
A saturation mechanism for microturbulence in a
regime of weak zonal flow generation is investigated by
means of electromagnetic gyrokinetic simulations. The
study identifies a new saturation process of the kinetic
ballooning mode (KBM) turbulence originating from the
spatial structure of the KBM instabilities in a finite-beta
Large Helical Device (LHD) plasma. Specifically, the
most unstable KBM in LHD has an inclined mode struc-
ture with respect to the mid-plane of a torus, i.e. it has
a finite radial wave-number in flux tube coordinates, in
contrast to KBMs in tokamaks as well as ion-temperature
gradient (ITG) modes in tokamaks and helical systems.
The simulations reveal that the growth of KBMs in LHD
is saturated by nonlinear interactions of oppositely in-
clined convection cells through mutual shearing as well
as by the zonal flow. The saturation mechanism is quan-
titatively investigated by analysis of the nonlinear en-
tropy transfer that shows not only the mutual shearing
but also a self-interaction with an elongated mode struc-
ture along the magnetic field line 1).

Electromagnetic turbulence in finite-beta Large He-
lical Device (LHD) plasmas is studied by means of gy-
rokinetic simulations. The study shows common features
to those found in gyrokinetic simulations of finite beta
tokamaks such as the stabilization of ITG modes, the
destabilization of KBMs, and weak zonal flows in KBM
turbulence 2). The turbulent transport due to the ITG
in LHD plasmas with β = 0.2% is regulated by zonal
flows, even in the presence of electromagnetic perturba-
tions. The contribution of convective part to the energy
flux is comparable with that of the turbulent diffusive
heat flux part, because of the finite density gradient of
the model configuration of LHD. For a small density gra-
dient that is often observed in LHD, the contribution of
the convective part can be different from the results ob-
tained here. In addition, magnetic perturbations have
small pinch effects on the energy and the particle fluxes.

A new mechanism of saturation process of KBM
turbulence in LHD is presented by analysis of nonlin-
ear entropy transfer. The analysis has revealed that
the growth of KBM is saturated by nonlinear interac-
tions of oppositely inclined convection cells with mutual
shearing as well as by the zonal flow (Fig. 1). It is ex-
pected that the KBMs have inclined mode structure and
are saturated through the new mechanism, when parti-
cle trapping by helical ripples is significant, because the
bounce-average of magnetic drift velocity has finite ra-
dial component in the bounce-average of magnetic drift
frequency to destabilize Fourier modes with finite radial

wavenumber. The new mechanism may also cause satu-
ration of turbulence in finite-beta tokamaks in the pres-
ence of three-dimensionality such as toroidal ripples and
resonant magnetic perturbation (RMP). In the steady
state the amplitudes of energy and particle fluxes due to
KBM at β = 1.7% are similar to those caused by the
ITG turbulence at β = 0.2%, even though the amplitude
of the KBM turbulence is larger than that of the ITG
turbulence. The spectrum of electrostatic potential for
the KBM turbulence is sharply peaked compared with
that for the ITG turbulence (Fig. 2).

-1 -0.5  0  0.5  1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

-0.1

-0.05

 0

 0.05

 0.1

(0.31,0.12) (-0.93,0.12) 

(-0.62,0) 

(0, 0.23) 

(-0.31,0.12) 

(-0.31,0.35) 

k 

(-0.62,0.46) 

x r i 

k y r i 

L
in

e
a

r 
g

ro
w

th
 r

a
te

ZF 

ZF 

KBM 

KBM 

KBM 

ZF 

ZF 

ZF 

KBM 

KBM KBM 

KBM 

KBM 

KBM 

Fig. 1: Diagrams of nonlinear entropy transfer for the
KBM turbulence with a color map of the linear growth
rate of the KBM in the Fourier space (kx, ky): blue ar-
rows show the transfer of the entropy/free-energy from
KBM to linearly stable modes through zonal flow shear
and red arrows show the transfer through KBM/inclined-
mode shear. Black points represent the locations of
Fourier modes, and ZF→ and KBM→ show the scatter
by the zonal flow shear and KBM/inclined-mode shear,
respectively.
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Fig. 2: Spectrum of electrostatic potential �|φk|
2�. The

spectrum for the KBM turbulence is sharply peaked at
a low wavenumber compared with that for the ITG tur-
bulence.

1) A. Ishizawa, T.-H. Watanabe, et.al., Physics of Plas-
mas 21, 055905 (2014).

2) A. Ishizawa, S. Maeyama, et.al., Nuclear Fusion 53,
053007 (2013).

 
 
Transport simulation of peripheral plasmas of Large 
Helical Device (LHD) in closed helical-divertor 
configuration has been achieved in this work. 
Extension of the calculation mesh of EMC3-EIRENE 
code1),2) has made it possible to solve plasma and 
neutral transport in the peripheral regions, i.e. ergodic 
and divertor regions. We employed a three-dimensional 
fluid code to simulate parallel and perpendicular 
transport of plasma and transport of neutrals and 
calculate stationary distributions self-consistently. 
Transport simulation of peripheral plasmas of LHD 
was launched for ergodic region without divertor legs 
to reduce difficulties arising in making a calculation 
mesh on outer region of plasma. Although it is 
reasonable assumption when one focuses on the 
ergodic region, it is not the case with closed divertor 
configuration introduced in 80% of toroidal sections. 
Extension of simulation region toward legs is 
necessary to simulate global transport of plasma and 
neutrals. The difficulty due to large distortion of cells 
in the mesh of legs has been overcome by splitting the 
mesh into edge-, leg- and vacuum-blocks. Figure 1 is a 
simulation result of electron density in the case of 
inward-shifted configuration with 8MW heating power. 
Electron density of 2×1013/cm3 is assumed at the inner 
boundary. Bohm condition is applied at divertor plates, 
which are drawn as bold lines at the tips of the legs in 
the figure. Neutral compression under a dome structure 
was predicted3) and observed4) in experiments. We 

carried out a series of simulations in the open and 
closed configuration and compared the pressure with 
measurements, see Fig. 2. They show a good 
agreement on scaling of neutral gas pressure to the 
electron density when the heating power is fixed. 
Simulation suggests that the closed configuration 
causes enhancement of recycling and hence higher 
electron density and lower temperature. 
 

 
Fig. 1: Distribution of electron density in ergodic 
region and legs in the case of closed configuration. 
 

 
Fig. 2: Comparisons of neutral gas pressure between 
open and closed configuration. Solid lines and dots 
stand for simulation and measurements, respectively. 
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