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Electromagnetic gyrokinetic turbulence in finite-beta helical plasmas®
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'National Institute for Fusion Science, Toki 509-5292, Japan

2Japan Atomic Energy Agency, Rokkasho, Aomori 039-3212, Japan
(Received 6 December 2013; accepted 17 February 2014; published online 14 May 2014)

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 structure 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 modes in tokamaks and helical
systems. The simulations reveal that the growth of KBMs in LHD is saturated by nonlinear
interactions of oppositely inclined convection cells through mutual shearing as well as by the
zonal flow. The saturation mechanism is quantitatively investigated by analysis of the nonlinear
entropy transfer that shows not only the mutual shearing but also a self-interaction with
an elongated mode structure along the magnetic field line. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4876960]

. INTRODUCTION

Heliotron/stellarator devices confine plasmas with mag-
netic fields produced by external coils and thus are advanta-
geous in maintaining a steady discharge.! The Large Helical
Device (LHD) is a heliotron device and is free from current
driven instabilities because of little net current. On the other
hand, the pressure gradient driven instabilities, such as bal-
looning modes and interchange modes, may cause degrada-
tion of confinement in high-beta LHD experiments,”™ while
drift-wave turbulence causes the anomalous transport in a
low beta regime where the interplay between ion temperature
gradient (ITG) turbulence and zonal flows has been investi-
gated by means of electrostatic gyrokinetic simulations with
adiabatic electrons.>® Gyrokinetic simulation of electromag-
netic turbulence in finite beta helical plasmas is an important
task for predicting performance of helical fusion reactors and
a great challenge in computational science due to complex
three-dimensional magnetic structures as well as multiple
spatio-temporal scales related to electromagnetic ion and
electron dynamics.

Turbulent transport in finite-beta plasmas is studied by
means of electromagnetic gyrokinetic simulations.”™'* In
finite-beta tokamak plasmas, the growth rate of ITG insta-
bility is suppressed by magnetic field line bending as
plasma beta increases, while kinetic ballooning modes
(KBMs) are destabilized at high beta. Whereas in low-beta
torus plasmas, the zonal flow shear acts to regulate ITG
driven turbulence, it has been observed by gyrokinetic sim-
ulations that instabilities continue to grow without reaching
a physically relevant level of saturation at finite-beta toka-
maks.'*'? The corresponding problem in high-beta helical
plasmas, the identification of a saturation mechanism for
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microturbulence in regimes where zonal flow generation is
weak, is the subject of the present work. This problem has
not been previously explored because of numerical difficul-
ties associated with complex three-dimensional magnetic
structures.

In this work, we investigate turbulent transport in finite-
beta LHD plasmas by using GKV+ code solving the electro-
magnetic gyrokinetic equations.'*'* The simulations reveal
that the growth of KBM in LHD is saturated by nonlinear
interactions of oppositely inclined convection cells through
mutual shearing as well as by the zonal flow. The saturation
mechanism is quantitatively investigated by analysis of the
nonlinear entropy transfer.'> The ratio of the turbulent
energy flux to the potential fluctuation amplitude is smaller
for the KBM turbulence at f = 1.7% than for the ITG turbu-
lence at f=0.2%.

The paper is organized as follows. In Sec. II, our simula-
tion models are described. In Sec. III, linear instabilities of
standard LHD experiment with finite beta is studied by using
a model configuration. In Sec. IV, KBM turbulence in the
standard LHD is examined, and turbulent transport caused
by them is presented. In Sec. V, the saturation mechanism of
KBM turbulence is studied. Summary and discussion are
given in Sec. VL.

Il. SIMULATION MODEL

We consider a localized flux tube plasma along a mag-
netic field line. The distribution functions of gyro-centers are
divided into the Maxwellian part and a perturbed part,

2
Fy=Fys+ 0fs, where Fyy = Tz exp(— nzz";‘ — 18 and

(Znij(JrnA) Ts

a perturbed part is represented by ofy = >, dfuexp(iSi),
where VS; = k_ and the subscript s denotes particle species.
The model consists of the gyrokinetic equation of perturbed
part of distribution functions,

© 2014 AIP Publishing LLC
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is the Lenard-Bernstein collision operator, where Ay = 0f
+% ¢iJosFus is the non-adiabatic part of the perturbed part
of gyro-center distribution function. In Eq. (2), I'g; = e Pk
Io(p2k? ), where I are the zeroth order modified Bessel func-

tion. Temperature and density gradients are uniform and are
represented by the parameter 1, = L #/Lrs in terms of density
scale length L, = —(dlnn/dx) ™"
lengths Ly = —(dInT/dx) "
The conservation equation of a quadratic quantity called
entropy balance equation is obtained from Eqgs. (1)~(3)" and

is written as
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where () and * denote the flux surface average and the com-
plex conjugate, respectively, and Opg = fmsvﬁéfykjosd%
= ’105T\\sk +Ts0ns, Op 1= JuBéﬂkJ()sd3U =no0T g+ Tsong,
no0q sk = fmsvﬁ Ol osd*v—3n0TOus,n00q 1 sk = [ 1BV Of o
dPv —ngT,duy, are parallel pressure, perpendicular pressure,
parallel heat flux, and perpendicular heat flux, respectively.

The GKV+ code'*'* is applied to the analysis of turbu-
lent transport due to micro-instabilities at finite-beta in a
model configuration of standard LHD plasmas. The magnetic
field strength of the model LHD plasma is given by

I=L+1
B =B, <1 — €00 — €,COSZ — Z ercos[(I — Mgqo)z — Moc])7
I=L-1

(14)
in terms of the flux tube coordinate (x, y, z, vy)s u),” where

L=2,M=10, and « =0, and the magnetic drift frequency is
given by

—c msv reh, re
Vis - kKL = — (/H— |> r {ky(ﬁ+—’cosz

qs B € €
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+ Z —lcos[(I — Mqy)z — Moc}) +(ky + Szky)
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S

15)

where § = (r/q)dq/dr and ¢ = ade/dr.>"® Other parameters
for the standard LHD configuration are ¢o=1.9, § = —0.85,
ni=3, R/L,=333, T;=T, ¢€yp=0, ¢=0.087, and
(er—1,€r,€0+1) =€(—0.28,0.91,0). The normalizations used
in our simulations are (tvr;/L,, kyp;,v)/vrs, FMSU%S/no,
OfiLnviy/ (pino), peLn/ (pT;),A|Ln/(p7Bo), mg/mi, Tg/T;,
n/no, B/Bo,qs/e,pi/ pisVsln/vrs) — (t,K 1,0, Fuys, ofs, Ay,
my, Ty, n, B, qs Apis V), where Ap;=+/T;/(4me’ny) and
vrs=+/Ts/mg, and the leading order of Larmor radius
pri=v7;/Q; is written as p;. lon and electron temperatures are
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set to be equal T;=T, in the following simulations, so that
Bi=PB.=p/2, where B;=4nnyT;/B3. In order to avoid electron
temperature gradient instabilities at high wavenumber, the
electron temperature gradient is set to be zero #7,=0 in our
simulations. Turbulent transport due to the KBM at f=1.7%
is investigated and is compared with the ITG turbulence at
$=0.2%. In the simulations, the number of Fourier modes is
(144, £36) with (kyinpir kyminp:)=(0.077, 0.058) for KBM
and (kyminpis kyminpi)=(0.12, 0.046) for ITG, and 256, 64,
and 32 grid points are distributed in the z, v, and u direc-
tion. The resolution in the radial direction is required to cap-
ture an elongated mode structure along the magnetic field
line by taking into account the magnetic shear that causes
high-radial wavenumber Fourier modes. The resolution in
the velocity space is required to reduce numerical error, so
that numerical solutions satisfy the entropy balance equation.
The electron-ion collision is neglected, and the collision fre-
quency and the Debye length are set to be v,=2x107°,

=2x%1073, and Apil pi=0, respectively.

lll. LINEAR ANALYSIS

Linear growth rates of instabilities in the model configu-
ration of standard LHD are plotted in Fig. 1(a) as a function
of k,. The ITG mode is unstable for low f values 0.2% and
0.4%, and it has a peak of the growth rate around k,p,; = 0.4.
The growth rate decreases with . When the beta is larger

LHD standard
0.16 T 5 T
=1.8% —+—
L (a i
0141 (@ B=1.7% —%—
..0.12 B=0.4% —*— |

B=0.2% —=—

o
=
T
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o
o
[e5]
T

0.2
ky pi
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0.16 T T T T

045 | (c) i

0.4 E
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& 031 _
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x Pi

FIG. 1. Growth rates as functions of (a) kyp; and of (b) k.p; for the standard
configuration of LHD with #, =0, and (c) a color map of the linear growth
rate of the KBM in the Fourier space (k,, k,). The lines for f=0.2% and
0.4% (f=1.7% and = 1.8%) show ITG modes (KBMs).
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than 1.2%, the KBM appears. The peak of the growth rate
curve is located around kyp; = 0.18. Figure 1(b) shows the ra-
dial mode number dependence of the growth rate of instabil-
ity. The ITG mode is the most unstable at k,p; =0, while the
KBM is the most unstable around k,p; = 0.3, i.e., it has finite
radial wavenumber in the flux tube coordinate. This is
clearly shown by a color map of the linear growth rate of the
KBM in the Fourier space (k,, k,) in Fig. 1(c). This implies
that the most unstable KBM in the LHD plasma has an
inclined mode structure with respect to the mid-plane of a
torus, while the ITG mode has horizontal mode structure.
Figure 2 shows the mode structure of the ITG instability and
the KBM on the (x, y) plane at z=0. The inclined structure
is clearly shown in the electrostatic potential profile. We
remark that the inclined mode structure of the KBM is in
contrast with that of KBMs in tokamaks.'?

IV. TURBULENT TRANSPORT

Nonlinear simulations of the ITG turbulence with
f=0.2% and of the KBM turbulence with f=1.7% in the

¢ LHD standard: ITG p=0.2%

60

-20 -10 0 10 20
x/ Pi

¢ LHD standard: KBM B=1.7%

il
40 E~ . .
20 . ' ..

S .

>

- a ,

-40
| e, o Tl S NN
-40 -30 -20 -10 0 10 20 30 40

X/pi

FIG. 2. Color map of electrostatic potential ¢ of ITG with f=0.2% and
KBM with f=1.7% in the linear evolution on z=0. The unity of color is
arbitrary.
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¢ LHD standard: ITG p=0.2%

-20 -10 0 10 20
X/ Pi

¢ LHD standard: KBM p=1.7%
‘ w |

40 -30 -20 10 O
X/pi

10 20 30 40

FIG. 3. Color map of ¢ in the steady state of the ITG turbulence with
f=0.2% and the KBM turbulence with §=1.7% on z=0.

model configuration of standard LHD are carried out. It is
remarked that the growth rates of the most unstable KBM
with f=1.7% and of ITG instability with f=0.2% are

n/2
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similar as shown in Fig. 1. Figure 3 shows color maps of
electrostatic potential ¢ on z=0. The potential profile shows
that the zonal flow is regulating the ITG turbulence that
extends to the longitudinal direction in the (x, y)-plane at
t=180L,/vr;. On the other hand, the potential profile of the
KBM at +=130 is the superposition of the inclined stripes
that are perturbed by small scale fluctuation. Figure 4 shows
three-dimensional structure of the electrostatic potential in
(x, y, z). The inclined stripes of the KBM turbulence are
elongated along the magnetic field line z and have a peak at
finite z. The peak is located around the minimum of magnetic
drift frequency Eq. (15). On the other hand, the longitudinal
stripes of ITG turbulence are not so elongated along the field
line and are small at z = *7/2.

Figure 5 shows the time evolution of square of electro-
static potential for (a) the ITG mode with f=0.2% and (b)
the KBM with f=1.7%. In Fig. 5(a), the evolution of zonal
flow potential k,=0, the most unstable ITG mode
kyp;=0.37 and a dominant ITG mode in the steady state
kyp;=0.32 are shown. At the beginning, the ITG mode with
kyp;=0.37 grows and produces zonal flows, and then it is
saturated around ¢=70L,/vy;. The amplitude of the most
unstable ITG mode with kyp;=0.37 decreases after the
growth of zonal flow, and the amplitudes of a dominant ITG
mode with k,p;=0.32 and of the zonal flow are comparable
in a statistically steady state.

For the high-beta case f=1.7%, the KBM with
kyp;=0.17 grows exponentially at the beginning, then it is
saturated around 7= 80L,/vy; (Fig. 5(b)). Next, kyp;=0.12
mode continues to grow and dominates, and then the system
reaches a statistical steady state around # = 130. The ampli-
tude of zonal flow potential k=0 is an order of magnitude
smaller than the dominant KBM with k,p;=0.12 in the
steady state. The weak zonal flow in the KBM turbulence is
in contrast with the strong zonal flow in the ITG turbulence.
Thus, the KBM turbulence is not regulated by zonal flows, in
contrast to the ITG turbulence that is regulated by zonal
flows.

The spectrum of the electrostatic potential (|¢;|*) for
the KBM turbulence with f=1.7% and the ITG turbulence
with f=0.2% are plotted as a function of k, in Fig. 6.

/2

FIG. 4. Three-dimensional color map of ¢ in the steady state of the ITG turbulence with § =0.2% and the KBM turbulence with = 1.7%.
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FIG. 5. Time evolution of square of electrostatic potential {|¢|*) of (a) ITG
((b) KBM) turbulence in the standard LHD for zonal potential k, =0, the
most unstable kyp; =0.37 (k,p; =0.17), and a dominant ITG (KBM) mode in
the steady state of the standard LHD k,p; =0.32 (k,p; = 0.12) with §=0.2%
(1.7%).

The spectrum of KBM (ITG) turbulence is averaged from
t=150 to 220 (from =120 to 350). The spectrum of the
KBM has a sharp peak at the dominant mode k,p;=0.12,
and the zonal component k, =0 and other modes are much
smaller than the dominant mode. On the other hand, the
spectrum of the ITG widely spreads in k, compared with that
of KBM, and the amplitude of the zonal component is com-
parable with those of the dominant ITG modes.

Figure 7 shows the time history of (a) the energy flux
0, =0; + %TSFS and (b) the particle flux I'y. For the ITG
turbulence, the ion energy flux Q,,, becomes large as the
ITG mode grows, and then it is in a steady state after
t=80L,/vy; (Fig. 7(a)). The ion and electron particle fluxes,

LHD standard: Spectrum

T T T
KBM B=1.7% 1
ITG B=0.2% ——

100

0.01 |

0.001 L ! ! ! ! I !
0 02 04 06 08 1 12 14

ky Pi

FIG. 6. Spectrum of electrostatic potential {|¢, |*).
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FIG. 7. Time history of (a) energy flux Q and (b) particle flux I'=T},,
=T, for the ITG with f =0.2% and the KBM with = 1.7%.

I';,, and I',,,, are the same in Fig. 7(b), because of the Poisson
equation and Ampere’s law.'” Table I summarizes the time
averaged fluxes due to ITG turbulence, where the average is
made from tvr;/L, = 90 to 450. The contribution of convective
part 5T";,,,/2 to the energy flux Q,,, is comparable with that of
the turbulent diffusion heat flux part ®,,, for the ions. The
transports due to the magnetic perturbation causing
magnetic-flutter are much smaller than those by the electro-
static perturbation. In addition, the ion heat transport by the
magnetic perturbation is small negative, and thus the magnetic
perturbations of ITG turbulence have small pinch effects.'?

TABLE 1. Heat O, [T;vrip? /L3, particle [I'y [novrip?/L2], and energy Q, =
Q + %Tsl"s [noTivrip? /L2 fluxes of the ITG turbulence at § = 0.2% and of
the KBM turbulence at f = 1.7% in the model configuration of standard
LHD plasma with #, = 0 by electrostatic perturbation, magnetic perturba-
tion, and the sum of them.

ITG at § = 0.2%

®ion ®ele riun = rzlle inz Qele
Electrostatic 2.94 —1.04 0.82 4.98 1.0
Magnetic —0.01 0.01 —0.02 —0.05 —0.03
Total 2.93 —1.03 0.8 4.93 0.97

KBM at f = 1.7%

®[0n ®e[e Lion =Tt Oion Octe
Electrostatic 1.94 —0.45 0.37 2.86 0.47
Magnetic —0.03 0.22 0.00 —0.02 0.23
Total 1.91 —-0.23 0.37 2.84 0.70
Unit T,‘l)T[pI-z /Lﬁ novnpiz/Lﬁ l’l()T,'UT,‘[)I-2 /Lﬁ
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For the KBM turbulence in Fig. 7(a), the ion energy flux
Q;on starts to get saturated around ¢ =80 with Q,,, < 0.5T;
vrip? /L2 which is much smaller than the flux by ITG turbu-
lence. This is related to the saturation of k,p; =0.17 mode in
Fig. 5(b). Then, the flux Q,,, grows again because of the
growth of kyp;=0.12 mode, and eventually the energy flux
(Qion ~ 3T;vrip?/L2) becomes comparable to that due to the
ITG turbulence. The electron energy flux Q.. caused by the
KBM is also comparable with that by the ITG turbulence in
the steady state. The ion particle flux I';,, evolves in the sim-
ilar way as the energy flux (Fig. 7(b)). It is saturated at a
small level around 7= 80, then grows again and eventually
reaches a steady state. The level of I';,, is similar to that of
the ITG turbulence in the steady state. These fluxes caused
by the KBM turbulence are summarized in Table I, where
the average is made from tvr/L, =120 to 220. The ion
energy and particle fluxes by the ITG turbulence with
f=0.2% are larger than those by the KBM turbulence with
p=1.7% (Fig. 7 and Table I), while the amplitude of the
KBM turbulence is much larger than that of the ITG turbu-
lence (Fig. 5). In addition, both of zonal flow amplitude and
the transport are larger in the ITG turbulence than in the
KBM turbulence.

Here, transfer of fluctuations caused by turbulence in the
phase space is studied by means of the entropy balance equa-
tion (5). Figure 8 shows the time evolution of several groups
of terms in the entropy balance equation (5): the sum of time
derivative terms d(0S; + 0S, + Wes + W,y /dt, the sum of
transport terms @ /Ly, + I';T,/L,, and the collisional dissipa-
tion term D, for (a) the ITG turbulence with f=0.2% and
(b) the KBM turbulence with f =1.7%. The time-derivative
terms become small when a steady state is realized. In the
steady state, the sum of ion heat and particle transport terms,
O,/Lz;+ I',T/L,;, almost balances with the sum of ion and
electron dissipation terms D;+ D, for the ITG turbulence
(Fig. 8(a)). The evolution of them for the KBM turbulence is
similar to that for the ITG turbulence (Fig. 8(b)). The short
period oscillations in the time derivative and the transport
terms are caused by a nonlinearly excited linearly stable ki-
netic Alfvén wave.

V. SATURATION PROCESS OF KBM TURBULENCE

In Sec. V, the zonal flows in the KBM turbulence are
weak. Here, we investigate the mechanism of the saturation
of KBM through the nonlinear mode coupling in weak zonal
flow by evaluating the nonlinear entropy transfer in the
Fourier mode space.

The process of saturation of instabilities is studied by
evaluating the entropy transfer function

T(k; K K") = ZT k; k' K"), (16)
where
‘T/’lk
T (kK. K") = Re( | o258, o b K
(k; k', k") 6<J UBOZFMs ke, — k' —k 1

X kj{(%sk/hsk” — hSk'Xsk”)>’ (17)
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LHD standard: ITG =0.2%
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e

FIG. 8. Time evolution of each term in the entropy balance equation for (a)
the ITG with #=0.2% and (b) the KBM with = 1.7%.

where hy = Ofy + ?—qukJOSF ms 1s the non-adiabatic part of
the perturbed part of gyro-center distribution function and
Ask = (dr — vjAjk/c)Jos is the generalized potential. This is
an extension to an electromagnetic version from the electro-
static one in Ref. 15. The transfer function satisfies
the detailed balance equation, T(k;k’, k") + T(K’;Kk” k)
+TKk";k,kK)=0 and T(k;kK,k")=T(k;k" K)=T
(—k; —k’, —Kk”). The entropy balance equation for each
Fourier mode is written by means of the transfer function as

d
. 5Sv ¢ Wev Wem
dt(z sk T Wesi + ,k)

sk T rsk
= s, Dr. ) 18
Z( K+ LTS L, sk (18)
where
T = Tk k', K"). (19)

K k"
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(a) LHD standard: T(k;k',k")

(b) LHD standard: T(k;k',k")
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(c) LHD standard: T(k;k',k")
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FIG. 9. Entropy transfer function 7(k;k’,k”) averaged from =170 to 180 for the KBM turbulence with f=1.7% in the standard LHD for (a) (k.p;,

kypi) =(0.31, 0.12), (b) (kyp;; kypi) = (—0.62, 0), and (¢) (k.pi, kypp) = (0, —0.23).

A. Mutual shearing by oppositely inclined convection
cells

As we have seen in Fig. 5, the KBM with (k.p;, k,p;)
=(0.31, 0.12) dominates in the steady state around
t=170L,/vy;, we investigate the process of transfer of en-
tropy/ free-energy from this mode around 7= 170. Figure 9
shows the entropy transfer function T(k; k’, k”) which is aver-
aged from =150 to 190. Figure 10 shows diagrams of en-
tropy transfer caused by triad nonlinear mode interaction in
the Fourier space. Figure 10(a) shows an element of the dia-
gram, which is a triangle with the vertexes connected to three
lines representing three energy transfer functions of the mode

at the other end of the line, T(k;k',k”), T(k';k” k), and
T(k";k,k’), where T(k;k'.k")+T(k'’;k" k) + T(k";k,k’)
= 0. The arrows represent the signs of them, which are
T(k;k', k") > 0, T(k';k", k) <0, and T(k"; k,k’) < 0 in the
figure as an example. Figure 10(b) shows the diagram of the
entropy transfer for the KBM turbulence in the Fourier space.
The blue arrows show the transfer of the entropy/free-energy
from KBM to linearly stable modes through zonal flow
shear, and the red arrows show the transfer through KBM/
inclined-mode shear. It is remarked that a mode with (k,, k)
is the same as the complex conjugate of the mode with
(—ky, —ky). Figure 10(c) shows the diagram for the KBM tur-
bulence. The black points represent the locations of Fourier

(a) (-0.31,0.35) (0,-0.23)
(ky Ky)
0.02 0.04 0.09
T(k;k' k" :
( ) 0.02 0.004 0.05
T(k';k",k) T(k";k,K") FIG. 10. Diagrams of nonlinear en-
(0.62,-0.46) 0-00005(5" 31,-0.12) (0.31,0.12) tropy transfer in the Fourier space: (a)
(kx'-ky') (k'K ") KBM KBM an element of the diagram, which is a
triangle with the vertexes connected to
0.01 0.15 0.15 three lines representing three energy
0. 04 03 transfer functions of the mode at the
other end of the line, T(k;k',k"),
(-0.93,0.12 (-0.62,0) T(K';k”,k), and T(k”;k,Kk’), where
) Zonal f|OW T(k;k' k") + T(K';k" k) + T(k";k,K)
—(— Transfer from a Fourier mode =0 and the arrows represent the signs
0.0005 \70.0009 of them, which are T(k;kK/,k") >0,
—<— Transfer caused by zonal flow shear 0.0014 T(K;K".K) <0 and T(K";k,k') <0 in
—<— Transfer caused by KBM/Inclined-mode shear the figure as an example, (b) the dia-
(1.5,-0.12) gram of the entropy transfer for the
KBM turbulence in the Fourier space:
(©) 0.6 I I blue arrows show the transfer of the
entropy/free-energy from KBM to line-
0.5 - (-0.62,0.46) KBM _ arly stable modes through zonal flow
° shear and red arrows show the transfer
4 through KBM/inclined-mode shear, (c)
0.4 - KBM N the diagram for the KBM turbulence
ky pi (-0.31,0 35.) where black points represent the loca-
03 o 0, I tions of Fourier modes appearing in
ZF KBM pe the diagram (b), and ZF — and KBM
0.2 + KBM KBM — — show the scatter by the zonal flow
({0.93,0.12) (-0.31,0.12 31,0. 12) shear and KBM/inclined-mode shear
0.1 | ® ® | and are corresponding to arrows from
) zonal flow and KBM in (b).
0 - ﬁ
4 (0820) g5 Kem 0 <am o5 1

ZF kx pi
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modes appearing in the diagram in Fig. 10(b), and “ZF —”
and “KBM —” show the scatter by the zonal flow shear and
KBM/inclined-mode shear, respectively.

In Fig. 9(a), the map of T(k;k',k") for k = (k.p;, kyp;)
=(0.31, 0.12) mode in kK’ space shows that there are strong
negative points at (k;p;, k,p;) = (0.31,-0.12) and (-0.62,
0), and thus the k mode loses the entropy via nonlinear triad
mode interactions with (k\p;,k;p;) = (0.31,-0.12) and a
zonal mode (k{p;, kyp;) = (—0.62,0). This transfer is indi-
cated by the black arrow pointing to the left from the box of
(0.31, 0.12) in Fig. 10(b) with the number of 0.15 showing
the amount of the transfer. It is remarked k = —k’ — k” and
that the entropy transfer function is symmetric for k' and k”.
Next, the transfer functions of the zonal mode (—0.62, 0) are
examined. Figure 9(b) shows the transfer function for the
zonal mode (k.p;, kyp;)=(—0.62, 0). There are two large
positive points at (k.p;,k;p;) = (0.31,0.12) and (0.31,
—0.12). Thus, the free-energy of the dominant KBMs (k.p;,
kyp;) =(0.31, 0.12) and (0.31, —0.12) is transferred into the
zonal mode (k.p;, kyp;) =(—0.62, 0) resulting in the zonal
flow component indicated by the black downward arrow
between the boxes (0.31, 0.12) and (0.31, —0.12) with the
amount of the transfer of 0.3 in Fig. 10(b). Although there is
a strong transfer into the zonal component (—0.62, 0), the
zonal flow is very weak as shown in Figs. 5(b) and 6. Figure
9(a) also shows strong negative points at (k.p;,k;p;)
= (—0.31,0.12) and (0, —0.23), and thus the entropy is trans-
ferred into (kp;, kp;) = (=0.31,0.12) and (kYp;, kyp;)
= (0,—0.23). The transfer is indicated by the red leftward
arrow from the box (0.31, 0.12) with the value of 0.05 in
Fig. 10(a). Figure 9(c) shows the transfer function of (k.p;, k,p;)
= (0, 0.23). There are two large positive points at (k,p;,k}p;)
= (0.31,0.12) and (0.31, —0.12), and thus the entropy/free-e-
nergy of the dominant KBMs is also transferred into the (0,
—0.23) mode as shown by the red arrow towards (0, —0.23)
with the amount of the transfer 0.09. The transfer implies that
oppositely inclined KBMs (k.p;, kyp;) = (0.31, 0.12) and
(—0.31, 0.12) play an important role in their saturation.

Figure 10 summarizes the entropy transfer described in
Fig. 9 and the transfer of other modes. There are two main
directions of scatter of the entropy/free-energy from the
dominant KBM to the high wavenumber region in the
Fourier space (k,, k,): one is the direction along the red
arrows with “KBM/inclined-mode shear” and the other is the
direction along the blue arrows with “zonal flow shear” in
Fig. 10(b). The former is caused by a dominant KBM (k,p;,
kyp;) =(—0.31, 0.12) and is in the direction indicated by red
arrows in Fig. 10(c). It causes the transfer in this inclined
direction and subsequently transforms the entropy from the
other dominant KBM (k,p;, kyp;) = (0.31, 0.12) to (0, —0.23)
and then from (0, —0.23) to (—0.31, 0.35), and to higher
Fourier modes, which are linearly stable as shown in the
color map in Fig. 1(c). This subsequent scattering is inter-
preted as the shearing of KBM by the inclined mode. The
inclined mode is also a dominant KBM, and thus the scatter
in the inclined direction implies the saturation of KBMs by
mutual shearing. The other main scatter is in the horizontal
direction indicated by the blue arrows and is caused by the
zonal component (k.p;, kyp;)=(0.62, 0) in Fig. 10(c).
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The entropy/free-energy of the dominant KBM (—0.31,0.12)
is transferred into (—0.93, 0.12) and then from (—0.93, 0.12)
to (1.5, 0.12) as shown in Figs. 10(b) and 10(c). This scatter
is caused by the zonal flow shear. The transfer by weak zonal
flow might be related to that in Ref. 22 and would be studied
in detail in our future work. The quantitative value of the
transfer function of the triad mode interaction is described
by the numbers along the red arrows in Fig. 10(b). It is
remarked that the interaction between two dominant KBMs,
(0.31, 0.12) and (—0.31, 0.12) includes the scatter by the
zonal component; however, it is much smaller than the direct
interaction between the KBMs. The amount of scatter by the
zonal flow shear shown by a series of blue arrows with num-
bers 0.01, 0.04, 0.0005, and 0.00014 in Fig. 10(b) is smaller
than that by the inclined KBM scatter shown by a series of
red arrows with numbers 0.05, 0.09, 0.04, 0.04, 0.02, and
0.02 in Fig. 10(b). Hence, the growth of KBM is saturated by
the nonlinear interactions of oppositely inclined convection
cells through mutual shearing as well as the zonal flow. The
color map of electrostatic potential in Fig. 3 shows the con-
vection cells of the dominant KBMs.

B. Nonlinear interaction caused by an extended
structure along the magnetic field line

In Subsection V A, it is shown that the saturation of
KBM is caused by shearing between oppositely inclined con-
vection cells and by zonal flow. In addition to this dominant
mechanism, a saturation can be affected by nonlinear self-
interaction due to an elongated mode structure along the
magnetic field line.

In a flux tube model, we can describe a perturbation
extending over |0| = =m by connecting Fourier modes
(ky, ky) and (k. + 27Sky, k) through the boundary conditions
by taking into account the magnetic shear, where § is the
magnetic shear.!” In this simulation (k.p;, kypy) = (0.31,
0.12) mode is connected to (—0.31, 0.12) mode at z=r.
When we solve a linearized equation in the flux tube geome-
try, the calculation of these connected modes gives exactly
the same result as the calculation of (k.p;, k,p;) = (0.31,
0.12) mode in the simulation box —27 < z < 2n. However, in
the nonlinear evolution, the (—0.31, 0.12) mode can interact
with the (0.31, 0.12) mode through nonlinear Fourier mode
coupling. In fact, this interaction contributes the saturation
of the growth of (0.31, 0.12) KBM. When the box size in the
y-direction is doubled, the oppositely inclined KBM (k,p;,
kyp;) =(—0.31, 0.15) and the connected mode (—0.46, 0.15)
mode are different, and the transfer function of the dominant
KBM (0.31, 0.15) shows that their contributions to the satu-
ration are comparable (Fig. 11). Hence, the KBM is saturated
not only by the shearing of oppositely inclined convection
cells and zonal flow shear but also by the self-interaction due
to the elongated mode structure along the magnetic field line
in this simulation. The interaction caused by the elongated
structure can be avoided by extending the simulation box
along the field line, i.e., in z-direction, from [—7: 7] to
[-Ngm:Ngr] with an integer Ny>2. The z-extended box
may be more numerically efficient than a y-extended box.
The extension of the simulation box may affect the saturation
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FIG. 11. Entropy transfer function T(k; k', k") of (kwp;, k,p;) = (0.31, 0.15)
for the KBM turbulence with doubled simulation box size in y-direction.

level of turbulence. Simulations with the extended box along
the field line are retained in our future work.

VI. SUMMARY

Electromagnetic turbulence in finite-beta LHD plasmas
is studied by means of gyrokinetic simulations. The study
shows common features to those found in gyrokinetic simu-
lations of finite beta tokamaks such as the stabilization of
ITG modes, the destabilization of KBMs, and weak zonal
flows in KBM turbulence."® The turbulent transport due to
the ITG in LHD plasmas with = 0.2% is regulated by zonal
flows, even in the presence of electromagnetic perturbations.
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 configura-
tion of LHD. For a small density gradient that is often
observed in LHD, the contribution of the convective part can
be different from the results obtained here. In addition, mag-
netic perturbations have small pinch effects on the energy
and the particle fluxes.

A new mechanism of saturation process of KBM turbu-
lence in LHD is presented by analysis of nonlinear entropy
transfer. The analysis has revealed that the growth of KBM
is saturated by nonlinear interactions of oppositely inclined
convection cells with mutual shearing as well as by the zonal
flow. It is expected that the KBMs have inclined mode struc-
ture and are saturated through the new mechanism, when
particle trapping by helical ripples is significant, because the
bounce-average of magnetic drift velocity has finite radial
component in the bounce-average of magnetic drift fre-
quency Eq. (15) to destabilize Fourier modes with finite ra-
dial wavenumber. The new mechanism may also cause
saturation of turbulence in finite-beta tokamaks in the pres-
ence of three-dimensionality such as toroidal ripples and res-
onant magnetic perturbation (RMP). In the steady state, the
amplitudes of energy and particle fluxes due to KBM at
p=1.7% are similar to those caused by the ITG turbulence
at f=0.2%, even though the amplitude of the KBM turbu-
lence 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.

Phys. Plasmas 21, 055905 (2014)

It is found that a self-interaction produced by the elon-
gated mode structure along the magnetic field line also plays
a role in the process of saturation of KBM. The elongated
structure is due to the electron dynamics along the field line,
so it may appear in KBMs and ITG modes in general toroidal
systems. The interaction can be avoided by extending the
simulation box along the field line, i.e., in z-direction, from
[—m:n] to [-Nyn : Nygr] with an integer Ny or, for tokamaks,
by using a new flux tube model.?® The new flux tube model
consists of a set of flux tubes aligned along the magnetic
field line. The tubes are connected at their ends like cars in a
train, so it will be referred as flux tube train model.
Perturbations of turbulence in different tubes interact only
through the boundary conditions, which take into account
the magnetic shear, at the each end of the tubes. The model
gives the same turbulent transport as the original one with
increasing Ny, and the new one is more efficient numerically,
because it requires smaller radial resolution than the original
one. It is remarked that the interaction due to the elongated
mode structure is a dominant cause of a saturation of KBM
in a tokamak when Ny = 1,21 and that removing the interac-
tion by extending the simulation domain in z-direction
causes much higher level of turbulence. This will be reported
in a separate paper.
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