
Turbulent transport in a high ion temperature dis-
charge of the Large Helical Device (LHD) is investi-
gated by means of electromagnetic gyrokinetic simula-
tions, which include kinetic electrons, magnetic pertur-
bations, and full geometrical effects 1). Including kinetic
electrons enables us to firstly evaluate the particle and
the electron heat fluxes caused by turbulence in LHD
plasmas. It is found that the electron energy transport
reproduces the experimental result (Fig. 1), and that
the particle flux is negative (Fig. 2). The contribution
of magnetic perturbation to the transport is small be-
cause of very low beta. The turbulence is driven by the
ion temperature gradient (ITG) instability, and the ef-
fect of kinetic electrons enhances the growth rate larger
than that from the adiabatic electron calculation. The
ion energy flux is larger than that observed in the exper-
iment, while the flux is close to the experimental obser-
vation when the temperature gradient is reduced 20% in
the simulation. This significant sensitivity of the energy
flux implies that the profile in the experiment is close
to the critical temperature gradient. The critical gradi-
ent for turbulent energy flux is similar to that for the
linear instability, i.e., the Dimits shift is small. This is
because the zonal flow in the LHD is weaker than that
in tokamaks.

Turbulent transport in a high ion temperature LHD
discharge (number 88343) is studied by means of the elec-
tromagnetic gyrokinetic simulations as a validation. The
plasma is unstable against the ITG mode from the core
to the edge, ρ = 0.46, 0.65, and 0.83, and the edge re-
gion is more unstable than the core region. The kinetic
electron effects enhance the growth rate two times larger
than that from the adiabatic electron model. The mode
structure along the magnetic field line has a ballooning
structure with oscillation due to trapped particles in the
helical ripples. The reduction of the growth rate by the
finite beta effect is negligible because of the very small
beta, β = 0.3%.

When the beta is increased while keeping the mag-
netic configuration and the profiles, the kinetic balloon-
ing mode (KBM) becomes unstable above β ≈ 3.5%.
The threshold of the KBM may be influenced by the ef-
fect of the parallel component of the perturbed magnetic
field δB‖. The most unstable KBM has a finite balloon-
ing angle which corresponds to a finite radial wavenum-
ber in the flux tube coordinate 2).

In the nonlinear simulation, the turbulent ion en-
ergy flux is about three times that of the anomalous part

of the experimental observation, while the flux is close
to the experimental observation when the temperature
gradient is reduced 20% in the simulation. Thus, the lo-
cal flux tube simulation implies that the energy flux is
very sensitive to the temperature gradient, and that the
temperature profile realized in the experiment is close to
the critical gradient of the ITG turbulence. The turbu-
lent electron energy flux is in good agreement with the
anomalous part of the experimental observation (Fig. 1).
The turbulent particle flux is negative and has pinch ef-
fect (Fig. 2). The spectrum of the electrostatic poten-
tial has a peak at kyρTi ≈ 0.1 and the zonal component
ky = 0 has a similar level with the peak. Although the
amplitude of the zonal flow is comparable with the ITG
turbulence, the Dimits shift is small. This is because
the zonal flow is weaker than that in the CBC tokamak
which exhibits a finite Dimits shift. In helical systems,
radial drift motions of particles trapped in helical ripples
decrease the radial potential difference and the residual
zonal flow level. This mechanism is considered to cause
weaker zonal flow generation in the LHD case than in
the CBC tokamak.
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Fig. 1: Time evolution of the electron energy fluxe, Qe.
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Fig. 2: Time evolution of the particle flux Γ = Γi = Γe.
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Gyrokinetic simulations of electromagnetic turbu-
lence in magnetically confined torus plasmas including
tokamak and heliotron/stellarator are reviewed 1). Nu-
merical simulation of turbulence in finite beta plasmas is
an important task for predicting performance of fusion
reactors and a great challenge in computational science
due to multiple spatio-temporal scales related to electro-
magnetic ion and electron dynamics. The simulation be-
comes further challenging in non-axisymmetric plasmas.
In finite beta plasmas, magnetic perturbation appears
and influences some key mechanisms of turbulent trans-
port, which include linear instability and zonal flow pro-
duction. Linear analysis shows that the ion-temperature
gradient (ITG) instability, which is essentially an electro-
static instability, is unstable at low beta and its growth
rate is reduced by magnetic field line bending at fi-
nite beta. On the other hand, the kinetic ballooning
mode (KBM), which is an electromagnetic instability, is
destabilized at high beta. In addition, trapped electron
modes, electron temperature gradient modes, and micro-
tearing modes can be destabilized. These instabilities are
classified into two categories: ballooning parity and tear-
ing parity modes. These parities are mixed by nonlinear
interactions, so that, for instance, the ITG mode excites
tearing parity modes. In the nonlinear evolution, the
zonal flow shear acts to regulate the ITG driven turbu-
lence at low-beta. On the other hand, at finite beta, in-
terplay between the turbulence and zonal flows becomes
complicated because the production of zonal flow is influ-
enced by the finite beta effects. When the zonal flows are
too weak, turbulence continues to grow beyond a physi-
cally relevant level of saturation in finite-beta tokamaks.
The finite beta turbulence is saturated by the nonlin-
ear interactions of oppositely inclined convection cells
through mutual shearing (Fig. 1), even when the zonal
flow is weak. Nonlinear mode coupling to stable modes
can play a role in the saturation of finite beta ITG mode
and KBM. Since there is a quadratic conserved quantity,
evaluating nonlinear transfer of the conserved quantity
from unstable modes to stable modes is useful for under-
standing the saturation mechanism of turbulence.

Electromagnetic gyrokinetic simulation enables us
to study turbulent transport in finite beta torus plasmas.
When the plasma beta is small, the ITG and TEM/ETG
modes are unstable, and the ITG turbulence is regulated
by zonal flows. Magnetic perturbation with tearing par-
ity can be produced from the ITG mode, which has bal-
looning parity, through nonlinear interactions, and can
influence turbulent transport by violating magnetic sur-

face.
When the beta is increased with keeping the mag-

netic field, density, and temperature profiles, the growth
rate of ITG mode decreases, while the zonal flow ampli-
tude is not so influenced, and thus the turbulent trans-
port is reduced. When plasma beta exceeds a critical
value, the zonal flows are weak, and then the turbulent
transport becomes very large correspondingly. This un-
physical large transport is observed not only for CBC but
also for other DIII-D cases. The magnetic perturbation
plays a central role in reducing the growth rate of ITG,
and probably in weak zonal flow production. The KBM,
which is an electromagnetic instability, is destabilized at
high beta, and a saturation of the KBM turbulence is
obtained even when the zonal flows are weak, when the
electron temperature gradient is set to be small and beta
value is just above the linear instability threshold. The
mode structure along the magnetic field line plays a role
in the saturation of turbulence, and thus the saturation
level is influenced by the length of simulation domain
along the magnetic field line. The spectrum of the KBM
turbulence is much narrower than that of ITG turbulence
and the efficiency in transport is small compared with the
ITG turbulence at low beta. The condition for getting
a physically relevant saturation level of ITG/TEM tur-
bulence at finite beta and KBM turbulence at high beta
has not been fully understood yet.
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Fig. 1: Electrostatic potential profile of (a) the ITG
turbulence with very small beta and (b) the KBM tur-
bulence with finite beta in a helical plasma. The KBM
is saturated by the interactions with oppositely inclined
modes, while the ITG is regulated by zonal flows.
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