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ABSTRACT

We extend the bounce-averaged kinetic (BK) electron model to be applicable in general tokamak magnetic geometries and implement it on
the global df particle-in-cell gyrokinetic code gKPSP. We perform a benchmark study of the updated BK model against the gyrokinetic elec-
tron model in flux-tube codes, CGYRO and GENE. From the comparisons among the simulations based on the local parameters of a KSTAR
L-mode plasma, we confirm a reasonable agreement among the linear results from the different codes. In the nonlinear gKPSP simulation
with a narrow plasma gradient region whose width comparable to the mode correlation length, ion and electron heat fluxes are compatible
with those calculated by CGYRO. However, with an unstable region sufficiently wider than the mode correlation length, gKPSP predicts 2-3
times larger turbulent heat fluxes. Taking into account the differences between the flux-tube and global simulations, the overall agreement is
encouraging for further validation and development of the BK electron model. In global simulations using a wide range of the experimental
plasma profiles, we find an intricate coupling of turbulence spreading and a zonal flow in determining the radial profiles of turbulent heat
fluxes, which has not been reported to date.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0178350

I. INTRODUCTION

Numerical modeling of microturbulence in magnetically confined
plasmas has been advanced by the reduced kinetic descriptions relying
on adiabatic invariants. The ion magnetic moment y;, the so-called
first adiabatic invariant, is conserved for microinstabilities whose fre-
quencies are lower than the ion gyrofrequency w,. The gyrokinetic
theory reduces the number of phase-space variables by applying the
gyrocenter transform and eliminating the gyrophase dependency in

computational resources. When one considers turbulence driven by
trapped electron modes (TEMs), which are drift waves excited by the
resonance with the toroidal precession of trapped electrons, the BK
model is an efficient method of dealing with trapped electrons. An
applicable situation is core transport of L-mode plasmas where ion
temperature gradient-driven (ITG) modes and TEMs are considered
to be dominant instabilities. Thus, the BK electron model can be a
practical tool for modeling L-mode plasma transport in large tokamaks

0€:¥'¥0 ¥20T UYdo1en ¥0

phase-space Lagrangian."” In addition, considering a bounce motion
of a particle trapped in a weak magnetic field region, the action associ-
ated with the bounce motion becomes the second adiabatic invariant.
The bounce-averaged kinetic (BK) equations can be formulated by the
transformation to the action-angle coordinate.” Treating the phase of
the bounce motion as an ignorable coordinate, the BK model provides
the reduced description of the bounce-center motion.

Although electron dynamics is described by the gyrokinetic equa-
tions in recent turbulence simulations,” it requires demanding

such as ITER. The BK electron model has been implemented on gyro-
kinetic codes, GT3D® and gKPSP,L)’“’ for the description of kinetic elec-
trons. Particularly, the gKPSP code has extensively exploited the BK
electron model for researching TEM turbulence."'” In gKPSP simula-
tions, the computational cost for adding kinetic trapped electrons is
limited to only 2-3 times of the simulation cost with adiabatic elec-
trons. This efficient numerical scheme facilitates the exploration of a
broad parameter range where a transition between ITG-dominant and
TEM-dominant turbulence occurs.'” However, the BK equations

Phys. Plasmas 31, 022307 (2024); doi: 10.1063/5.0178350
Published under an exclusive license by AIP Publishing

31, 022307-1


https://doi.org/10.1063/5.0178350
https://doi.org/10.1063/5.0178350
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0178350
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0178350&domain=pdf&date_stamp=2024-02-29
https://orcid.org/0000-0002-8012-8711
https://orcid.org/0000-0002-8122-0018
https://orcid.org/0000-0001-7107-7302
https://orcid.org/0000-0002-2300-152X
https://orcid.org/0000-0001-7015-0547
https://orcid.org/0000-0002-9845-4646
https://orcid.org/0000-0001-9924-3536
https://orcid.org/0000-0001-6408-9604
https://orcid.org/0000-0003-3694-0865
mailto:yism@kfe.re.kr
https://doi.org/10.1063/5.0178350
pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

implemented in the aforementioned simulation codes are derived for
analytic magnetic geometries. Because of this constraint, no validation
study of the BK electron model involving experimental data has been
conducted.

In this work, we extend the BK electron model in the gKPSP code
for its application in experimental magnetic geometries. Then, we simu-
late a KSTAR L-mode plasma by using the extended BK model and com-
pare our results to those obtained from the well-established full
gyrokinetic codes, CGYRO® and GENE, for validation purpose.
Although validation is commonly defined as the process of determining
the accuracy of a model compared to experimental data,'” it is more diffi-
cult for the BK electron model to produce simulations consistent with
experiment results than the gyrokinetic model. Thus, we construct an
intermediate step of testing how faithfully the BK electron model repre-
sents interactions between trapped electrons and waves. In this sense, the
gyrokinetic electron model serves as a good benchmark since it describes
electron dynamics more precisely. In the previous studies, the BK elec-
tron model has already been confirmed to yield linear results very similar
to the drift-kinetic model in analytic circular magnetic geometries.”” In
this study, expanding the benchmark exercise to experimental magnetic
geometries, we confirm a reasonable agreement between the BK and
gyrokinetic electron models. We find some discrepancies as well, identify-
ing issues in the approximations in our BK electron model.

Even though gKPSP is a global code, the benchmark simulations
are focused at a radial location since the benchmark results are
obtained from radially local, flux-tube simulations. In the local
approach, by assuming a disparate-scale separation between turbu-
lence and equilibrium profiles, radial equilibrium profile variations are
neglected. This promotes the numerical implementation of the full
gyrokinetic equation system including gyrokinetic electrons and elec-
tromagnetic effects, so that flux-tube codes are widely used in turbulent
transport modeling. However, the flux-tube approximation is in
principle justified in the limit of p;/a — 0, where p; and a are the ion
gyroradius and the minor radius of a tokamak, respectively. For
medium-sized tokamaks, e.g., KSTAR, one has to take into account the
radial profile variations and thus the dynamics of mesoscale structures
such as zonal flows'* and heat flux avalanches.'” These mesoscale phe-
nomena are well-represented by global simulations. Furthermore,
some simulated results from global codes are in better agreement with
experimental data than local simulations, albeit validation studies
employing global codes are rare.'” '® For example, a validation work
of ASDEX Upgrade plasmas by using both the local and global ver-
sions of the GENE code reported that the global simulations produce
the ion and electron heat fluxes compatible with the experiments for
the wide radial domain.'” However, it was found that the local GENE
simulations lead to an overestimation of the experimental heat fluxes
at outer radii. In this work, motivated by the reasonable validity of the
BK electron model in the gKPSP code, we further investigate charac-
teristics of global simulations by taking the experimental profiles in a
wide radial range. We find an interesting effect of mesoscale transport
phenomena in determining radial profiles of turbulent heat fluxes.

The remainder of this paper is organized as follows: In Sec. II, the
basic equations in the BK electron model are given. In Sec. I1I, we
introduce the KSTAR plasma studied in this work. We present numer-
ical results that examine the validity of our model and the characteris-
tics of global simulations in Secs. IV and V, respectively. Finally, we
draw conclusions with discussions in Sec. V1.

pubs.aip.org/aip/pop

Il. THE SIMULATION METHOD: BOUNCE-AVERAGED
KINETIC ELECTRON MODEL

We consider the axisymmetric equilibrium magnetic field given
by B = Va x Vi, where o and i are the field line label and poloidal
magnetic flux, respectively. Denoting the distance along the field line
by ¢, the lowest-order equations of motion for trapped electrons paral-
lel to the magnetic field are given by

dr

2= 1)
dv 0B
oy _ _ 0B
dt cor’

where v) is the parallel velocity at a point on a trapped electron’s

bounce orbit and p, = m.v? /(2B) the electron magnetic moment

with m, being the electron mass. We can define the action-angle varia-

bles for this periodic bounce motion as
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Here, E, = mgvﬁ/Z + p1.B is the energy and wy, = OHo(\, J, pt,) /0] is
the bounce angular frequency defined with the unperturbed
Hamiltonian in terms of J. The coordinate transform (¢, v)) — (J, V)
and the elimination of the bounce-angle dependency in the phase-
space Lagrangian lead to the BK equations.” The evolution of the
bounce-center distribution function F,(,o,], ) in the bounce-
center coordinate is given by

OF, dyOF, dadF,

or Taroy T dton ®)
where the bounce-averaged equations of motion are
dy _ 9(5¢),
i~ o ©
H,
du_ cOH, _ 0(0¢), 7)

dt ey S oy

Here, (d¢), = §d¢d¥/2n denotes the bounce average of the per-
turbed electrostatic potential d¢, ¢ the speed of light, and e the elemen-
tary charge. Note that the bounce-center coordinate adopted in our
BK model is the lowest-order approximation retaining the parallel
motion only. It is assumed that the guiding center is tied up to a given
field line, i.e., the width of the bounce orbit vanishes. In addition to the
fast parallel motion, the guiding center undergoes the slow perpendic-
ular magnetic drifts across field lines. The “true” bounce-center coordi-
nates at the order €, = k|, wy, include the corrections for the
deviations from the given field line caused by the perpendicular drifts.’
Here, wy, is the bounce orbit width of a plasma species , where ¢ = i ()
for the main ions (electrons). For trapped electrons experiencing TEM
turbulence, € < wye/ps ~ \/m./miqRy/r would be small enough to
neglect its correction. Here, p, = ¢,/ is a reference gyroradius
defined with the ion sound speed ¢, = /T./m; and the ion gyrofre-
quency o, = Z;eBy/(m;c) with Z; being the main ion charge number.
By, Ry, 1, and q are the magnetic field strength and the major radius at
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the magnetic axis, a minor radius of a bounce orbit, and the safety fac-
tor, respectively. The approximate BK model in Egs. (5)-(7) is practical
for simulation applications and the assessment of its validity and
limitations.

For the numerical implementation of the BK electron model, the
evaluation of the radial derivative of Hy(, ], pt,) in terms the bounce-
center coordinate is necessary. In the previous BK electron models, the
H, expressions are derived for analytic tokamak equilibria. In the
deeply trapped electron limit with J < 1, an approximate formula is

2 I
K >+ HTmin - (5)

H =By 1+ A— — V oF e min
O(wujaﬂe) He 0< + &+ & qRO\/m_e

2¢?
where B, is the minimum magnetic field of the trapped electron
orbit, A the Shafranov shift, x, elongation, and ¢ = r/R, the inverse
aspect ratio. Later, the BK model is extended to arbitrary J by including
H, of barely trapped electrons'’

A 5 =14 gy
barely(ll/vL :ue) HeDmax + 460b*]* J() Wm(*u) 5
where J, = 8gRy\/m.en,By, py = o \/e1,By/me, and By, is the
maximum magnetic field of the barely trapped electron orbit. Here,
Wp(y) is the second branch of Lambert function defined by
W(y)e"?) =y for W(y) < —1.7

However, the BK equations derived for analytic tokamak equilib-
ria are not suitable for experimental magnetic geometries, which are
numerically calculated. To accommodate equation-free general toka-
mak magnetic geometries, we evaluate OHy (Y, ], t1,)/0y in Eq. (7)
numerically. For an experimental magnetic equilibrium given by
W(R, Z) in the cylindrical coordinate, ] in Eq. (3) is written as

©)

o B r|Vy|

1
J(, e, p1,) = EJ(JO me‘”“'B_P Ir- vyl

rd0, (10)

where (r, 0) is the geometrical polar coordinate, the poloidal magnetic
field strength B, = |V/|/R, and

|V _ (%) +(g—g) /‘cos()%-{—sin()% (11)
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Here, we use u,, as the velocity space variable instead of E,, where 1,
is v at B,,;,. We calculate the J values on the (\, uy, 11,) grid by inte-
grating Eq. (10) numerically along the orbits of the particles on the
grid points. Figure 1 shows J as a function of u,, with x=0.58 and
U, = 0.7T;(0) /By, where T;(0) is the ion temperature at the magnetic

axis. Here, x = \/\//y, is the radial coordinate of the gKPSP code
with 1/; being the poloidal magnetic flux on the last closed-flux surface.
For the circular plasma based on the CYCLONE base case where an
analytic magnetic equilibrium is employed in Fig. 1(a), we confirm
that the numerically calculated ] agrees well with the analytic
expression”"

J = LIE(K) = (1 = 2)K(x)]. (12)

Here, K(x) and E(x) are complete elliptic integrals of the first and sec-
ond kinds, respectively, and x* = uy /2¢v7 . is pitch angle at Byp.
Figure 1(b) corresponds to the KSTAR plasma, which will be intro-
duced in Sec. II1. In this case, we make a comparison with the semi-
analytic expression valid in the deeply trapped electron limit, which is
given by

j— meus,
2605(1//7 Upc, .ue)

Here, wp,(¥, upe, 1t,) is numerically calculated. We confirm a good
agreement between the two results in the small J limit, ensuring the
accuracy of the numerical integration of J.

Now, we can find u;, assigning J for given ¥ and p, values from
the constructed numerical function J(, up, 1t,). Then, Hy in the
bounce-center coordinate (¥, ], 1t,) is given by

13)

Ho.J, 1) = BeBuin() + ymad (.o m). (1)

We discretize Hy by employing the finite element method. Details are
given in the Appendix. We implement this BK electron model for gen-
eral tokamak magnetic geometries in the gKPSP code. Other details of
the BK electron model in the gKPSP code are presented in Refs. 9
and 10.

lll. THE KSTAR PLASMA

TEM-dominant plasmas with a magnetic equilibrium reconstruc-
tion and plasma profile diagnostics are suitable for validating the BK

0 10 20 30 40 50
U [Viol

FIG. 1. Action J as a function of the parallel velocity of a trapped electron at its bounce center u,e with x = /¥ /14 = 0.58 and u, = 0.7T;(0)/B, for analytic circular (a)
and experimental KSTAR magnetic geometries (b). The vertical lines denote the trapped-passing boundaries.
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(a) (b) q
0.2} s
' ok E FIG. 2. (a) Normalized equilibrium poloidal
- magnetic flux in the (R, Z) plane for the
T ool i 05 plasma at 2050 ms in the KSTAR
N discharge #21631. The white ellipse indi-
1k ] cates the radius x =0.58 where a bench-
0.2+ mark test is performed. (b) Safety factor
and magnetic shear as a function of the
radial coordinate x = /v /4.
0.4 . . . 0.0 0 L 1
0.6 0.8 1.0 1.2 02 03 04 05 06 0.7 08

R/R,

electron model. Recently, the KSTAR L-mode discharge #21631
has been studied. Equilibrium magnetic reconstruction, kinetic
profile, and transport analyses as well as uncertainty quantification
have been systematically conducted in the previous work.”” Note
that carbon impurity with the constant Z.g = 2 is assumed because
impurity measurements were not available. Furthermore, the gyro-
kinetic analysis has revealed that the most unstable microinstability
in the plasma at 2050 ms is TEM.”” Thus, the previous work pro-
vides a favorable test case for the validation of the BK electron
model. In this study, we investigate this plasma by using the gKPSP
code with the BK electron model by adopting the experimental
equilibrium data in the previous work. A brief overview of the
L-mode discharge is as follows. Subjected to a toroidal magnetic
field on the axis of By = 2.5 T, the plasma carrying a plasma current
of I, = 600 kA was heated by 2.9 MW of neutral beam injection. An
up-down symmetric-shaped plasma is configured by an inboard
limiter. The plasma at 2050 ms has the shape parameters of elonga-
tion x, = 1.46 and triangularity J, = 0.245 at the last closed-flux
surface. The major and minor radii of the plasma are Ry = 1.83 m
and a = 0.48 m, respectively. Figure 2 shows the normalized equilib-
rium poloidal magnetic flux 1//i, on the (R, Z) plane and the safety
factor q and the magnetic shear s = (x/q)(dq/dx) as a function of

gKPSP’s radial coordinate x = /¥ /. Figure 3 displays the equi-
librium density n, and temperature T, profiles of the main ions,
electrons, and carbon impurities as well as their gradient profiles.
Here, we define the inverse gradient scale lengths as - LdY

Ay — Y dx’
where Y stands for density or temperature of a plasma species ¢ and
o = C for the carbon impurities.

IV. VALIDATION SIMULATIONS

In this section, we present the benchmark results of the gKPSP
simulations utilizing the BK electron model against the full gyrokinetic
simulations. For the benchmark data, we take the previous gyrokinetic
analysis results of the KSTAR plasma,”” which is obtained by the electro-
magnetic 0f flux-tube code CGYRO.” It should be noted that there are
definite differences in numerical methods employed in flux-tube and
global codes, e.g., treatment of radial equilibrium profile variations,
radial discretization of fluctuations, boundary conditions, etc.
Nevertheless, results from local and global simulations qualitatively
agree. Regarding linear simulation results, their quantitative differences
are usually not large. One example is found from the comparison of the
local and global GENE simulations in Fig. 6 in Ref. 23. The linear flux-
tube simulations exhibit growth rates only about 20% higher than the
global results, while the frequencies from the local and global simula-
tions are in good agreement. In this regard, the local results can serve as
a fairly good benchmark standard, immediately available. The radial
location where the previous CGYRO simulations were conducted is
tref/a = 0.5, translated to x,s = 0.58 in the gKPSP code. The simu-
lated plasma is composed of deuteriums as the main ion species, elec-
trons, and carbon impurities with the flat Zy = 2.0 profile. At x = Xf,
the electron density and temperature read 1, = 2.52 x 10’m™> and
T, = 1.49 keV, respectively. The density and temperature ratios of the
ion species to electron are as follows: n;/n, = 0.80, n¢/n, = 0.03,
T;/T, = 1.12,and T¢/ T, = 1.17. The local values of the inverse gradi-
ent scale lengths are Ayl =2.24, A}’ = 1.40, A;} = 1.52, and
A} = 1.79. The local safety factor is g = 1.89 with the magnetic shear
s=0.46.

4
E3
S 2
-2 =,
c -
ﬁb 1
0.2 0.3 04 05 0.6 0.7 0.8 0.2 0.3 04 05 0.6 0.7 0.8 0.2 0.3 04 05 0.6 0.7 0.8
X X X

FIG. 3. Densities (a) and temperatures (b) as a function of the radial coordinate x = /v//v4. (c) Inverse gradient scale lengths of density (dashed) and temperature (solid).
Profiles of ions (black), electrons (red), and carbon impurities (blue) are displayed. The horizontal arrows represent the radial ranges employed in gkPSP simulations.
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The gKPSP code describes the dynamics of the ion species by using
the gyrokinetic equations. For trapped electrons, we use the BK model
in Sec. II. Passing electrons are assumed to respond adiabatically. The
self-consistent perturbed electrostatic potential is determined by the
gyrokinetic Poisson equation. The Coulomb collisions between the ion
species are modeled by a linearized collision operator with energy and
momentum conserving terms.”* The collisions for electrons are assumed
to be dominated by pitch angle scattering against ions and replicated by
the Lorentz operator.”” For the details of the simulation model and
numerical methods in the gKPSP code, we refer Refs. 9,10, and 26. We
take into account neither an equilibrium radial electric field E, ., nor fast
ions to focus on discrepancies, if any, caused by the BK electron model.
We posit that electromagnetic effects are negligible because of the low
plasma beta value as f§, = 871, T, /By = 0.3% atx = X

gKPSP simulations employ the following numerical parameters.
As a baseline case, we take the experimental plasma profiles within the
narrow radial range x = 0.53 — 0.63, marked by the green arrows in
Fig. 3, corresponding to the width of the plasma gradient region
W=0.1. Simulated is half of the torus containing 48 toroidal modes.
The toroidal mode spectrum covers up to kgp, =1.79 with
dkgp, = 0.038. In this section, p, and ¢, correspond to the local values
at x = Xpr. We set the radial grid size to dx ~ 0.26p, and the time
step to 0.07a/¢;. The main ions are sampled by about 100 markers per
grid. The numbers of electron and carbon markers are half the number
of the ion markers. To obtain quasi-steady-state nonlinear simulations,
we apply a Krook-type source given by

SEa(x7 07 ga UH7MU) = _ysrcéFU(quU)7 (15)

which is similar to the source operator in Ref. 27. The coefficient
Vere 18 set to around 2% of the maximum linear growth rate. The
fixed (Dirichlet) boundary condition is imposed for non-zonal
potential fluctuations at both the inner and outer boundaries of the
radial simulation domain (0¢),.o = 0), as well as for the zonal
potential at the outer boundary. For the zonal potential at the inner
boundary, we impose the Neumann boundary condition of
00¢,_o/0x = 0. In order to prevent unphysical profile evolution
near the boundaries, we also designate buffer zones where fluctua-
tions are enforced to damp by a Krook operator. Each of the inner
and outer buffer zones stretches for about 20% of the whole simu-
lation domain from their neighboring boundaries toward the
domain’s center. Figure 4 shows the T, profile (black curve) used in
the baseline simulation setup and illustrates the radial domain con-
figuration (black arrow and shaded zones). The inner and outer
buffer zones are located in close proximity to the plasma gradient
region. In this case, the physical domain except the buffer zones,
whose extent is denoted by D, is the same as the plasma gradient
region, i.e., W = D = 0.1.

Since the most CGYRO simulations in Ref. 22 include both E,
and fast ions, we revise them by excluding these two factors. The
numerical parameters used in CGYRO simulations are as follows: The
radial and binormal box sizes are L, = 135.5p; and L, = 93.8p,,
respectively. Resolutions are (ny,ng,n:) = (216,56, 16) for radial,
poloidal, and toroidal grids and (ng, n:) = (8, 24) for energy and pitch
angle grids. For a more solid benchmark, we add results from another
flux-tube code GENE," adopting the same simulation condition.

Figure 5 shows linear growth rate y and angular frequency  spec-
tra obtained from two gKPSP versions with the BK electron models

ARTICLE pubs.aip.org/aip/pop
2.2 N ' ' '
D=0.4
1.9 “—>
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x 1.6
2
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1.3 §
“WoB-0.1
1.0 1 1 1 I
0.28 0.38 0.48 0.58 0.68 0.78 0.88
X

FIG. 4. Radial profiles of electron temperature T, imported into simulations with
W =D = 0.1 (black) and W= 0.2 along with D= 0.4 (red). The plasma gradient
region width W and the physical domain size D are represented by the thick and
thin arrows, respectively. The buffer zones are represented by the shaded regions.

based on the analytic (blue) and numerical magnetic geometries (red).
We also present the results from CGYRO (black) and GENE (green),
which are almost identical. Negative frequencies correspond to modes
propagating in the electron diamagnetic drift direction. While the dif-
ferences between the results from the analytic BK and gyrokinetic elec-
tron models are noticeable, the extended BK electron model improves
the agreement with the gyrokinetic electron model to a satisfactory
level. This implies that if general tokamak magnetic geometries are
taken into account correctly, under conditions where the BK electron
model can be applied, it can quantitatively reproduce outputs from the
full gyrokinetic simulations. In the previous analysis,”” the unstable
electron mode was found to be a kind of collisionless TEM by scrutiniz-
ing the dependencies of the linear growth rate on electron density and
temperature gradients, as well as collisions. It is remarkable that the
absolute value of the mode frequency decreases with the wavenumber
for kgp, > 0.3. This behavior is distinguished from a typical drift wave
frequency spectrum, which increases with kgyp,. The impurity content
and the shaped magnetic geometry may result in the distinct linear
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FIG. 5. Linear growth rates y and frequencies « as a function of kg p, from different
codes. The gKPSP simulations use the plasma gradient region width W= 0.1 with
the same physical domain size D= W.
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spectrum. We defer a more detailed study of underlying physics of the
simulated instability to a subsequent paper. In spite of the overall agree-
ment among the codes, discrepancies still remain in the growth rates at
kop, > 0.6 and the frequencies around kyp, ~ 0.5. Those are possibly
because of the approximations in our BK electron model such as the
omissions of the perpendicular magnetic drift (zero orbit width) and
neoclassical polarization of trapped electrons, the adiabatic response of
passing electrons, etc. The differences between local and global simula-
tions can also cause the discrepancies.

Figure 6 shows time histories of ion and electron heat fluxes com-
puted from a nonlinear gKPSP simulation with W = D = 0.1. The
local heat fluxes are obtained by the radial average around X
(0.55 < x < 0.61). We display the averaged heat fluxes over the last
half of the simulation time by the black dashed lines. The red circles
represent the mean heat fluxes from a nonlinear CGYRO simulation,
obtained by time average of a quasi-steady state. The corresponding
standard deviations are indicated by the error bars. In this baseline
case, the gKPSP simulation predicts the average ion heat flux 70%
larger than that from CGYRO and the mean electron heat flux to
exceed the CGYRO result by only 20%.

Although the present study does not aim to match the experi-
mental heat transport levels, it is meaningful to compare the nonlinear
simulation results with the experiment. The experimental heat fluxes
as well as their uncertainties have been estimated by the previous
power balance analysis combined with the random data sampling and
the error propagation technique.”” Those results are displayed by the
green shaded bands in Fig. 6. In the perspective of turbulent transport
theories, it is useful to quantify the heat transport levels induced by
the gyro-Bohm diffusivity given by y. = pic;/a. Defining Qg
= Ygpo To/a, we have 1Qg; = 0.039 MW /m” and 1Qg . = 0.036
MW /m? at x = x, for ions and electrons, respectively. Therefore,
experimental heat fluxes are approximately ~1Qg, for both
ions and electrons. Given the presumed impurity profile and the omis-
sion of fast ions, the gKPSP and CGYRO simulation results occasion-
ally agree with the experimental electron heat flux, but they
underestimate the ion transport level. The previous validation study
has identified information of impurities and fast ions as necessary
input data for a clearer conclusion.”” By securing the required experi-
mental data, we will continue validation efforts for KSTAR plasmas in
the future.
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We examine influences from the radial domain size on turbulent
transport levels by carrying out additional nonlinear gKPSP simula-
tions with wider plasma gradient regions. In addition to numerical
damping near the inner and outer boundaries, it is well known that in
global gyrokinetic simulations, turbulent transport is strongly affected
by the width of the unstable region.”””” To distinguish these two
effects, we vary the plasma gradient region width W with two different
setups for the physical domain size D. One approach involves setting
D =W, corresponding to the inner and outer buffer zones in close
proximity to the plasma gradient region. The other method does fixing
D =04, ie, the distant buffer zones for the narrower W < 0.3. The
two domain configurations are illustrated in Fig. 4. In order to avoid
strong fluctuations excited by the large gradients in the experimental
plasma profiles at x> 0.65, we modify the experimental density and
temperature profiles of all the plasma species. The profiles are enforced
to have a constant inverse gradient scale length over the whole radial
domains for the cases with W > 0.2. We set the constant 1 /Ay to be
equal to the values at x,r. These profile modifications make 1/Ay at
inner radii larger than the original experimental values.

In linear simulations with different W, the growth rates and fre-
quencies of the modes with kgp, > 0.5, measured at x,.f, are almost
identical. With the wide W > 0.2, the modes with low kyp, < 0.5
show some changes: The structures of the low-k modes expand to
inner radii at x < 0.5. The growth rates around kyp, ~ 0.4 increase by
20%-30% compared to those in the W=10.1 case and thus the linear
flux-tube simulations. The increased growth rates of the kgp, ~ 0.4
modes may lead to modest raises in the heat fluxes with W>0.2.
From nonlinear simulations with different W and D, we obtain the
radial profiles of the ion and electron heat fluxes in Fig. 7. The heat
fluxes are averaged over the time period denoted by the dashed lines in
Fig. 6. As W increases, the height and width of the heat flux profiles
increase simultaneously. In the D= W cases (the thin curves), the
numerical damping from the nearby buffer zones yields the more
reduced heat fluxes compared to the cases with the distant buffers
(D=04).

Figure 8 shows the volume-averaged heat fluxes as functions of
the ratio of the plasma gradient region width to the mode radial corre-
lation length W /I, The radial average window (0.55 < x < 0.61) is
the same as that in Fig. 6. Here, we estimate the radial correlation
length ,,,,, defined as the full width of radial mode structures, by mea-
suring the width of the radial wavenumber power spectra of d¢
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FIG. 6. Time histories of heat fluxes of ions (a) and electrons (b) from a nonlinear gKPSP simulation with the plasma gradient region width W= 0.1 and the same physical
domain size D = W. Heat fluxes obtained from a CGYRO simulation are shown by the red symbols. The error bars represent the standard deviations of the time averages. The

power balance analysis results in Ref. 22 are displayed by the green shaded bands.
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FIG. 7. Radial profiles of heat fluxes of ions (a) and electrons (b) from nonlinear gkPSP simulations with different values of the plasma gradient region width W and the physical
domain size D. Heat fluxes obtained from a CGYRO simulation are shown by the red symbols with the error bars. The power balance analysis results in Ref. 22 are displayed

by the green shaded bands.
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FIG. 8. Volume-averaged ion (black) and electron (red) heat fluxes as functions of
W /.o from gKPSP simulations with two different settings of the physical domain
size D. Heat fluxes obtained from a CGYRO simulation are shown by the dotted
lines.

fluctuation. The average I,,,, values for the time interval of 20 a/c; dur-
ing the nonlinear saturation are listed in Table I. The plasma gradient
region width of W= 0.1, which corresponds to 17p,, is slightly nar-
rower than the mode correlation length L, > 20p, in the wider W
cases. Regardless of the D conditions, the ion and electron heat fluxes
increase with increasing W /I, being consistent with the previous
result, which reports the proportional relation between turbulent
transport and W for W < 200p,.”” For the same W values, the heat
fluxes with D= W (the filled symbols) are more reduced than the
D =04 cases (the open symbols). However, the heat flux differences

TABLE |. Radial mode correlation lengths for different values of the plasma gradient
region width W and the physical domain size D.

w
0.1 0.2 0.3 0.4
D=WwW 16p, 21p, 24p, 28p,
D=04 18p; 22p, 26p, 28p;

between the two D setups are much smaller than the variations among
the different W cases. Specifically, compared to the largest Q, in the
W =D = 0.4 case, Q, with W = D = 0.1 decreases by 58% and Q,
in the case with W= 0.1 and D= 0.4 is similarly reduced by 64%. This
manifests that the numerical damping effect does not contribute sub-
stantially to the reduced turbulent transport at small W/l In the
gKPSP simulation with W = D = 0.4, the ion and electron heat fluxes
are, respectively, 3 times and 2 times larger than those from the
CGYRO simulation. This suggests that our BK electron model overes-
timates turbulent transport compared to the gyrokinetic model. The
approximations employed in our BK model are likely to cause the
overestimation. However, the case with W= 0.4 is very unlikely to cor-
respond to the flux-tube limit, although global simulations with larger
W /p, may produce results more similar to the flux-tube limit. We
need to identify the heat flux differences between global and flux-tube
simulations, differentiating them from the overestimation caused by
our BK model. The differences between global and flux-tube results
can be attributed to nonlinear mesoscale phenomena as well as linear
instabilities altered by the global profile variation. We will discuss
impacts of nonlinear mesoscale phenomena in global simulations
shortly. To clarify sources of the discrepancies between the gKPSP and
CGYRO results in Fig. 8, further validation studies against global full
gyrokinetic simulations are required.

It is instructive to compare Fig. 8 with the scan of the width of
the strong T; gradient region in Fig. 3 in Ref. 29. First of all, we note
that our simulation condition is quite different from that of Ref. 29,
which is a deuterium-electron plasma of T; = T, with an analytic con-
centric circular magnetic geometry. In Ref. 29, the adiabatic electron
response is assumed, and only ITG turbulence is examined. In this
work, we consider an experimental multi-species plasma and kinetic
electrons by using the BK model. Despite these distinct simulation
conditions, for small W/p, < 200, the dependencies of turbulent
transport on W are consistent: Both the heat diffusivity y in Ref. 29
and Q, as well as Q; in Fig. 8 significantly increase with
1/pts = W/p,. For large W/p, > 200, the transport induced by
global ITG turbulence in Ref. 29 converges to the flux-tube result. The
convergence is expected to occur around W/p, ~ 200 since y with
W /p, ~ 220 is close to the flux-tube limit. On the other hand, in our
W scan with D = 0.4 = 70p, in Fig. 8, the increments in the heat
fluxes are likely to be saturated at the largest W/l,, value
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(W = 70p,). However, we cannot rule out the impact of the nearby
buffer zones restricting the turbulent transport in the W=0.4 case.
We note that the buffers in our simulations are placed close to the tur-
bulent region compared to the setting in Ref. 29. Although it is desir-
able to obtain heat fluxes clearly saturated at sufficiently large W/p,,
the largest W is limited to W < 100p, in the present experimental
plasma condition. It is valuable to study the effects of the width of the
strong gradient region on transport in global TEM turbulence. This
study will be facilitated in a simplified plasma condition and magnetic
geometry, rather than in an experimental plasma.

The mechanism behind the transport reduction in narrow turbu-
lent regions is still not fully understood. It has been reported from a
device size scaling study, the linear growth rates are similar for differ-
ent plasma size a/p;.”* Therefore, the reduction in transport at small
W values is conventionally recognized as a consequence of nonlinear
mesoscale processes. An initially invoked mechanism is turbulence
spreading,” by which fluctuation excited in the unstable region dif-
fuses into the adjacent, linearly stable region by mode-mode coupling.
As the width of the driving region decreases, the stabilizing effect of
spreading becomes more pronounced. Recently, a global gyrokinetic
simulation study has identified two distinguished mechanisms for the
generation of zonal flows depending on the width of the unstable
region.”” When W is much wider than the mode correlation length
L.or» an incoherent zonal flow is driven, and its modulational growth is
prohibited. With a narrow unstable region of W ~ I, a coherent
zonal flow is efficiently amplified by the modulational instability, lead-
ing to a turbulence saturation level lower than those in the wide W
cases. These findings in zonal flow generation can also explain the
reduction in transport at small W values. Crucial mechanisms causing
the transport reduction may be uncovered by quantifying their contri-
butions on transport levels for different W.

V. GLOBAL SIMULATIONS WITH A WIDE
EXPERIMENTAL PLASMA GRADIENT REGION

To explore features of global simulations using the experimental
magnetic geometry and plasma profiles, we take the experimental
plasma profiles in Fig. 3 without any modification. We set the plasma
gradient region as x = 0.38 — 0.63, denoted by the black arrows in
Fig. 3, and place the buffer zones next to the plasma gradient region,
ie, W=D = 0.35. This wide domain embraces the W = D = 0.1
domain of the benchmark work in Sec. IV. It is of interest to inquire

012 yide

— outer (a)
|l —— lnner i
— 9097 T \ide wio ZF
§ (rescaled)
0.06} .
= 2 7/(////EXP
] 4 72
S 003y N
< \
0.00 - . N
0.3 0.4 0.5 0.6 0.7
X

Q, [MW/m?]

pubs.aip.org/aip/pop

how turbulent heat fluxes distribute within the wide radial region.
Except the radial domain, we use the same simulation parameters with
the previous benchmark work: To maintain the radial resolution and
marker number density, we increase the numbers of radial grid points
and markers accordingly. In this section, we use the ion thermal veloc-
ity at the magnetic axis vri9 = 1/ T;(0)/m; as a unit of velocity.

In linear simulations with the wide experimental plasma gradient
region, the unstable modes reside in the outer radii x> 0.55. The
growth rate and frequency spectra, measured at x = X, are almost
identical to the results with W = D = 0.1 in Fig. 5. In a quasi-steady
state of a nonlinear simulation using the experimental profiles, the
radial profiles of ion and electron heat fluxes are obtained. This is done
by time-averaging over the last half of the quasi-steady-state period,
which is similar to that in the localized simulation in Fig. 6. The heat
flux profiles are shown by the black, solid curves in Fig. 9. The results
with W = D = 0.1 in the validation work in Fig. 7 are duplicated by
the red curves for comparison. The simulation with the wide experi-
mental plasma gradient region yields the heat fluxes larger than those
in the W = D = 0.1 simulation, as expected from the sensitivity study
against the width of the plasma gradient region in Fig. 7. It is notice-
able that despite the wide turbulent region, the heat fluxes concentrate
in the outer region and significantly decrease in the inner zone of
x<0.5.

To inspect linear instabilities and transport levels in the inner
zone, we perform supplementary simulations with a narrow plasma
gradient region focused on the inner radii x = 0.38 — 0.48, which is
indicated by the cyan arrows in Fig. 3, and D = W = 0.1. Figure 10
shows the growth rate and frequency spectra from linear simulations
of gKPSP and CGYRO, confirming reasonable agreement again. The
maximum growth rate is about 30% of that of the results with the outer
region only in Fig. 5, considering a unit conversion factor
¢5(0.58) /vrip = 0.82. The sign of the mode frequency changes from
negative to positive as k, increases above kyp;, > 0.5, suggesting a
transition from TEM to a mode propagating in the ion-diamagnetic
drift direction. The nonlinear simulation localized in the inner radii
predicts finite heat fluxes corresponding to about 30% of the outer
regions, as shown by the blue curves in Fig. 9. This implies that the
heat flux profiles with the wide plasma gradient region are not a simple
superposition of the local fluxes from the two independent simulations
restricted to either the inner or the outer region.
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FIG. 9. Radial profiles of heat fluxes of ions (a) and electrons (b) from nonlinear gKPSP simulations employing different plasma gradient regions. Heat fluxes from a simulation
artificially removing the zonal flow, shown by the dashed curves, are rescaled for comparison. The rescale factors are 0.25 and 0.21 for the ion and electron heat fluxes, respec-
tively. The power balance analysis results in Ref. 22 are displayed by the green shaded bands.
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FIG. 10. Linear growth rate and frequency spectra from gkPSP and CGYRO simu-
ations at x = 0.43.

The concentration of the turbulent fluxes in the outer region can
be understood in the context of mesoscale transport phenomena in
global simulations. In what follows, we present the dynamic coupling
of turbulence spreading and the zonal flow in the simulation with the
wide experimental plasma gradient region. Since the modes in the
outer region have much higher growth rates than the inner modes, tur-
bulence in the outer region reaches the local saturation level much ear-
lier than fluctuations in the inner zone. Figure 11(a) shows time
evolution of turbulence intensity profiles during the early stage of the
nonlinear saturation. The turbulence in the strong driving (outer)
region spreads into the weakly unstable (inner) radii. It should be
noted that turbulence always accompanies a zonal flow. The zonal
flow profile at the nonlinear saturation phase around ¢ ~ 100a/vr; is
displayed by the thin black curve in Fig. 11(b). The zonal flow expands
into the inner region before the inner region turbulence reaches to a
finite saturation level. We note that in the simulation with the inner
region only, the nonlinear saturation of turbulence occurs around
t = 200a/vT;. Consequently, a considerable level of the zonal flow is
induced by turbulence spreading even away from the strong turbulent
region. The time-averaged zonal flow profile over the quasi-steady
state is shown by the thick black curve in Fig. 11(b). The zonal flow
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keeps its structure constant after the saturation time. We estimate the
zonal flow shear defined by

(RB,)*

B oy’ 90,

at the outer mid-plane, and plot it by the red curves in Fig. 11(b).
Here, d¢, is the zonal component of d¢. In the inner region, the
zonal flow shear is comparable to the maximum local linear growth
rate of the inner modes [the red line in Fig. 11(b)]. These observations
suggest that the inner modes are saturated by the zonal flow accompa-
nied by turbulence spreading from the outer region.

To confirm this effect of the zonal flow, we carry out a simulation
artificially removing the zonal flow. The heat fluxes from the simula-
tion without the zonal flow are shown by the dashed curves in Fig. 9.
Because the absence of the zonal flow largely elevates turbulence and
transport levels, we rescale the heat flux profiles to pay attention to
their shapes. Unlike the case with the zonal flow, the heat fluxes are
broadly distributed in the whole turbulent region. Particularly, the
rescaled heat fluxes in the no zonal flow simulation have the shapes
similar to a superposition of the localized fluxes from the two simula-
tions with the zonal flows, each considering either the inner or the
outer region only. This manifests that in the present simulation condi-
tion, the zonal flow reinforces the concentration of the turbulent fluxes
into the strong driving region by suppressing turbulence in the weakly
unstable region. To clarify underlying mechanisms of this observation,
detailed analyses of fluctuations and zonal flow generation are neces-
sary, which, however, are beyond the scope of this work.

Although our results are physically valid under the present simu-
lation condition, its caveat is that the way the zonal flow organizes
radial turbulent flux profiles depends on plasma physics parameters
and their radial profiles. Turbulence spreading is usually supposed to
broaden fluctuation intensity and thus turbulent flux profiles, as
observed in previous simulation studies.”” > However, the characteris-
tics of turbulence in our simulation condition are distinguished from
those in the previous works. The previous numerical studies of turbu-
lence spreading consider turbulence excited from one type of micro-
instability that is ITG in most cases. On the other hand, our
experimental plasma is predicted to be unstable for the different types
of microinstabilities at the distant radii. Those are, respectively, the
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FIG. 11. (a) Time evolution of the radial profile of the perturbed potential intensity. (b) Radial profiles of a zonal flow (black) and its shear (red). The profiles at the early satura-
tion phase (tvrjo/a = 100) and the quasi-steady state are shown by the thin and thick curves, respectively. The vertical lines indicate a rough border between the weakly unsta-

ble inner and strongly driving outer regions.
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TEM and TEM-ion mode mixture in the outer and inner regions
(Figs. 5 and 10). The generation of zonal flows can be influenced by
the constitution of fluctuations. For example, a previous simulation
study reported that the potential intensity ratio of zonal to non-zonal
modes substantially increases as the type of turbulence changes from
TEM to ITG."” This suggests that a dynamic coupling of turbulence
spreading and a zonal flow in ITG-TEM mixed turbulence is different
from mesoscale transport dynamics in pure ITG turbulence. In this
regard, it is worth mentioning that the relations between turbulence
spreading and zonal flows are still not fully understood. A previous
theory reported that zonal flows may promote turbulence spreading.”
On the contrary, another concluded that zonal flows are not the pre-
dominant agents of spreading,”” anticipating concurrent spreading of
turbulence and a zonal flow.

Assuming the constant Zeg = 2.0 profile, the gKPSP simulation
predicts that the heat fluxes are concentrated in the outer region, which
are not apparent in the experimental profiles. Density profiles of the
ion species have a strong influence on types of microinstabilities
excited in different radial regions in addition to their linear growth
rates. Considering the complex coupling of turbulence spreading and a
zonal flow in multi-mode turbulence, vast uncertainty in density pro-
files of the ion species implies that very diverse radial profiles of turbu-
lent transport can be produced in our simulations. Therefore, we
cannot yet claim the validity of our BK electron model against the
experimental results considered.

The spatial patterns of zonal flows and turbulent fluxes can be
affected by numerical boundary conditions. In this work, we adopt the
conventional boundary condition described in Sec. IV, which over-
simplifies physics in edge and open-field line regions. Simulation stud-
ies incorporating more realistic models for the open-field line region
have uncovered the distinguished behaviors of peripheral turbulent
plasmas and edge-core coupling.”*”” We note that our findings can be
changed by applying different edge models. However, to the best of
our knowledge, there has been no report of zonal flows, accompanied
by turbulence spreading from a strong driving region, suppressing tur-
bulence in weakly unstable regions.

VI. CONCLUSION AND DISCUSSION

We have extended the BK electron model in the gKPSP code for its
application in experimental magnetic geometries. The updated BK
model is validated against the gyrokinetic electron model in the flux-
tube codes, CGYRO and GENE. From the comparisons among the sim-
ulations based on the local parameters of the KSTAR L-mode plasma,
we confirm a reasonable agreement among the linear results from the
different codes, albeit some discrepancies still remain. In the nonlinear
gKPSP simulation with the narrow plasma gradient region whose width
comparable to the mode correlation length, the ion and electron heat
fluxes are compatible with those calculated by CGYRO. However, with
the unstable region sufficiently wider than the mode correlation length,
the nonlinear gKPSP simulation predicts the turbulent heat fluxes 2-3
times larger than those from CGYRO. Taking into account the differ-
ences between the flux-tube and global simulations, the overall level of
agreement is satisfactory, encouraging further development of the BK
electron model. In addition, we have studied inherent features of global
simulations by using the wide range of the experimental plasma profiles.
In the present KSTAR plasma parameters, the different types of micro-
instabilities are predicted to be unstable at the distant radii. The
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dynamical coupling of turbulence spreading and the zonal flow leads to
the turbulent fluxes localized to the strong driving region, which con-
trasts with the effect of turbulence spreading in the previous works. This
demonstrates that mesoscale transport phenomena impact on turbulent
fluxes in various ways depending on plasma parameters, calling for a
careful interpretation of global simulation results.

In future works, we will aim for more improved validation results
of the BK electron model. To this end, the BK electron model needs to
be more extended by incorporating effects of the finite orbit width of
trapped electrons and the corresponding neoclassical polarization.
Though the BK equations including the finite orbit width effects are
present,” the more accurate equations are difficult to evaluate in exper-
imental magnetic geometries. A practical solution is to calculate the
unperturbed orbit from the drift-kinetic equations numerically and to
use the orbit points in the calculations of the action and the bounce
average. The gyrokinetic Poisson equation also necessitates modifica-
tion through the inclusion of the neoclassical polarization charge den-
sity of tapped electrons. For passing electrons, a new kinetic model is
under development by defining the action-angle variables associated
with their periodic transit motions. This establishes an unified descrip-
tion of the total electrons in an orbit-averaged kinetic formalism.
Another prerequisite for more improved validation studies is experi-
mental plasma equilibrium data with well-diagnosed kinetic profiles
and impurity contents as well as fluctuations. Ohmic L-mode dis-
charges are very relevant to be analyzed by using the BK electron
model. To discern discrepancies between the BK and gyrokinetic elec-
tron models, global simulations employing the full gyrokinetic descrip-
tion are required as benchmark data.
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APPENDIX: NUMERICAL CALCULATION
OF HAMILTONIAN Ho(,J, i)

We set a uniform grid (x;, Ji, ). Here, X; = Xo + iAx for an
index i running from 0 to Ny, where X stands for either x, J, or f.
The Hamiltonian is expressed as

Ho(x,J, 1) = Y HoCilx)

ilk

Gl Li (), (A1)

where C; and Ly are, respectively, the cubic and linear spline func-
tions centered at ith and kth grid points, defined as*’

X —Xi)®
Lﬁgﬂl, if Xip <X <X
X
X — X X-X1) L (X-X)
143 ’1+3( )50 ’1), X, <X<X
A A5 A
1 X X X
G(X) =~ X —X (X1 =X (X1 —X)? (A2)
6) 143X =X SKin — X7 (i ), if X; <X < Xip
A A2 A}
X X X
(Xip2 — X)° ,
A if Xi1 <X < Xio
X
0, otherwise,
[
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