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Turbulent transport in magnetically-confined fusion plasma has been investigated by the use of large-scale gyrokinetic sim-

ulations of turbulent transport, where detailed fluctuations of one-body distribution function are directly solved in the five-

dimensional phase-space. In fusion plasmas confined by helical magnetic field, an equilibrium-scale radial electric field is

formed in association with the neoclassical transport due to binary collisions of particles. Effects of the radial electric field on

zonal flows are studied by means of a newly-extended gyrokinetic Vlasov simulation code, GKV. It is found that the poloidal

ExB rotation of helically trapped particles enhances the zonal-flow response which may lead to further reduction of the turbu-

lent transport in helical plasmas. The present result supports a new scenario for anomalous transport reduction proposed by a

gyrokinetic theory of zonal flows in helical systems.
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1. Introduction

Fusion, space, and astrophysical plasmas generally
involve turbulent fluctuations of density, flow, temperature,
and electromagnetic fields. In magnetic fusion plasmas, tur-
bulence causes anomalous transport of particles, momentum,
and heat, which degrade confinement and may reduce fusion
reactions. The plasma turbulence in toroidal fusion devices
are driven by density and temperature gradients in the equi-
librium profile. Levels of turbulent transport observed in
fusion plasma experiments are higher in orders of magni-
tudes than those expected from the classical and neoclassical
theories of collisional transport. The 'anomalous' transport
problem has long been one of central subjects in the magnet-
ic fusion research.

For understanding anomalous transport mechanism and
predicting transport levels, gyrokinetic simulations of
toroidal plasma turbulence have been advanced in the last
decade. A kinetic equation of one-body distribution function
is numerically solved on the five-dimensional phase-space.
Extensive simulation studies revealed that sheared ExB plas-
ma flows spontaneously generated by turbulence could
effectively regulate the anomalous ion heat transport [1].
The self-generated shear flow is called 'zonal flow' in analo-
gy to strong longitudinal winds in the Jovian atmosphere.

To accurately simulate the kinetic plasma turbulence, we
developed a five-dimensional gyrokinetic Vlasov simulation
code (GKV code) [2] which had been used for studying the
turbulent transport in tokamak and helical fusion plasmas
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[2, 3]. The equilibrium configuration of tokamak has a
toroidal symmetry, while the helical system, such as the
Large Helical Device (LHD) [4], is characterized by an
asymmetric equilibrium. In our project of utilizing the Earth
Simulator (the project name is "Synergetic simulation study
on cross-hierarchy complex physics in high-temperature
plasmas"), GKV simulations of ion temperature gradient
(ITG) turbulence in a tokamak plasmas were successfully
conducted in 2005 [5]. In 2006, we performed GKV simula-
tions of electron temperature gradient (ETG) turbulence in a
tokamak configuration and linear simulations of the ITG
instability in helical systems. The first nonlinear GKV simu-
lation of the ITG turbulence in helical systems was done in
2006 [5], where regulation of ITG turbulent transport by
zonal flows was investigated for the model LHD configura-
tions [3]. In the fiscal year of 2007, the GKV simulations of
ITG turbulence and zonal flows in helical systems made fur-
ther progresses, where reduction of the ITG turbulent trans-
port is discovered with enhanced zonal-flow generation in
the neoclassically optimized helical configuration [6]. In Fig.
1 is shown the ITG turbulence and the zonal flows found in
the GKV simulation for the inward-shifted LHD plasma.
The GKV simulation results obtained in this project agree
with the theoretical analysis of the zonal-flow response
[7-9]. The inward-shifted plasma of the LHD, thus, should
have better confinement than that with the standard magnetic
axis position. The GKV simulation result is consistent with
the experimental evidences [10].



Fig. 1 Snapshot of electrostatic potential found in GKV simulation of

inward-shifted LHD plasma. Zonal flows generated in the ion
temperature gradient turbulence reduce anomalous ion heat
transport.

The gyrokinetic theory on zonal flows in helical systems
suggests further enhancement of zonal flows and resultant
transport reduction, when the equilibrium radial electric field
produces the poloidal ExB rotation of helical-ripple-trapped
particles with reducing their radial displacements [11, 12]. In
our project in 2008, we have numerically investigated the
zonal-flow response in case with the radial electric field. The
GKYV code is newly extended so as to include the poloidally
rotating ExB drift particles [13]. This article reports the new
GKYV simulation results showing enhancement of the zonal-
flow response by the equilibrium radial electric field in heli-
cal plasma confinement.

The rest of this report is organized as follows. The gyroki-
netic theory of zonal flows with the equilibrium radial elec-
tric field is briefly reviewed in section 2. The GKV simula-
tion model and results are shown in section 3. A short sum-
mary is given in the last section.

2. Theoretical Analysis of Zonal-Flow Response with

Radial Electric Field

In our previous studies, we did not take account of the
equilibrium radial electric field E_ which is spontaneously
generated in helical systems due to the neoclassical particle
transport. Enhancement of zonal flows and resultant trans-
port reduction are theoretically expected [12] when E | caus-
es poloidal ExB rotation of helically-trapped particles with
reduced radial displacements [11]. Here, we assume a uni-
form E_ which gives only the Doppler shift of real frequen-
cies for the ITG modes. If the equilibrium is symmetric for

Annual Report of the Earth Simulator Center April 2008 - September 2008

190

the field-line label «, it plays no role in response of zonal
flows. However, the explicit a-dependence of the confine-
ment field causes a-dependence of the perturbed gyrocenter
distribution function df through the magnetic drift.

For the helical configuration with a single-helicity compo-
nent, we have derived the response kernel of zonal flows in
the long time limit [12],
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where the shielding term due to radial drift motions of the
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helical-ripple-trapped particles is inversely proportional to
the square of E with w,=—cE_/ rB, As E_ increases, the
response kernel K increases and approaches 1/(1+G) where
G represents ratio of the neoclassical polarization due to
toroidally trapped ions to the classical polarization. The the-
oretical analysis, thus, shows enhancement of the zonal-flow
response under the equilibrium radial electric field.

3. GKYV Simulation of Zonal-Flow Response with

Radial Electric Field

The above theoretical prediction for the effect of equilib-
rium radial electric field on zonal-flow response is exam-
ined by a newly-extended GKV simulation [13], where
the ExB drift term should generally be kept in the gyroki-
netic equation, as discussed in the previous section. The
new GKV simulation model and results are described in this

section.

3.1 Simulation Model

In the present study, we solve the gyrokinetic equation
modified for investigating the collisionless damping of zonal
flows with E in the helical configuration,
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where the field-aligned coordinates of x = r —r,, y = r,[0 - Jql,
and z = §, are used with the field-line label o = 6 — {q. We
choose a so that B = VW x Va, where W, denotes the toroidal
flux. The new GKV simulation model is a poloidally global
one including the ExB rotation of helically trapped particles,
while the local flux-tube model around a single field line were
employed in our model for the ITG/ETG turbulence. The
equilibrium electric field is introduced as the fifth term on the
left-hand-side of Eq. (2). We define the zonal-flow compo-
nent by the flux-surface-averaged electrostatic potential
<¢>, so as to decouple unstable ITG modes and zonal flows.
The electrostatic potential is given by the quasi-neutrality
condition. For simplicity, we assume the hot electron limit of



T/T, = 0, and hence, no density perturbation arises in the
quasi-neutral limit.

Variation of the magnetic field strength |B| along the field
line is modeled as,
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where ¢ (r) denotes amplitude of a helical component with
the poloidal period number of /. The major helical field of
the LHD is L = 2 and M = 10 where L and M mean the
poloidal and toroidal period numbers of the confinement

field, respectively.

3.2 Simulation Results

The new GKV simulations of the collisionless damping of
zonal flows are conducted for the model configuration with a
single-helicity component of L =2 and M = 10. The y and z
coordinates are discretized by 128 and 1536 grid points,
respectively. The two-dimensional velocity-space is repre-
sented by (256, 48) mesh points. The y-derivative is calculat-
ed in the Fourier space.

Numerical simulations of the zonal-flow response are per-
formed for w,/ (v,/R;) = 0, 5/12, 5/6, and 5/4, respectively.
Time-histories of the flux-surface average of zonal-flow
potential is plotted in Fig. 2 for different w,. For larger w,,
the first minimum value of the potential before ¢ = 2 v /R,
increases. After the initial damping of the geodesic acoustic
mode (GAM) (¢ > 6 v,/R), the zonal-flow potential starts to
oscillate. The oscillation period becomes shorter for larger
w,, and is slightly shorter than the poloidal rotation period

of ExB drift particles. In a long time limit, averaged ampli-
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Fig. 2 Time-histories of zonal-flow potentials averaged on a flux surface
for cases with equilibrium radial electric field. Poloidal rotation
/R) =

frequency of helical-trapped particles are changed as w,/ (v/R,

0, 5/12, 5/6, and 5/4, respectively.
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tude of the zonal-flow potentials is remarkably enhanced by
the equilibrium radial electric field. The time-averaged
residual zonal-flow level for w, / (v,/R)) = 5/4 is about 2.5
times higher than that for w,/ (v,/R)) = 0. This conclusion is
consistent to the theoretical prediction. The present GKV
simulation results, thus, support the zonal-flow enhancement
due to the equilibrium radial electric field.

4. Summary

To investigate effects of equilibrium radial electric field
on the zonal flow, we have performed gyrokinetic Vlasov
simulations by utilizing the Earth Simulator. Recent theoreti-
cal analysis [12] predicts enhancement of zonal flows under
equilibrium radial electric fields which produce poloidal
ExB rotation of helical-ripple-trapped particles with
decreased radial displacements. Enhancement of the zonal-
flow response in case with the radial electric field is found
by the use of the newly-extended GKV simulation code
which is implemented with the poloidal rotation of ExB drift
particles. Thus, the anomalous transport is expected to be
more effectively reduced by the equilibrium radial electric
fields. The present study clarifies that a coupling of the neo-
classical and turbulent transport mechanisms through zonal
flows exists in helical systems, which should be important
for investigating the confinement improvement in helical

systems.
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