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Abstract

In this work, gyrokinetic simulations are performed with the CGYRO code (Candy et al 2016 J.
Comput. Phys. 324 73-93) for a negative triangularity H-mode plasma in ASDEX Upgrade, and
compared with experimental measurements. The PORTALS framework (Rodriguez-Fernandez
et al 2024 Nucl. Fusion 64 076034) is used to accelerate the prediction of kinetic profiles for
this plasma, using surrogate modeling and Bayesian optimization. Ion heat flux, electron heat
flux, and electron particle flux are simultaneously matched across the simulated radial regime of
the plasma (normalized radius r/a = 0.35 — 0.90), and the resulting ion temperature, electron
temperature, and electron density profiles match well with the experimental profile data within
this radial range. A synthetic Correlation Electron Cyclotron Emission diagnostic is applied to
find well-matched electron temperature fluctuation properties between simulation and
experiment. The flux-matched profiles provide a basis for investigation of the turbulence nature
across the plasma radius, revealing the dominance of Trapped Electron Mode turbulence at

r/a = 0.35, the dominance of Ion Temperature Gradient turbulence at r/a = 0.55, 0.75, and
0.83, and an instability boundary at r/a = 0.90.
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1. Introduction

The prediction of future tokamak operation depends on accur-
ately modeling the heat and particle transport processes of
the confined plasma. Turbulence is known to drive the major-
ity of transport in the confined plasma region [1]. This tur-
bulent transport may be represented, and simulated, at high
fidelity with the gyrokinetic model. Recent advances in integ-
rated modeling [2] have enabled the use of local, 5f gyrokin-
etic codes to predict the plasma transport and kinetic pro-
files simultaneously across multiple channels. These full pro-
file simulations allow performance predictions of future burn-
ing plasma experiments and pilot power plants with increased
confidence [3-5].

To ensure confidence in the predictive modeling for future
reactors, validation of transport models is performed on cur-
rent machines [6]. The PORTALS-CGYRO integrated mod-
eling framework [2] enables the use of gyrokinetic codes
to predict kinetic profiles that match fluxes across mul-
tiple channels between the transport (turbulent and neoclas-
sical) and target (from sources and sinks, such as heating,
exchange power and radiation). Simulations performed with
these flux-matched profiles provide a basis for comparing
simulated turbulence with experimental turbulence measure-
ments. Comparison between measured and simulated trans-
port fluxes is routine, but comparison across more fundamental
turbulence quantities, such as the fluctuation spectra and amp-
litude, is less frequently performed. Recent validation work
assisted by PORTALS has demonstrated the value of these
flux-matched turbulence comparisons [5].

Recent experiments at The ASDEX Upgrade Tokamak
(AUG) targeted negative triangularity (NT) shaping [7, 8]. On
this machine, shaping is modest with the average triangularity
day not extending beyond —0.2. At this modest NT shaping,
ELMs can occur, although the properties of these NT ELMs
are not explained by ideal peeling-ballooning stability analysis
alone [8]. AUG NT plasmas have also been the subject of
recent modeling work, including a prediction of kinetic pro-
files through the ASTRA-TGLF framework [9]. Gyrokinetic
modeling has been used to study NT plasmas with L-mode
like edges at the TCV [10-13] and DIII-D [14] tokamaks. The
gyrokinetic modeling of AUG NT plasmas has so far been lim-
ited to linear simulations [7]. The results to be presented here
are the first nonlinear gyrokinetic simulations for NT at AUG,
and the first ever gyrokinetic profile prediction in NT.

In this paper, we present a nonlinear gyrokinetic study
of an AUG NT plasma. The experiment used as a basis is
described in section 2, including the experimental turbulence
measurements. Five radial locations (defined in terms of minor

radius, r, normalized to the radius of the last closed flux
surface, a) are simulated between r/a = 0.35 and 0.90 using
the CGYRO code [15]. The PORTALS framework is used to
accelerate the convergence of the turbulent and neoclassical
transport fluxes to the target flux values and determine the
flux-matched ion temperature (7;), electron temperature (7),
and electron density (n,) profiles. The modeling methodology
is described in section 3. A synthetic Correlation Electron
Cyclotron Emission (CECE) diagnostic is applied to the flux-
matched profiles to compare simulated turbulence with exper-
imental measurements, as described in section 4. An investig-
ation of the nature of turbulence at the different simulated radii
is presented in section 5. A summary and discussion is given
in section 6.

2. NT experiment and turbulence measurements

The discharge studied in this work was performed in AUG.
Selected time traces and the equilibrium of this discharge are
shown in figure 1. This experiment was performed with mag-
netic field on axis By =2.5T, plasma current [, = 0.8 MA,
safety factor at the flux surface that encloses 95% of the pol-
oidal flux gos =4.7, and line averaged density n, = 5.47 x
10" m—3. The safety factor on axis gy was below 1, resulting
in sawteeth. The plasma was heated with 3.0 MW of Electron
Cyclotron Resonance Heating (ECRH) and 4.1 MW of Neutral
Beam Injection (NBI). NT shaping was achieved on aver-
age with average triangularity Jayerage = —0.14, although the
upper triangularity dypper = —0.33 and the lower triangularity
Olower = 0.05. The steady-state period chosen for modeling is
3.1-3.5 s, shown as the shaded region in the time histories of
figure 1. The plasma is ELMing during this phase. Interpretive
TRANSP [16] was run to determine that Q; is higher than Q,
over the majority of the plasma radius during the steady-state
H-mode phase of this plasma. Measurements of radial profiles
were performed with Thomson scattering [17] and ECE [18]
for the T, profile, Thomson scattering for the n, profile, and
Charge Exchange Recombination Spectroscopy (CXRS) [19,
20] for the T; and vy, profiles.

2.1. Te fluctuation measurements

Turbulent 7, fluctuations were measured using the CECE
diagnostic [21, 22]. At the time of this experiment, the CECE
system was comprised of 32 radial channels, capable of meas-
uring 7, fluctuations with high radial resolution over a range
of pior = 0.7 — 1.0. Within this radial range, 7, fluctuation
spectra are produced from correlating radially neighboring
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Figure 1. Overview of the negative triangularity discharge #40869. Time traces include current, heating (ECRH, NBI, and Ohmic), core 7,
and core 7.. The equilibrium reconstruction is shown with contours of ppol.
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Figure 2. Coherence () spectra of 7, fluctuations at selected radial
locations in the outer core and edge, measured with CECE. The
spike at 140 kHz is due to electronic noise.

channels. Figure 2 shows coherence () spectra from selec-
ted radial locations in the plasma outer core, pedestal top,
and pedestal region. Inside the pedestal (pyr < 0.90), turbu-
lent features are seen in the coherence spectra in the range of
5-100 kHz. In the pedestal region (pi > 0.90) the turbulent
feature has a high value of coherence and a frequency breadth
to 200 kHz. Figure 3 shows a radial profile of the 67 1yq/Trad
fluctuation amplitude. The fluctuation amplitude is seen to
increase from near 1% in the outer core to above 3% in the
pedestal region. For these fluctuation amplitudes, the radiated
temperature T,q is used instead of the electron temperature 7,
because near the separatrix (pyr = 0.99) the plasma is optic-
ally thin, so 6T}aq/Traq may have a contribution from n, fluc-
tuations in addition to T, fluctuations [23]. When the plasma
is optically thick (por < 0.99), 6Traa/Traa = 6T/ Te.
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Figure 3. 07144/ Traq fluctuation amplitude over radius, measured
with CECE.

3. Modeling methodology for flux matched
simulations

Gyrokinetic simulations are run with the CGYRO code [15],
and the PORTALS framework [2] is used to accelerate the
convergence of computed heat and particle transport fluxes to
target values. CGYRO is a local, Eulerian, spectral gyrokin-
etic code, with a wide user base in tokamak turbulent trans-
port modeling. It is designed for collisional, electromagnetic,
multiscale simulations, and is optimized for performance on
modern computing architectures, such as high-performance
GPU-accelerated systems.

3.1 Gyrokinetic simulation setup

Nonlinear gyrokinetic simulations were run at 5 radial
locations (r/a =0.35,0.55,0.75,0.83,0.90). These radial
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Figure 4. Nonlinear Q;, Q., and I', normalized to gyroBohm units,
for simulations with varying kg ps ranges. The upper limit of kg p; is
indicated on the x-axis.

locations were selected based on the study presented in [2]
showing that this choice of radii is optimal for inductive
plasmas with on-axis heating. In this experiment, the largest
sawteeth have an effect on profiles up to normalized radius
r/a =0.50. While the reconstructed profiles at r/a =0.35
are affected by sawteeth, the points r/a =0.55 and out-
ward are unaffected. Wavenumbers in the range kgp; = 0.1
to 2.5 were included at all locations, where kg is the poloidal
wavenumber and p; is the ion gyroradius evaluated at the ion
sound speed. Ion-scale simulations are expected to be suf-
ficient for capturing turbulent fluxes because an interpretive
TRANSP calculation indicates that Q; is dominant over Q, in
the simulated region, and it will be shown in section 5 that
the dominant mode linear growth rates normalized to wave
numbers are higher at the ion scale than the electron scale.
The chosen wavenumber range for the nonlinear simulations
is slightly larger than that for a typical ion scale simulation,
which often include wavenumbers only as high as kgp, = 1.2.
Scans of the wavenumber range indicate that the increased
range is needed to capture an accurate representation of the
turbulent fluxes, especially at the innermost radial location.
Figure 4 shows a scan of the ion and electron heat fluxes
and the electron particle flux from a range of simulations in
which the maximum wavenumber is varied from kyp; = 1.2
to 5.0. The fluxes nearly double between kgp; = 1.2 and 2.5

as a maximum wavenumber, but do not change significantly
with a further increase in wavenumber range. By including a
wider kg p; spectrum, TEM turbulence is better captured. This
increased wavenumber range increases the computational cost
of these simulations.

The radial domain sizes L, x L, were approximately 120 x
90p;, and scans of the domain size confirmed that there was
less than <1% change in fluxes compared to a domain size
of 120 x 120p,. Approximately 512 radial modes were used
for each simulation, although this varied between radial loc-
ations. For each simulation, 24 poloidal 6 gridpoints, 24
pitch angle £ gridpoints, and 8 energy gridpoints were used.
The simulations included electrostatic (d¢) and electromag-
netic (A ) perturbations, although d B|| perturbations were not
included. The inclusion of §B) perturbations was found not
to change the nonlinear turbulent fluxes beyond a standard
deviation. The geometry was included with a Miller exten-
ded harmonic (MHX) parametrization [24], which can cap-
ture up-down asymmetry. The Sugama collision operator is
used and rotation effects such as E x B shearing are retained.
Three gyrokinetic species were evolved: ions, electrons, and
a lumped impurity with charge Z=15.7 and mass A=11.3.
The lumped impurity species is meant to represent an aver-
age impurity that includes contributions from W and B, with
fractions determined from experimental measurements of Z,z
and tungsten concentration.

3.2. Profile predictions through the PORTALS framework

The PORTALS framework uses surrogate modeling to accel-
erate profile predictions using high-fidelity gyrokinetic simu-
lations to calculate turbulent transport fluxes. The framework
is described in detail in [2]. To summarize, to solve for kinetic
n., T,, and T; profiles, the inverse gradient scale lengths are
treated as the free parameter and a coupled system of energy
and particle conservation equations are solved. Profiles are
determined by minimizing the difference between transport
fluxes (from turbulent and neoclassical transport) and target
fluxes (from particle and energy sources and sinks, such as
heating and energy exchange). Both the target and transport
fluxes depend on the details of the kinetic profiles.

For the target fluxes, auxiliary heating profiles calculated
by TRANSP were held constant, and radiation and collisional
exchange were calculated self-consistently at each step. For
the transport fluxes, CGYRO was used to evaluate the tur-
bulent contributions to Q;, Q., and I', and the neoclassical
code NEO [25] was used to calculate the neoclassical con-
tributions. PORTALS uses an initial set of ~5 simulations to
fit a Gaussian Process model to represent the turbulent trans-
port fluxes versus local plasma parameters and the residual
to minimize. After this initial training phase, the surrogate
model is used to predict the set of input parameters where flux
matched conditions will be found. The next set of gyrokin-
etic simulations is run for these predicted inputs. If the trans-
port fluxes match the simulated target fluxes within a chosen
criterion, such as two times the standard deviation (20), the
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Figure 5. A comparison of target fluxes (dashed) and transport fluxes (solid), with 2o uncertainties on the transport fluxes indicated with
shading. Fluxes from the initial profiles are in purple and the final profiles are in green. The radial coordinate p is the square root of the

normalized toroidal flux.

1e20

10.0
experiment
_ 1.51 — prediction
% || ® Simulated point
4 s.o—w -
s |

2.51

#40869

0.25

o]
0.00

0.0 T T :
0.00 0.25 0.50 0.75
P

1.00

0.50
P P

0.75 1.00 025 050 0.75 1.00

Figure 6. The final kinetic profiles calculated from PORTALS-CGYRO (green) are shown with the experimental profile measurements
(blue). The simulated points are indicated with black Xs. The radial coordinate p is the square root of the normalized toroidal flux.

kinetic profiles are considered converged. If the transport and
target fluxes do not match, then the additional simulation is
added to the surrogate model and a new point is predicted for
flux matching conditions.

For the simulations presented here, 17 evaluations of
CGYRO were performed at each of the 5 radii in order to arrive
at flux matched profile predictions, for a total of 85 simula-
tions. The nonlinear simulations were run based on a satur-
ated startup simulation from an initial set of profiles, and typic-
ally run for an additional ~350 a/c, (where the time unit a/c;
is the minor radius over the sound speed), although the exact
run lengths varied between simulations. A comparison of the
initial and converged target and transport fluxes is shown in
figure 5. The initial transport fluxes are seen to be far from tar-
get values, but good agreement is found after the 17 CGYRO
evaluations. At some points, the transport fluxes are more than
20 from the target values (the largest deviations being 4o in the
ion heat flux channel at the r/a = 0.35 and 0.83 locations), but
continuing this process results in vanishingly small predicted
changes to the input gradients and the match was considered
close enough not to justify further simulations.

4. Comparison between simulations and
experiment

4.1. Profile comparison

The flux-matched profiles agree well with experimental meas-
urements. Figure 6 shows the PORTALS-CGYRO predic-
tion alongside measurements of 7,, 7;, and n,. The points

simulated with CGYRO are shown with black X’s. The profiles
in the region outside the outermost point (r/a = 0.90) are held
fixed. The profiles are constructed by smoothly interpolating
the gradient scale lengths between the simulated points, then
integrating from the outermost point inwards. Inside the inner-
most point (r/a = 0.35) the profiles are constructed by linearly
interpolating the gradient scale lengths to 0 at r/a = 0. Within
the region simulated (r/a = 0.35 — 0.90), the predicted T, and
n, profiles fall well within the scatter of the experimental data,
and the T; predicted profile is only above the scatter of the data
at the innermost point. In the deep core region that is not sim-
ulated (r/a < 0.35), the predicted T, profile is higher than the
experimental measurements. However, we emphasize that this
region is not represented with gyrokinetic simulations in this
study, and sawteeth are not included when constructing the
deep core profile although they are present in the experiment.
In the experiment, the sawtooth time period is less than the
energy confinement time, so the core profile relaxation due to
sawteeth likely contributes to the disagreement between exper-
iment and prediction in this region.

4.2. T, fluctuation comparisons

Profiles flux matched in Q,, Q;, and I', provide a valuable
basis for comparing simulated turbulence with experimental
measurements. The spectra, fluctuation amplitude, and cor-
relation length are fundamental characteristics of turbulence
that provide stringent tests of the gyrokinetic model when
simulations are compared with experiment. These turbulence
properties occupy a more fundamental level of the ‘primacy
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Figure 7. Comparison of the crosspower G, between simulation (purple) and experiment (orange) at three radial locations.

hierarchy’ [26], compared to fluxes which must be calculated
from a number of measurements all with their own uncertain-
ties. The 7, fluctuation spectra, 67, /T, fluctuation amplitude,
and T, fluctuation correlation length are compared between
simulation and experiment by applying a synthetic CECE dia-
gnostic to the CGYRO simulations. The plasma is optically
thick at all locations chosen for simulation, s0 07 yd/Trad =
0T, /T, in experiment. The synthetic diagnostic is construc-
ted by applying a point spread function to the CGYRO fluctu-
ation outputs, mapped to R, Z space. The synthetic diagnostic
was based on that in [27]. The point spread function rep-
resenting the CECE diagnostic matches the geometry of the
AUG CECE system, including the R and Z measurement loc-
ations, the measurement volumes, and the spacings between
correlated channels. The simulations run for synthetic dia-
gnostic purposes generally included a poloidal output grid of
24 points, and were run for steady state periods of at least
700 a/c; in order to provide long time histories for statistical
analysis.

Figure 7 shows the CECE cross-power spectra Gy, at
the radial locations r/a = 0.75, 0.83, and 0.90. Experimental
CECE measurements did not extend farther into the core for
this experiment. The experimental CECE diagnostic is not
a calibrated system. Therefore, the experimental frequency
spectra are represented as in [28], by

0T, \o 2 el — el
(n m) R Ry E—

where v, and +,, are the complex and background coherence
respectively and By is the CECE IF filter bandwidth. For this
discharge, -, is the average coherence from 175 to 200 kHz,
and represents instrument noise that is not present in the sim-
ulation. At r/a = 0.90, the simulation outputs only include a
midplane poloidal location, due to the stability of the satur-
ation of this simulation. As will be discussed in section 5,
this point at r/a =0.90 sits at an instability boundary and
despite using the same input parameters, the simulation with
only midplane outputs exhibited stable turbulence saturation
while the simulation with multiple poloidal outputs did not.
At r/a = 0.83, the synthetic CECE diagnostic is not applied
to the full simulation time extent due to a slowly growing

ey
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Figure 8. Comparison of the 07, /7. fluctuation amplitude between
experiment and simulation. 20 error bars are shown on the
experimental points. At r/a = 0.90, only fluctuations at the
midplane are output, so the midplane value x 1.2 is shown in gray to
visualize an estimated 07, /T, value at the diagnostic’s (R, z)
location.

low wavenumber mode, which only becomes apparent after
a/cs = 1000. At all three locations, the shape of the spectra
show good agreement between experiment and simulation, in
terms of the spectral shape and amplitude.

The comparison of the 07,/T, fluctuation amplitude
between experiment and simulation for three radial locations
is shown in figure 8. The fluctuation amplitude is calculated by
integrating the cross-power spectrum over a frequency range
of interest. For the experimental calculation, equation (1) is
integrated. The frequency range of integration for both exper-
iment and simulation was 5-175 kHz. The fluctuation amp-
litude matches within 20 at r/a =0.75 and 0.83. At r/a =
0.90, the experimental fluctuation amplitude is 22% smaller
than the simulated one. We note that the simulation at r/a =
0.90 only included midplane fluctuations. When restricting
the synthetic CECE diagnostic at /a = 0.75 and 0.83 to only
include midplane fluctuations, the simulated fluctuation amp-
litudes are decreased by ~20% at these locations as well.
The slightly lower fluctuation levels and spectra observed
in the synthetic diagnostic compared to experiment may be
due to uncertainties in the modeled poloidal spot size, which
can reduce sensitivity to smaller wavenumbers. Additionally,
residual background noise in the experimental spectra, despite
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Figure 9. Comparison of the 7, fluctuation correlation length experiment and simulation at r/a = 0.75 and r/a = 0.83. The correlation
coefficients at zero time delay plus a A7rr N, = 1/Byig modification to move outside the thermal noise peak are shown versus channel
separation. The Gaussian fits to the correlation coefficients are also shown. 2¢ errors on the fits are indicated with the shaded regions.

background subtraction applied (equation (1)), may contribute
to a systematic offset in the measured amplitude.

The correlation length, Loy, is typically determined by
computing the cross-correlation coefficient at zero time delay
of sequential CECE channels, ny(T =0). Leor is defined here
as the 1/e* width of a Gaussian fit to the correlation coeffi-
cients versus radial separation between the channels. To avoid
contributions from thermal noise in the experimental case, a
slightly modified time delay 7 = 0+ Arr. is used, where
ATrN. = 1/Byq is the width of the thermal noise peak. Byiq
is the video bandwidth of the experimental system.

Figure 9 shows both the correlation coefficients and the
Gaussian fit to these at r/a = 0.75 and 0.83. The correlation
length is not fit to the point at r/a = 0.90 due to the limited
number of CECE channels in the simulation domain at this
radial location. The correlation coefficients are normalized to
the same maximum value for ease of plotting. The correlation
coefficients versus radial separation can be fit to a Gaussian in
both experiment and simulation. The experimental correlation
coefficients have a higher background value at a large distance
>20 mm compared to simulation. The time-delay correlation
method R, correlates the entire spectrum up to the Nyqist fre-
quency, so this background may be a result of correlated noise
not successfully removed by avoiding the thermal noise peak
with a A7r . time delay modification. Despite this higher
experimental background, the 1/¢? width of the Gaussian fits
to the experimental and simulation correlation coefficients are
within 20 at both radial locations. Overall, in terms of spec-
tral characteristics, 4T, / T, fluctuation amplitude, and L, the
simulation and experiment are well matched.

There is good agreement between the CGYRO simulations
and experimental measurements in terms of kinetic profile pre-
dictions, and T, fluctuation characteristics. This detailed val-
idation shows that the core of NT plasmas of this type can be
accurately represented with the gyrokinetic model.

5. Turbulence nature across the plasma radius

An investigation of the nature of the simulated turbulence
was conducted by performing additional simulations for the
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> —— 1/a=0.90
0.2
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Figure 10. Linear stability analysis of the five simulated radial
locations, performed with the flux-matched profiles. The dominant
mode growth rate () and real frequency (w) are shown, both in
units of ¢;/a—the ion sound speed normalized to the minor radius.
Ton/electron modes are in the —w/ + w direction.

flux-matched profiles. To understand the linear properties of
the dominant instabilities in this plasma, linear CGYRO sim-
ulations were performed. The dominant mode linear growth
rates (7y) and real frequencies (w) over a range of kgp, are
shown in figure 10. At r/a = 0.55 — 0.90, the Ion Temperature
Gradient (ITG) instability is dominant for the low kgyps por-
tion of the spectrum, although a micro-tearing mode (MTM)
is present at kgp, = 0.1.

The MTM is identified through the structure of the mode
with respect to the ballooning angle 6. Figure 11 shows the
tearing structure of the dominant mode at kyp; = 0.1, with ¢
with odd parity and A with even parity (both real and ima-
ginary components). A comparison of the sensitivity of the
growth rate to 8 and collision frequency v, at kgp; = 0.1
and kgp; = 0.5 at the radial location r/a = 0.75 is shown in
figure 12. Here, [ refers to the electron 53, and is calculated
with respect to Byy. The 8 and v,, are varied +£50% relat-
ive to the converged point values. At kgp, = 0.1, where the
MTM is the dominant mode, the growth rate increases with
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Figure 11. The real and imaginary components of the linear
dominant mode ¢ and A} with respect to the ballooning angle 6 at
kops = 0.1 at r/a = 0.90, for the flux-matched profiles.
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Figure 12. The change in -y as the (3, and v, input parameters are
varied by +50% around the converged point at wavenumbers
kops = 0.1 and 0.5 at the radial location r/a = 0.75. The converged

point values are B, = 1.39 x 107> and v, = 1.84 x 107! [¢,/a].

increasing 8 and v,.. At kgp; = 0.5, where ITG is dominant,
the growth rate is largely insensitive to 8 and decreases with
Vee. Linear scans of a/Lr,, a/Lr,, and a/L, at kgps; = 0.1 also
indicate that the MTM growth rate increases with increasing
a/Lr, and decreases with increasing a/L,. The MTM growth
rate is insensitive to a/L,.
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Figure 13. Growth rate normalized to kg ps shown over both the ion
scale kgps < 1.0 and electron scale kg ps > 1.0 ranges, for the
flux-matched profiles.

In contrast to the ITG present at the other locations, at
r/a=0.35, TEM is dominant for the entire ion-scale portion
of the kg p, spectrum, as indicated by the electron directed real
frequency. Linear scans of the case at r/a = 0.35 show that
at low wavenumbers, the linear growth rate is most sensitive
to a/Lr,, indicating an electron temperature gradient driven
TEM.

Linear stability analysis was also run at the electron scale
(kgps > 1.0), to understand the potential importance of high-k
turbulence in these simulations. The linear growth rate nor-
malized to wavenumber, 7y /kgp;, is shown in figure 13. At all
radial locations the peak of 7 /kg p; at the ion scale (kgps < 1.0)
exceeds the peak value of v /kgp; at the electron scale. This
indicates that cross-scale coupling effects are unlikely to be
important in nonlinear simulations [29, 30].

The turbulence at r/a = 0.90 displays strong sensitivity to
a/Ly, both linearly and nonlinearly. Figure 14 shows scans
of v and w for the point at r/a = 0.90. The gradient drive
terms a/Lr,, a/Ly,, and a/L, are all scanned £20% around
the flux-matched profiles ‘base case’. The dominant mode lin-
ear stability is most strongly affected by a/Ly,, although at low
wavenumbers kg p; < 1.0, there was also an effect from a/Lr,
due to ITG destabilization. This can be seen in the a/Ly, scan
in figure 14, where linear growth rates increase with increasing
a/Lr, in the range of the spectrum where the real frequency
is ion-directed. When a/Ly, is reduced from the base case,
the dominant mode transitions from ion-directed to electron-
directed at a lower value of kg p;.

Scans of the nonlinear fluxes confirm the sensitivity of the
turbulence to a/Lr,, as shown in figure 15. These scans are
performed by running additional nonlinear simulations with
a/Ly, adjusted £10% around the converged base case. The
turbulent Q;, Q., and I', fluxes all increase sharply upon a
slight (5%) increase in a/Lr,, indicating that the converged
point sits at an instability boundary. The nature of the turbu-
lence changes from primarily electrostatic when a/Ly, is at the
converged point or below, to strongly electromagnetic when
a/Lr, is above the converged point. Q, is the most strongly
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Figure 14. Linear growth rates and real frequencies (both in units of ¢;/a) at r/a = 0.90 for scans of a/Lr,, a/Lr,, and a/L,. Each gradient

is scanned up to £20% of the flux-matched case value.
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Figure 15. Q;, Q., and I, for a nonlinear scan around the
flux-matched value of a/Lr, at r/a = 0.90. All fluxes are shown in
gyroBohm units.

affected flux. A similar instability threshold with respect to
B was found with nonlinear scans varying [ around the con-
verged point, as shown in figure 16. When [ is below the con-
verged point value, there is little effect on the turbulent fluxes.
When [ is increased, Q,, Q;, and I', all increase sharply, but
the effect is strongest on Q,.

The electromagnetic nature of this turbulence, sensitivity
to 3, sensitivity to a/Lr, indicate that turbulence from MTMs

converged point—:
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Figure 16. Q;, Q., and I', for a nonlinear scan around the
flux-matched value of 8. at r/a = 0.90. All fluxes are shown in
gyroBohm units.

may be important above the converged values of a/Ly, and /3.
However, this trend is not entirely reproduced linearly, where
MTMs are only present at lowest wavenumber and the linear
growth rates do not exhibit an instability threshold relating to
a/Lg, or f3, but rather the MTM linear growth rate increases
monotonically with increasing a/Lr, or 5. We note that simu-
lations with a/Ly, or 8 above the value at the converged point
do not reach a saturated steady-state due to the computational
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cost of the strongly growing instabilities, so the fluxes shown
in figures 15 and 16 should be taken as qualitative rather than
quantitative values.

The sensitivity of turbulence to key parameters, such as
gradient scale lengths, collisionality, and the ion to electron
temperature ratio, can also be investigated using the sur-
rogate model built in the process of PORTALS profile pre-
dictions. Rather than running additional expensive nonlin-
ear gyrokinetic simulations, the surrogates relating the tur-
bulent Q,, O;, and T', to inputs (¢/Lr,, a/Lz,, a/L,, V., and
T;/T,) can be scanned around a given range of the con-
verged solution’s inputs. Scans using the surrogate models are
shown in figure 17 for two representative locations (r/a =
0.35 and r/a = 0.75). At r/a = 0.35, increasing a/Lr, is seen
to increase Q, and I', while decreasing Q;, while increasing
a/Lr, is seen to increase Q;. This indicates a balance of TEM
and ITG turbulence at this location. At r/a = 0.75, a/Lz, most
strongly drives both channels of heat flux, indicating strongly
dominant ITG at this location. We note that these scans are
approximate and should only be used for qualitative study
because they are based on surrogates to complex dynamics of
5 inputs with just 17 CGYRO evaluations. These surrogates
can be used as a tool for understanding the drivers of nonlinear
fluxes at several locations, and when performing profile pre-
dictions for future reactors can be used as a means to cheaply
investigate operating scenarios.

6. Summary and discussion

In this paper, gyrokinetic simulations are performed for a NT
H-mode plasma in AUG. The PORTALS surrogate modeling
technique is used to find convergence between turbulent and
neoclassical transport fluxes and target fluxes (from sources
and sinks), at a reduced computational cost compared to tra-
ditional transport solvers. Using this technique, Q;, Q., and
I', were simultaneously matched across the simulated radial
regime of the plasma (r/a = 0.35 —0.90), and the resulting
T;, T,, and n, profiles match well with the experimental pro-
file data within this radial range. Previous gyrokinetic model-
ing for NT plasmas at TCV and DIII-D also showed a close
match between experimental and simulated transport fluxes
at the modeled radial locations [11, 13, 14]. In TCV, TEM-
driven turbulence was found to be dominant and its reduction
in NT was key to reduced transport levels. At DIII-D, the relat-
ive importance of TEM and ITG modes was shown to depend
sensitively on impurity content, particularly Z.¢. The AUG
case studied in this work introduces a new aspect: proximity
to an instability boundary in the edge, beyond which electro-
magnetic effects, including possible MTM activity, become
significant. Whether this behavior arises due to the relatively
modest shaping in this discharge remains an open question.
Recent linear studies examining the role of aspect ratio and
triangularity suggest that MTMs may indeed be important in
NT regimes, but that their impact is more pronounced at low
aspect ratio [31].

The gyrokinetic simulations performed on these flux
matched profiles provide a basis for additional validation stud-
ies, and an investigation of the turbulence nature at these radii.
A synthetic CECE diagnostic was applied to the flux-matched
simulations to compare 7, fluctuation spectra, amplitude, and
correlation length between experiment and simulation. These
turbulence properties are more fundamental than the fluxes
more typically compared between simulation and experiment,
and thus provide a more stringent test of the gyrokinetic model.
Comparisons of these T, fluctuation properties were made
at the outer three radial locations (r/a =0.75, 0.83, 0.90),
where experimental measurements were available. Excellent
agreement was found in the spectral shapes between simu-
lated and experimentally measured turbulence, and the fluc-
tuation amplitudes agreed well at r/a =0.75 and 0.83. At
r/a = 0.90, the ~20% disagreement in fluctuation amplitude
between experiment and simulation can be explained by the
limitation of the simulated geometry to midplane fluctuations
only. The Gaussian fits to correlation coefficients for determ-
ining correlation length also agreed between simulation and
experiment at r/a = 0.75, although the simulated correlation
length was larger than the experimental correlation length at
r/a = 0.83. The validation of these 7, fluctuation quantities,
along with the comparison of heat and particle fluxes and kin-
etic profiles, indicate that ion-scale gyrokinetics successfully
captures the turbulent transport for this plasma. The agree-
ment between simulated profiles and turbulent fluctuations and
experimental measurements indicates that current models can
be used to predict the core conditions of NT plasmas. There are
no showstoppers in terms of core plasma physics when using
models widely applied to positive triangularity (PT) plasmas
to NT plasmas.

The plasma simulated in this paper was the subject of a
previous study [9], in which the plasma was modeled using
the quasilinear code TGLF-SAT?2 [32] and the kinetic profiles
were predicted through the ASTRA-TGLF framework. These
previous TGLF profile predictions are shown with the new
CGYRO profile predictions in figure 18. For the TGLF pre-
dictions, an additional electron diffusivity was added inside
Pror = 0.25 to constrain core 7T, profiles to match with exper-
iment. Within the region simulated by CGYRO, the TGLF
and CGYRO predictions have excellent agreement and match
well with experimental data. This agreement points to the
sufficiency of the gyrofluid model for capturing the turbu-
lent transport fluxes and predicting the kinetic profiles in this
plasma scenario. However, advantages still remain in using
CGYRO to study the detailed nature of turbulence in this
plasma, including (1) the ability to capture up-down asym-
metry in the equilibrium with the higher order moments
included in the Miller geometry, and (2) the ability to cap-
ture MTMs, which cannot accurately be represented with
TGLF.

Simulations using the flux-matched profiles allow study
of the nature of turbulence across the radius for this plasma.
Scans of input parameters were performed linearly to under-
stand dominant mode dynamics, and nonlinearly at selected



Nucl. Fusion 65 (2025) 086042 R. Bielajew et al

rla=0.35 8 rla=0.75

L5 "
5 10 61 / a/Ln;
% 0.5 1= Vej
% oo 41 /‘L — T,

~0.5- X
0.6
0.4 10.01

3 | 7.5
§° 0.2 : ; T‘_—-—:
O 5.0_

0.0
-0.21 2.51
0.4 0.6
© 02_ 04'
L
0.0 0-21
0.0
—_ (). :2 i
. . — —0.2 = . :
0.8 1.0 1.2 0.8 1.0 1.2
Value relative to Value relative to
converged solution converged solution

Figure 17. Surrogate model enabled scans at r/a = 0.35 and 0.75. Q., Q;, and I, normalized to gyroBohm units predicted from the
surrogate model are shown as input parameters (a/Lz,, a/Lz,, a/Ly, vei, and T;/T,) are individually scanned. The converged CGYRO result
is indicated in black. 20 uncertainties are shown only on a/Ly, for better visualization.

1e20

10.0 5 #40869
experiment
7.51 | = CGYRO prediction
By = TGLF prediction <
g 5.0 simulated region g
N K
2.5
0.0 T T T 0 T T T 0.0 T " !
0.00 0.25 0.50 0.75 1.00 0.00 025 050 0.75 1.00 0.00 0.25 050 0.75 1.00
p P P

Figure 18. A comparison of profiles predicted with PORTALS-CYGRO (green) and a previous ASTRA-TGLF prediction [9] (purple).
Experimental profile measurements are in blue. The region simulated with CGYRO is shaded in gray to indicate the radial region of
comparison. The radial coordinate p is the square root of the normalized toroidal flux.

locations and for selected parameters. T, gradient driven TEM At r/a = 0.90, the flux-matched simulation appears to sit at an
was found to be important at the innermost radius, as com- instability boundary. At this location, the turbulence is highly
monly found with strongly ECRH heated plasmas [33, 34].  sensitive to a/Lr, both linearly and nonlinearly. When a/Ly, is
ITG was the dominant instability and the dominant driver of increased even slightly beyond the converged point, an electro-
both electron and ion heat flux throughout r/a = 0.55 — 0.83.  magnetic instability which strongly affects Q, is found, likely a
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MTM. Evidence of this instability is not found experimentally,
so the flux-matched case is expected to be below signific-
ant growth of this particular mode. It is possible that this
instability boundary plays a role in setting the profiles at this
location, which is roughly the pedestal top. By sitting imme-
diately at the instability boundary, the T, profile is extremely
stiff and a/Ly, is fixed to the value found in the converged
profile. Determining whether the presence of this instabil-
ity boundary is typical in NT H-mode plasmas will require
further study. Understanding the effect of shaping on the
nature of turbulence present at different radii will require addi-
tional simulations and experiments and is the subject of future
work.

NT is an attractive operational scenario for future react-
ors and further work is needed to fully validate profile pre-
diction frameworks and apply them to predict the perform-
ance of future machines [35, 36]. This paper has presented the
validation and profile prediction of a particular NT plasma at
AUG. The comparison of a matched PT case, following the
same flux-matching workflow, would allow for a comparison
of turbulence across the radius and an understanding of the
difference, if any, in turbulence nature between NT and PT.
Even without an experimental comparison, this exercise could
be performed computationally to study the effect of shaping
on predicted turbulence. A profile prediction with surrogate
generation would also be useful to perform for an NT plasma
that does not transition to H-mode, such as those with an
NT edge common at DIII-D with strong shaping, which were
also the subject of recent gyrokinetic modeling work [14].
Overall, this work demonstrates the potential for high fidel-
ity predictive modeling of future NT operational scenarios,
contingent on improved understanding of the edge boundary
condition.
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Appendix. Simulation inputs

CGYRO inputs parameters for the five simulated radii are
given in table A1l.
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Table A1. Inputs for the CGYRO simulations at the five r/a values.

r/a 0.350 0.550

ne [x10"” m™3]  7.099 6.089

T, [keV] 3.613 1.829

a/L, 0.413 1.122

a/Lz, 3.933 2.875

a/Lzi 1.339 1.569
a/Ltimp 1.339 1.569

Ti/T. 0.415 0.612

np/ne 0.861 0.861

Rimp [ Ne 245%x1072  2.45x1072
Zest 1.648 1.648

Vee [cs/al 234x1072  7.54x1072
A= —0.067 —0.132

q —0.997 —1.403
§=191 0.264 1.320

K 1.254 1.278

Sp =L 0.014 0.099

5 —0.017 —0.029

ss =428 —0.019 —0.029

¢ 330x107% —1.07x1073
sc=%55% 500x107%  —7.72x1073
~vexg(a/cs) —137x1072 —3.11x1072
Yp(a/cs) 1.37x107"  2.77x107!
M 9.54x1072  7.61x1072
Be 1.05x1072  3.98x1073
Bunit [T] —3.138 —3.358
BI[T] 2.259 2.149

0.750 0.830 0.900
4.961 4.604 4.276

1.042 0.827 0.653

0.928 0.937 1.174

2.755 3.021 3.730

1.889 2.303 3.072

1.889 2.303 3.072

0.761 0.810 0.850

0.861 0.861 0.861
245%x1072  245x1072  2.45x1072
1.648 1.648 1.648
1.84x107"  2.67x107"  3.93x107!
—0.201 —0.228 —0.252
—2.337 —2.885 —3.526
1.944 2.237 2.811

1.353 1.400 1.456

0.289 0.404 0.587
—0.050 —0.064 —0.080
—0.113 —0.162 —0.230
—891x1073 —1.58x1072 —2.63x1072
—498%x1072 —9.18x107> —1.88x107!
—727x1073 —528%x107° —8.64x107°
7.82x1072  631x1072  1.16x107!
5.85x1072  6.26x1072  5.80x1072
1.39x1073  8.85x107™*  2.76x107*
—3.872 —4.161 —4.512
2.065 2.038 2.018
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