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Abstract

This study presents a cross-verification of fast ion effects on turbulence through a systematic
comparison of two leading gyrokinetic codes, GENE Jenko e? al (2000 Phys. Plasmas 7
1904-10) and CGYRO Candy et al (2016 J. Comput. Phys. 324 73-93), using L-mode plasma
profiles from KSTAR for local linear and nonlinear electromagnetic simulations. The focus is
on the impact of fast ions and rotation effects on energy flux, aiming to identify the similarities
and differences between these codes in the context of turbulence transport research. The
analysis shows consistency in linear stability results, fractional changes in energy flux, changes
in the spectral distribution of energy fluxes, fluctuations and phase angle with fast ions, and
zonal shearing between the codes. However, discrepancies arise in absolute thermal energy
levels and rotation effects on energy transport, especially in the presence of fast ions. The study
underscores the critical importance of phase angle analysis in gyrokinetic code verification,
particularly when assessing fast ion effects on turbulence. Additionally, it highlights the need to
examine quantities at lower levels of the primacy hierarchy, as discrepancies at lower levels can
lead to divergent results at higher levels. These findings indicate the necessity for further
investigation into these discrepancies and the novel phase angle structures observed,
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contributing to the advancement of accurate transport predictions in fusion plasmas. The
near-marginality inferred in this study introduces additional challenges for precise cross-code
comparisons; future research will further explore strategies to address these issues and enhance

verification methodologies.

Keywords: verification, fast ions, turbulence transport, phase angle analysis,

KSTAR L-mode plasmas

(Some figures may appear in colour only in the online journal)

1. Introduction

Accurate prediction of transport phenomena in fusion plas-
mas is crucial for assessing the performance of prospective
fusion devices as transport processes significantly influence
plasma confinement and overall behavior. Therefore, a veri-
fication and validation (V&V) study of the current state-of-
the-art transport models constitutes a prerequisite initial step
prior to their extensive utilization in developing valid trans-
port models. It is widely recognized that this transport is
driven by turbulence originated from drift wave instabilities,
for which gyrokinetic theory has been successfully employed
over the past three decades to describe and predict the turbu-
lent transport [1-4]. Consequently, extensive V&V studies of
gyrokinetic codes have been conducted in various physics top-
ics and operation modes [5-29].

Effects of fast ions generated by fusion reactions and
external heating are anticipated to be significant in future
fusion plasmas. Therefore, research on fast ion physics has
emerged as a crucial focus area in nuclear fusion plasma
studies [30, 31]. While these energetic ions are essential for
plasma heating and sustainment, they can also potentially
drive magnetohydrodynamic (MHD) instabilities [30, 32-34].
Furthermore, fast ions can influence turbulence and transport
through mechanisms such as dilution and interaction between
MHD modes and turbulence [35-41]. These effects have been
studied actively using various gyrokinetic codes [27, 35-40].
However, despite the necessity for verification as the pre-
requisite step prior to exploring the fast ion transport physics, a
comprehensive cross-verification exercise involving gyrokin-
etic code predictions has not been undertaken thus far, to the
best of our knowledge. This lack of verification motivates the
current study, which aims to compare simulation results for a
discharge with fast ions from two preeminent gyrokinetic con-
tinuum codes widely employed in fusion community, CGYRO
[42] and GENE [43, 44].

Verification of gyrokinetic codes has been carried out
in various aspects in the nuclear fusion community. As
zonal flow is an important player in microturbulence simula-
tion, Rosenbluth—Hinton residual flow tests [45, 46] become
a standard procedure of verification for newly developing
gyrokinetic codes [47-53], which is one of the well-known
examples of comparison between analytic theory and numer-
ical code results. In addition, significant efforts on cross-
verification have been reported among different combina-
tions of gyrokinetic codes [10, 54, 55] for various compar-
ison conditions and physics phenomena. In the perspective

of verifications, linear growth rate, frequency and balloon-
ing mode structure for linear simulations and power spectrum
and level of transport for nonlinear simulation are investigated
under several interesting conditions such as gyrokinetic/gyro-
fluids [54, 56], electrostatic/electromagnetic simulation [55,
57, 58], adiabatic response/kinetic electron [55], collision-
less/collisional simulation [53, 59, 60], analytic/realistic
equilibrium [61], and Lagrangian/Semi-Lagrangian/Eulerian
codes [18, 52, 62].

During our research, we became aware of [63] which sug-
gests that local simulations incorporating fast ions require a
larger radial domain compared to conventional local simu-
lations particularly for unstable and, to some degree, mar-
ginally stable energetic particle modes. As noted in the [63]
long potential structures extend radially to the edge of the
domain, causing short-circuiting. We also observed a similar
long wavelength mode of &, p; < 0.2 from both CGYRO and
GENE simulations with fast ions. This will be shown later in
this study. Here, k, and p, are binormal wave number and gyro
radius of reference acoustic speed, respectively. Note that the
definition of p; is identical between the two codes. By increas-
ing the radial domain to ~512 p;, we were able to encompass
the longest radial potential structures within the radial domain.
However, this configuration exceeds the global radial domain
size of the KSTAR reactor and undermines the primary advant-
age of local simulations, which is their computational effi-
ciency. Consequently, adopting such a large domain is deemed
impractical for the purpose of our study. Furthermore, the
primary objective of our research is to verify the CGYRO and
GENE codes. Therefore, we have continued to focus on local
simulations, maintaining domain sizes that ensure both the
feasibility and relevance of our findings. This approach aligns
with the overarching goal of our study, which is the verifica-
tion and comparison of these simulation tools within the con-
fines of local simulation parameters.

In this study, we conducted linear and nonlinear electro-
magnetic simulations for fully stripped deuterium and car-
bon ions against an L-mode KSTAR discharge for cross-
verification in a reconstructed magnetic equilibrium [26].
Considering the characteristics of the selected discharge, the
role of fast ions was deemed crucial. Consequently, the simu-
lation cases were categorized based on the presence or absence
of deuterium fast ions and the consideration of plasma flow
and its shear in the context of ablation tests. The detailed
input parameters for the simulation setups are elucidated in
section 2. Following the prescribed methodology applied in
this verification study, section 3 presents the linear simulation
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results, encompassing the growth rates and real frequen-
cies of the most unstable mode. Furthermore, the energy
fluxes obtained from the nonlinear simulations are scrutin-
ized through spectrum analysis to elucidate underlying char-
acteristic physics and ensure consistent behavior between the
codes. Finally, section 4 summarizes the verification out-
comes and their implications while discussing novel findings
uncovered during this verification study.

2. Verification setup

For cross-verification of the electromagnetic linear and non-
linear local gyrokinetic simulations by CGYRO and GENE,
the KSTAR L-mode discharge 21631 with NBI (neutral beam
injection) heating was used as a common reference. This dis-
charge has been utilized for the validation study in KSTAR
[26]. Major global parameters of this discharge are magnetic
field on axis By = 2.5 T, plasma current /p = 0.6 MA on the
flat top, total NBI power Pngr = 2.9 MW, line average density
i, ~ 2x 10" m~3, safety factor at 95% of a normalized pol-
oidal flux g¢s ~ 5, and normalized beta Sy ~ 1.33. Effective
charge Z.gr (=3; ij n;/n,) was assumed to be 2.0 with a flat
profile in the present analysis, where j is over ion species. In
addition, MHD effects are ignored as MHD activities are weak
(~0.3 G) in this discharge. More detailed information about
this discharge can be found in [26].

Input profiles and equilibrium parameters were generated
through the iteration process among profile analysis, trans-
port analysis, and equilibrium reconstruction. Profiles includ-
ing electron density and temperature, carbon temperature,
and toroidal velocity were obtained through polynomial fit-
ting based on the raw data from diagnostics represented in
[26]. The density and temperature profiles of the main thermal
ion and fast ion were calculated from the transport analysis
code, TRANSP [64] coupled with NUBEAM [65]. NUBEAM
provides fast ion distributions generated by NBI using a Monte
Carlo method, which are then used by TRANSP to determ-
ine the thermal ion profiles based on the given electron and
carbon profiles. This process is repeated, updating the fast
ion and thermal ion profiles, until the total stored energy cal-
culated by an equilibrium code, EFIT [66] from magnetic
measurements [67] is consistent with the combined fast and
thermal ion contents [68]. Equilibrium was reconstructed by
EFIT with the constraints of total pressure profiles, calculated
from profile analysis and transport analysis, and magnetic field
information obtained from magnetic diagnostics and motional
Stark effect diagnostic [69]. Furthermore, the determination
of the poloidal velocity necessary for the computation of the
E x B shearing rate, a factor impacting turbulence dynamics,
was conducted by NEO [70], relying upon neoclassical theor-
etical frameworks.

The derived information including the equilibrium and
plasma parameters at the position of r/a = 0.5 presented
in [26], also shown in table 1, was commonly used for
input parameters of CGYRO and GENE. Both codes used
the Generalized Miller geometry [71, 72] to represent an
equilibrium magnetic field based on gEQDSK from EFIT.

Considering the beta is not considerably big (3 ~ 0.005),
we ignored 0B while 0A) is kept. Nonlinear gyrokinetic
equations for deuterium ion (D), fully stripped carbon (C°*),
and electrons (e~) were locally solved with both codes. The
density (n.) and density gradient (a/L,.) of carbon were cal-
culated using an assumed Z.i = 2.0 and the quasi-neutrality
relation. When fast ions were included, the density and dens-
ity gradient of thermal deuterium were modified accordingly,
while the carbon profile was kept fixed throughout the simu-
lations. The Sugama collision operator [73] was used in both
codes with automatically calculated collisionality for the given
local density and temperature. In this study, we conducted
ablation tests on four cases, as presented in table 2, to com-
paratively verify CGYRO and GENE, two codes designed for
evaluating turbulence-driven transport in nuclear fusion react-
ors. For the ‘With flow & flow shear’ option, we toggled three
flow-related physical quantities together (toroidal flow, paral-
lel flow shear, and E x B shear) that are associated with tur-
bulent suppression in tokamaks, as well as the presence of fast
ions, which are considered another factor for turbulent sup-
pression in recent studies [35—41, 74-80]. Maxwellian distri-
bution function is utilized for the initial distribution function of
the fast ions as well as the other species in this work. The equi-
librium magnetic field configuration, obtained in case IV, was
kept fixed across all four cases. Note that all results presented
in this article are obtained from specific versions of GENE 2.0
(Commit: ¢cd8f7485) and CGYRO (Commit: aa4f702).

For the tests, the time resolution in both codes used
the option to automatically calculate timestep based on the
eigenvalue. The spatial resolution using straight field-aligned
coordinates is decided by a convergence test, which yiel-
ded (ny0, Miyo, 120, Mvo, Mwo) = (256, 16, 64, 32, 16) for
GENE, where nyo, ngyo, n.0, ny0, and n,0 are the number
of grid points in radial direction, bi-normal Fourier modes,
parallel direction to magnetic field, parallel velocity dir-
ection, and magnetic moment direction, respectively, and
(Mradial, Mé s Menergy, 110, My ) = (216, 24, 8, 56, 16) for CGYRO,
where nyagial, e , Menerey s 116, and n, are the resolution on para-
meters for radial, pitch angle, energy, poloidal (effectively
parallel direction to the field line), and binormal grids, that
were used throughout nonlinear simulations of this study. The
simulation domain size was (Ly, L,) = (135.51p;, 93.78p;) in
CGYRO and (125.94p;, 93.78p;) in GENE, where L, and L,
represent the radial and poloidal domain sizes. The minimum
wave numbers at normal to the flux surface and binormal dir-
ections, k, and k,, were set to 0.046/ p, and 0.067 / p,, respect-
ively in both CGYRO and GENE. Average and uncertainty
of flux were obtained by calculating the average and standard
deviation of the saturated phase more than 100 a/c;.

3. Cross-comparison of the simulation results

3.1 Linear stability analysis

The real frequencies and linear growth rates for each kyp;
mode from Cases I to IV are examined as shown in figure 1.
Red color denotes the CGYRO results while blue is for GENE.
The (+) and (—) signs of real frequencies are electron and ion
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Table 1. Input parameters used for gyrokinetic simulations. Here, experimental profiles in KSTAR (shot 21631, = 2050 ms) were used as

input parameters.

Input parameter Description Values

Ro Major radius (m) 1.800

a Minor radius (m) 0.485

r/a Center of radial simulation domain 0.5

By Magnetic field strength at axis (T) 2.492

q0 Local safety factor 1.895

S Magnetic shear 0.444

Ne Electron density (m™3) 2.52

ni/ne Thermal deuterium density 0.8 (I) 0.684 (III)
e [ Ne Carbon density 0.033

ng/ne Fast deuterium density 0.116 (II/TV only)
R/Lye Gradient scale length of electron density 6.828

R/Lyi Gradient scale length of thermal deuterium density 6.828 (I/I1) 5.713 (III/IV)
R/Lyc Gradient scale length of carbon density 6.828

R/Ly; Gradient scale length of fast deuterium density 13.37 (II/IV only)
T. Electron temperature (KeV) 1.49

T;/T. Thermal deuterium temperature 1.124

T./T. Carbon temperature 1.171

Ts/T. Fast deuterium temperature 15.88

R/Lr. Gradient scale length of electron temperature 8.568

R/Lyi Gradient scale length of thermal deuterium temperature 5.352

R/Lz. Gradient scale length of carbon temperature 5.826

R/Lyy Gradient scale length of fast deuterium temperature 1.478 (III/IV only)

Table 2. Ablation setting for the four cases for gyrokinetic verification. O and X denote the inclusion and exclusion, respectively.

Ablation setting for nonlinear simulations

Case number

With fast deuterium

With flow & flow shear

I
II
I
v

O O X ™

O X O X

diamagnetic directions, respectively. E x B shearing rate was
set to zero when rotation effects were considered in the linear
stability analysis performed here. Notably, experimental val-
ues are used for the other rotation relevant parameters, such
as Mach number and parallel shearing rate, in the cases taking
account of rotation effects, i.e. Cases II and IV.

Both gyrokinetic codes consistently indicate that the
trapped electron mode (TEM) is most likely dominant instabil-
ity across all cases, as evidenced by the real frequency
propagating in the electron diamagnetic direction. The real
frequency and linear growth rate for the case I show good
agreement. Linear results of the two gyrokinetic codes are
still in good agreement in the case II, where the rotation
effects were included. The good agreement in linear simu-
lation results despite the inclusion of the rotation effect is
consistent with previous cross-verification study results [21]
using GYRO and GENE. In case III where fast ions were
included, linear growth rate decreased in both codes, which
is consistent with linear simulation results in previous studies
[35, 37, 38]. Furthermore, cases involving fast ions (cases III
and IV) exhibit a discontinuous jump in real frequency at a
relatively long wavelength, k,p; ~ 0.2, which moves towards

the ion diamagnetic direction. This observed discontinuity in
both CGYRO and GENE simulations is associated with the
emergence of long wavelength modes in kyp; < 0.2, likely due
to the presence of fast ions. In the cases III and IV, relat-
ive discrepancy between the two codes in the real frequency
of the observed long wavelength mode is ~3% while the
discrepancy of linear growth rate is at most ~33% between
CGYRO and GENE. Although the difference in the linear
growth rate between the two codes appears to be significant in
terms of fractional change, the absolute difference is less than
0.014 ¢;/a, much smaller than the maximum linear growth
rate observed in this analysis (~0.20 ¢,/a). Overall, real fre-
quency shows good agreement regardless of the inclusion of
rotation effects and fast ions while the inclusion of fast ion spe-
cies can increase the discrepancy in linear growth rate of long
wavelength mode although its difference is still not remark-
able in the absolute level.

3.1.1. Energy transport prediction. = Next, we compared total
thermal energy flux (i.e. sum of electrostatic and electromag-
netic contributions) levels predicted by nonlinear simulations
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Figure 1. Real frequency (top) and linear growth rate (down) of the most unstable mode for Cases I-IV as a function of kyp;. CGYRO and

GENE results are shown as red and blue colors, respectively.

Case |

—— CGYRO
—— GENE

800 1000 i 200 400 600 800 1000

(csla)t

200 400 600
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Figure 2. Temporal evolution of (a) ion and (b) electron energy flux
levels predicted by nonlinear simulations for Case I. Here, red and
blue colors denote the CGYRO and GENE results, respectively.

run by the two codes. Figures 2(a) and (b) show the tem-
poral evolution of ion and electron energy flux levels for
Case I, respectively. Here, thermal ion energy flux includes
the fluxes from both main ion species and impurity, which
corresponds to deuterium and carbon, respectively, in this
study. Nonlinear runs generally have two phases, initial lin-
ear phase and nonlinearly saturated phase. Typically, instabil-
ities are first developed in the initial linear phase, as predicted
by linear stability analysis. Afterward, these instabilities are
regulated through nonlinear effects, such as zonal shearing,
finally reaching to the saturated phase. Since temporal evolu-
tion in the initial linear phase can be different due to numerical
setup in each code, such as initial conditions, we utilized the
energy flux levels averaged during the saturated phase, presen-
ted as dashed line in figure 2, for the quantitative comparison
between CGYRO and GENE in this study.

The results show that CGYRO predicts energy flux levels
for both thermal ions and electrons to be approximately three
times higher than those predicted by GENE. It is important
to note that Case I does not include either fast ions or rota-
tion effects, indicating that the discrepancy is not due to these
factors. Therefore, while clarifying the quantitative discrep-
ancy of Case I is beyond the scope of this study and should be
addressed in future research, we investigate the effects of fast
ions and rotation on gyrokinetic predictions by examining the

(a) 1.00 Addition of fast ions (b) 1.00 Addition of fast ions
= CGYRO mm CGYRO
= GENE = GENE
0.75 0.75
] o
= =3
& 0.50 T 0.50
< <
0.25 0.251
0-00Coce m/ Case | Case IV / Case |l 0-00™Coce 7 Case | Case IV / Case |l
(Without rotation) (With rotation) (Without rotation) (With rotation)
(c) Addition of rotation (d) Addition of rotation
= CGYRO = CGYRO
4 . GENE 44 . GENE
K] ©
s [
&2 a2

Case Il / Case |
(Without fast ions)

Case IV / Case lll
(With fast ions)

Case Il / Case |
(Without fast ions)

Case IV / Case Il
(With fast ions)

Figure 3. Fractional changes in the energy flux levels as fast ions
(top) or rotation effects (bottom) are incorporated.

relative changes in the simulated quantities including energy
flux, as each effect is included in other test cases (Cases II-1V).

Figure 3 illustrates the fractional change in the energy flux
levels as fast ions or rotation effects are incorporated into the
simulation. In figures 3(a) and (b), both CGYRO and GENE
predict a significant reduction in energy flux with the addition
of fast ions. Without considering rotation effects, CGYRO pre-
dicts reductions of approximately 73% for thermal ion energy
flux and 65% for electron energy flux upon the addition of
fast ions. Similarly, GENE predicts reductions of around 80%
for thermal ion energy flux and 77% for electron energy flux,
closely aligning with CGYRO results both qualitatively and
quantitatively within their uncertainties. We observed closer
agreements in fractional change of energy flux levels when
rotation effects were present than in its absence. In this case,
both codes predicted approximately 75%—-80% reduction of
both thermal ion and electron energy flux levels.

However, discrepancies arise in the fractional change due
to consideration of rotation effects as observed in figures 3
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(¢) and (d). When rotation effects were added without fast
ions, i.e. from Case I to Case II, CGYRO predicts almost
identical thermal energy flux levels within 1%, while GENE
predicts 80%—90% increase in thermal energy flux levels.
Although the discrepancy lies within their uncertainties, it
is not negligibly small. This result is consistent with the
previous results showing discrepancy between GYRO and
GENE when rotation effects were considered without fast ions
[21]. Larger discrepancy was observed when fast ions were
added. CGYRO predicts approximately 25%—-30% reduction
in thermal energy flux levels as rotation effects were added
with fast ions, i.e. from Case III to Case IV. In contrast, we
observed approximately two times higher thermal energy flux
levels in Case IV compared to Case III from GENE simu-
lation results. Overall, inclusion of rotation effects result in
80%—-100% increase in thermal energy flux levels in GENE
simulations while CGYRO predicts the opposite trend, sim-
ilar or decreased thermal energy flux levels, by 25%-30% in
the identical case.

To facilitate a more detailed comparative analysis between
the codes, we conducted an investigation into the individual
contributions of the fluctuating components to the turbulence-
driven energy flux. Since our simulation results indicate that
the majority of energy flux is generated by electrostatic turbu-
lence (>97%) we extracted the fluctuating components Vixs
and E from the simulation data referring to following equation
of electrostatic energy flux,

0~ Re [VEx&(kx,ky)Eﬁ(k,x,kyﬂ
ky ,ky

= Z |‘7E><Bv(k»‘vky)} |Ejv(kkay)
ki ,ky

cos aVExREja(kka)‘)' (1)

Here, QJ- is electrostatic part of the energy flux driven by
turbulence for species j and ay,, £ (,.x,) is phase angle dif-

ference between the radial component of the fluctuating £ x B
velocity Vi B, (kuoky) (E ‘k)‘f) and the energy fluctuation of

species j corresponding to the pressure perturbation Ej (¢ . )-

Here, ¢~) denotes the electrostatic potential fluctuation. The
mathematical definition of Ej can be found in [81]. We note
that equation (1) is a rough estimation of the flux by ignor-
ing the Bessel function Jy factor from the gyrokinetic pull-
back operation [2]. Figure 4 presents a comparison of the
magnitudes of the fluctuating components summed over the
wavenumber region in —0.51 < kyp; <0.51 and 0.2 < kyp, <
0.6, which corresponds to the region that mainly contrib-
uted to the energy flux k-spectra (which is found in figure 5)
under different conditions: the presence or absence of fast ions
(figures 4(a) and (b)) and the presence or absence of rotation
(figures 4(c) and (d)).

From figures 4(a) and (b), we observed that the pres-
ence of fast ions leads to a qualitative reduction in the mag-
nitude of £ x B fluctuations and in the energy fluctuations of
deuterium and electrons regardless of rotation effect in both
codes. Quantitatively, in the absence of rotation, the reduc-
tion in fluctuations is a little bit more pronounced in GENE,
while CGYRO exhibits a similar or slightly greater reduction

Addition of fast ions, w/o rotation
= CGYRO

Addition of fast ions, with rotation

== CGYRO
— GENE

@ o)
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Figure 4. Comparison of the sum of magnitudes of the fluctuating
components including Vexp and E in —0.51 < kyps < 0.51 and

0.2 < kyps < 0.6 under different conditions: the presence or absence
of fast ions and rotations. VEX 5 and E denote the radial component
of the fluctuating E x B flow velocity and the fluctuating energy
associated to the pressure perturbation, respectively.
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Figure 5. k, spectra of ¢ in Case Il and IV predicted by (a)
CGYRO and (b) GENE.

when rotation is included. Overall, the changes in fluctuations
remain at a comparable level within the error bars or slightly
differ.

Examining the impact of rotation on the magnitude of the
fluctuating quantities, as shown in figures 4(c) and (d), we
found that in the absence of fast ions (figure 4(c)), CGYRO
shows a slight increase in fluctuation magnitude when rota-
tion is present, while GENE predicts larger levels of change,
25%-40%, although the difference between two codes is
within the error bars. Moreover, when fast ions are present
(figure 4(d)), CGYRO exhibits approximately 20% decrease
in fluctuation magnitudes with rotation, whereas GENE shows
approximately 40%—-50% increase in fluctuation amplitudes.
This finding aligns closely with the observed increase in the
energy flux ratio shown in figure 3.

In addition, we have examined changes in k, spectrum of )
when rotation is included in the presence of fast ions, i.e. from
Case III to Case IV. CGYRO predicts an approximately 20%
reduction in the summed amplitude of ¢ in kyps < 0.2, where
the long wavelength mode relevant to fast ions was observed
in the linear simulations, shown in figures 1(c) and (d). A
comparable reduction (~30%) is also found in the GENE



Nucl. Fusion 65 (2025) 076011

D. Kim et al

Re[VexgbE, * ] Case |, CGYRO |Vexs| Case |, CGYRO

1.0

1.0 10

i () 08 0.8 08

8 0.6 0.6

2
X 04

0.6 8 0.6

=

0.4 < 04 0.4

0.2 0.2 0.2 0.2

0.0

-4-3-2-1012 3 4 -4-3-2-10123 4

Kx0s kxps
l.DRE[VExsﬁfg *] Case Ill, CGYRO _ : |Vexs| Case Ill, CGYRO o
(e) 08 ; (f) 0.8
Q.:: 0.6 0.6 0.6
< 0.4 0.4 0.4

0.2 0.2 02

0.0 0.0 0.0

-4-3-2-10123 4

432101234
kxps kxps

|6Ee * | Case I, CGYRO Cos(ay,,,se,) Case |, CGYRO

(c)

0.6

1.0
0.5

0.0
0.4

02 -0.5

0.0
-4-3-2-10123 4

kxps

432101234
kXp5

|6E.. * | Case lll, CGYRO

Cosl@y,,,se,) Case lll, CGYRO

(h) .L

1.0
0.8 08

0.6

Kyp.

0.4 0.4

0.2 0.2

0.0 0.0

-4-3-2-101234
kxps

432101234
kxps

Figure 6. k. — k, contour of electrostatic electron energy flux (Re [VEX BEZ ] ), and its fluctuating components (f/EX B, I::g, and the cosine of
phase angle between Ve and E.) for Case I (top) and III (bottom) predicted by CGYRO.

simulation results. Although not shown here, additional ana-
lysis indicates that the long wavelength mode is not signific-
antly affected by inclusion of either Mach number or parallel
shear. These findings suggest that the suppression of the long
wavelength mode, observed by the summed amplitude of 6 in
kyps < 0.2 is primarily due to E x B shear flow, as consist-
ently predicted by both CGYRO and GENE. Consequently,
the observed discrepancy in the rotation effects on energy flux
levels, seen in figures 3(c) and (d), is not attributed to the rota-
tion effects on the long wavelength mode (kyp,; < 0.2) asso-
ciated with fast ions, but mainly to the difference in the rota-
tion effects on the turbulence in k,p; > 0.2 predicted by the

two codes. This is supported by a slight reduction in ‘é‘ at

kyps > 0.2 in Case IV compared to Case III in CGYRO res-
ults, in contrast to the GENE results, which show an increase

in ‘(5‘ over the same range, as illustrated in figure 5.

While the sum of fluctuation magnitudes related to energy
flux changes may suffice for a basic level of verification,
it has limitations to fully elucidate the underlying mech-
anisms. Rigorous verification at a more fundamental level
is required for a comprehensive understanding. Therefore,
we also investigated the relevant fluctuating quantities, i.e.
\~/EX g and E, and the phase angle between them in k, and
k, space between CGYRO and GENE for the distribution
of thermal energy flux. To preface the following discus-
sion, our detailed analysis reveals that not only the amp-
litude of fluctuating quantities, such as Ej and VExg, but
also their phase angle, representing the coherence between
these fluctuation quantities in the electrostatic energy flux,
plays a significant role in explaining the wavenumber spec-
tra of the energy flux in each of the simulation cases con-
sidered here, particularly when fast ions are present. This
finding underscores the importance of considering the phase
angle in verification processes, which was also demonstrated
in previous studies [6, 19], but note that this study extends
its importance in gyrokinetic prediction of fast ion effects on
turbulence.

Figures 6(a)—(d) display contours in spectral space of the
components contributing to the electrostatic electron energy
flux, i.e. Re [VexE: |, Vexp, Ee, and cosine of the phase angle
between f/EX p and Ee in Case I predicted by CGYRO, respect-
ively. All contours are normalized by their respective max-
imum value to emphasize their spectral distribution. The elec-
tron energy flux is primarily concentrated in the region where
—0.51 < kyps < 0.51 and 0.2 < kyps < 0.6. Both Vi, g and E,
also peak near this region, and the cosine of their phase angle
approaches 1.0 in the same area. There are noticeable activit-
ies from kyps > 0.6 in the VExg contour and from k,p; < 0.21in
Eg contour, but these activities do not contribute to the electro-
static electron energy flux since the energy flux is a result of the
convolution of these quantities. A similar trend was observed
in the contours of thermal ion species in Case I, although it is
not shown here.

Figures 6(e)—(h) show the spectral distributions of electro-
static electron energy flux and its contributors for Case III,
the case with fast ions but without rotation effects, predicted
by CGYRO. Although the amplitude of energy flux is signi-
ficantly reduced in the presence of fast ions as observed in
figures 3(a) and (b), the distribution of electrostatic electron
energy flux still peaks in a similar region, —0.51 < k,p, <
0.51and 0.2 < kyps < 0.6, as in Case I. However, the distribu-
tions of fluctuating quantities in this case, shown in figures 6(f)
and (g), differs significantly from those in Case I. In both
f/EX g and Ee, the long-wavelength region where k,p; < 0.2
is the main contributor. However, this is not reflected in the
energy flux contour because the cosine of the phase angle in
this region is near zero, as shown in figure 6(%). From the
changes shown in figures 4 and 6 by fast ions, the reduction in
thermal energy flux with the addition of fast ions can be attrib-
uted to two main factors: the reduced amplitude of fluctuating
quantities in the region where energy flux peaks without fast
ions, i.e. —0.51 < k.p; <0.51 and 0.2 < kyp; < 0.6, and the
out of phase relationship between VEX p and Ee in the long-
wavelength region despite the appearance of long wavelength
mode with fast ions.
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Similar trend was observed in the GENE simulations as
well. Figure 7 shows the same physical quantities as figure 6,
predicted by GENE. In Case I, all distributions shown in
figures 7(a)—(c) peak in the region of —0.51 < k,p, < 0.51 and
0.2 < kyps < 0.6, similar to the CGYRO results. GENE also
predicts a shift of the peak to the region of kyp; < 0.2 in the
VEX g and E contours with the addition of fast ions, but this
shift is not reflected in the energy flux contour due to the near-
zero value of the cosine of the phase angle between Vixp and
E,. A similar trend observed in the distribution of electrostatic
energy flux for thermal ion species predicted by GENE as well.
Notably, similar fast ion effects were observed in cases that
consider rotation effects, i.e. from Case II to I'V. This indicates
that both codes consistently predict the impact of fast ions on
changes in the distribution of electrostatic thermal energy flux
and its fluctuating quantities. It is also noteworthy that both
CGYRO and GENE predict a symmetric distribution of the
phase angle with respect to k, and broader distribution with
fast ions, as shown in figures 6(d), (h), 7(d) and (h).

To investigate the changes in the distributions of energy
flux and its fluctuating quantities due to rotation effects in
the presence of fast ions, we compared the distributions in
Cases III and IV predicted by CGYRO and GENE, as shown
in figures 6 (e)—(h), 7(e)—(h), and 8. Both codes predict no sig-
nificant change in the distributions when rotation effects are
considered. This result supports the consistency between the
two codes in predicting changes in the distribution of electro-
static energy flux and fluctuations when fast ions or rotation
effects are introduced. It also suggests that the observed dis-
crepancies in flux level changes due to rotational effects stem
not from differences in the predicted distribution, but rather
from variations in amplitude.

3.2. Fastion energy transport prediction

Figure 9 illustrates the temporal evolution of fast ion energy
flux. While the two codes exhibit divergent time histories

during the initial simulation phase, they converge within
the standard deviation uncertainty after reaching saturation.
Consequently, both codes demonstrate good agreement in the
energy flux change ratio associated with the rotation effect in
the presence of the fast ions. The agreement in the fast ion
energy flux levels are consistent with the agreed fractional
change in the thermal energy flux levels due to the addition
of fast ions discussed in section 3.1.

In line with the previous analyses, we have plotted the mag-
nitudes and phase angle differences of the key factors in elec-
trostatic energy transport in the k,—k, space for fast ions, as
shown in figure 10. Notably, the dominant mode appears in the
kypy < 0.2 region, aligns with the signature of fast ions identi-
fied in the linear analysis with fast ions (figures 1(g) and (h)).
To compare the characteristic wavelength of the mode with

=3.98

indicating that the observed mode lies in roughly around the
kyps < 0.8 region. It is also consistent with the changes in the
thermal energy flux with the addition of fast ions. Specifically,
compared to the absence of fast ions (CGYRO: figures 6(b)
and (c); GENE: figures 7(b) and (¢)), the dominant mode in
ky—k, space shifts to the lower k, region (k,p, < 0.2) when
fast ions are present (CGYRO: figures 6(f) and (g); GENE:
figures 7(f) and (g)). This indicates that the presence of fast
ions induces a shift to the lower k, modes for the dominant
modes, leading to a decrease in transport due to the phase mis-
alignment between the two fluctuating quantities. The correl-
ation between the presence of fast ions and the appearance of
the dominant k, mode is illustrated in figures 6(f) and 10(b) for
CGYRO and figures 7(f) and 10(e) for GENE. Another point
of interest is the clear and distinct structures in the k,—k, space
phase angle differences shown in figure 10(c) for CGYRO
and figure 10(f) for GENE. Both codes exhibit even parity of
symmetry with respect to k,. The interpretation of this phase
angle symmetry is beyond the scope of the V&V objectives of
this study and will be addressed in future with more detailed
physical analyses.

the fast ion gyro-radius scale, we note that 2 f’ =
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3.3. Prediction of zonal flow level and its shearing rate zonal flow levels for each case. We can first notice that both

codes consistently predict a reduction in this ratio with the
We also examined the changes in the ratio of fluctuating elec- addition of fast ions, regardless of rotation effects, i.e. Case
trostatic potential with zero toroidal mode number, corres- III/Case I or Case IV/Case II. While the predicted changes in
ponding to kyp; = 0, (¢ p,—0), to the levels of non-zero com-  the ratio agree within their uncertainties in the cases with rota-
ponents of the potential (5¢ kyps>0) @cross four cases, as shown  tion effects (Case IV/Case II), CGYRO predicts a much smal-
in figure 11(a). This ratio can be an indicator of changes in ler reduction than GENE in the cases without rotation effects
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(b) average shearing rate @y, over the range of —1.0 < kypy < 1.0.

(Case III/Case I). A more significant discrepancy emerges
in the changes due to consideration of rotation effects. Both
codes predict a reduction in the potential ratio when rotation is
added without fast ions (Case II/Case I). However, this trend is
significantly altered in the presence of fast ions (Case IV/Case
IIT). While CGYRO still predicts a reduction in the potential
ratio with the addition of rotation effects, GENE shows an
increase in the ratio under the same conditions. In addition, a
qualitatively consistent trend across the cases discussed in this
study is observed in the k,p,; = 0 electrostatic potential itself,
not just in the ratio.

Since turbulence is directly suppressed by zonal shearing
rather than the amplitude of zonal flow, we analyzed changes
in the zonal shearing rate, wy_ , defined as,

@

Wk

K 2
=\ 5100 (kky = 0).
Figure 11(b) shows the changes in the average

shearing rate over the range of —1.0 <k p, < 1.0, ie.
—1
1 NP

N py=—p;
from equation (5), the shearing rate can be considered as a
k,>-weighted sum of the potential. Consequently, k, = 0 com-
ponent does not contribute to the shearing rate. In contrast to
the potential ratio comparison, we observed that the changes
in the average shearing rate with the addition of fast ions were

W, _,wy, across the four studied. As indicated

getting closer (Case III/Case I) or even within their uncertain-
ties (Case IV/Case II) between CGYRO and GENE. This is
also consistent with the agreement in the reduced energy flux
ratio when fast ions are added, as discussed in section 3.1,
suggesting that the shearing rate is a more relevant para-
meter to energy transport than the potential ratio since the
latter includes &k, = 0 component, which does not contribute
to energy transport.

When rotation effects are added, both CGYRO and GENE
predict almost no change in the cases without fast ions (Case
II/Case I). However, for cases with fast ions (Case IV/Case
IIT), CGYRO predicts that the shearing rate with rotation
effects slightly decreases compared to the rate without rota-
tion effects, whereas GENE predicts an increased shearing rate
under the same conditions. It is noteworthy that the energy flux
levels nearly double when rotation effects are added with fast
ions, i.e. from Case III to Case 1V, in the GENE simulations,
as shown in figures 3(c) and (d), even with the zonal shearing
rate shown in figure 11(b). This suggests that zonal shearing
effects may not be critical in determining energy flux levels in
the cases investigated. Its effect on fast ion energy flux levels is
inconclusive in this study, requires further study in the future.
Nevertheless, it is important to highlight the discrepancies in
zonal flow and shearing rate predictions between two codes,
as shown in figure 11.

4. Conclusion

This study conducted a cross-verification of the widely-
used gyrokinetic codes, CGYRO and GENE, focusing on
the impact of fast ions and rotation effects on energy flux
within the context of the KSTAR L-mode plasma profile.
The primary aim was to characterize the similarities and dif-
ferences between these codes from the perspective of users
engaged in turbulence transport research and transport coeffi-
cient evaluation. Through this research, we have highlighted
the importance of phase angle analysis in gyrokinetic code
verification, recognizing the necessity of including phase
angle analysis in the gyrokinetic analysis of fast ion effects on
turbulence. Furthermore, as noted by Terry et al [82], we con-
cluded that it is essential to examine quantities at the lower
levels of the primacy hierarchy, in addition to energy flux,
since discrepancies at higher levels can manifest in divergent
results at lower levels.

The similarities and differences between CGYRO and
GENE observed in this study can be summarized as follows:

e Consistencies between CGYRO and GENE:

— Real frequencies of the most unstable mode predicted
from linear stability analysis.

— Fractional changes in energy flux levels and zonal
shearing.

— Fast ion energy flux levels.

— Changes in fluctuations and flux distribution in k-space
with fast ions.
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— Changes in phase angle distribution in k-space with fast
ions.

e Discrepancies identified:

— Absolute levels of thermal energy flux, not influenced by
fast ions, potentially due to insufficient resolution, requir-
ing further investigation with high-resolution runs.

— The effects of rotation on thermal transport either without
or with fast ions, becoming more severe in the presence of
fast ions.

The qualitative consistency between CGYRO and GENE, as
discussed earlier, suggests that the physical mechanisms cap-
tured by both codes align well and are similarly reproduced.
While the relative transport levels appear significantly differ-
ent, the absolute values remain within ~O(1) GyroBohm,
which is notably smaller than the generally reported
0(10)-0(100) GyroBohm order. This low transport regime,
consistently predicted by both codes, implies that all cases
are likely near-marginality, making precise comparisons par-
ticularly difficult in this regime. In future work, systematic
investigations into how fast ions influence the nonlinear trans-
port threshold, as well as detailed cross-verification studies
around marginality, could help further elucidate the observed
behavior and improve cross-code comparisons in low trans-
port regimes. Nevertheless, considering the small absolute
discrepancies, the transport predictions of both codes can be
deemed quantitatively reasonable. This implies that, for future
V&V experiments, it is advisable to first conduct experi-
ments with larger transport magnitudes for more meaningful
comparisons.

Several factors could account for the observed differences
between the codes. First, differences in numerical methods
used by the two codes are likely contributors. Additionally,
as highlighted in prior research [21], the E x B shear is imple-
mented differently in each code, potentially leading to varying
effects. Second, while the radial box size and resolution were
within similar ranges, they were not identical. Differences
in initial conditions, numerical treatment of magnetic field
geometry (although derived from the same gEQDSK file),
and other computational factors could also contribute to the
absolute discrepancies. These considerations underscore the
importance of sensitivity analysis and uncertainty quantific-
ation in cross-verification, which we leave for future work.
Third, practical limitations in computational resources con-
strained our ability to fully explore the convergence of phys-
ical quantities across numerous parameters. For instance, very
low delta k, (i.e. larger radial domain) is necessitated for
GENE depending on the E x B shear amplitude, requiring a
convergence test. Similarly, the value for its hyperdiffusivity
was set based on empirical rules, also warranting convergence
testing. Moreover, convergence of transport-related quantit-
ies in nonlinear simulations as well as mode frequency and
growth rate in linear simulations with respect to grid resolu-
tion is essential. The input parameters determined by conver-
gence tests in this study demanded significant computational
resources (approximately a week or more with ~O(1000) pro-
cesses for a single case). Although higher resolution tests were

intended, they could not be conducted due to practical con-
straints. From a user’s perspective, when evaluating transport
coefficients, it would be more practical to estimate statistical
values using various codes at realistic resolutions rather than
excessively increasing resolution. This highlights the import-
ance of a diverse ecosystem of gyrokinetic codes. Lastly, as
these codes continue to evolve and incorporate better methods,
attention and clarification to the version used during V&V is
crucial to make the reports more informative.

In this study, we have identified a potential mechanism for
fast ion-induced transport reduction, namely the phase angle
mismatch between the fluctuating E x B velocity and the fluc-
tuating energy. While this effect appears to contribute to the
observed reduction, we also note that the amplitudes of the
fluctuating quantities themselves are diminished. Previously,
fast ion effects have been associated with ITG mode stabil-
ization through dilution—where the temperature gradient is
reduced below the instability threshold, as reported in KSTAR
[79]—as well as with enhanced zonal flow activity leading to
reduced turbulence levels in devices such as ASDEX Upgrade
and JET [74, 76, 77]. These findings suggest that multiple
mechanisms may coexist in contributing to transport regula-
tion by fast ions.

Future efforts should focus on resolving the identified dis-
crepancies, and further investigation is warranted into newly
observed physical phenomena, such as the phase angle struc-
ture and its impact on energy transport for the fast ions. Based
on the implications of this study, KSTAR is preparing dedic-
ated shots for V&YV, and further V&V efforts will continue.
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