours of the electrostatic potential ¢ of the zonal flow and the ion temperature gradient (ITG) turbulence
obtained by the GKV simulation for inward-shifted (left) and standard (right) model configurations of the Large
Helical Device (LHD). Normalization is chosen as e¢ L /T p..

mode growth rates. The ballooning-type mode structure of
the ITG instability observed in the linear growth phase is
destroyed in the latter turbulent state by the self-generated
zonal flows. For the inward-shifted configuration shown in
Fig. 1 (left), we see clear structures of poloidal E x B zonal
flows in the potential profile mapped on the poloidal cross
section, while more isotropic E x B vortices are observed in
the standard case [see Fig. 1 (right)]. This larger zonal-flow
generation in the inward-shifted case agrees with results
from the linear analysis of the zonal-flow response [9, 10,
11] which predicts a larger zonal-flow response to a given
source in neoclassically optimized helical configurations

Spatio-Temporal Profile of Zonal-Flow Potential (Inward-Shifted)
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such as the inward-shifted one.

Spatio-temporal profiles of the zonal flows are shown in
Fig. 2, where one can clearly find the steady zonal flow
component in the inward-shifted case. In contrast, the zonal
flow potential in the standard configuration involves more
oscillatory components. Peak amplitude of the time-aver-
aged (from t = 60 to 250 L /v ) zonal-flow potential e<¢>
L /T p,= 4.5 for the inward-shifted plasma is about six times
larger than the largest amplitude of e<¢> L /T p, = 0.72 for
the standard case. This remarkable enhancement of the
zonal-flow generation in the inward-shifted case leads to the
turbulent transport reduction. Although the linear ITG insta-
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Fig. 2 Perspective plots of the spatio-temporal profiles of the electrostatic potential ¢ of the zonal flow obtained by the
GKYV simulation for inward-shifted (left) and standard (right) model configurations of the Large Helical Device

(LHD). Normalization is chosen as e¢ L /T p..
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bility grows slightly faster and causes the higher peak value
of the ion heat diffusivity yx, for the inward-shifted configu-
ration than for the standard case, the time-averaged ion ther-
mal diffusivity x, = 1.27pi2v,i/L” in the saturated ITG turbu-
lence for the former case is about 30% smaller than that of
X = 1.78p,.2vn./Ln for the latter one. The evident transport
reduction in the inward-shifted case is attributed to the
enhanced zonal flows in the optimized helical configurations

for decreasing neoclassical ripple transport.

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 during the fiscal year of
2007-2008.

(1) The gyrokinetic Vlasov simulation code (GKV code)
extended to helical systems are prerformed on 256 nodes
of the Earth Simlator with high performance.

(2) The GKYV simulation of the ion temperature gradient tur-
bulence and zonal flows for the helical systems confirms
the optimization scenario for reducing the anomalous
transport, and gives a possible explanation for the
improved confinement found in the inward-shifted plas-
ma of the Large Helical Device (LHD).

(3) Parallelization and optimization of an energetic-particle
simulation code, MEGA, are completed, and the code is
ready for running on the Earth Simulator.

As described in the above, the simulation result for the
inward-shifted configuration of the LHD manifests genera-
tion of large-amplitude stationary zonal-flow structures lead-
ing to significant turbulent-transport reduction, which was
not so obviously shown in our previous simulations using
simpler model configurations [7]. The newly obtained result
confirms the optimization scenario of the anomalous trans-
port in helical systems [9, 10], such that, reduction of the
neoclassical ripple transport can simultaneously improves
the turbulent transport with enhancing zonal-flow genera-
tion. It also gives a possible explanation to the confinement
improvement observed in the LHD experiments of inward
plasma shift [8]. The main contributions made in the present
study have been reported in detail in Ref. [12]. Extension of
the GKV simulation is planned for the study in 2008 in order
to investigate how the radial electric field driven by the
neoclassical ripple transport influences the zonal flow and
the turbulent transport.
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