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Gyrokinetic simulations of electromagnetic turbulence in magnetically confined
torus plasmas including tokamak and heliotron/stellarator are reviewed. Numerical
simulation of turbulence in finite beta plasmas is an important task for predict-
ing performance of fusion reactors and a great challenge in computational science
due to multiple spatio-temporal scales related to electromagnetic ion and electron
dynamics. The simulation becomes further challenging in non-axisymmetric plas-
mas. In finite beta plasmas, magnetic perturbation appears and influences some
key mechanisms of turbulent transport, which include linear instability and zonal
flow production. Linear analysis shows that the ion-temperature gradient (ITG)
instability, which is essentially an electrostatic instability, is unstable at low beta
and its growth rate is reduced by magnetic field line bending at finite beta. On the
other hand, the kinetic ballooning mode (KBM), which is an electromagnetic in-
stability, 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 tearing 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 turbulence at low-beta. On the other hand, at
finite beta, interplay between the turbulence and zonal flows becomes complicated
because the production of zonal flow is influenced by the finite beta effects. When
the zonal flows are too weak, turbulence continues to grow beyond a physically
relevant level of saturation in finite-beta tokamaks. 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 understanding
the saturation mechanism of turbulence.

1. Introduction

Micro-turbulence causes anomalous transport of heat and particles in magnetically
confined plasmas [1]. The plasma pressure normalized by the magnetic energy 8 =
8mp/B? is called plasma beta, and is one of the important parameters of fusion
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plasmas because it is linked to the fusion reaction rate (Sec. 3.5 in [2] and Sec. 5.3
in [3]) and also related to the production of bootstrap current (Sec. 11.4 in [4]) that
is important for steady state operations of tokamaks. Thus, the beta dependence of
turbulent transport is one of the central issues in fusion plasma research. In order to
understand the dependence, the influence of magnetic perturbation on the balance
between zonal flow and micro-turbulence should be investigated. In addition, the
validity of the Rechester-Rosenbluth model [5] describing direct effects of magnetic
perturbation on heat transport should be understood.

Gyrokinetic simulation is a reliable tool for understanding and predicting tur-
bulent transport in magnetically confined plasmas. The turbulent transport due
to ion temperature gradient instability has been extensively studied by assuming
the adiabatic response of electrons along the magnetic field line [6] (See Sec. 4.2).
When we explore problems of turbulent transport at finite beta, we need to include
magnetic perturbation and kinetic electrons because the current density is mainly
carried by electrons. Including kinetic electrons to numerical simulations requires
much more computational resources compared to the adiabatic electron simulations
because the thermal velocity of electrons is much greater than the ion thermal veloc-
ity vre = /Te/me > vr; = \/T;/m; when the ion and electron temperatures are
comparable, and thus the parallel circulation time of electrons along the magnetic
field line is much faster than that of ions. In order to capture such fast electron mo-
tion the time step is normally required to be small. In addition, the kinetic electron
effect elongates the mode structure along the field line, and thus a large simulation
domain along the field line is required. Large computational resources which meet
the requirements are the reason why numerical simulations of turbulence based
on the electromagnetic gyrokinetic model [7, 8, 9, 10, 11] are mainly carried out
in the flux-tube geometry [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]
which is along a magnetic field line and is localized in the radial direction to re-
duce computational cost [26]. Although there are some gyrokinetic simulations on
electromagnetic turbulence in global domain covering a whole torus plasma and
also some electromagnetic gyrokinetic studies on space plasmas [27], we focus on
gyrokinetic simulations in local flux-tube domain in this review.

Electromagnetic gyrokinetic simulations are applied to the studies of turbu-
lent transport in finite-beta tokamak plasmas and the beta-scan is carried out
[18, 19, 21]. In finite-beta tokamak plasmas the growth rate of the ion temper-
ature gradient (ITG) instability is suppressed by magnetic field line bending as
plasma beta increases [28] (Sec. 6). The production of zonal flow is also influenced
by magnetic perturbation in finite beta plasmas [21]. The weak zonal flow leads
to a situation in which instabilities continue to grow beyond a physically relevant
level of saturation in finite-beta regime (Sec. 7.3) [22, 24]. This is in contrast with
the ITG driven turbulence regulated by zonal flows in low-beta torus plasmas. The
difficulties are related to the weak zonal flow production, and thus the production
process of zonal structures is investigated [22, 24, 29, 30]. The identification of the
saturation mechanism of microturbulence in regimes where zonal flow generation is
weak at finite beta is one of the open issues.

Some properties of the gyrokinetic equations are useful for understanding the
physics of numerical simulation results (Sec. 3). One is a quadratic conserved quan-
tity of the electromagnetic gyrokinetic equation (Sec. 3.1). The saturation process of
turbulence can be investigated by evaluating the nonlinear transfer of the quadratic
quantity from unstable modes to stable modes in the Fourier mode space. Another
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is the conservation of the parity symmetry of perturbation against the coordinate
along the magnetic field line during the linear growth of instability (Sec. 3.3). The
parity symmetry of magnetic perturbation is linked to the violation of magnetic
surfaces, which enhances turbulent transport. The symmetry is broken through
nonlinear interactions.

In high-beta torus plasmas, microturbulence can be driven by the kinetic bal-
looning mode (KBM) [28, 32, 33]. The difference between ITG turbulence at low
beta and KBM turbulence is caused by zonal flow production. The mode structures
of the ITG mode and KBM are similar in their linear growth phase. Both of them
have a ballooning structure that appears around the outside of the torus, i.e., the
bad curvature region. However, when the ITG mode and KBM grow, they exhibit
significant differences from each other. The ITG mode produces zonal flows, and
the flows regulate the amplitude of ITG turbulence at low beta. On the other hand,
zonal flows in KBM turbulence are very weak, and thus it is difficult for KBM
turbulence to become a saturated state compared with the low beta ITG turbu-
lence. In fact, even MHD ballooning modes sometimes continue to grow without
saturation by forming a finger-like structure. It is noticed that an MHD simulation
corresponds to a very high-beta gyrokinetic simulation. Even though the zonal flow
is normally weak, the KBM turbulence can be saturated at a physically relevant
level when the electron temperature gradient is small and the beta value is just
above the linear instability threshold. The saturation mechanism is related to the
mode structure along the magnetic field line rather than zonal flow shear. Details
of the mechanism are explained in Sec. 8.1.1.

We review micro-instability, micro-turbulence, and transport due to the turbu-
lence in finite beta plasmas by reproducing the previous work cited in each section
by means of the electromagnetic gyrokinetic simulation code GKV+ [34, 35, 36]. In
Sec. 2, the electromagnetic gyrokinetic equation, Poisson equation, and Ampere’s
law are described. The conserved quantities of the gyrokinetic equation is presented
in Sec. 3. Some difficulties of numerical simulations of the electromagnetic gyroki-
netic equation are described in Sec. 4. Numerical setting is shown in Sec. 5. Linear
instabilities are described in Sec. 6. Nonlinear evolution of turbulence is presented
in Sec. 7. Saturation of KBM turbulence is discussed in Sec. 8. Magnetic islands
and magnetic reconnection related to the turbulence is briefly reviewed in Sec. 9.
Finally, summaries are given in Sec. 10.

2. Electromagnetic gyrokinetic equation

The electromagnetic gyrokinetic model for studying micro-turbulence in finite beta
plasmas is described in this section [7, 8, 9, 10]. The distribution functions, which
are governed by the kinetic equation

0 qs 1 0

- . B (E+ = B) - —| F, = C,(Fy), 2.1

R V+ms( +ovx ) 8v] (F5) (2.1)
can be divided into the Maxwellian part and a perturbed part Fs = Fys + 0 fs
where Fprs = WEXP(_W;}ZH - "T—B) and v = yyB/B + vy, and p =

msv? /(2B) is the magnetic moment. The subscript s denotes particle species such
as for ions s = ¢ and electrons s = e. In magnetically confined torus plasmas,
a perturbation varies slowly along the magnetic field line, while it varies rapidly
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perpendicular to the field line. The eikonal representation is useful for describing
these fast and slow changes of the perturbation in the space as ¢ fo(X, v, p,t) =
>k, 0fsky (K ky, z,v), 1, t) exp(iSk, ), where VSk, =k = (kz, ky) and z is the
coordinate along the magnetic field line. We can easily make the flute approximation
1/L = kj < ki in terms of the eikonal representation [11], where L is the size
of the plasma. In addition, the finite Larmor radius effects can be written in an
analytic form when we use the eikonal representation. The gyrokinetic equation for
perturbed ion and electron gyro-center distribution functions § fsk , , the gyrokinetic
Poisson equation for electrostatic potential ¢y, , and gyrokinetic Ampere’s law for
parallel component of perturbed vector potential Ay, are derived by assuming

Ofsks _ps kI w _asdk, Ak

N — & ~— A ~ 1 2.2
Fae L kT T T Bp, SO (22)
where ps = ”QT and Q, = gerBC . The equations are
0 forc, 90 fsx
—_— s (b - Vi f — vpspb - VB—"E
5 T urst (b - Vofok, —vrsi du,

= —ivgs -k <5fskL + %FMmkl JOS) — (VEs - Vifok,

+ivis -k %FMS (fr. — vrsv Ak, ) Jos + vrsy) %FMSEHSM +Cs,(2.3)

Mkt o, =D q.on) (2.4)
K2 Ay, =2 3 su®) (2.5)
1Ak, — 2 qsVUTs uskl7 .

respectively, where Ejg, = —(b%VJos0)k, — 2 A, Jos, 5”2111 = [6fox, Josd®v—

%—2(1 —Tos)dx, (Sug’f{)l = va(SfSkL Josd>v, are the parallel component of the per-
turbed electric field, the perturbed density measured at the particle position, and
the parallel component of perturbed velocity measured at the particle position, re-
spectively. Nonlinear terms are included in the convective derivative by perturbed
ExB flow (Vgs - Vf)x, = [¢Jos, flk, and the parallel component of spatial gra-
dient including magnetic perturbation (b* - Vf),, = b-Vfi, + (bs - V), =
b - Vfi, — [A)Jos, flk., where bs = —b x ik A, Jos. The unit vector of the
equilibrium magnetic field is b = Bo/Byp, and b* = b + b, includes the perturbed
part of the magnetic field, and the subscript 0 of the equilibrium magnetic field
is omitted below. In the equation [f,glx, = Zkl»k'i Ok, 1, +x7 b k', x klifklgk’l
and Jos = Jo(psk1) are the Poisson bracket and the zeroth order Bessel function,
respectively. The magnetic drift, the diamagnetic drift, and the perturbed ExB

drift velocities are vy = q%b x (uVB + msfuﬁb - Vb), vis = quBb x Vin Fys,

and Vpsk, = f%(ik 16k, Jos) X b, respectively. The collision operator is denoted
by Cs(hsk, ), where hgae, = 0fax, + %—i(i)h JosFars is the non-adiabatic part of
the perturbed part of the gyro-center distribution function. The normalizations
used in the equations are (tvri/ Ly, ki pri, v)/vrs, Frsv, /no, 8 fsLoyvd,/(prino),
peLyn/(priT;), AyLn/(p7;Bo), ms/mi, Ts/T;, n/no, B/Bo, qs/e, Api/pri) — (t,
ki, U)|s» Fus, 6fs, ¢, AHa M, Ts, n, B, qs, Api), where Ap; = Ti/(47762n0)
and vrs = 4/Ts/ms, and the leading order of Larmor radius p; is written as
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pri = vri/Q;. The dimensional form of the gyrokinetic equation is shown in Ap-
pendix A.

The second term in the Lh.s. of Eq. (2.3) represents the parallel convection and is
important for parallel streaming, the Landau damping, and the magnetic field line
bending effect, which stabilizes the ITG mode at finite beta, as shown in Appendix
B. The first term in the r.h.s. is the magnetic drift term and causes instability by
combining with the diamagnetic drift term (the fourth term in the r.h.s.). The sec-
ond term in the r.h.s. is the parallel acceleration by the perturbed electric field. The
third term in the r.h.s. is the mirror term causing particle trapping in a weak mag-
netic field region. The polarization effects due to finite Larmor radius is represented
by 1Ty, term in the Poisson equation through ngil, where Ty, = e~ P:*1 1, (p2k%)
and I is the zeroth order modified Bessel function. The parallel component of the
perturbed magnetic field and the finite beta term in the magnetic drift velocity
are neglected by assuming that the plasma beta is not so high and does not affect
the equilibrium. Temperature and density gradients are assumed to be uniform in
local simulations and direct to the radial direction z, and the temperature gradi-
ent is represented by the parameter 7, = L, /Ly, in terms of density scale length
L, = —(dInn/dr)~! and temperature scale lengths Ly = —(dInTy/dx) L.

It is noted that the ion beta (§; = 8mngT;/B3 appears only in the Ampere’s
law Eq. (2.5) and is the relevant parameter representing the electromagnetic effect,
because the magnetic perturbation A disappears when 3; = 0.

3. Conserved quantities
3.1. Conservation of quadratic quantities (Entropy balance equation)

There is a quadratic conserved quantity called the entropy variable [37]. The name
comes from the fact that it is the perturbed part of the Shanon entropy §5; =
Ss—Ss0, where Sy = —([ FyIn Fod®v), Fy = Fars+6 fs, S0 = —(J Fars In Fagsd®v),
and (Fy) = Fuys. The equation governing the quadratic form of the perturbed
2
part of the distribution function 55, = < S d3v%> is obtained by multiplying
R, = 0fh, + # 95, JosFus with Eq. (2.3), integrating over the velocity space,
and making flux surface average with Egs. (2.4) and (2.5) (Details are given in
Appendix C), where * denotes the complex conjugate. The equation is written as

d 0, T.T.
- (Z 58, + Wes + Wem> = Z <LTS + 5+ Ds> , (3.1)

ps

where 1/L;ns = 1/LT3 + 1/L7L7 0O, = C_')es,s + Gem,& ry, = Fes,s + Fem,& 6Ss =
ZkJ_ 5SSkJ_7 Wes = ZkJ_ W@SkL’ Wem, = ZkJ_ Wemkj_a ees,s = ZkJ_ ®6S,SkJ_7
@em,s = ij_ @em,skL» Fes,s = ZkJ_ FesﬁskLy Fem,s = ZkJ_ ]-—‘em,skL~ In the equa-

tions
3 Ts|0fex |2
3 1L
0Ssk, = </d V—p » , (3.2)

Ts * S o x
Dy, = </d3UF ((sfskL + %(ﬁ)ki JOSFMS) Cs(hskL)> , (3.3)

Ms
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2 2 2 2

qs P, | 2 k1A, |
Wes, = <<)‘%}zki + ES i[l - Fo(bsk)]> 19, 5 >,Weka = <61_L 2“ ;
(3.4)

1. . 5 . —iky, ¢ *
@es,skJ_ = <R€ |:<25p|skL + 6plskJ_ - 2T€6nSkL) <éh_> :|>a (35)
1 ) iy A, \*
@em,skJ_ = <R€ |:(26Q|skL + 5QLskJ_> <JBJk) :|> y (36)
—ik * ikyApe, \©
o~ (3]} 5~ o ().
(5.7)

are the entropy variable, the collisional dissipation, the electrostatic energy includ-
ing the polarization field, the magnetic energy, the entropy production due to the
turbulent thermal transport flux caused by the electrostatic and the magnetic per-
turbations, the entropy production due to the particle transport flux caused by
the electrostatic and the magnetic perturbations. The flux surface average is rep-
resented by (). The Lh.s. of Eq. (3.1) is called the generalized energy in Ref. [27].
It is remarked that Egs. (3.5)-(3.7) correspond to the free energy of instabilities. In
these equations

JﬁskJ_ = /5f:9kJ_JOSd3U, JaskL = /U|\6fskJ_J0$d3U7 (38)
6ﬁ\|ski :/msvﬁéfskLJOsdgva 5ﬁlsk1_ :\/,LI‘B5fSkJ_JOSd3’U7 (39)
8G)jskc, = / msvi}d fox, Josd*v — 3TsSlskc, , (3.10)

and
8G1sk, = / 1B 6 fax, Josd®v — Ty6s, - (3.11)

We can evaluate the transfer of entropy (free energy) from a particle species to the
other species by evaluating Ry = d6Ss/dt — ©,/Lrs —I'sTs/Lys — Ds because Eq.
(3.1) can be written as

ZRS + % (Wes + Wem) =0, (312)

in terms of R,. For instance, the entropy is transferred from ions to electrons in the
slab ITG turbulence [38] and in the KBM turbulence [39].

Some conclusions can be derived from the entropy balance equations without
carrying out numerical simulations. When we have a statistical steady state, the
time derivative terms in Eq. (3.1) are very small, and the entropy production due
to the transport flux should balance with collisional dissipation terms [40]

> (L@T + TLF> =-Y D.. (3.13)

ps
It is to be noted that the ion and electron particle flux caused by electrostatic
(magnetic) perturbation are the same, I'cs; = I'ese (Tem,i = Feme), so that I'; =




Electromagnetic gyrokinetic simulation of turbulence 7

I'. = T, because of the Poisson equation Eq. (2.4) (the Ampere’s law Eq. (2.5))
[41].

3.2. Nonlinear entropy transfer in the Fourier space

The entropy balance equation for a Fourier mode k, is written as

d @sk TsrskL
dt (zs: 0S5k, + Wesk, + Weka> = XS: (%k# + LT: + 7Lps + Dk, |,
(3.14)
where
T, = > To(ki;k, k) (3.15)
K| K
originates from the nonlinear terms in Eq. (2.3). Equation (3.14) implies that the

saturation mechanism of turbulence can be studied by evaluating the nonlinear
entropy transfer function

T (kK KD) = To(ky; KK, (3.16)
where
’ " 3 TShSkL / "
To(ki; k) K[)=Re( [ d Umdkl,fklfk’ib K XK (Xsw, Psy — Pk, Xskr) )
S
(3.17)

where ho, = dfek, + %—ZQbki JosFrs is the non-adiabatic part of the perturbed
part of the gyro-center distribution function and X, = (dx, — vjAjk, )Jos is
the generalized potential [42]. In the electrostatic limit (A — 0), the transfer
function is reduced to that in Ref. [43]. The transfer function satisfies the de-
tailed balance equation, 74(ky; k', k') + Ts(kK/|; k|, k1) + T.(k|; k., k|) = 0,
and Tk ;K| k) = T3(ky; k|, k) = T,(—ki; -k ,—k]). The detailed bal-
ance equation leads to the relation ), 7g, = 0. The diagram of the nonlinear
entropy transfer illustrated in Fig. 1 (a) shows an example of nonlinear interac-
tion among k,, k/,, and k’| modes. The k; and k| modes lose the free energy
and k'l mode gains the free energy. An example of the entropy transfer process in
the ITG turbulence regulated by zonal flows is illustrated in Fig. 1 (b) in terms
of the diagram. There are three arrows connected to a triangle. The first arrow
starting from the ITG mode kirrg = (kzire, kyrre) and pointing to the trian-
gle represents the transfer function 7 (kirra; k', 4, k’[) < 0, which implies that
the entropy is transferred from the ITG mode with k irq¢ = (kzrra, kyrra) to
the zonal flow with k| ;. = (kyzr,0) and a higher radial wavenumber mode with
k' = (—kzire — kuzr, —kyira), where f(ky, ky) = f(—ky, —ky)* is used to satisfy
k; + k| + k'l =0. The second arrow starting from the triangle and pointing to
"Zonal flow (kyzr,0)” represents the transfer function 7 (k| ,p; k', ki1rc) > 0,
which presents that the entropy is transferred to the zonal flow. The third ar-
row starting from the triangle and pointing to a higher radial wavenumber mode
represents the transfer function 7 (k[ ;k,1rg,k J_ZF/) > 0, which implies that the
entropy of the ITG mode is transferred into a higher radial wavenumber mode
k' = (—kgirq — kozr, —kyirc). It is remarked that the transfer to the zonal flow
is significant in the saturation of the growth of the ITG mode. On the other hand,
the transfer to the zonal flow is small in the steady state of the turbulence, and the
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entropy is mainly transferred from the ITG mode to the higher radial wavenumber
mode through the interaction with the zonal flow. The diagram illustrated in Fig.
1 (b) presents a typical transfer process of the entropy in the ITG turbulence with
the adiabatic electrons, which is shown in Fig. 8 of Ref. [43]. The transfer function
can be used to study the zonal flow production process and the saturation process
of microturbulence, as shown in Sec. 7.1.

3.8. Conservation of parity

Here we discuss the parity symmetry of the gyrokinetic equation Eq. (2.3) against
the coordinate along the magnetic field line. The parity transformation is the inver-
sion of the coordinate direction along the magnetic field line in the magnetic field
coordinate as illustrated in Fig. 1 of Ref. [45]. The linearized gyrokinetic equation
is invariant under parity transformation z — —z, v — —v, Oy — —0y (kz — —kz)
as shown below.

In order to understand the invariance, we rewrite the gyrokinetic equation Eq.
(2.3) in terms of the non-adiabatic part of the perturbed part of gyro-center distri-
bution function hgx, = dfex, + gs F%S ok, Jos, as

Ohsk . Fys 8Xsk
TL = —ivys - ki hae, —vrs[H, hax, ]| + s T. TL
. FMs
AT qugiXskJ_ + [XS7 hS]kJ_ + CS(hSkJ_)? (318)

T
where xsk, = (¢x, — vrsv Ak, )Jos is the generalized potential, [H,hx || =
Ohs Ohs
V) H = G Vihs, = o)V hae. =V B, H = vf /244, and V) = b-.

The Poisson equation and the Ampere’s law (Egs. (2.4) and (2.5)) are

ADikd i, = XS:QS (/ sk, Josd*v — ;{?ﬁh) , (3.19)
Bi
kﬁ_AHkL = 5 ZS:QS'UTS/UIhskLJOSdSU' (3.20)

We assume that the magnetic field is invariant under the transformation B(—2) =
B(z). The squarer of the perpendicular wavenumber k3 = k2[1 + 5*(0 — 6x)*] =
(ks + 82ky)? 4 k7 is invariant under parity, where 6 = fk: /(ky8) is the bal-
looning angle. We have V| — =V, vgs - ki — vas - ki, Vis - ki — vis - k1,
Furs — Fys, Cs — Cg under the transformation. We can confirm the invariance of
magnetic and diamagnetic drift terms, for instance, for a large aspect ratio toka-

mak with concentric magnetic surface v.; - ki = ky 75 L1+ (U” + puB — 2)n]
and vgs - k| = q:%(vﬁ + uB) (kysinz + ky(cosz + §zsin z)) . It is noticed that

the Poisson equation and Ampere’s law (Egs. (3.19) and (3.20)) imply that the
parity of electrostatic potential is the same as that of the distribution function,
while the parallel component of the vector potential has the opposite parity as the
distribution function. Hence, the linearized gyrokinetic equation is invariant under
the parity. By utilizing the invariance for the parity transformation, the perturbed
distribution function can be divided into the even and the odd parity parts

0fs, =0f 0 +0f0, (3.21)
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where
1
1) :I_(L = 5 {5fSkJ_ (Z,”L}H,kz) —+ 5fskL(fz, =, 7km)} s (322)
_ 1
(stkL = 5 {(stkl (Z, UH7]€JE) — 5fskJ_ (—Z, —’UH7 —kx)} . (3.23)

The even parity mode does not change the sign of the perturbed distribution func-
tion against the parity transformation § ;i(L (—z,—v), —kg) = (‘5f$+kl (2,7, k;) and
is called the ballooning parity mode, while the odd parity mode changes the sign of
the distribution function 6 f;; (=2, —v), —kz) = —0fg (2,v),k:) and is called the
tearing parity mode. The parities of perturbations are summarized in table 1. The
parity is conserved during the linear growth of instabilities because the linearized
gyrokinetic equation is invariant.

We have seen that the linearized gyrokinetic equation is invariant under the parity
transformation. The parity is discussed in relation with the momentum transport
[44, 45], and it is also useful for understanding the mode structure of instabilities
especially in the electromagnetic simulations. Instabilities are classified into two
groups: ballooning parity modes and tearing parity modes. The former includes
the ITG mode, the trapped electron mode (TEM) mode, the electron temperature
gradient mode, and the KBM, while the latter includes the micro-tearing mode.
Typically, the most unstable mode has zero ballooning angle 6, = 0, i.e., it has no
radial wave number k, = 0, where k; = —k,50,. We will see the typical profile of
perturbations along the field line for the zero ballooning angle case k, = 0 in Sec.
6.

The parity of perturbation is important in electromagnetic calculations because
it is linked to the violation of magnetic surface. A magnetic field line is obtained

by integrating the equation % = ld;’ = ]‘é—z. The radial position of the field line
- Y -

is represented by [dx = [ g—zdz =/ ]I’g—modz =/ %dz. It is considered that the
magnetic surface is broken, when the radial position of a magnetic field line, which
starts from one edge of the simulation box, does not go back to the original radial
position at the another edge. Thus, the violation of the magnetic surface occurs,
when the perturbation has the tearing parity and the integral of A along the field
line does not vanish ffooo AﬁkL dz # 0. On the other hand, the violation does not

occur, when the perturbation has the ballooning parity fix;o Aﬁkl dz = 0.
The nonlinear term in the gyrokinetic equation causes interaction between differ-
ent parity modes. The even/odd part of the nonlinear term in Eq. (3.18) is written

as

1
o b, = 5 D2 s s KL X K e, (00 e (2,0 k%)
K K/

Fete, (2 =0}, —Ky )y (=2, —vp, kD) } . (3.24)

We have [Xj’hj]iql =0, [Xs_’ hs_]ltl =0, [X:_,hs_h:L =0, [X;,h;_];L =0, [X;r7 hs_]ltl =
[Xj_’ h’s_]kJ_ 7é 0, [Xs_7 h:_]ltl = [X;v hj_]kj_ 7é 0, [X;r’ h;r]l:L = [X;r’ h;‘r}kL 7& 0,
X5 s hs |, = [Xs s hslk, # 0. Thus, the nonlinear terms in the gyrokinetic equa-
tion mix the parities. The parity mixing is important for the production of magnetic

perturbation that violates the magnetic surface, as shown in Sec. 7.4.
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Ofsk,  dx, Ak, Xsky  hsk,
Ballooning parity (+) even even odd even even
Tearing parity (—) odd odd even  odd odd

Table 1. Parities of perturbations, where xsx, = (¢x, — v7rsv Ak, )Jos and
hske, = 0fsk, + s 722 e, Jos.

4. Difficulties of electromagnetic gyrokinetic simulations
4.1. Cancellation problem

The gyrokinetic equation Eq. (2.3) includes not only the time derivative of the
gyro-center distribution function § o, but also the time derivative of Ay , which
is the induction part of the electric field. In numerical simulations, we normally use
a variable

Fus
(st(l}clz_ = 6f5kl - qSTiUTS’UHJOsAHkJ_ (41)
s

FMS
= hskL - qSTXSkL7 (42)

to eliminate % term, so that the gyrokinetic equation contains one time derivative
asfm

sk
ot

term as

a6 f

T + <1Vds ki +ursyb -V —upspb - VB‘%I) (6fs(k1 + qsz-;XSkJ_>

. Fis
= 1Vys * quS%XSkL - [XS7 fs(h)]kL + CS(hSkL(%'g)

where Xs, = (¢x, — vrsv)Ajk, )Jos is the generalized potential. By numerically

solving Eq. (4.3) we have 6fs(]l:1 (t+At) from 5f£ﬁ)i (1), i, (t), and Ay, (t). In order
to obtain ¢y, (t + At) and Ay, (t + At), we must solve the Poisson and Ampere
equations Egs. (2.4) and (2.5). Substituting Eq. (4.1) into the Poisson equation
yields

Ak by = Esqu ( / 1 Joed®v — %(1 = POS)m) : (4.4)

which has the same form as Eq. (2.4) because fFMsv” Josd?v = 0. On the other
hand, the form of Ampeére’s law is modified to

2
(ki +@Z§;/U|2J35FMsd3v> A = ﬁiZQs/UH(sfS(Z)JOsdsvv (4.5)

where the velocity space integral in the lL.h.s. can be represented by the analytic
form fUﬁJgsFMsd3v = T'gs.
The cancellation problem stems from the fact that the second term is much larger

than the first term in the Lh.s. of Eq. (4.1) for electrons ¢, F%” vreV)| JoeA|k > 6 fer-

The contribution of the second term of Eq. (4.1) —g. F:,’Yie vrev) Joe Ajr in the r.hus.
of Eq. (4.5) should cancel out the second term of Lh.s. of Eq. (4.5). In practice,
errors of the cancellation of the two terms can be comparable with the first term of
the Lh.s. of Eq. (4.5) and lead to numerical instabilities. The numerical instability

is called the cancellation problem and occurs when we evaluate the second term




Electromagnetic gyrokinetic simulation of turbulence 11

in the Lh.s. of Eq. (4.5) by the analytic form I'os. The cancellation problem can
be avoided by integrating the two terms in the same numerical method over the
velocity space for both the second term in the Lh.s. and the r.h.s. of Eq. (4.5)
[16, 20]. If we do not integrate the second term of the Lh.s. in the same method
as the r.h.s., then the difference between them is comparable with the first term of
the Lh.s. k% A and numerical instabilities occur.

4.2. Kinetic electrons and adiabatic electrons

Most of the difficulties in the electromagnetic gyrokinetic simulation originate from
the large mass ratio between ions and electrons. When the kinetic electrons are
included, the mode structure along the magnetic field line is elongated. This is
mainly due to the trapped electrons, and thus the elongation is significant for
the TEM. In order to capture the elongated mode structure, we need to set the
computation domain, —Ny7m < z < Ny, to be very large along the field line Ny > 1,
as will be shown in Sec. 6, where z is the coordinate along the magnetic field line,
as shown in Sec. 5.1, and Ny corresponds to N in the equation around Eq. (16) of
Ref. [26]. In nonlinear simulations, we normally set Ny = 1 and set the boundary
condition at z = £ so as to f(ky, ky,z = £m) = f(ky +278ky, ky, 2 = Fm) to take
into account the magnetic shear. This boundary condition requires a large mode
number in the radial direction, because the magnetic shear produces high radial
wave number modes. An example is presented in Sec. 8.1.2.

In order to elucidate the kinetic electron effect, here we consider the adiabatic
electron approximation. In the large electron thermal velocity limit vp. — 0o and
B; = 0 limit, the gyrokinetic equation for electrons Eq. (2.3) is reduced to

de

06 fo,
o VoS, = 0y % Py Vo, oo + - vBLL: ke

(4.6)

Since A = 0 from Ampere’s law, the perturbed magnetic field vanishes b = 0, so
that b* = b. When the mirror term, the second term in the r.h.s. of Eq. (4.6), is
neglected, i.e., the trapping of electrons is omitted, we have the adiabatic electron
response equation

ge
T,
For the analysis of micro-instability in the ion scale, k; ~ 1/pr; < 1/pre, the
electron finite Larmor radius can be neglected, Jy. = 1 and I'g. = 1. Integrating
the equation over the velocity space, and then integrating it along the magnetic
field line, we have the electron adiabatic response relation

b-Vfue, = L Fyeb - Ve, Joe. (4.7)

ek, = _7? b, for Ky #£0, (4.8)

%‘f(% —(¢x,))  for k, =0,

where dfiek, = [ 8 fex, d®v. Substituting Eq. (4.9) into Eq. (2.4) and neglecting the
Lh.s. of Eq. (2.4) because k) < 1/Ap; for ion scale turbulence, we have a simplified
version of Poisson equation Eq. (2.4) for the adiabatic electrons,

2 2
qi/(SfikLJoidgv = %(1 — FOi)¢kL + ;]_fe(/ﬁkL for k‘y #0, (4.9)
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q; a
= Tz(l - FOi)(bkL + T((bkL - <¢kL>) for ky =0.
3 e
The equation can be solved by coupling only with the ion gyrokinetic equation.
We have seen the derivation of the adiabatic electron model by neglecting mag-
netic perturbation and some dynamics of electrons such as particle trapping. In
other words, the neglected dynamics is the typical feature additionally included in
the electromagnetic gyrokinetic model extended from the adiabatic electron model.
Those are trapped electrons and electron inertia effects as well as the magnetic
perturbation. The additional physics causes waves which may limit the time step
of numerical simulations, as shown in the next subsection.

4.8. Waves in electromagnetic gyrokinetic system

The time step of numerical simulation At can be limited by waves propagating
with high frequency. In the electromagnetic gyrokinetic systems we have the kinetic
Alfvén wave (KAW) and the high frequency modes in addition to the drift-wave
and the sound wave. When wAt is too large, this can lead to numerical instabilities
for explicit time-integration schemes, where w is a typical frequency of the waves.

We consider a uniform plasma slab, so that the magnetic drift terms and the
mirror term can be neglected in Eq. (2.3). The finite Larmor radius effect is ap-
proximated to I'g; =~ p?mkﬁ_ and I'ge =~ 0 by assuming k| pp; < 1. The dispersion
relation of waves propagating in the plasma is

—priki = (1;;)]4:2 - 1) <Z %[1 + 452(4;)]) : (4.10)

A%

where Z(¢) is the plasma dispersion function [46] and ¢ = w/(v/2vrsk)). When
kjvri < w < kjvre, Eq. (4.10) is reduced to the dispersion relation of the kinetic
Alfvén wave (Eq. (16) in Ref. [47])

w? = ’Uikﬁ(l — p2k2). (4.11)

On the other hand, when kjvr. < w < kjva (8. < me/m;) Eq. (4.10) is reduced
to

K gz mi
ki Ti Me .
This mode has very high frequencies and restricts the time step of numerical sim-
ulations At for low k; modes at very low beta 3; < m./m;. It is noticed that this
mode remains even in fluid models when we retain the electron inertia, as shown

in Appendix D.

wi = (4.12)

5. Setting of numerical simulations
5.1. Fluz tube geometry

In order to describe micro-instabilities, it is convenient to use the magnetic field
coordinate system, which consists of a coordinate along the magnetic field line
and coordinates normal to the field line. Here, we briefly describe the flux tube
coordinate (x,y,z,v|, ), where = B‘[I)%f/})o)(w — o), Yy = jlr(q(;ﬁ(;)(a — ap), and
z =0, where a = ¢ — q(¢)0 is the magnetic field line label, ¥ is the magnetic flux,

0 is the poloidal angle, and the tube is located on a field line with ¢ = 1y and
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a = «ag [26], where (1, 6,() is a flux coordinate. The parallel gradient along the
equilibrium field is written as b-V = —R% in terms of the magnetic field aligned

coordinate z in Eq. (2.3). The periodic boundary conditions are assumed in the
poloidal and toroidal directions. The square of the perpendicular wavenumber and
the diamagnetic drift frequencies are written as k% = (k, + 8zk,)? + kf/ and

1+ <2l + uB — g) ns] , (5.1)

respectively. The ion and electron temperatures are set to be equal T; = T, in
the following simulations, so that 3; = . = (/2. In numerical simulations the
Lenard-Bernstein collision operator [34, 48],

_ 9 8h5kL 1 0 2 2 ahskL
Cs(hskl> = Vss |:8U| ('U|hskL + st o o ) + vl 8’UL (Uj_hskl + VUL 5‘1@ ):|
(5.2)

is used, where hg, = 0fs, + 2 ngkL JosFurs is the non-adiabatic part of the per-
turbed part of the gyro-center dlstrlbutlon function.

In our numerical simulations, the time integration is made by the fourth-order
Runge-Kutta-Gill method, and the z and v derivatives are approximated by a
finite-difference method.

=T

k=
l]'“LB

5.2. Cyclone base case (CBC) tokamak

Calculations are mainly carried out for the Cyclone base case (CBC) tokamak
parameters [6]: g = 1.4, § = 0.786, n; =n. = 3.1, R/L, =2.22, R/Ly; = R/Lp. =
6.88, ¢ = ro/R = 0.18, T; = T,, and m;/m,. = 1836, where s = L, /Lrs. We
assume a large aspect ratio tokamak with concentric circular magnetic surfaces. The
magnetic field is given by B = By/(1 + €cos z), and the magnetic drift frequencies
are written as

—T
ds - ko = w.RB (v“ + pB) (kg sinz + ky(cos z + $zsinz)) . (5.3)
Wavenumbers in Fourier space are represented by k; = ki mimm and k, =

ky mink, where the total number of Fourier modes for k, and k, are 288 and 72,
respectively, and the minimum wavenumbers are set to kg min = 0.031/pp; and
kymin = 0.05/pp;. In the 2, v, and p directions, 64, 64, and 16 grid points are
distributed in —7 < 2 < 7, —4dvrs < vy /vrs < 4, 0 < puBo /T, < 8, respectively.
In order to study turbulence in weakly collisional plasmas, the collision frequency
should be sufficiently small, so that it does not influence the growth of instabilities.
On the other hand, the collision frequency should be finite in order to obtain a
steady state in nonlinear simulations [40], as suggested by Eq. (3.13) and as will
be shown in Sec. 7.1. The collision frequencies and the Debye length are set to

Vis = 2 X 1073, vee = \/mi/mevii, and Ap;/pri = 0, respectively.

5.3. Helical plasmas

Heliotron/stellarator devices confine plasmas with three-dimensional magnetic fields
produced by external coils, and thus are advantageous in maintaining a steady dis-
charge. The importance of the interplay between the ITG turbulence and zonal
flows in the Large Helical Device (LHD) [49], which is a heliotron device, was re-
ported by means of electrostatic gyrokinetic simulations with adiabatic electrons
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[50], and it is reported that a neoclassical optimization of the magnetic configura-
tion leads to reduction of heat transport through the enhancement of zonal flows.
The LHD plasma is normally free from the current driven instability, while the
pressure driven instabilities such as ballooning modes can degrade the confinement
of plasmas in high-beta discharges [51], and the threshold of KBM is normally lower
than that of the ideal MHD ballooning mode [32, 33].

Gyrokinetic simulations of finite beta LHD plasmas are presented here as a typical
example of electromagnetic turbulent transport study in three-dimensional systems.
The GKV+ code is applied to the analysis of turbulent transport due to micro-
instabilities at finite-beta in a model configuration of standard LHD plasmas [50,
52]. The magnetic field strength of the model LHD plasma is given by

I=L+1
B = By (1 — €00 — €4 COS Z — Z ercos[(l — Mqo)z — Ma]) , (5.4)
I=L—1

in terms of the flux tube coordinate (z,y,z,v), ) [26], and the magnetic drift
frequency is given by

=L+
-1 € €l €
s ki = —— (v +pB)— |k 0 4 T cos|(l — Mqo)z — M
vgs -k qu(v” + i )r Y ( ., —t cosz + ; - q0)z al
=L+1
+(ky + $2ky) (smz + Z 1< sin[(l — Mqp)z — Ma])%b)
€t
I=L—1
where § = EW and ¢ = agj, L =2, M =10, and a = 0. Other parameters for the

standard LHD configuration are go = 1.9, § = —0.85, n; = n. = 3, R/L,, = 3.33,
R/Ly =10, T; =T, €go = 0, ¢, = 0.087, and (er,—1,€p,€er+1) = €(—0.28,0.91,0).
Turbulent transport due to the KBM at 3; = 1.7% is investigated and is com-
pared with the ITG turbulence at 8; = 0.2%. In the simulations, the number of
Fourier modes is (144, £36) with (kg minori, ky,minpri) = (0.077,0.058) for KBM
and (kg minpri; kyminpri) = (0.12,0.046) for ITG, and 256, 64, and 32 grid points
are distributed in the z, v, and p direction, respectively. The resolution in the radial
direction is required to capture 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 Eq. (3.1). The
collisions between ions and electrons are neglected, and the collision frequency and
the Debye length are set to be v;; = 2 x 1073, vee = \/m;/mevi;, and Ap;/pri = 0,
respectively.

6. Micro-instabilities in finite beta plasmas
6.1. Tokamak (Cyclone base case)

6.1.1. Ballooning parity modes In this linear analysis plasmas are assumed to be
collisionless v, = 0. Growth rates and real frequencies for kypr; = 0.2 mode are
plotted as a function of 3; in Fig. 2. The ion temperature gradient (ITG) mode is
unstable at low beta, and its real frequency w is negative, which implies that the
ITG mode rotates toward the ion diamagnetic direction on a cross section of the
torus. The growth rate of ITG instability decreases with 3; up to 3; = 0.9%, while
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the absolute value of real frequency increases slightly. When f3; is around 1%, the
trapped electron mode (TEM) is unstable. The TEM has positive real frequency
and rotates toward the electron diamagnetic direction. The growth rate of TEM is
smaller than that of the ITG mode at the low wavenumber k,pr; = 0.2. When g; is
above 1.3%, the kinetic ballooning mode (KBM) is unstable. The real frequency of
KBM is negative and its absolute value is larger than that of the ITG mode. The
rotation direction of KBM is in the ion diamagnetic direction and is the same as
that of the ITG mode. The growth rate of KBM increases with 3, while its absolute
value of real frequency decreases. The growth rate and real frequency obtained here
are similar to those in the previous work [12, 18, 19]. The dependence of instability
on plasma beta is strong for ion scale micro-instabilities kypor; < 1, i.e., the ITGs
are unstable at low beta and KBMs are unstable at high beta [15, 28]. On the other
hand, the growth rates of instabilities for k,pr; > 1 such as TEM/ETG mode are
not influenced by the value of plasma beta.

Figure 3 shows the growth rate as a function of the poloidal wavenumber k, for
B; = 0.2%, 1.0%, and 1.4%. The TEMs around k,pr; ~ 0.8 are not influenced by
the increase of the beta value. On the other hand, the ITG mode, which is unstable
for kypr; < 0.5 at 5; = 0.2%, almost disappears at 3; = 1.% and 1.4%, while KBM
is unstable kypr; < 0.5 at 3; = 1.4%. The TEMs are unstable for all wavenumbers
at 3; = 1.%. The wavenumber of the most unstable KBM is smaller than that of
the ITG mode.

Figure 4 shows the profile of the electrostatic potential with the wavenumber
kypri = 0.2, 0.3, and 1.0 along the magnetic field line z. The perturbations of ITG,
TEM, and KBM have a peak at z = 0, which is the out side of the torus and is
called the bad curvature region. Since the ITG mode is a ballooning type instability,
a sharply peaked mode at the bad curvature region has a larger growth rate than
a broadened mode. In fact, the ITG with k,p7; = 0.3 is more unstable and sharply
peaked than that with k,ppr; = 0.2, as shown in Figs. 3 and 4. These profiles imply
that ITG mode, TEM, and KBM have a ballooning structure localized at z = 0
and have the ballooning parity (see Sec. 3.3). The profiles of ITG mode, TEM,
and KBM with kypr; = 0.2 and 0.3 extend over z = £27. On the other hand,
the profiles of TEM with k,pr; = 1.0 extends over +8m, and the profiles are not
influenced by beta value. This very elongated mode structure along the field line
is a typical feature of TEMs. It is remarked that the electrostatic potential ¢ has
the same parity as the distribution function while the parallel component of the
vector potential A has the opposite parity. Figure 5 shows the profile of the parallel
component of the vector potential along the magnetic field line z for the ITG mode
with kypr; = 0.2, TEM with kypr; = 1.0, and MTM with kypp; = 0.09. The ITG
mode and TEM are an odd function against z, so that they are classified into the
ballooning parity modes (See Table 1).

6.1.2. Tearing parity modes A typical tearing parity instability is the micro-tearing
mode (MTM) [53, 54, 55, 56, 57]. In order to investigate MTM, we consider a large
beta tokamak plasma such as a spherical tokamak. The MTM is normally destabi-
lized by the electron temperature gradient and by the electron-ion collisions. Since
the electron-ion collision operator is not implemented in our code, a large electron-
electron collision frequency v.. = 0.16 is used in this analysis instead. Other param-
eters, which are different from CBC, are 5; = 6% and 1/Lp; = 0. The growth rate
and real frequency of kypr; = 0.09 mode are v = 0.19 and w = 2.v7;/ Ry, respec-
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tively. The positive real frequency indicates that the MTM rotates in the electron
diamagnetic direction. The electrostatic potential is an odd function against the
coordinate along the magnetic field line z, while the vector potential is an even
function, as shown in Figs. 4 and 5, and thus this mode is classified into the tearing
parity mode (Table 1).

6.2. Helical plasma

The beta dependence of the instability in helical plasmas is similar to that in the
CBC tokamak plasma, as shown in Fig. 6 [35, 42, 58]. The ITG mode is unstable for
B; < 1% and the KBM is unstable for 8; > 1.3%. The TEM does not appear around
B; = 1.2% which is located between I'TG mode unstable and KBM unstable regimes.
The significant difference from the tokamak plasma is that the most unstable KBM
has a finite ballooning angle 8, = —k/(k,$) # 0 (k; # 0) and an inclined mode
structure with respect to the mid-plane of a torus. The profile of the perturbation
on zy-plane at z = 0 is inclined because of the finite radial wavenumber (Fig.
7). This is in contrast to KBMs in tokamaks as well as ITG modes in tokamaks
and helical systems. Figure 8 shows the profile of the electrostatic potential ¢ and
the parallel component of vector potential A of the most unstable ITG mode
with k; = (0,0.3/p1;) at 8; = 0.2% and of the most unstable KBM with k; =
(0.2/p71:,0.3/p7i) at B; = 2% along the magnetic field line z for LHD with 7, = 0.
The electrostatic potential of ITG for 8; = 0.2% has a peak at 2 = 0 and has an
oscillation due to the particle trapped by helical ripples. The electrostatic potential
is an even function of z and the vector potential is an odd function of z, and thus
the mode is classified into the ballooning parity mode. On the other hand, the
potential of the KBM for 3; = 2% has a peak at z ~ 7/4, i.e., the mode has a
finite ballooning angle 0y, ~ 7 /4. The finite ballooning angle appears when particle
trapping at helical ripples is significant because the bounce average of magnetic drift
velocity Eq. (5.5) has a finite radial component to destabilize the Fourier modes
with finite radial wavenumber. This inclined mode structure is the origin of the
saturation of KBM turbulence in helical plasmas, as shown in Sec. 8.2.

7. Microturbulence at finite beta (Nonlinear simulations)
7.1. Beta dependence of turbulent transport

Nonlinear simulation results for several beta values are presented in this section [18,
19, 21, 22]. It is to be noted that the magnetic field configuration and temperature
and density profiles are fixed and the value of f; in the Ampere’s law Eq. (2.5)
is changed. Figure 9 shows the electrostatic potential profile in the configuration
space. During the growing phase (Fig. 9 (a)), the perturbed potential for 3; = 0.2%
exhibits a clear ballooning structure of the ITG mode and TEM, which are strong
(weak) and elongated in the radial (poloidal) direction around the outside (inside)
of the torus. The alternative stripes of bright and dark are following along the
magnetic field line on the surface of the torus in Fig. 9, while a fine structure
appears on a cross section of the torus. The structure indicates that the turbulence
has a flute structure k| < ki, as described in Sec. 2. Figure 9 (b) shows the
potential profile in a statistically steady state for 3; = 0.2%. The profile shows that
zonal flows appear and regulate the ITG/TEM turbulence. As the beta is increased
to B; = 0.4% and 0.6% (Fig. 9 (b) and (c)), the zonal flows become stronger than
the turbulence in the steady state, and thus the heat transport is reduced compared
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with that for 3; = 0.2%, as shown below. For 3; = 0.8% the turbulence continues to
grow with a long wavelength perturbation that is stronger than the zonal flows in
the nonlinear evolution, and the heat transport continues to grow correspondingly.

Figure 10 (a) shows the  dependence of turbulent energy transport coefficient
Xs = QsLts. The energy fluxis Qs = @s—f—gTsFS, where, ©; = O¢5 s+0Ocm, s and the
ion heat flux due to electrostatic potential perturbation is denoted by Ocs ion, for
instance, as defined in Sec. 3.1. The transport is caused by the ITG turbulence and
decreases as ion beta 3; increases from 0.2% to 0.6%, because the linear growth rate
of the ITG mode is reduced with 3;, while the zonal flow is not so influenced by the
increase of beta, as will be shown by the zonal component (k, = 0) of electrostatic
potential spectrum in Fig. 11. The electron energy transport in Fig. 10 (a) is not
so affected by the increase of beta. It is noticed that the energy transport increases
to a very large value when ; exceeds 0.8%. This will be discussed in Sec. 7.3.

Figure 10 (b) shows the contribution of electrostatic potential and magnetic per-
turbation to the energy transport presented in Fig. 10 (a). The ion energy transport
is dominantly caused by the electrostatic perturbation, while the contribution of
magnetic perturbation to the ion heat transport is very small and negative, i.e., it
has very small pinch effect. In contrast with the ion transport, the electron energy
transport is significantly influenced by the magnetic perturbation. The contribution
of the magnetic perturbation is small at 3; = 0.2% because of the small magnetic
perturbation as expected from the Ampere’s law Eq. (2.5). The contribution in-
creases with beta and becomes the same order as that of the electrostatic pertur-
bation at 3; = 0.6%. Since the contribution from the electrostatic perturbation is
decreased with beta, the electron energy transport almost does not depend on beta
from B; = 0.2% to 0.6%. The magnetic part becomes comparable with the elec-
trostatic part for 3; > 0.8% and is very large. This large contribution of magnetic
perturbation may be linked to the very large value of the transport for 3; > 0.8%
through the zonal flow production, as will be discussed in Sec. 7.3.

Figure 11 shows the electrostatic potential spectra averaged from ¢ = 50 to
t = 180. Each spectrum has a peak around k,pr; = 0.2 for 3; < 0.6%, and the ITG
mode around kypr; = 0.2 dominantly contributes the energy transport, in spite of
the fact that the linear growth rate of TEM at kypr; ~ 1 is higher than that of
the ITG mode. The other peak of the spectrum is located at k, = 0, which is the
zonal component. The zonal flows regulate the ITG and TEM turbulence, and the
strength of the flow is not so affected by the increase of beta up to 3; < 0.6%, so
that the amplitude of the ITG turbulence is decreased with beta because of the
decrease of the linear growth rate. On the other hand, the zonal flows become weak
for 3; = 0.8%, and, correspondingly, the amplitude of ITG turbulence becomes
large, so that the energy transport is very large, as shown in Fig. 10.

The comparison of Fig. 10 with Fig. 2 implies that the heat flux decreases with
faster than the linear growth rate. The linear growth rate at 3; = 0.6% is 3/4 of the
B; = 0.2% case. On the other hand, the heat flux at 3; = 0.6% is one-half of that
at 3; = 0.2%. One of the reasons is the beta dependence of zonal flow production
[19]. The zonal flow shearing decreases with beta slower than the linear growth
rate. Thus, the decrease of the linear growth rate plus the slower decrease of zonal
flow production with beta may explain the faster decrease of the ion heat flux with
beta compared to the electron heat flux in Fig. 10. The Dimits shift is suggested
by the fact that the zonal flows play an essential role at low beta ITG turbulence.
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Although it is not confirmed by our own simulation, it is reported that the shift is
enhanced by the finite beta effects and increases with beta up to 30% [21].

7.2. Entropy transfer

Here we investigate the saturation mechanism of turbulence based on the conserved
quantity introduced in Sec. 3.1. Figure 12 (a) shows the time evolution of each
term in the entropy balance equation Eq. (3.1) for the ITG turbulence with §; =
0.2%. At the beginning, the ITG mode grows, and the entropy production due to
turbulent transport term for ions ©,;/Lp; + I';T;/L,; increases and is dominant
until ¢ ~ 20, and the transport term almost balances with the time derivative
of the entropy variable d§.S;/dt. The increase of ddS,/dt term implies that a fine
structure of the distribution function is produced in the velocity space. After ¢ ~
50 the ITG turbulence is saturated and a statistical steady state is established.
In the steady state the time derivative terms are very small %(ZS 0Ss + Wes +
Wem) = 0, and the entropy production due to turbulent transport terms balance
with the collisional dissipation terms as shown by Eq. (3.13). The ion (electron)
transport term ©;/Lp; +I'T;/Ly; (©¢/Lye +TcTe/Ly.) almost balances with the
ion (electron) collisional dissipation term D; (D.), however, the balance between
them is not complete, and the free energy is transformed from ions to electrons, i.e.,
R; < 0and R. > 0, in Eq. (3.12), as shown in Fig. 12 (b). The entropy balance error
A is much smaller than the entropy production term (free energy term) of ions, and
thus the entropy balance equation Eq. (3.1) is well satisfied in the simulation.
Next we consider the spectrum of each term in the entropy balance equation
for a Fourier mode k; in the statistical steady state of the ITG turbulence at
Bi = 0.2%. Figure 13 shows the spectrum of each term (a) 7y, = ka Tk, as
a function of the poloidal wavenumber ky, and (b) Tk, = >_) Zsk, as a function
of the radial wavenumber k.. Figure 13 (a) shows typical features of the entropy
(free energy) transfer in the Fourier mode space. The entropy production due to
the ion turbulent transport @i,ky /LT,' +Fi,ky TL/Lpz = ka @ikJ_ /LTi +F7:kJ_ Ti/Lpi
(red line) is positive and has a peak at kypr; = 0.2. This means that the ITG
instability with kypr; ~ 0.2 drives the entropy (free energy) of turbulence. The
nonlinear entropy transfer spectrum 7 j, (blue line) is negative around k,pr; = 0.2
and cancel out ©;y, /Lr; + Tk, Ti/Lypi, and it is positive at kypr; < 0.1 and
kypri > 0.4. These imply that the entropy produced by the I'TG mode is transferred
from the ITG unstable region k,p7; =~ 0.2 to the stable high wavenumber region in
kypri > 0.4 as well as the low wavenumber region including the zonal mode by the
nonlinear mode coupling. It is noticed that the zonal component which is the &k, = 0
mode does not cause the transport @i,kyzo/LTi + Fi’kyoni/Lpi = 0 as shown by
Eqgs. 3.6 and 3.7, so that ) __ (7;7;%:0 + Ds7ky:0) = 0 for the zonal component. It is
also noticed that ), 75y, = ZkL Tsx, = 0. The ion collisional dissipation term
D; i, is negative and balances with the nonlinear entropy transfer term ’];,ky at
high wavenumber. This implies that the transferred entropy is dissipated by the
collision at high wavenumber. Furthermore, the collisional dissipation is negative
at low wavenumber, so that the nonlinearly transferred free energy to the low
wavenumber is also dissipated by the collision. The collisional dissipation plays
the significant role at low wavenumber as well as at high wavenumber, because the
dissipation occurs not in the configuration space but in the velocity space, as shown
by Eq. (5.2). The entropy production, nonlinear entropy transfer, and collisional
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dissipation for electrons are similar to those of the ions, except that the amplitudes
are almost one-thirds smaller those of the ions.

Figure 13 (b) shows the spectrum of each term as a function of the radial
wavenumber k;. The profiles for k;pr; > 0.05 are similar to those for kypr; > 0.2
in Fig. 13 (a), i.e., the entropy production is strong at k,pp; ~ 0.05, the entropy
is transferred to the high wavenumber k,pp; > 0.5 by the nonlinear mode cou-
pling, and it is dissipated by collisions at the high wavenumber k,ppr; > 0.5. The
profiles at low wavenumber k,pr; < 0.05 are significantly different from those for
kypri < 0.2 in Fig. 13 (a). This is because the k, = 0 mode represents the zonal
component and the entropy can be transferred to the zonal component, while there
are no corresponding modes in low k, region.

Figure 14 shows the spectrum of each term on the k| = (k;, k) plane. The en-
tropy production term O, /Lps+Tsk, Ts/Lys has a peak at (ky, ky) ~ (0.05,0.2),
and thus the dominant ITG mode producing entropy has a finite radial wavenum-
ber. This is because the ITG mode is sheared by the zonal flow which has a radial
wavenumber. The positive region (denoted by red) of O, /Lrs+ sk, Ts/Lps cor-
responds to the negative region (denoted by blue) of Ty, that implies the produced
entropy is transferred by the nonlinear mode coupling. The entropy is transferred to
high k., and k, region, and is also transferred to k, ~ 0 region to produce the zonal
component. The transferred entropy is dissipated by the collision D;k, , which is
large negative around k, ~ 0, and also negative entire (k;, k,) space. The entropy
transfer process is significantly anisotropic in (kg, ky) space.

The summary of the entropy transfer in ITG turbulence, which is significantly
anisotropic, is as follows. The entropy is produced by the ITG mode, and it is
transferred not only to the high wavenumber regime but also to the low wavenumber
regime including zonal component, and eventually dissipated by the collision in high
and low wavenumber regions, as schematically shown in Fig. 15 (a). The picture
is significantly different from the energy transfer of the neutral fluid turbulence
shown in Fig. 15 (b) (see Fig. 8.10 in Ref. [59] and Fig. 6.5 in Ref. [60]). In the
neutral fluid, turbulence is normally driven at low wavenumber as indicated by
the red line, and the nonlinear transfer function has the same absolute value at
the similar wavenumber and is negative as indicated by the blue line. The transfer
function is positive only at the high wavenumber region and it balances with the
viscous dissipation represented by the green line. The transfer function is very small
between the driven and dissipation regions. This region is called the inertial range,
and a scaling of the energy spectrum Ej o< K~ is expected in this regime. In the
ITG turbulence, there is no region where 7 is zero in Fig. 13, and thus there is
no inertial range in the ITG turbulence.

7.8. Saturation problem of turbulence at finite beta

The saturation problem arises in electromagnetic gyrokinetic simulations at finite
beta. In Fig. 10 (a) the level of the energy transport for ions and electrons y; and
Xe are not at a physically relevant level for 3; = 0.8% and 1%. The saturation
problem is called "run-away” in Ref. [22] and is called "non-zonal transition” in
Ref. [24]. The heat diffusion coefficient x; decreases with plasma beta because of
the reduction of the linear growth rate of the ITG mode. However, the transport
reaches a very high level when the beta is larger than a critical value §; = 0.8%
in Fig. 10 (a). The linear analysis shows that the instabilities driving turbulence
are the ITG mode and TEM at the critical beta of the run-away, and thus the
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run-away occurs at a beta that is lower than the threshold of KBM, which appears
for 8; > 1.2%. Figure 16 shows the time history of the energy diffusivity coefficient
for several values of ;. The growth of ITG/TEM is saturated at a reasonable level
at the first saturation at t = 50 for each ;, and the level is roughly proportional to
the linear growth rate shown in Fig. 2. The energy transport reaches a statistically
steady state for 8; < 0.8% and fluctuates around the averaged saturation level. On
the other hand, the transport for 8; > 0.8% starts to grow again and continues to
grow after the first saturation. In particular, it becomes larger than 50 [vr;p3.;/ Ro]
at t = 90 for 8; = 1%, and eventually the transport reaches thousands in the
Gyro-Bohm unit. In this case, zonal flows are weak compared with the amplitude
of microturbulence, as shown in Fig. 11 (a). This is the significant difference from
the ITG turbulence at very low beta 3; < 0.6%, and the run-away can be linked
to the weak zonal flows. The run-away may be also related to the fixed gradient
in the local simulations, and thus a saturation of turbulence can be realized at a
physically relevant level in finite beta, when a global relaxation of the temperature
and density profiles are allowed.

Some possible explanations of the run-away are proposed by Refs. [22] and [24].
One is a sub-critical instability due to the production of a zonal pressure field.
When the largest gradient of corrugated pressure profile including the zonal pres-
sure exceeds the critical pressure gradient of the ideal MHD stability, a secondary
instability (sub-critical instability) occurs and the heat transport runs away [22].
Another mechanism of the run-away is the production of a stochastic magnetic
field. The effects of magnetic perturbation on the transport becomes significant for
Bi = 0.8%, as shown in Fig. 10 (b). This implies that the large magnetic perturba-
tion may play a role in the run-away. The stochastic field may prevent the formation
of zonal flows [24, 29].

7.4. Impact of magnetic perturbation on turbulent transport

The influence of magnetic perturbation on the turbulent transport is reported here.
The effect is called magnetic flutter and it is caused by the perturbed part of the
parallel gradient of the perturbation. The effect is written in terms of the Poisson
bracket (b-V )i, = —[A)Jos, flk, in Eq. (2.3). In the ITG/TEM turbulence at low
beta, the impact of magnetic flutter on the ion energy transport is typically small
compared with that of the ExB flow convection due to the electrostatic potential
perturbation, as shown in Fig. 10 (b). On the other hand, the contribution of the
magnetic flutter on the electron heat transport is comparable with that of the ExB
flow convection at finite beta in Fig. 10 (b). It is reported that the transport due to
the magnetic flutter is proportional to the square of beta 32 in ITG turbulence [19],
and that is explained by the production of a stochastic magnetic field. The violation
of magnetic surface is caused by the production of the tearing parity, as explained
in Sec. 3.3. The magnetic perturbation that has tearing parity is produced by the
ITG mode through the parity exchange caused by the nonlinear term Eq. (3.24).
Turbulence driven by the micro-tearing mode (MTM) is significantly different
from the ITG turbulence at low beta because the MTM is essentially electromag-
netic instability. As we have discussed in Sec. 3.3, the parallel component of vector
potential A of MTM is an even function against the coordinate along the magnetic
field line z, so that the violation of the magnetic surface causes the instability. Al-
though we have not confirmed by our own simulation, it is reported that the heat
flux due to the magnetic perturbation is well explained by the Rechester-Rosenbluth
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model, but the model breaks down when the amplitude of the magnetic perturba-
tion is small [55].

7.5. Interaction between ITG and ETG

The electromagnetic microturbulence described above is in the ion scale k), ~ 1/pp;,
while there is microturbulence in the electron scale k; = 1/pr.. In fact, the TEM
connects to the electron temperature gradient (ETG) mode at high wavenumber
region in Fig. 3. One of the examples of high performance computing is a simulation
covering both ion and electron scales. The simulation enables us to understand the
interaction between ITG turbulence and ETG turbulence. Although the growth rate
of ETG mode is much larger than that of ITG mode, the ion scale turbulence, which
is regulated by zonal flows, dominates and controls the turbulent heat transport of
ions and electrons in a statistically steady state [61, 62].

8. Saturation of KBM turbulence with small electron
temperature gradient

The subject of this section is the identification of a saturation mechanism for finite
beta microturbulence in regimes where zonal flow production is weak [35, 42, 39, 63].

8.1. CBC

8.1.1. Saturation of KBM turbulence We have a saturation of the growth of KBM
when the electron temperature gradient is set to be small [35, 39]. The growth of
the electron temperature gradient (ETG) mode is avoided by setting the electron
temperature gradient to be small 7, = 0 or 0.2 in the simulations. Figure 17 shows
the linear growth rate of KBMs with 8; = 2.% as a function of k, for n. = 0 and
0.2. The growth rate of the most unstable mode for 7. = 0.2 is larger than that
for . = 0. The growth rate is negative for k,p; > 1, because the KBMs are stabi-
lized by the finite ion Larmor radius effects and the ETG is stabilized by choosing
small 7.. Figure 18 shows the time history of each term in the entropy balance
equation for 8; = 2.% and 7, = 0.2. The KBM turbulence reaches a statistically
steady state with a physically relevant level of transport, ©; = 2.9T;vrip3, /L2,
O, = 0.32Tv7ip%; /L2, T = 0.71ngvr;p%;/L%. Figure 19 shows the spectrum of
the electrostatic potential in the steady state. It has a sharp peak of KBM at
kypri = 0.2, and the zonal component kypr; = 0 is much smaller than the domi-
nant KBM. Hence, there are some cases which are free from the saturation problem,
when 7, is small, even when the zonal flows are weak.

8.1.2. Saturation caused by extended mode structure along the field line(Entropy
transfer) In order to identify the saturation mechanism of turbulence it is useful
to examine nonlinear Fourier mode coupling by evaluating the entropy transfer
function Eq. (3.16). Here, we study the saturation of KBMs in CBC with n, = 0
and 3; = 2% presented in the previous subsection [35]. The dominant KBM in
the steady state is ki = (kypri, kypr:i) = (0,0.2), as shown in Fig. 19. We study
the saturation of this mode by evaluating the entropy transfer function around
t = 50L,, /vr;. Figure 20 (a) shows the nonlinear entropy transfer function averaged
from ¢ = 50 to 60L,,/vr; in the saturation phase. The transfer function is negative,
which is represented by blue region, at k', = (kipri, kypri) = (1,0.2) and (1,0).
This implies that the saturation of (0,0.2) mode is caused by the nonlinear Fourier
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mode interaction with (1,0.2) and zonal mode (1,0). This interaction is visible in
Fig. 22 (Fig. 4 of Ref. [35]) showing that (kypri, kypr:) = (0,0.2) mode interacts
with (1.,0.2) mode represented by the fine vertical stripe structure of perturbation
on the z = 0 plane. The transfer function of zonal mode (kzpr:, kypri) = (0,1)
shows that (klpri, k;pr:) = (1,0.2) and (0,0.2) are large positive in Fig. 20 (b),
thus the entropy or free energy is transformed from the KBM with (0,0.2) and
(1,0.2) to the zonal mode with (0,1). It is noticed that k', satisfies k', =k, —k/[
(see Eq. (3.17)). Figure 21 shows this transfer schematically in terms of the diagram
introduced in Fig. 1.

Here, we discuss the mode k| = (kzpri, kypri) = (1,0.2) that is responsible
for the saturation of the KBM with k; = (0,0.2). The mode structure of KBM
along the field line extends wider than +m, as shown in Fig. 23 (a). The (1,0.2)
mode is, in fact, connected to (0,0.2) mode at z = . In the flux tube model we
can describe perturbation extending beyond £ by connecting other Fourier modes
through the boundary conditions by taking into account the magnetic shear from
(ks, ky) to (ky + 275k, k) when the simulation domain is in —7 < z < 7, where
§ is the magnetic shear [26]. In this simulation (k;prs, kypri) = (0,0.2) mode is
connected to (1.,0.2) mode at z = £, as shown in Fig. 23 (a). When we solve a lin-
earized equation in the flux tube geometry, a calculation for (k;pri, kypri) = (0,0.2)
with (kypri, kypri) = (1,0.2) in [—7 : 7] is exactly the same as the calculation of
(kzpri, kypri) = (0,0.2) in the simulation box [—27 : 27]. However, in nonlinear
evolution, the (1,0.2) mode can interact with the (0,0.2) mode through nonlinear
Fourier mode coupling. In fact, this interaction causes the saturation of the growth
of (0,0.2) KBM as described by the diagram in Fig. 21. Hence, the KBM becomes
saturated by the interaction with the mode caused by the elongated mode structure
along the magnetic field line in this simulation. It is noticed that the saturation
mechanism described here plays a role in the ITG/TEM turbulence in Sec. 7.1,
however, the stabilizing effects by zonal flow shear is much stronger than the in-
teraction caused by the elongated mode structure, and thus the mechanism is not
responsible when zonal flows are strong.

8.1.3. Higher saturation level with elongated flux tube It is shown that the KBM is
saturated by the interaction with the mode produced by the extended structure of
fluctuation along the magnetic field line in the previous subsection. The interaction
can be avoided by extending the simulation box along the field line, i.e., in z-
direction, from [— : 7] to [~ Ng7 : Ny7] with an integer Ny [26]. Figure 23 (b) shows
that the KBM with (k;pri, kypri) = (0,0.2) and the other KBM (k;pri, kypri) =
(1,0.2) are not connected at z = £, and thus these two modes are independent
during their linear growth. Since these two KBMs are independent during the linear
growth phase, their nonlinear mode coupling can be reduced.

Figure 24 shows the time history of heat flux with Ny = 1 and Ny = 2. For 5 = 2%
the ion heat flux ©;,, with Ny = 1 reaches a steady state around ¢ = 40L,, /vp;
and is about 2 Tyvr;p?/L? in the steady state (Fig. 24 (a)). The heat flux with
Ny = 2 starts to become saturated around ¢ = 40, then continues to grow. The
heat flux increases more than 1000 times of that with Ny = 1, and a steady state
is not obtained. Figures 24 (b) shows the time history of ion heat flux for 1.8%.
The KBM turbulence in the extended domain simulations with Ny = 2 is saturated
and reaches a statistical steady state. Their amplitudes are much larger than that
from the calculation with Ny = 1. Hence, the interaction of the KBM with the
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connected mode, which is shown in the diagram (Fig. 21), is significantly reduced
in the calculation with —27 < 2z < 27 (Vg = 2), and the level of turbulent transport
with —27 < z < 27 is much higher than that with —7 < 2z <7 (Vg = 1).

8.2. Electromagnetic turbulence in three-dimensional magnetic field

Saturation of turbulent transport in finite-beta helical plasmas is reported here. A
statistical steady state of the KBM turbulence at high beta is obtained and com-
pared with that of the ITG turbulence for a model configuration of standard LHD
plasma. The most unstable KBM in LHD has a finite radial wavenumber and a
finite ballooning angle as shown in Figs. 6 and 8. The perturbation of the KBM is
inclined on the xy plane because of the finite radial wavenumber, as shown in Fig.
7. In nonlinear simulations two oppositely inclined KBMs grow. One has a posi-
tive radial wavenumber and the other has a negative wavenumber. The simulation
reveals that the growth of KBM in LHD is saturated by nonlinear interactions of
oppositely inclined convection cells, which are peaked at finite z, through mutual
shearing (Fig. 25 (b) and Fig. 26 with the title ”’KBM?”). The saturation mechanism
is in contrast with that of the ITG turbulence regulated by zonal flows (Fig. 25 (a)
and Fig. 26 with the title "ITG”).

The saturation mechanism is quantitatively investigated by evaluating the non-
linear entropy transfer function T'(k,;k’, k') of triad Fourier mode interaction
[42]. There are two main directions of scatter of the entropy/free-energy from the
dominant KBM (k;p;, kyp;) = (£0.31,0.12) to the high-wavenumber region in the
Fourier space k| = (k;,k,) (Figs. 27 and 28): one is the direction along the red
arrows with ”interaction with inclined mode” and the other is the direction along
the blue arrows with ”interaction with ZF.” The amount of scatter T'(k; k' , k)
is shown in Fig. 27 and is indicated by the thickness of the arrows in Fig. 28. The
scatter by the inclined KBM shear is larger than that by the zonal flow shear.
Hence, the mutual interaction between the dominant KBMs (inclined modes) cause
the subsequent entropy transfer from the KBMs to linearly stable high-wavenumber
Fourier modes.

The spectra of the electrostatic potential (|¢y  |?) for the KBM turbulence and
the ITG turbulence are plotted as a function of poloidal wavenumber k, in Fig.
29. The spectrum of the KBM turbulence has a sharp peak at the dominant mode
kyp; = 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 turbu-
lence widely spreads over k,, and the amplitude of the zonal component is com-
parable with the dominant ITG modes. The energy flux due to ITG is about 5
noTyvrip? /L2, while the flux due to KBM is about 3 noT;vrip?/L2. Thus, their
turbulent transports are comparable in the gyro-Bohm unit, even though the am-
plitude of the KBM turbulence is larger than that of the ITG turbulence (Fig. 29).
This implies that the KBM turbulence is not efficient in the transport compared
with the ITG turbulence [39, 42].

The finite beta turbulence is saturated by the nonlinear interactions of oppositely
inclined convection cells through mutual shearing, even when the zonal flow is
weak. The mechanism may also play a role in the saturation of turbulence in finite-
beta tokamaks in the presence of three-dimensionality such as toroidal ripples and
resonant magnetic perturbation (RMP).
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9. Magnetic islands and magnetic reconnection

Electromagnetic perturbations are able to violate magnetic surfaces and cause mag-
netic islands through magnetic reconnection [64]. Here we briefly review gyrokinetic
simulation studies on interactions between the ITG turbulence and magnetic is-
lands and on basic physics of magnetic reconnection. Most gyrokinetic studies on
the interaction of turbulence with magnetic islands consist of carrying out elec-
trostatic simulations in the presence of a fixed magnetic island [65, 66, 67, 68],
and it is reported that the production of long wavelength mode by ITG turbu-
lence can give rise to an oscillating vortex flow inside the island separatrix [66],
and the oscillation is related to the geodesic acoustic mode [67]. The momentum
transport associated with a magnetic island interacting with external magnetic per-
turbation is also studied [68]. There are some gyrokinetic simulations of magnetic
reconnection for understanding the magnetic island formation. The dependence of
instabilities associated with magnetic reconnection on collisions is reported in Ref.
[69]. The acceleration of magnetic reconnection, which was found by fluid simu-
lations, is confirmed [70]. It is also found that collisionless magnetic reconnection
is reversible [71]. The electromagnetic gyrokinetic simulations of microturbulence
interacting with self-consistently produced magnetic islands in global geometry are
retained for future work.

10. Summary

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. Mag-
netic perturbation with tearing parity can be produced from the ITG mode, which
has ballooning parity, through nonlinear interactions, and can influence turbulent
transport by violating magnetic surface.

When the beta is increased with keeping the magnetic field, density, and tem-
perature profiles, the growth rate of ITG mode decreases, while the zonal flow
amplitude is not so influenced, and thus the turbulent transport is reduced. When
plasma beta exceeds a critical value, the zonal flows are weak, and then the turbu-
lent transport becomes very large correspondingly. This unphysical large transport
is observed not only for CBC but also for other DIII-D cases [22]. 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 sat-
uration level of ITG/TEM turbulence at finite beta and KBM turbulence at high
beta has not been fully understood yet.

The analysis of simulation results based on some basic properties of the elec-
tromagnetic gyrokinetic equation is emphasized. One is the conservation of the
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quadratic quantity called entropy variable, and another is the parity invariance of
the linearized gyrokinetic equation. Saturation process of turbulence can be clarified
by investigating the nonlinear entropy transfer in the Fourier space and by examin-
ing the nonlinear exchange of parities of perturbation against the coordinate along
the magnetic field line.
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Figure 1. The diagram of nonlinear entropy transfer in the Fourier space: (a) an ele-
ment 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' ;) k1)
and T(k'[; k. ,k',), where T'(k.; k' ,k|)+ T/ ; k', ki) + T(k' ;ki,k',) = 0 and the
arrows represent the signs of them, which are T'(k;k’, ,k'[) <0, T'(k’ ; k' k1) < 0 and
T(k'/;k.,k’\) > 0 in the figure as an example, and (b) an example showing the transfer
for the ITG turbulence regulated by zonal flows which scatter the entropy of the ITG
mode to a high wavenumber region.
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Figure 2. Growth rate and real frequency of microturbulence in CBC for kyp7r; = 0.2 as
a function of ion beta £;.
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Figure 3. Growth rate and real frequency of microturbulence in CBC as a function of
poloidal wavenumber k, for several ion beta.
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Figure 4. Profile of electrostatic potential ¢ along the magnetic field line z for k, pr; = 0.3,
which is the most unstable ITG mode in Fig. 3; for kypr; = 0.2, which is the most unstable
KBM in Fig. 3; for kypr; = 1.0, which is the most unstable TEM in Fig. 3; and for
kypri: = 0.09 of TEM. The ITG mode, TEM, and KBM are classified into the ballooning

parity mode, while the MTM is classified into the tearing parity mode.
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Figure 5. Profile of the parallel component of the vector potential A along the magnetic
field line z for ITG with kypr; = 0.2, TEM with k,pr; = 1.0, and MTM with k,pr; = 0.09.
The ITG mode and TEM are an odd function of z and are classified into the ballooning
parity mode. On the other hand, the MTM is an even function of z and is classified into
the tearing parity mode. The vector potential has the opposite parity as the electrostatic
potential in Fig. 4.
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Figure 6. Growth rate of micro-instability in a helical plasma as a function of ion beta.
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Figure 7. Profile of electrostatic potential ¢ of the ITG mode at 3; = 0.2% and of the
most unstable KBM at 8; = 1.7% on (zx,y) plane for LHD with 7. = 0.
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Figure 9. Color map of the electrostatic potential profile in the configuration space, at (a)
growing phase for 3; = 0.2%, (b) statistically steady state for 8; = 0.2%, (c) statistically
steady state for 8; = 0.4%, (d) statistically steady state for 3; = 0.6%, and (e) nonlinear
growing phase for 8; = 0.8%.
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Figure 10. The ion beta 3; dependence of (a) time averaged energy diffusion coefficient
and (b) the coefficient due to the electrostatic perturbation xs,.s and magnetic perturba-
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Figure 11. Spectra of the electrostatic potential for several §; as a function of (a) the
poloidal wavenumber k, and (b) the radial wavenumber k.
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Figure 12. Each term in the entropy balance equation Eq. (3.1) for ITG turbulence
with 8; = 0.2% in CBC. The entropy balance error A is much smaller than the entropy
production term (free energy term) of ions ©;/Lr; + I';T;/Ly;. Each term of Eq. (3.12)
showing the entropy transfer from ions to electrons.
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(a) the entropy transfer function 7,
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Zkz Tex,, the entropy production

GS’ky/LTS + I‘S’kyTs/LpS = ka Osk, /Lrs + Tsx, Ts/Lyps, and the collisional dissipa-
tion Ds k, = Zkz D, as a function of poloidal wavenumber ky (b) T5x, = Zky Tox

Os,ien /Lrs+Ts 1, Ts/Lps, and Ds i, as a function of radial wavenumber k. The anisotropy
of the transport in the Fourier space is significant.
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Figure 14. Each term in the entropy balance equation for a wavenumber k| in Eq. (3.14),
the entropy production O, /L1 + sk, Ts/Lps, the entropy transfer function 7y , and
the collisional dissipation Dy , for the ITG turbulence in CBC with 8; = 0.2% on the
k| = (ks,ky) plane. The anisotropy of the entropy transport in the k, = (k¢, ky) space
is significant.
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Figure 15. Schematic graphs of the drive of free energy O, the transfer function 7', and
the dissipation D for (a) the entropy transfer of the micro-turbulence in torus plasmas
and (b) the energy transfer of neutral fluid turbulence.
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Figure 17. Growth rate of KBM in CBC for 1. = 0 and 0.2 as a function of the poloidal
wavenumber k.
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Figure 18. Each term in the entropy balance equation for KBM turbulence with
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Figure 19. Spectrum of the electrostatic potential of KBM turbulence for CBC with
Bi =2.% and 1. = 0.
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Figure 20. Entropy transfer function 7 (k.;k’ ,k’|) averaged from ¢t = 50 to

60 for the KBM turbulence with 3 = 2% in CBC plasma on k', plane for (a)
ki = (piks, piky) = (0,0.2) and (b) ki = (piks,piky) = (1.,0). It is noted that k',
satisfies k', =k, — k.
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Figure 21. The diagram of the nonlinear entropy transfer in the Fourier space for
the KBM turbulence in CBC with 8; = 2%, n; = 3.1, and . = 0 : the arrow from
ki = (kz, ky) = (0,0.2) shows the transfer of the entropy/free-energy from the dominant
KBM to zonal flow through the connected mode k, = (ks, ky) = (1,0.2).
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Figure 22. The fluctuation of KBM turbulence on z = 0 plane in the steady state: (a)
electrostatic potential and (b) parallel component of the vector potential profiles, where
z and y are in the radial and poloidal directions, respectively.
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Figure 23. Electrostatic potential profile of (a) the KBM with k, = (ks, ky) = (0,0.2)
and the connected mode (kz, ky) = (1,0.2) in the simulation domain —7 < z < 7 (Np = 1)
and (b) the KBM with k; = (ks, ky) = (0,0.2) and the other KBM with (kz, ky) = (1,0.2)
in the simulation domain —27 < z < 27 (Ng = 2). The simulation boxes divided the dotted
red lines are identical.
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Figure 24. Time evolution of heat flux caused by KBM turbulence in CBC plasma with
ne =0 and (a) 8 = 2% and (b) 8 = 1.8% with the flux tube length —Ng7 < z < Ny for
Ng=1andN9:2.
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Figure 25. Electrostatic potential profile of (a) the ITG turbulence with very small beta
and (b) the KBM turbulence 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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Figure 26. Electrostatic potential profile of the ITG turbulence with very small beta and
the KBM turbulence with finite beta in a helical plasma on the z = 0 plane, where x and
y are in the radial and poloidal directions, respectively.
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Figure 27. The diagram of the nonlinear entropy transfer for the KBM turbulence in
LHD with 8; = 1.7%, n; = 3, and ne = 0.
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Figure 28. Entropy transfer in the wavenumber space (kz,ky) of the KBM tur-
bulence in LHD. The red (blue) arrows show the scatter from the dominant KBM
(kzpi, kypi) = (£0.31,0.12) to the stable high-wavenumber modes by the inclined mode
(zonal flow) shear. The thickness of the arrows show the amount of transfer.
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Figure 29. Spectrum of electrostatic potential {|¢x  |*) for ITG and KBM turbulence.
The spectrum of KBM turbulence is sharply peaked, while that of the ITG turbulence is
broadened. The zonal component (k, = 0) of KBM is much smaller than the sharp peak
of KBM in a helical plasma.
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Appendix A

We present the dimensional form of the gyrokinetic equation in this appendix. The
distribution functions of gyro-centers are divided into the Maxwellian part and a

—48). The

msvﬁ
2T

perturbed part, Fy = Fys + 0 fs, where Fi s = (2wT57fn5)3/2 exp(—
gyrokinetic equation is

90 fsx,
ot

90 fsx,
61}”

+ bt VL, — misb VB

= —ivgs -k <5fskL + %FMsébkL J05> — (Ves - Vi fo)k,
. qs || qs
+iVis - kJ_iFIVIs (fﬁh - ?AHkJ_) Jos + 'UHiFMsEHskJ_ +Cs, (A1)

where Ejgc, = —(b:-VJosd)k, —2 2 A, Jos, ¢ = €, g = —e, and Jo, = Jo(pskL)
is the zeroth order Bessel function. In the equations (Ves-Vifs)k, = 5 [0J0s, 0 fs]k,
and (b} -V )k, =b Vi, — 5[4 Jos, flk. - The drift velocities are v4, = Bb X

(uV B +mevib - Vb), v = SI5b x Vin Fyrg, and Ve, = —F ok, Josiky x b.

B
The Poisson equation and the qupére’s law are
5T
kﬁ¢kL=4w§:qs(/6ﬂk_hgﬁv—qTO(l—r%me>, (A2)
k2 Ay :412[1 00 foie, Josd>v (A 3)
LAk c s (1€ sk, J0s )

where To, = e 2% Iy (p2k2 ).

Appendix B

We describe physical meaning of some terms in the gyrokinetic equation Eq. (2.3)
in this Appendix. When we neglect the r.h.s. of the equation and nonlinear terms,
we have an equation

0
ﬁéfSk* + UTSU”b -Viéfsk, =0. (B 1)

By using the flux tube coordinate introduced in Sec. 5.1, the equation is written as

0 1 0
<8t + UTSUIC]R&Z) O0fsx, =0. (B2)

The solution is a function of z — vpt,

Sfac, = g(z — vpst), (B3)

where vp, = vrsv)/(gR) is the phase velocity. The solution represents the propa-
gation of fluctuation along the magnetic field line z with the phase velocity vps.
Thus, the second term in Eq. (2.3) is responsible for the streaming of fluctuation
along the magnetic field line.

Next, we consider a collisionless plasma in a uniform magnetic field VB = 0
which implies the magnetic drift velocity vanishes vys = 0. We further neglect the
nonlinear terms, magnetic perturbation A = 0, and the collision term C' = 0. The
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gyrokinetic equations Eq. (2.3) becomes

0 s

a(sfsh +orsv b Vifa, = UTSU” T, > Frsh - Vi, Jos + ives - ko ;]TFMsﬁbkL Jos-
(B4)

A wave in this plasma 0 fo, = Aexp(—iwt + ik - x) satisfies
(—iw + Z'k'HU”’UTs)dfskJ_ = (ik‘”’U”’UTs + iw*s)%FquﬁkL Jos, (B 5)
where w,s = vy - k. The dispersion relation is obtained by substituting this

equation to the Poisson equation Eq. 2.4,
2 wWys + kyvgvr

ALk + S Lo, = / Lre TOVNTES oy TR AP, B6
v XS:TS( ’ Z w = kjvjors Fatelg (B6)

The equation describes the Landau damping, as shown in page 36 of Ref. [1].

Appendix C

In this appendix the derivation of the entropy balance equation Eq. (3.1) is pre-
sented in detail. First we rewrite the gyrokinetic equation Eq. (2.3) in terms of
the non-adiabatic part, hsx, = 0 fex, + qg e i, Jos, to obtain Eqs. (3.18)-(3.20),

where xx, = (¢x, — v Ajx, )Jos. Then, we multlpy 5F P, to Eq. (3.18), integrate
it over the velocity space, make the flux surface average, "add all wavenumbers and
particle species, and finally add the complex conjugate. The sum of the l.h.s. and
the third term on the r.h.s. becomes

T.h ,
3, ~8"k, Y Ms
<Z /d 2FMS 8t (hskL +QS Ts Xskl>> + c.c.
T50f5, 90f b, O
3 skL ski k. g 3
< /d 2FMs ot >+<Z 2 Ot qu/d ’U(stkLJOs
s,k K, 3
9 Ap,
+ <Z (Z ‘ISUTs/Uu(SJ"skL Josd3u> at|2k>
ki s
: A
+ <Z vTsqs </ U|FM.@J§sd%) o aat ”21” > +ee
s,k

Z T\5fsk >, th ok, 1> 2 k1A,
3 Is|YJsky | 2 1.2 s 11 L = L

= % (Zéss + Wes + Wem) ’

where the Poisson equation and the Ampere’s law Eqgs. 2.4 and 2.5 are used,
vaFMSJgsd% = 0, and "c.c.” denotes the complex conjugate of the previous
terms. The first term on the r.h.s. vanishes

TS
2FM5

. T,
—ivas - Kok, \27 +ivgs -k |hak, |2 = 0. (C1)

2Fy
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The second term on the r.h.s. vanishes

Ts .,
</d302FM skL[H7h5ki]|> + c.c.
S

SN TRy Ohsk
= Vihsk, — XLV B2 .C.
< 2F s VIV sk, 2y, A >+Cc

T T.

= </dSUV| <2FMS’U||hSkJ_|2)> — </d3U2F
0 T

_ Sy~ 3

</d “ou (2FMs|hSkL| MVIB)> </d

:0’

V) [ sk, |2#V|B>

7fu|hs1u| W|B>

where V| Fprs = —FyspuV ) B and
on the r.h.s. becomes

< / dPviv,s - k Lh:qu;XSkL> + c.c.

2
; * s s . F s
B </d31}ZV*S ' kJ-(SfSkL %((bkl - UTSUHAHkL)JOS + %‘(bkL'Q/dgvzv*s : M JOS

au‘ Fuys = —v) Fus are used. The fourth term

% . 3, Furs o
—?%qAHkLUTs/d ViV 'klUHTJos +c.c.

/dBUiV*S - kJ_(Sf:quES((bkl — /UTS/UHAHkL)JOS + C.c.>

ik, T 5
Z /d% a (1+H (o ” +uB — Z)ns | dx, Jos| ) + c.c.
—ik, 1 Pﬂsh ~ 5 . 1 1
T\ o9 s -3 — Ts —_— —_—
< 2B |:LT5 ( 2 P Lk, QnSki ¢kL L, + Lrs Ski(ékL
U (e 11,
7LTs ( 9 = + QLskJ_) AHkL — T <Ln + LT5> u|skJ_A|kL:|> + c.c. (C 2)

ees sk

TsFes sk @em sk Tsrem sk
_ s ) ) ) 3
LTs * Lps * LTs * Lps ’ ( )

where the diamagnetic velocity is given by Eq. 5.1. The fifth term, which is the
nonlinear term, vanishes

ZhskJ_X€7 kJ_+CC

= Z O, e, +1 b K X K (Xaw, Bty B, + Xowe, P Pk
kK, k!

= D Sk b KL XK (o P B, — Yo, Pty o)
kKK
— 0. (C4)
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This is because, by exchanging k and k” and using X:kl = Xs—k/, , the second term
becomes

/ *
E Oy i/, +1c P Ky XK X swer Pggern iy
kK, k!

— ! 1 *
== Y G a4k b K XK X, Bl B - (C5)
koK K

From the Lh.s. to the r.h.s. k| is replaced to —k | because ZkL = Zgjz_m and,

5kl,kl*kLb.k/L X kJ_ = 5kl¢kl*kLb.k/L X (kj_/“rkl”) = 5kL,kl+klb'ki X kJ_H
is used. The sixth term, which is the collision term, becomes

< / Pyt Os(hskL)>+c.c.:DskL. (C6)

2F s Kt

Using Egs. (C1)-(C6), we have the entropy balance equation Eq. (3.1).

Appendix D

Here it is shown that the dispersion relation of the high frequency mode in Sec.
4.3 can be derived by using a fluid model. We consider a collisionless plasma in
a uniform magnetic field, which is the same as the previous appendix. We further
assume that the plasma is uniform V Fj;s = 0 which implies the diamagnetic drift
velocity vanishes v,s = 0. Equation B4 becomes
%(W’sl& +vrsvy b Vifa, = UTSU”%

S

Frrsb - Vo Jos. (D1)

A set of gyro-fluid equations is derived by integrating Eq. (D 1) and Eq. (D1)
multiplied by v over the velocity space. The equations for the gyro-center density
dnsk, = [6fsk, d*v and the gyro-center parallel velocity dugc, = fv”(sth d3v
are

0

aanskL = *Ust : V(SuskLv (D 2)

0

amséuskj_ = —vrsb-V <6p|skL + gj(bkL) ) (D 3)

respectively, where [ FMSde% = 0 is used. We assume a closure: dpjsx, = 0 and
higher moments are zero. By using the Poisson equation Eq. 2.4 for long wavelength
perturbations

2
Z (QSdnskLep%Ski/Z - %(1 - FOS)QSkL) =0, (D 4)
we have
0 4 1-T _ b-V§ —pr ek /2 D
&ZE( - OS)qSkJ_ = —qcvr.b -V Uek, € ¢ y ( 5)

S

0 e
&meauekL = _UTeb ' v%¢kL7 (D 6)
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where the ion parallel velocity is neglected du;x, = 0 because vy; < vre. The
dispersion relation of a wave in the plasma is

2
K —meEZ;—S(l ~Tgs) = 0. (D7)

S

When we consider a wave with the typical wavelength comparable to that of ITG
mode k; < 1/pr; < 1/pre, we can approximate I'o. ~ 1 and T'p; ~ 1 — p2.. k%,
then we have k‘Q = wzmeki p%;. By rewriting to the dimensional form, we have the
dispersion relation for the high frequency mode in Sec. 4.3

2

k2
W? = o L0 (D8)
1 Tte



