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Abstract

The linear and nonlinear simulations are carried out using the gyrokinetic code NLT for the
electrostatic instabilities in the core region of a deuterium plasma based on the International
Thermonuclear Experimental Reactor (ITER) baseline scenario. The kinetic electron effects on
the linear frequency and nonlinear transport are studied by adopting the adiabatic electron model
and the fully drift-kinetic electron model in the NLT code, respectively. The linear simulations
focus on the dependence of linear frequency on the plasma parameters, such as the ion and
electron temperature gradients «7,, = R/Lr,_, the density gradient «, = R/L, and the ion—electron
temperature ratio T = 7. /T;. Here, R is the major radius, and T, and T; denote the electron and
ion temperatures, respectively. L, = —(8,InA)™" is the gradient scale length, with A denoting the
density, the ion and electron temperatures, respectively. In the kinetic electron model, the ion
temperature gradient (ITG) instability and the trapped electron mode (TEM) dominate in the
small and large k&, region, respectively, where &, is the poloidal wavenumber. The TEM-
dominant region becomes wider by increasing (decreasing) «r, («z,) or by decreasing «,. For the
nominal parameters of the ITER baseline scenario, the maximum growth rate of dominant ITG
instability in the kinetic electron model is about three times larger than that in the adiabatic
electron model. The normalized linear frequency depends on the value of 7, rather than the
value of T, or T;, in both the adiabatic and kinetic electron models. The nonlinear simulation
results show that the ion heat diffusivity in the kinetic electron model is quite a lot larger than
that in the adiabatic electron model, the radial structure is finer and the time oscillation is more
rapid. In addition, the magnitude of the fluctuated potential at the saturated stage peaks in the ITG-
dominated region, and contributions from the TEM (dominating in the higher &, region) to the
nonlinear transport can be neglected. In the adiabatic electron model, the zonal radial electric
field is found to be mainly driven by the turbulent energy flux, and the contribution of turbulent
poloidal Reynolds stress is quite small due to the toroidal shielding effect. However, in the
kinetic electron model, the turbulent energy flux is not strong enough to drive the zonal radial
electric field in the nonlinear saturated stage. The kinetic electron effects on the mechanism of
the turbulence-driven zonal radial electric field should be further investigated.
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1. Introduction

The programmatic objective of the ITER project [1] is to
demonstrate the scientific and technological feasibility of
fusion energy for peaceful purposes. The operational
approaches developed in the ITER Research Plan [1] include
the pre-fusion power operation (PFPO) and the fusion power
operation (FPO). A key milestone for the PFPO will be the
demonstration of L-mode plasmas at the full technical capa-
bility of the device with full current (15 MA) and full field
(5.3 T). The FPO mainly focuses on the H-mode in
deuterium/deuterium—tritium plasmas, which is expected to
achieve the long-pulse (300-500 s) Q> 10 goal at power
levels of ~500 MW, and to make significant progress
towards the achievement of Q ~5 for burn durations of
~ 3000 s in non-inductive plasmas.

Comprehensive integrated modeling is a powerful tool to
predict the plasma properties for various operations with
specified discharge conditions, such as the magnetic equilib-
rium configuration, the plasma profiles, the electrostatic and
electromagnetic instabilities, and the turbulent transport and
confinement property [2-9]. The early simulations carried
out in ITER hybrid and target steady-state fusion burn
scenarios using the PTRANSP integrated modeling code
indicated that the fusion power production reached approxi-
mately 500 MW in the hybrid scenario, and ranged from 168
MW up to 226 MW in the target steady-state scenario [2].
By using the transport simulation code CORSICA, the acces-
sible ITER hybrid scenario condition and achievable range
of plasma parameters were systematically investigated.
Useful techniques for avoiding the poloidal field coil current
were found, and the enhancement of the plasma energy
confinement and fusion power generation with various heat-
ing schemes was foreseen for ITER advanced operations [3].
The assessment of density evolution in the ITER baseline
scenario using the integrated model JINTRAC indicated that
stable but cyclical operational regimes could be achieved for
a pellet-fuelled ITER ELMy H-mode scenario with Q = 10
[5]. Later, INTRAC was used to model the most efficient
fuelling schemes for the non-active and nuclear phases of
ITER plasma scenarios, as well as core-SOL/divertor simu-
lations of helium plasmas and of the full deuterium—tritium
Q=10 scenario, including the current ramp-up/down
diverted phases [9]. It is concluded that JINTRAC may be
helpful for the establishment of suitable control schemes for
particle and power exhaust in burning ITER deuterium—
tritium plasma scenarios.

Analogous to the integrated modeling, numerical simula-
tions using gyrokinetic codes are a widely used approach for
the prediction of the micro-instabilities and turbulent trans-
port in ITER scenarios [10-14]. Gyrokinetic simulations of

ion temperature gradient (ITG)-driven turbulence in real-size
systems such as ITER were carried out using the ORBS
code. It was pointed out that several numerical schemes,
such as noise control and field-aligned Fourier filtering
procedures, are essential in obtaining numerically healthy
results. The nonlinear simulation results showed that the
zonal flow behavior is quite different between the circular
cross-section and the ITER-shaped equilibrium plasma, and
the heat transport was found to be dramatically reduced
when going from circular to ITER-shaped plasmas [11]. A
multi-scale nature of instabilities in the ITER PFPO plasma
scenario was presented by means of global electromagnetic
gyrokinetic simulations with the ORBS code, and it was
reported that the unstable micro-instabilities in the scale of
the ion gyro-radius are located in the region with a toroidal
wavenumber of about 150-220 [14].

In this work, the electrostatic instabilities, including the
ITG instability and trapped electron mode (TEM), are stud-
ied in the ITER baseline scenario using the NLT code [15-17].
Specifically, the kinetic electron effects on the linear insta-
bilities and nonlinear turbulent transport are systematically
studied by adopting the adiabatic and kinetic electron models
in NLT, respectively. The remaining part of this paper is
organized as follows. In section 2, the theory fundamentals
of the NLT code and the simulation setup based on the ITER
baseline scenario are introduced; in section 3, the parameter
dependences for the ITG instability and TEM in the linear
version are given; in section 4, the nonlinear characteristics
driven by the electrostatic instabilities are studied; section 5
provides a conclusion.

2. Simulation model and setup

In this section, we first give a brief introduction of the NLT
code, and then illustrate the setup of simulation parameters
used in NLT based on the ITER baseline scenario.

2.1. Theory fundamentals in NLT

In terms of the gyrocenter coordinates Z = (X, v, y, &), the
nonlinear gyrokinetic Vlasov equation used in the NLT code
is

ﬂ—%+X'VF+'%—O (D)
a o TGy T

Here, X is the gyrocenter position, v; is the parallel velocity,
u is the magnetic moment, and ¢ is the gyro-angle.
Fi(X, v, u, t) is the gyrocenter distribution function of j-
species, with j= i and e denoting the ions and electrons,
respectively.
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In the electrostatic situation, the perturbed electrostatic
potential §¢ is obtained by solving the quasi-neutrality equa-
tion, which is given by

D ejont +on) = 0. )

j=ie

Here,

: = Bi
ont = 2nf6F_,n7dude, (3a)
J
denotes the perturbed gyrocenter density. oF;=F;—F,;,
with 6F; and F,; denoting the perturbed and equilibrium
parts of the distribution function, respectively. B =b-B" is
the Jacobian of the phase-space coordinates Z,

m .
B =B+ e—_ijVXb, where B is the background magnetic

field with the direction denoted as b, and m ; and e; are the
mass and charge of j-species, respectively. (<) denotes the
gyroaverage, which is defined as

_ 1
AX. o) = 5 95A(X+ .t vy, D,

with p(u,£) the Larmor radius.
on’ = [d°zs(x % OF sex SH(X, )], (3b
)= [ 26X +p=0) 5 F LB +) - 50X 0], ()

denotes the perturbed polarization density. d°Z =
B;d’Xdv dudé, and x is the particle position. Note that in the
NLT code, the gyroaverage operator in equation (3b) for the
polarization density is rigorously calculated, instead of using

imi on® ~ V- (22 2y s,
the long wavelength limit, where on; =V -( T V109

with T; and ny; the equilibrium temperature and density,
respectively, thus all of the k,p terms are retained in the
quasi-neutrality equation (2) [17], with k, the perpendicular
wavenumber. In the adiabatic electron model, the perturbed

density for electrons is assumed as

6¢ —(6¢)

- @

6ne = €.
with (---) denoting the magnetic-flux-surface average.

Inthe NLT code, the I-transform perturbation method [18—
20], a special Lie-transform perturbation method, has been
used to solve the nonlinear gyrokinetic Vlasov equation (1).
The I-transform method is used to separate the perturbation
part of the gyrocenter motion from the unperturbed gyrocen-
ter motion. In the I-transform method, the relationship
between the gyrocenter phase-space coordinates Z and the
new coordinates Z* up to O(e?) is

*a a a a 1 k a
z=Z +G1+G2+§G16kGl. (5a)
Here, ¢, = 0F/F, < 1, and G, and G, are the first-order and
second-order generating vector fields, respectively. The
superscript a and the symbol k denote the a-component and
k-component of phase-space coordinates Z, respectively.

According to the scalar invariance F(Z)= F*(Z*), with F*
the distribution function in terms of Z*, the transformation
for the distribution function is
1 .
F=F +(G{+G50.F" + EGﬁ'ak(G‘l‘aaF‘). (5b)
For the I-transform, the new coordinate Z* is chosen so that

the Vlasov equation in terms of Z* is formally identical to
the unperturbed one; that is,

d

F*=0.
oF =0 (6)

Here, the total time derivative (d/df), is taken along the
unperturbed orbit. The contributions due to the perturbed
fields are reflected by the nth-order generating vector fields,
which are calculated as

G“ = 3,8,J", )

where n=1,2. J* is the component of the Poisson matrix in
the unperturbed guiding-center coordinates, and S, is the nth-
order scalar gauge function, which satisfies

do

dl‘S] =€i%,

(8a)

do

1 _
S, =—=¢€0,5,J"0,00,
dr 2 26 1 ()

(8b)
in the electrostatic situation. In the realistic numerical
computation, the S, term is neglected, which is proved to be
the ordering of O(eZ€’) during a short time interval Ar [21],
where € = wAt.

In the NLT code, the semi-Lagrangian approach was
used to solve the gyrokinetic equations (6) and (8a). Since
the perturbed part of the gyrocenter motion is decoupled
from the unperturbed part due to the I-transform, a 4D tensor
spline interpolation in the fixed points [22] is used for the
improvement of numerical efficiency. The earliest version of
the NLT code is developed with the adiabatic electron in the
electrostatic limit. The magnetic flux coordinates (¢,6,{) are
adopted, with ¢ the poloidal magnetic flux, 6 the poloidal
angle and ¢ the toroidal angle. It is verified by the linear
geodesic acoustic mode test and the standard cyclone base
case (CBC) for the linear ITG test [15]. Then, it is upgraded
in the field-aligned coordinates (¢,@,0) with o =g0-{,
where ¢ is the safety factor. The Fourier filter based on the
pseudo-spectral method is also used. Nonlinear tests of the
NLT code for numerically studying the ITG-driven turbu-
lence with the CBC parameters are carried out [16]. Both the
linear and nonlinear results by NLT agree well with those
using other gyrokinetic codes, such as GENE and ORBS5.
Later, NLT is extended to include the magnetic axis in the
simulation domain, in which the artificial boundary near the
magnetic axis is replaced by the natural boundary [23].
Furthermore, the fully drift-kinetic effects of electrons are
included in NLT. By taking this new approach, NLT is
successfully used to simulate the TEM-driven turbulence [17].
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In addition, the interface module of NLT has been devel-
oped, and can be used to read the experimental magnetic
equilibrium and plasma profiles. For example, NLT has been
successfully used in the analysis of the electrostatic turbu-
lence for a typical experiment in EAST [24]. In this work,
we use the NLT code to study the ion gyroradius-scale elec-
trostatic instabilities and the associated turbulence in the
ITER baseline scenario; the electron gyroradius-scale insta-
bilities, such as the electron temperature gradient instability,
are left as a future work.

2.2. Simulation setup

The magnetic configuration and plasma profiles on the ITER
baseline scenario are shown in figures 1 and 2, respectively.
The major radius is Ry = 6.2 m, the minor radius is a = 2.0
m, and the magnetic field at the axis is By =5.3 T. The
plasma profiles are adapted from reference [25], in which the
temperature and density profiles originate from the simula-
tions using the integrated modeling TGYRO combined with
TGLF-SATI1 for the ITER 50-50 deuterium—tritium fully
inductive reference scenario at 5.3 T/15 MA, with 33 MW
NBI and 20 MW ECRH heating. In this work, only the case
with a deuterium plasma is considered.

Z(m)

R (m)

Figure 1. The magnetic configuration in the ITER baseline
scenario. The black line denotes the shape of the first wall and the
red line denotes the last closed flux surface. The red “+” denotes
the magnetic axis.

24

—_
(o]

-
N

safety factor q

=]

T (keV) & n (10" m?)

_oo

r/a

Figure 2. The plasma profiles with electron temperature 7, (red),
ion temperature 7; (blue), density n (black) and safety factor ¢
(magenta), which are adapted from [25].

Because of the Fourier filter scheme used in NLT, a
convergence test of frequency on the spatial grids is neces-
sary. In figure 3, the real frequency and growth rate for
kgos = 0.5 with the adiabatic electron model in terms of
different radial and poloidal grid meshes (N,,N,) are shown.
Here, k, is the poloidal wavenumber, p,=c,/€; with
¢ = VT;/m; and Q; = ¢;B/m;. Note that the definition of c,
in this work relates to the local ion temperature 7;, which is
not consistent with the definition for ion acoustic velocity by
the electron temperature 7,. The grid numbers in the veloc-
ity space are (N,,,N,) = (64,16), and the grid numbers in the
spatial space are varied with N, =(64,128,256,360,512)
and N, = (16,32,48). The simulation domain centered at the
diagnosed position r = 0.5a is adopted as 20p,. For comput-
ing efficiency, we take «;, = R/Ly, = 10.47 for illustration,
which is about twice the nominal value. L;, = —(9,InT;)™" is
the ion temperature scale length. The temperature profile is
varied using equation (10), defined in section 3. It is clearly
seen that when N, increases from 16 to 32, both the real
frequency and growth rate show obvious variations;
however, when N, changes from 32 to 48, both the real
frequency and growth rate change slightly. On the other
hand, for a fixed N,, as N, varies from 64 to 256, the real
frequency and growth rate significantly change; however,
when N, varies from 256 to 512, both the real frequency and
growth rate change slightly. The discrepancies are within
3%. Clearly, the real frequency and growth rate reach their
convergency values with (N, N,) = (256,32). Although only
the results with k,o, = 0.5 are shown in figure 3, we mention
that the scanning for the range of 0.2 < kypo, < 0.8 shows
similar tendencies. On this basis, in the following linear
simulations, we set (N, Ny) = (256,32).

T : : :
-0_5.( ) iy
[ ] : *
- *
-~ *
S N =16
- n =
o -0.6f 1) L
~ e N =32
3
s e N,=48
n
0.7 64 128 256 360 512
N\u
0.4 — r T .
(b)
' * ]
R 0.3f L ] - ] -
o [ ]
<
— 0.2} . ]
n
0.1 T : . L
64 128 256 360 512
N
]

Figure 3. Convergence of (a) real frequency and (b) growth rate on
the radial and poloidal grid mesh (N,,N,). ko5 = 0.5, k7, = 10.47.
The adiabatic electron model is adopted.
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3. Linear version

The linear dispersion relation in the electrostatic situation
with the local kinetic limit is governed by the quasi-neutral-
ity condition [d®vsf; = [ d*vsf.. Here, [dv is the velocity
integral, and the perturbed distribution functions for ions and
electrons are [26—29]

i0 O+ kops[ K, + kr, (V] + 97, = 1.5
5f; = _QFOi{l _Jg HpA[ T(A!, A;, )] }’
T; O+ kops (20, + V7))
(9a)
o O = koot + Ky (V] + 97 . — 1.5
o= 2 o f1 -y 2 lp e ot BN
T W= kop T2V + V1)

(9b)

Here, & is the linear frequency normalized by c¢,/R,.
k, =R/L, and «;, =R/L; are the density and electron
temperature scale lengths, respectively. L, =—(d,InA)™".
7=T,/T; is the electron—ion temperature ratio. ¥; and ¥, ;
are the parallel and perpendicular velocities normalized by
vin; = +/2T;/m;, respectively. Both of the ion and electron
distribution functions are separated as the adiabatic response
(AR) term and the non-adiabatic response (NAR) term. The
driving sources due to the spatial inhomogeneity are
reflected by «, and «;, in the ion NAR term and by «, and
kr, in the electron NAR term. There are also some signifi-
cant differences in the ion and electron distribution func-
tions. The finite Larmor radius (FLR) effect denoted by J3 is
kept in the ion NAR term but neglected in the electron NAR
term. The electron NAR term is proportional to the fraction
of trapped electrons f;. In the adiabatic electron model,
fi=0. In addition, the ion NAR term includes the ion
magnetic drift resonance, while the electron NAR term
includes the electron bounce resonance, in which the bounce-
average operation can be approximately reduced by the
factor @ = 1.2 [26].

In this section, the parametric dependence on the linear
frequency of the electrostatic instability is investigated. The
parameters include «r., k7., &,, 1; = k1. /k, and T =T, /T;. The
profiles are modified by

A(r)

A'(r)= A1) ex

r—ro\2

o5 o
Here, A and A’ denote the original and modified plasma
profiles, respectively. k is a constant. Obviously, the modi-
fied values at r =r, are the same as those in the original
profiles, but the logarithmic gradient is k times the original
ones; that is, A’|,, = Al,, while ku |, = k-Ka4l,,. In the follow-
ing linear simulations, the diagnosed position is taken as
ro = 0.5a, at which the nominal values of the parameters are
kr, =5.09, k7, =6.23, K0 =2.61 and 7, =T./T, =1.2. We
set Ar=0.8a, and k is varied in the range of (0.6,2.0).
When the effects of a certain parameter are studied, the other
parameters are kept unchanged unless otherwise stated.

3.1. Effects of kr,

Figure 4 shows the real frequency and growth rate versus
kops, with k7, =2.99, 4.11, 5.09 and 7.49, which correspond
to about 0.6«7,, 0.8«7,, 1.0z, and 1.5« , respectively. The
solid and dashed lines represent the results from the adia-
batic and kinetic electron models, respectively. The negative
(solid symbols) and positive (open symbols) real frequen-
cies denote that the modes propagate in the ion and electron
diamagnetic drift directions, respectively, which are known
as the ITG instability and TEM.

In the adiabatic electron model, the electrostatic instabil-
ity is stabilized in the situation with «; =2.99. For
kr. 2 4.11, only the ITG instability can be excited. The nega-
tive real frequency increases with ko, increased for a fixed
Kr,, and increases as «;, increases for a fixed k,p,. The theo-
retic derivation [26] shows that the normalized real
frequency satisfies &, ocTy—nb;T—1), where T, =
L,(b)e", with I, the nth modified Bessel function and
b; = (kgps)*. Clearly, for a fixed b;, it is qualitatively seen
that the real frequency shifts towards the negative direction
with the increase of 1;. Meanwhile, the growth rate shown in
figure 4(b) increases firstly and then decreases by enlarging
kops for each «z,. As k;, increases, the growth rate increases
significantly, and the maximum growth rate with «r, = 7.49
is about three times that with «, = 4.11. For the case with a
nominal value of k7, =5.09, the maximum growth rate is
about 0.094c¢,/R,, which appears at around ko, =0.7. In

1.0 T r
—=— adiabatic e

0.5} —= Kkinetice

Figure 4. Real frequency (a) and growth rate (b) versus k,po, for
kr, =2.99, 4.11, 5.09 and 7.49. The solid and dashed lines denote
the adiabatic and kinetic electron models, respectively. The
magenta dashed line denotes w, = 0. The negative (solid symbols)
and positive (open symbols) real frequencies denote the ITG insta-
bility and TEM, respectively.
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addition, the unstable spectrum becomes wider with larger
kr,. As shown, the largest kypo, for the unstable ITG instabil-
ity increases from about 0.8 to about 1.2 as «;, increases
from 4.11 to 7.49.

In the kinetic electron model, both the ITG instability
and TEM can be excited, and the dominant instability
depends on the value of «y,. For k;, = 7.49, the ITG instabil-
ity dominates. The real frequency is more negative than that
in the adiabatic electron model. On the other hand, although
the dependence of the growth rate on k,o, shows a similar
tendency to that in the adiabatic electron model, the value is
significantly larger, and the maximum growth rate increases
by a factor of about 2.5. This well-known feature was appar-
ently recognized in previous work [30], which revealed that
in the situation where ITG instability dominates, the
response of the trapped electron is nearly zero. The magni-
tude of the electron AR term becomes smaller when the
trapped electron is included, and then the dielectric constant
in the Poisson equation becomes smaller, leading to a larger
ITG growth rate. As «, decreases, the real frequency shifts
upwards in the electron diamagnetic drift direction. For the
nominal value of x;; =5.09, the ITG instability dominates
when kyo, <0.9. In the range of k,p, > 0.9, the ITG-driving
source in the ion NAR term becomes smaller due to the FLR
effects, and the dominant instability becomes TEM, which is
similar to the result in [30]. The maximum growth rate is
about 0.288¢,/R,, which is larger than that in the adiabatic
electron by a factor of about 3.0. For «;, =4.11, unlike the
ITG instability that dominates in the adiabatic electron
model, TEM dominates in the range of k,o, < 1.2. With the
increment of kgyp;, the real frequency increases monotoni-
cally; however, the growth rate increases monotonically to
its maximum value at about ky,o, = 0.5, and remains almost
constant when kyp, > 0.5. When «;, further decreases to 2.99,
TEM can be excited in the whole range of kg0, < 1.2. The
real frequency and growth rate for xz, =2.99 are similar to
those for k7, =4.11, except that the growth rate is a constant
when kg, > 0.7. From the viewpoint of electron bounce
resonance between the trapped electron and TEM, which is
simply written as @, = kyp,G(Vyes), With G(v,.,) denoting the
resonant velocity factor shown in equation (9b), it is seen
that G(v,s) is almost unchanged when kyp, > 0.5 (0.7) for
kr, =4.11 (2.99); namely, the Landau damping effect is
nearly the same, leading to a constant growth rate. In this
phenomenological explanation, the ion contribution to the
growth rate is considered as relatively small in the high-k,p,
region because of the FLR effect. In addition, for a fixed
keps, it is seen that the growth rate for «;, =4.11 is smaller
than that for «;, =2.99. Clearly, the ion NAR term becomes
larger for a larger «s,, and this term is beneficial for driving
ITG instability. On the contrary, the increment of «;, shows
a stabilizing effect on the TEM.

3.2. Effects of «r,

Figure 5 presents the real frequency and growth rate versus
kops With «;, = 3.06, 4.34, 6.23, 7.03 and 9.00, which corre-

0.8

—s=— adiabatic e
0.4} —= kinetice

o (c/R)

0.6 : , . . .
& nd =
s, T == K, =9.00
> - .
< PL N 7.03
o 7 # K”’ o
= 02 2 & “ 6231
AR \
i 4 N 434
4 0
(b)l//’.—‘_\ v3_06
00 L L L 1 L
01 03 05 07 08 11 13

Figure 5. Real frequency (a) and growth rate (b) versus k,po, for
kr, =3.06, 4.34, 6.23, 7.03 and 9.00. The solid and dashed lines
denote the adiabatic and kinetic electron models, respectively. The
magenta dashed line denotes w, = 0.

spond to about 0.5«;,, 0.7z, 1.0«z,, 1.2z, and 1.5«7,,
respectively. Obviously, the real frequency and growth rate
are independent of k7, in the adiabatic electron model; note
that it is the electron temperature instead of the electron
temperature gradient that appeares in the adiabatic model.
However, the situations in the kinetic electron model are
quite different. In figure 5(a), it is shown that the ITG insta-
bility dominates for x;, = 3.06 and the TEM dominates for
kr, = 9.00 in the range of 0.2 < kyp, < 1.2. The real frequen-
cies for both the dominant ITG instability and dominant
TEM increase as kgzp, increases, and the increment for ITG
instability is larger than that for TEM. A sharp transition
from the dominant ITG instability to the dominant TEM in
the higher k,o, region appears when «r, =4.34, 6.23 and
7.03; the smaller «;, corresponds to the larger transition
value of (kyp,)rr. Clearly, the TEM driving source is weaker
when k7, is smaller, and the ITG driving source in the ion
NAR term should be adequately suppressed by the FLR
effects with higher kypo,; in this way, the excitation of TEM
would be possible with smaller «;,. For a fixed kg4p;, the real
frequency shifts upwards to the electron diamagnetic drift
direction with the increment of «7,, which also infers that the
transform from ITG instability to TEM can more easily take
place with higher «;,. It is interesting to find that a continu-
ous TEM-dominant to ITG-dominant transition occurs with
kr, = 7.03 in the range of ko, < 0.5. A zeroth real frequency
appears at around kg0, =0.4. As is discussed in [31], the
zeroth real frequency results from the cancellation between
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the magnetic drift term of trapped electrons and the FLR
term of ions. We mention that the continuous transition in
the spectra of ITG and TEM is also reported in the studies
using a numerical code such as HD7 [28]. This transition has
a different character to the ubiquitous mode since the growth
rate for the ubiquitous mode is almost the largest at the tran-
sition point [32]; however, the growth rate at the transition
point shown in figure 5(b) is quite small.

In figure 5(b), the growth rate in the kinetic electron
model is significantly larger than that in the adiabatic elec-
tron model by a factor of at least 3.0. In the ITG-dominant
region, the growth rates are nearly the same for different «;. .
This is not surprising, since the growth rate for ITG instabil-
ity mainly depends on the ion magnetic drift resonance, and
the fraction of trapped electrons, «r,, has little effect on these
two factors. In the TEM-dominant region, the growth rate
increases monotonically by enlarging «r,, indicating that «z,
shows a destabilizing effect on TEM. For «;, =9.00, the
growth rate increases monotonically with the enlargement of
keos. The dependence of the growth rate on kyo, in the
kgp, < 0.7 region shows a similar tendency to that of
kr, =2.99 in figure 4(b). However, the growth rate with
keps > 0.7 shows an notably faster increment than that with
0.5 < kgp, < 0.7. This behavior is expected from the fact that
the ion NAR term contribution with higher kyo, can be
adequately neglected in the large «r, regime [29]. From the
viewpoint of electron bounce resonance, it is found that in
the higher kyo, region, the resonant velocity factor G(vi)
increases with kyp, increased, and then the fraction of reso-
nant particles decreases and the Landau damping effect
becomes weaker, leading to a larger growth rate.

3.3. Effects of k,,

In figure 6, the real frequency and growth rate versus kypo,
with «, =197, 2.61, 3.07 and 3.88 are presented, which
correspond to about 0.8«,9, 1.0k, 1.2k, and 1.5k, respec-
tively. From figure 6(a), it is seen that the real frequency of
ITG instability in the adiabatic electron model decreases as
k, increases for a fixed kyp;; the tendencies are opposite to
those of «;,, shown in figure 4(a). Note that the driving terms
due to the spatial inhomogeneity of equilibrium distribution
for the ITG instability are proportional to k, + k7, (E.s —3/2),
with E., being the resonant energy. Obviously, when
E..<3/2, the contributions of «, and «; to the real
frequency are opposite. In the kinetic electron model, for
each «,, the ITG instability mainly dominates in the smaller
kops region. Compared to the results in the adiabatic model,
the real frequency of ITG instability shifts towards the elec-
tron diamagnetic drift direction by enlarging «,, and the
dependence on kgp; is sharper. In the larger kypo, region, the
dominant instability can transform from ITG instability to
TEM, and a larger «, corresponds to a larger transform value
(kgos)r . Analogously, in the higher kyp, region, the contri-
butions of the ion NAR term become smaller due to the FLR
effects, which makes the excitation of TEM possible. In
addition, for «,=3.07 and 3.88, TEM dominates in the
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Figure 6. Real frequency (a) and growth rate (b) versus k,po, for
k, =197, 2.61, 3.07 and 3.88. The solid and dashed lines denote
the adiabatic and kinetic electron models, respectively. The
magenta dashed line denotes w, = 0.

smaller k,p, region, and the range of the TEM spectrum for
K, = 3.88 is wider.

In figure 6(b), the growth rate in the adiabatic electron
model increases firstly and then decreases with kypo,
increased for each «,, and the maximum growth rates for
each «, are comparable. As «, increases from 1.97 to 3.88,
the k, spectrum for the ITG instability is extended from
kegps = 0.9 to 1.1, and the peak position shifts from ko, = 0.6
to 0.8. However, the growth rate in the kinetic electron
model is much larger than that in the adiabatic electron
model for each «,. Furthermore, the maximum growth rate
increases significantly with the increment of «,. For exam-
ple, the maximum growth rate is larger by almost a factor of
2 for k, = 1.97 and a factor of 5 for «, = 3.88. Note that the
maximum growth rate appears in the ITG-dominant region,
and it seems that k, shows a strong destabilizing effect on
the ITG instability when taking the kinetic electron effects
into account. One possible explanation for this feature is that
the electron NAR term becomes larger due to the larger «,;
in other words, the electron AR term becomes relatively
weaker, then the growth rate of ITG instability shows a
significant increment. In addition, the growth rate of TEM is
smaller than that of ITG instability, except for the case with
k, = 1.97, where the maximum growth rates of TEM and
ITG instability are comparable.

3.4. Effects of n;

Generally, the ITG instability is also called 7, mode, since
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the parameter 7; = k7, /k, dominates the character of ITG
instability. However, the effects of «;, and «, on the ITG
instability separately analyzed above show that both «;, and
k, can destabilize the ITG instability, so it is interesting to
have a look at the effects of 7; on the ITG instability for the
ITER baseline scenario.

In figure 7, the real frequency and growth rate versus
kgos in the adiabatic electron model are depicted for
n =0.810, 1.0my and 1.57. 1m0 = Kz, /Ky 1S the nominal
value. Among each 7;, three «, values of 1.97, 2.61 and
3.88, which correspond to 0.8«,y, 1.0«,, and 1.5x,,, respec-
tively, are adopted. Clearly, the curves for the real frequency
in figure 7(a) can be divided into three groups based on the
value of 7;. The real frequency becomes significantly larger
as 7; increases. For n; = 0.87, the real frequency is almost
not affected by «,; for n; = 1.57, the effect of «, is also
weak. The growth rate is shown in figure 7(b). For a fixed «,
(the lines labeled by the same symbol but different colors), it
is found that a larger n; corresponds to a larger growth rate.
Similarly, for a fixed 7; (the lines labeled by the same color
but different symbols), a larger «, corresponds to a larger
growth rate. Obviously, in these two situations, the larger
growth rates originate from the «;, effects, which are consis-
tent with the results in figure 4(b). In addition, the curves for
the growth rate can be divided into four groups, which corre-
spond to a maximum growth rate of about 0.04c/R,
0.10¢,/Ry, 0.22¢,/R, and 0.55¢,/R,, respectively. In each
group, the values of 7; and «, are different among the differ-
ent curves, but the value of «;. is almost the same. The larger

0.0

o, (c/R,)
o
o

(a), .
02 04

06 08 10 1.2

0.6 r T r r

02 04 06 08 10 1.2
keps

Figure 7. Real frequency (a) and growth rate (b) versus kzpo, for
n = 0.8 (red), 1.07; (black) and 1.57;, (blue) in the adiabatic
electron model. For each 7, k, = 0.8k, (circle), 1.0«,, (square) and
1.5k, (diamond) are adopted.

0.0

k. 18, the larger the growth rate is. In the adiabatic electron
model, the real frequency and growth rate of ITG instability
are mainly affected by n; and «;,, respectively.

The situations with the kinetic electron model are shown
in figure 8. Since the scanning results above show that TEM
dominates in a narrower parameter range, we do not display
the curves of TEM in figure 8, and only discuss the effects of
n; on the ITG instability for simplicity. It is seen from
figure 8(a) that the real frequency increases with the incre-
ment of 7;, and the effect of «, on the real frequency is obvi-
ous. In figure 8(b), for better clarification, we label the
curves with (x,y), which denotes that 3, =x-1, and
K, =Y Ku, then kz, = xy- kg, . It is clear that the growth rate
becomes larger when 7; increases for a fixed «,, as well as
when «, increases for a fixed n;, which are the same as the
results found with the adiabatic electron model. However,
the dependence of the growth rate on «;, is not similar to that
in the adiabatic electron model. Since the growth rate
increases with the increment of «y, or «,, the growth rate in
the case with small 7; and large «, could be larger than that
with large 7; and relatively small «5. For example, the
growth rate labeled by the curve (1.0,1.0) (with &7, = 1.0«7,,)
is close to that with (1.5,0.8) («z, = 1.2«7, ), but is quite a lot
smaller than that with (0.8,1.5) («r, = 1.2«r,). Whether the
growth rate increases or not depends on the competition
between the increment of «, and «,.

3.5. Effectsof T =T,/ T;

In figure 9, the real frequency and growth rate versus kyo,
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Figure 8. The same as figure 7, but in the case with the kinetic elec-
tron model. The TEM-dominant lines are not drawn. The labels
(x,y) in (b) denote that n; = x- 1y, and k, = y - k0, then ky, = xy -k, .
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for 7=0.96, 1.2 and 2.4 in the adiabatic electron model are
presented. The solid and dashed lines denote that 7 is varied
by separately changing 7. and T;, respectively. It is clearly
seen that the real frequency and growth rate normalized by
¢s/Ry are almost the same in the cases of separately chang-
ing T, and T;. In other words, the normalized real frequency
and growth rate depend on the value of 7 instead of 7T, or 7.
This feature is indeed easy to observe when one notes that it
is 7 instead of 7, or T, that appears in the dispersion rela-
tion, as shown in equations (9a) and (9b). It should be noted
that ¢,/R, varies for different T;, thus the frequencies with
units of Hz are not the same when separately changing T,
and T;. From figure 9(a), it is seen that the dependence of the
real frequency on kg, for 7 =0.96 is quite similar to that for
7=1.2. As 7 reaches up to 2.4, the real frequency changes
little in the range of kg, < 0.5 compared to the case for
7= 1.2, and then becomes larger with the increment of k,p;.
From figure 9(b), it is shown that, for each 7, the normal-
ized growth rate increases first and then decreases by enlarg-
ing kypo,, and the most unstable mode appears at around
koo, = 0.7. In addition, the maximum growth rate becomes
significantly larger by increasing 7. Clearly, the large 7
reduces the magnitude of the electron AR term, which leads
to the large growth rate of the ITG instability. This feature is
somewhat analogous to the reduction of the electron AR
term by introducing the trapped electron fraction.

In addition, the normalized real frequency and growth
rate versus 7 for k;o, = 0.4, 0.7 and 0.9 in the adiabatic elec-
tron model are shown in figure 10. It is seen that the effects
of 7 on different kyo, are somewhat different. In detail, as 7
increases from 0.96 to 3.6, the normalized real frequency for
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Figure 9. Real frequency (a) and growth rate (b) versus k,po, for
7=0.96, 1.2 and 2.4 in the adiabatic electron model. The solid and
dashed lines denote the varying 7. and T;, respectively.

keps =0.4 is almost unchanged. The normalized real
frequency for kg, = 0.7 increases from —0.34 to —0.46 , and
the increment for kyp, = 0.9 is more obvious, from —0.50 to
—0.73. On the other hand, the growth rate for each mode
increases by enlarging 7. The increment for the most unsta-
ble mode is the most significant, which indicates that the
ITG instability is strongly destabilized by 7. We can also
note that when the mode frequency is normalized by
W, =koT./eBL,, the real frequency and growth rate show
similar dependences on T, /T; to the previous results [33].

In figures 11 and 12, the situations for the kinetic elec-
tron model are shown. The parameters are the same as those
in figures 9 and 10, respectively. Analogously, the normal-
ized real frequency and growth rate are almost the same
when separately changing 7, and T;. Note that in the elec-
tron perturbed distribution function shown in equation (9b),
the electron driving term and the bounce-averaged drift
frequency in the NAR term are proportional to 7 with the
normalization of ¢,/Ry, thus it is 7 instead of T, that appears
in the dispersion relation in the kinetic electron model. The
real frequencies of ITG instability seem to be slightly
changed as 7 varies, as is clarified by the character of
kgos = 0.4, 0.7 and 0.9 in figure 12(a). Additionally, it is
seen that TEM dominates with two parameter regimes. One
is in the higher k4o, region, and the other is in the lower ko
region accompanied with a larger 7. For example, it is
shown in figure 11(a) that TEM dominates in the range of
kops < 0.5 for 7=2.4. In addition, the dominant instability
for kyps = 0.4 changes from ITG to TEM when enlarging 7
from about 1.5 to about 1.8, as shown in figure 12(a). In the
former regime, the transition wavenumber (kq0,)rx becomes
larger with larger 7. Note that the ITG instability is destabi-
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Figure 10. Real frequency (a) and growth rate (b) versus 7 for
keps =0.4, 0.7 and 0.9 in the adiabatic electron model. The solid
and dashed lines denote varying T, and T;, respectively.
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lized by 7, thus for large 7, k4o, should be large enough to
reduce the ion NAR term due to the FLR effects. A possible
explanation for the latter feature is that the TEM-driving
source in the electron NAR term relates to w,.Ry/c, o« kgp,T,
and the larger 7 is more beneficial for the excitation of TEM
when fixing k,p;.

Compared to figure 9(b), the growth rate of ITG instabil-
ity shown in figure 11(b) is significantly larger than that in
the adiabatic electron model for each 7. Similarly, the
growth rate peaks at around kyo, = 0.7. The growth rates of
TEM are notably smaller than those of ITG. When 7=2.4,
the growth rates for 0.4 < kyo, < 0.8 are close to each other.
The growth rates versus 7 for ks, =0.4, 0.7 and 0.9 are
shown in figure 12(b) for further illustration. It is seen that
the growth rate for each k,p, increases with the increment of
7. When 7<24, the maximum growth rate appears at
around kg, =0.7. However, when 7> 2.4, the maximum
growth rate shifts to kyo, = 0.4. It is seen in figure 12(a) that
TEM dominates for kgo, =0.4 when 7> 2.4, which indi-
cates that the transition from ITG-dominant to TEM-domi-
nant could take place by increasing 7. Note that the electron
temperature can be effectively raised with various auxiliary
heating regimes, and the dominant instability may be trans-
formed during the heating process. Realizing the transform
of the dominant instability due to the increase of T would be
helpful for the analysis of related turbulent transport.

4. Nonlinear version

In this section, the nonlinear evolutions of electrostatic insta-
bilities on the ITER baseline scenario are studied. The radial
computational domain is set as (0.4a,0.6a), which is about
146p,. The grid resolutions are adopted as (N,,N,,
N,,N,) = (256,16,64,16). The perturbed distribution on the
radial boundary of the computational domain is set as zero,
and a damping buffer region of 14p, near the radial bound-
ary is adopted. In each nonlinear simulation, we choose 32
toroidal modes, which are set as n=[012 --- 31]xn, with
ny a constant. Clearly, the maximum poloidal wavenumber
komax = 31noq(ry)/ry kept in the nonlinear simulation can be
adjusted by ny. By choosing the appropriate n,, both the
linearly unstable ITG instability and TEM can be included in
the nonlinear simulation.

In figure 13, the time evolutions of heat diffusivities for
ions and electrons are shown. Three typical «;, values of
4.11, 5.09 and 7.49 are chosen. In the kinetic electron
model, it is seen from figure 4(a) that TEM dominates when
kr,=4.11, ITG dominates when «;,=7.49, and an
ITG-TEM transition occurs in the poloidal spectrum when
kr, =5.09. We recall that the maximum growth rate shown
in figure 4(b) increases significantly with the increment of
Kr,, and this increment leads to two results. On one hand, the
saturated heat diffusivity for ions becomes larger for larger
kr,. In detail, for «;, =4.11, 5.09 and 7.49, the saturated heat
diffusivity for ions is about y; =2.61 m*/s, 4.88 m*/s and
8.72 m?/s, respectively. On the other hand, the turbulence
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Figure 13. Time evolutions of the heat diffusivities for ions and
electrons for «, =4.11, 5.09 and 7.49 with the adiabatic and
kinetic electron models adopted. The horizonal lines are labeled for
the time-average range.

enters the linear stage and nonlinear stage earlier with larger
kr,. For each «r,, the time evolution of heat diffusivity for
electrons shows a similar tendency to that for ions in the
kinetic model, and the value is about half of that for ions in
the saturation stage. In the adiabatic electron model, only the
heat diffusivity for ions is shown. It is seen that the heat
diffusivity for ions in the adiabatic electron model is quite a
lot smaller than that in the kinetic electron model, which is
about y; = 0.97 m?/s and 2.82 m*/s for k7, = 5.09 and 7.49,
respectively. The case for k;, =4.11 is not shown due to its
smaller value of y;. In addition, it needs more time for the
turbulence to the enter the linear and nonlinear stages. Anal-
ogously, the heat diffusivity for ions increases as «,
increases. In addition, it is seen that the heat diffusivities
oscillate more rapidly in the kinetic electron model.

We mention that the poloidal wavenumber is truncated
with (kgps)max = 0.9 in the nonlinear simulations in figure 13.
However, it is clearly seen from figure 4(b) that the growth
rate in the larger ko, region is comparable with the growth
rate in the smaller kyp, region, especially for the cases with
kr, =5.09 and 4.11. Whether or not the saturated heat diffu-
sivity is affected by the truncation of (kyos)m.x should be
clarified. Figure 14 shows the comparison of the time evolu-
tion of ion heat diffusivity (normalized by ygp = ¢,0?/a) and
the flux-averaged perturbed potential with different toroidal
mode number with «7, =5.09 in the kinetic electron model,
where the truncations of the poloidal spectrum are adopted
as (kgos)max = 0.9 and (kgoy)max = 1.4, respectively. In particu-
lar, for the case of (kyos)max = 1.4, we choose 32 modes with
no=16 and 48 modes with n, =11, respectively. The
Fourier decomposition of perturbed potential is

5¢(r,a,0) = 3, ¢,™ and (¢,) denotes the flux average of
¢, in the radial and poloidal directions. It is seen from figure
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14(a) that the time evolutions of ion heat diffusivities in the
linear stage (fc,/R, < 30) with these two different (ky0)max
are quite similar, and the values of ion heat diffusivities in
the nonlinear saturation stage are close to each other,
although the time oscillations with different (kso,)ma are
somewhat different. In figure 14(b), we draw the saturated
perturbed potential with the time average from 50R,/c, to
200R,/c,. Some obvious features can be easily captured.
Firstly, the (¢,) spectra in the two cases of (ky0s)ma = 1.4 are
quite similar, but somewhat different from the case of
(kgP)max = 0.9 in the range of n > 240. Secondly, in these
three cases, the largest magnitudes of components appear
between n=150 and 220, which correspond to
keps 0.4 —-0.6. Obviously, the fluctuations in this region
govern the turbulent transport. Note that the peak of the satu-
rated magnitude spectrum is downshifted from that of the
linear growth rate, which indicates that the energy cascades
from the modes with larger wavenumber to the modes with
lower wavenumber in the ITG-dominant region [34].

In figure 15, the time evolutions of (¢,) for some typical
toroidal modes in the case with 32 modes and n, = 16 are
shown for the purpose of further illustrating the contribu-
tions of fluctuations with higher kyo, to the turbulent trans-
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Figure 15. Time evolutions of (¢,) for some typical toroidal modes
in the simulation with 32 modes and n,=16. The exponential
fitting for n =0, 208 and 240 in the linear stage is shown in the
zoomed-in plot.

port. It is seen that the fluctuations with moderate toroidal
mode number n ~ 208 —-240 grow the fastest in the linear
stage, which agrees well with the fact that the linear growth
rates are the largest at around kypo, ~0.6—0.7. The zonal
flow is then excited and grows at a higher growth rate. At
around fc,/R, = 24, the magnitude of the zonal flow exceeds
the fluctuations, and then both the zonal flow and fluctua-
tions reach the saturation stage. The exponential fitting for
n=0 and 240 in the linear stage shown in the zoomed-in
plot gives ys = 0.69¢,/R, for n=0 and yg = 0.34¢,/R, for
n =240. The linear growth rate for the zonal flow is about
two times larger than the dominant fluctuation ¢,_,4, Which
suggests that the zonal flow is passively generated by the
three-wave coupling [35, 36]. In addition, it is seen that the
linear stages for the fluctuations with a lower mode number
of n=16 and n =32 are almost the same as those with a
higher mode number of n =432 and n = 464. These modes
reach their saturation stages when the modes of n = 208 and
n =240 are saturated. Furthermore, the linear growth rates
for these modes are close to that of zonal flow, and are
significantly larger than those of the n =208 and n =240
modes. The linear results in figure 4 show that the growth
rate for kyo, = 0.1 is quite a lot lower than that for k.o, = 0.7,
and there is no doubt that the linear stages for n =16 and
n =32 in figure 15 are not linearly driven by themselves.
Instead, the fluctuations with lower mode numbers of n =16
and n =32, as well as fluctuations with higher n =432 and
n =464, are nonlinearly driven by the fluctuations with
moderate mode numbers such as n = 208 and n = 240 via the
mode coupling process.

Additionally, as shown in figure 4(b), the poloidal spec-
trum of the TEM with 7, =4.11 shows that the growth rate
continuously increases with the poloidal wavenumber k,,
without having a clear peak point around the ion-scale wave-
length region kyo, ~ 1.0. Analogous to the treatment with
kr, =5.09, we take another nonlinear simulation for
kr, =4.11 by changing n, from 11 to 16, then (kyOs)max 1S
changed from 0.9 to 1.4. Unsurprisingly, the time evolution
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of ion heat diffusivities and the magnitudes of flux-averaged
perturbed potential of different toroidal mode number show
similar tendencies to those in figure 14; that is, the contribu-
tion from the fluctuations with ko, > 1.0 to the turbulent
transport can be neglected. In addition, from the viewpoint
of the mixing length approximation model, the widely used
turbulent diffusion coefficient is written as [37]

D, =vy/k. (11)

Although the growth rates for the modes of k,o, > 0.9 are
comparable with (or even larger than) those of kyo, < 0.9, the
mixing length decreases, and a larger k, leads to a smaller
D, , as well as a smaller heat diffusivity.

Here, we mention that the nonlinear saturation of TEM is
found to be related to the zonal flow or the zonal density,
and that the roles of zonal flow and zonal density are param-
eter-sensitive [38, 39]. It is interesting to take a look at the
nonlinear saturation mechanism of TEM on the ITER base-
line scenario, and this issue remains as a future work.

Figure 16 shows the time-spatial contour structure of the
ion heat transport coefficient y;/ygp at the nonlinear stage
with the adiabatic and kinetic electron models, respectively.
The buffer regions are not presented. Compared to the case
in the adiabatic electron model, the heat transport coeffi-
cient in the kinetic electron model presents a larger value at
different radii. In addition, the radial structure is finer and
the time oscillation is more rapid. The former feature is
indeed expected from the larger saturated magnitude of

(a) 1
0.55 i
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0.4
0.45 02
0
(b)
0.55 4
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T o5}
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100 200 300
tc /R
s 0

Figure 16. The time-spatial contour structure of the ion heat trans-
port coefficient y;/ygs at the nonlinear stage with (a) the adiabatic
electron model and (b) the kinetic electron model.
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perturbed potential in the kinetic electron model, and the
latter feature indicates that the turbulent eddies due to the
self-generated zonal flow are smaller.

Figure 17(a) shows the radial profiles of saturated parti-
cle fluxes in the kinetic electron model with k7, =4.11, 5.09
and 7.49. T = nocy(o,/a)*. It is seen that for each «;,, the
particle flux is outward. The outward particle flux within
r=0.5a slightly decreases, and then drops notably in the
r > 0.5a region. With the increment of «7,, the outward parti-
cle flux increases. Clearly, the larger radial particle flux is
expected from the stronger saturated turbulence, which is
due to the larger linear growth rate. Figure 17(b) shows the
profiles of the zonal radial electric field E, for different «r,.
It is seen that E, for k;, =4.11 and 5.09 are quite small.
When «5, increases to 7.49, E, is mainly positive, and
exhibits a relatively large value.

(a)
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Figure 17. Radial profiles of (a) saturated particle fluxes and (b)
zonal radial electric field in the kinetic electron model with
kr, =4.11, 5.09 and 7.49 adopted.

The gyrokinetic calculations show that the zonal radial
electric field driven by the electrostatic turbulence satisfies
[40, 41]

1 1 2 1 11
_ar[;ar<r§ Qr)] + ;BT%;ar(rHrﬁ)_

ne

O.E,

By 1 l(9,.(rH,;). (12)
nmyr

Here, By and Bp are the toroidal and poloidal magnetic
fields, respectively. Q, is the turbulent-driven energy flux,
and II,, = nm(6v,0v;) is the turbulent toroidal Reynolds
stress, with ¢v, and 6v, denoting the radial and toroidal
components of the fluctuated E xB drift, respectively.
I, = nm{év,6vy) denotes the turbulent poloidal Reynolds
stress (PRS), where év, is the poloidal component of E X B
drift. & =1+1.64¢%/ +/€ is the shielding factor due to the
toroidal effects [42], and € is the inverse aspect ratio. Note
that the turbulent radial electric field originates from the
finite orbit width effects; thus, in the ITG-dominant turbu-
lence, the finite orbit width for electrons can be assumed to
be zero, and then only the turbulent fluxes for ions are
included in equation (12). In addition, the simulations
carried out in the adiabatic electron model with the CBC
parameters focused on the contributions of turbulent energy
flux and turbulent toroidal Reynolds stress on the zonal
radial electric field, which revealed that the zonal radial elec-
tric field is dominantly driven by the energy flux, and contri-
butions from the toroidal Reynolds stress term can be
neglected [43]. In the following analysis, we mainly focus on
the contributions of the energy flux term and the PRS term
on the radial electric field.

Figure 18 shows the comparison of the turbulent radial
electric field term with the turbulent energy flux and PRS
terms in the case of adopting the adiabatic electron model.
The physical quantities are normalized by ¢?By/R,. In figure
18(a), it is shown that the time evolution of the energy flux
term matches the electric field term well, and the contribu-
tion of the PRS term is quite small due to the toroidal shield-
ing effect. Comparison of the radial distribution at the
nonlinear saturated stage with ¢ =324R,/c, in figure 18(b)
also shows the similarity between the energy flux term and
the electric field term. We mention that the nonphysical
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Figure 18. Comparison of the turbulent radial electric field term (black), the turbulent energy flux term (red) and the PRS term (blue). The
adiabatic electron model is adopted. Comparison of (a) time evolution at r=0.5a, (b) profiles at the nonlinear saturated stage
(t =324R,/c,), (c) profiles with the radial simulation domain set as 0.3a — 0.7a (t = 324R,/c,).
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oscillations of the turbulent energy flux term near the left
and right boundaries are due to the existence of the buffer
region. Another nonlinear simulation with the same parame-
ters as those adopted in figure 18(b), with the exception that
the radial computation domain is extended from (0.4a,0.6a)
to (0.3a,0.7a), is carried out. Correspondingly, the radial
grid mesh is set as N, = 400. Figure 18(c) shows the spatial
profiles of the turbulent terms at the same time interval
t =324R,/c,. It is clearly seen that the turbulent energy flux
term matches the electric field term well in the region
between 0.4a and 0.6a; similarly, the nonphysical oscilla-
tion of the turbulent energy flux term appears around the left
buffer region.

Figure 19 shows the comparison of the turbulent radial
electric field term with the turbulent energy flux and PRS
terms in the case with the kinetic electron model adopted. In
figure 19(a), the time evolution of the turbulent-driven terms
at r=0.5a shows more rapid oscillation and larger ampli-
tude compared with those in the adiabatic electron model. In
the earlier nonlinear stage, the time variation of the turbu-
lent energy flux term is associated with the turbulent electric
field term, and the oscillation magnitude is also comparable.
However, in the nonlinear saturated stage, especially when
tc,/Ry > 60, a relatively large discrepancy between the
turbulent energy flux term and the turbulent electric field
term is observed. According to the turbulence simulations
using the GTC, the particle fluxes of kinetic electrons and
ions exhibit ambipolar characteristics when the spatial scale
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Figure 19. Comparison of the turbulent-driven radial electric field
term (black), the turbulent energy flux term (red) and the PRS term
(blue) with the kinetic electron model adopted. Comparison of (a)
the time evolution at r = 0.5a, (b) the profiles at the nonlinear satu-
rated stage (¢ = 111R,/c,).
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is beyond ion-FLR, and the kinetic electron contribution to
zonal guiding-center charge density can partially cancel with
that of the ion species [44]. Whether this cancellation is
important for the discrepancy observed in figure 19(a)
deserves further investigation. From figure 19(b), it is seen
that the radial distribution of turbulent energy flux matches
with the turbulent electric field term to some extent, and the
turbulent PRS contribution can be neglected as well. We
mention that the unphysical oscillation at around r/a = 0.57
is due to the existence of the buffer region.

From figures 18 and 19, it is concluded that the turbu-
lence-driven zonal radial electric fields in both the adiabatic
and kinetic electron models show similar characteristics; that
is, the zonal radial electric field is mainly driven by the
turbulent energy flux, and the contribution of the turbulent
PRS is relatively small in the ITER baseline scenario.
However, it should be noted that the turbulent PRS is a well-
known mechanism for driving the zonal radial electric field
[45-48]. It is an interesting issue that furthers our under-
standing of the regime where the turbulent energy flux term
dominates and where the turbulent PRS term dominates.

5. Conclusions

In conclusion, by separately adopting the adiabatic and
kinetic electron models in the gyrokinetic code NLT, the
kinetic electron effects on the linear frequency and nonlin-
ear transport driven by the electrostatic instabilities on the
ITER baseline scenario are numerically studied.

The linear simulations focus on the dependence of linear
frequency on the plasma parameters, such as the tempera-
ture gradient ks, = R/Ly,, the density gradient «, =R/L,
and the temperature ratio 7 =T7,/7T;. In the kinetic electron
model, for the nominal values of k7, =5.09 and «;, = 6.23,
the ITG instability and TEM dominate in the range of
keps <09 and kg, > 0.9, respectively. The maximum
growth rate appears at around kyp, = 0.7, which is located in
the ITG-dominant region. The maximum growth rate value
is 0.30c¢,/R,, which is enlarged by a factor of about 3
compared to that in the adiabatic electron model. The real
frequency shifts towards the electron diamagnetic drift direc-
tion by decreasing «, or increasing «r,. Specifically, when
kr, <4.11 or k7, > 9.00, TEM dominates in the whole range
of kyp, <1.2. The growth rate of ITG instability increases
obviously by enlarging «r,, while it is hardly affected by «,.
Meanwhile, the TEM is destabilized by «;, but stabilized by
kr,. The transition from ITG-dominant to TEM-dominant
also occurs by varying «, when the kinetic electron effects
are considered. The larger «, is, the larger the turning point
(kgps)tr is. In the adiabatic electron model, the maximum
growth rates of ITG instability are close for different «,;
however, the maximum growth rates in the kinetic electron
model increase significantly by increasing «,. In the kinetic
electron model, since the growth rates of ITG instability
increase with the increment of «7, or «,, the growth rate with
smaller 7; could be larger than that with larger n;, and
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depends on the competition between the increment of «;, and
k,. Scanning of the temperature ratio 7 indicates that the
normalized real frequency and growth rate for both ITG
instability and TEM depend on the value of 7, rather than the
value of T; or T., in both the adiabatic and the kinetic elec-
tron model. In the kinetic electron model, the ITG instability
is strongly destabilized by 7, and TEM dominates in the
higher and the lower kyp, region accompanied with larger 7,
which infers that the occurrence of the transition from ITG-
dominant to TEM-dominant in the lower kzp, region could
be easily realized by increasing 7.

In the nonlinear simulations, three typical cases with
values of «7, =4.11, 5.09 and 7.49 are presented. In both the
adiabatic and kinetic electron models, the ion heat diffusiv-
ity in the saturated stage of turbulence increases with the
increment of kr,. Compared to the cases in the adiabatic elec-
tron model, the value of ion heat diffusivity for each «;, is
quite a lot larger in the kinetic electron model, and the turbu-
lence reaches its saturated stage earlier. Three special nonlin-
ear simulations, in which the maximum poloidal wavenum-
ber (kgos)max 18 extended from 0.9 to 1.4, are carried out with
the kinetic electron model for «r, = 5.09. The ion heat diffu-
sivities in these two (kyo,)max cases are close to each other,
indicating that the contributions from the modes of
keps > 0.9 to the transport level can be neglected. The
toroidal spectrum analysis shows that the magnitude of fluc-
tuated potential in the saturated stage peaks in the ITG-domi-
nated region, which presents a similar tendency to the depen-
dence of the growth rate on k,p,. In addition, the radial struc-
ture of ion heat transport coefficients in the kinetic electron
model becomes finer, and the time oscillation is more rapid.
The particle flux evaluated in the kinetic electron model is
calculated to be outward for each «z,, and the outward parti-
cle flux increases with the increment of «7,. The zonal radial
electric field for «;, =4.11 and 5.09 is quite small. When «,
increases to 7.49, the zonal radial electric field is mainly
positive, and exhibits a relatively large value in a wide radial
domain. Based on the gyrokinetic theory, contributions of
the turbulent energy flux and the turbulent PRS to the zonal
radial electric field are evaluated in both the adiabatic and
kinetic electron models. It is found that, in the adiabatic elec-
tron model, the zonal radial electric field is mainly driven by
the turbulent energy flux, and the contribution of turbulent
PRS is quite small due to the toroidal shielding effect. In the
kinetic electron model, the turbulent energy flux term
matches well with the zonal radial electric field term in the
linear and early nonlinear stages, while the turbulent energy
flux is not strong enough to drive the zonal radial electric
field in the nonlinear saturated stage. The kinetic electron
effects on the mechanism of the turbulence-driven zonal
radial electric field should be further investigated.

Quantitatively speaking, consideration of the kinetic
electron effects leads to a significant increment of the maxi-
mum growth rate of dominant ITG instability and the associ-
ated nonlinear ion heat transport coefficient, as well as the
time-spatial contour structure. There is no doubt that the
kinetic electron effects play important roles on the turbulent

15

transport. Moreover, the realistic transport picture for the
ITER baseline scenario also depends on various physical
effects, such as the effects of energetic particles, the ion—ion
collisions and the electromagnetic fluctuation. These issues
are left for future work.
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