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ABSTRACT

This paper presents the validation of the GENE - KNOSOS - Tango framework for recovering both the steady-state plasma profiles in the con-
sidered radial domain and selected turbulence trends in a stellarator. This framework couples the gyrokinetic turbulence code GENE, the neo-
classical transport code KNOSOS, and the transport solver Tango in a multi-timescale simulation feedback loop. Ion-scale kinetic-electron
and electron-scale adiabatic-ion flux-tube simulations were performed to evolve the density and temperature profiles for four OP1.2b W7-X
scenarios. The simulated density and temperature profiles showed good agreement with the experimental data using a reasonable set of
boundary conditions. Equally important was the reproduction of observed trends for several turbulence properties, such as density fluctua-
tions and turbulent heat diffusivities. Key effects were also touched upon, such as electron-scale turbulence and the neoclassical radial electric
field shear. The validation of the GENE - KNOSOS -Tango framework enables credible predictions of physical phenomena in stellarators and
reactor performance based on a given set of edge parameters.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0267879

I. INTRODUCTION surpasses the neoclassical contribution in Wendelstein 7-X (W7-X),

00:95:20 G202 1sn6ny 10

Within the field of nuclear fusion by magnetic confinement, stel-
larators are a promising alternative to tokamaks, offering several nota-
ble advantages. To name a few, stellarators are inherently capable of
operating at steady-state, have higher plasma density limits, exhibit
lower peak heat flux exhaust, and avoid major disruptions.” With
improved optimization for magnetohydrodynamic (MHD) stability
and neoclassical transport, turbulence remains a significant obstacle
for stellarators today. For instance, turbulence-driven transport

the most advanced stellarator to date.” Thus, understanding plasma
turbulence is crucial for designing stellarators and advancing fusion
reactor development.

With the world’s most powerful supercomputers, turbulence can
now be analyzed across the entire plasma volume using gyrokinetic
codes. Although gyrokinetic codes are capable of simulating the effect
of turbulence on plasma temperature and density profiles up to energy
confinement times, this task demands an extremely large amount of
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computational resources. The challenge stems from the large timescale
separation between turbulence and transport phenomena. Despite this,
profile prediction remains a key research goal in fusion. Developing
simulation tools capable of doing so for a given magnetic configuration
using only the power and particle sources is essential for designing
operational scenarios with optimized confinement and turbulence
properties and forecasting reactor performance.

An effective strategy for bridging the timescale gap is to couple a
gyrokinetic code and a transport solver in a feedback loop. Instead of
being hindered by the timescale gap, this coupling exploits it, leading
to a significant reduction in the computational cost of simulating
steady-state plasma profiles. The turbulence code computes the turbu-
lent fluxes for input plasma profiles using gradient-driven simulations,
while the transport solver evolves the profiles according to the differ-
ence between the fluxes and sources. This approach has been success-
fully applied and validated for tokamaks using both flux-tube’ ° and
global”” gyrokinetic simulations.

To extend this capability for stellarators, we further developed the
existing GENE-Tango suite”” to create the GENE -KNOSOS-Tango
framework. This framework couples the gyrokinetic turbulence code
GENE,” the neoclassical transport code KN0S0S,'"!" and the one-
dimensional transport solver Tango”'*"” in a multiple-timescale sim-
ulation feedback loop. It self-consistently incorporates turbulence, neo-
classical transport, and the neoclassical radial electric field shear in
each iteration. The framework can be extended to include three-
dimensional effects by using GENE-3D.'*"”

The GENE-KNOSOS-Tango framework has previously been
used to study the confinement degradation in electron-heated W7-X
plasmas, as evidenced by the ion-temperature clamping, during the
machine’s first experimental campaign.'”'® Additionally, it has
been used to compare the core confinement properties of the HSX
(Helically Symmetric Experiment) stellarator and the HSK (Helically
Symmetric Kompakt stellarator) and QSTK (Quasi-Symmetric
Turbulence Konzept), two quasi-helically symmetric stellarator config-
urations optimized for ion temperature gradient (ITG) stability."”

Although it has already been successfully applied to stellarator
studies, the framework’s validation remains necessary to ensure that sim-
ulation predictions reproduce experimental results and turbulence fea-
tures across a wide range of operating conditions. Accurately recovering
plasma profiles and key trends is essential in such validation studies.
Validation efforts are a prerequisite for enabling profile predictions,
developing operation scenarios, and designing future reactors. The latter
is of utmost importance in the current context, where the increasing
number of nuclear fusion startups is leveraging simulation codes to
design power-generating machines for the near future. To date, the only
other coupled code validation study for the core that is being performed
for stellarators is for the gyrokinetic code GX, 20,21 transport code
Trinity3D, " and neoclassical codes KNOSOS and SFINCS. > >

In this study, we present the validation of the GENE - KNOSOS -
Tango framework using four scenarios from the OP1.2b W7-X exper-
imental campaign.'”*° These cases cover a wide range of turbulence
properties, effectively adding another constraint to the validation task.
In addition to matching the targeted experimental results for each
scenario, the framework should also model selected trends among dif-
ferent turbulence regimes. This ensures the robustness and applicabil-
ity of the framework across diverse experimental conditions.
Improvements on previous work include the addition of kinetic-electron

ARTICLE pubs.aip.org/aip/pop

gyrokinetic simulations in each iteration, neoclassical effects, and
varying density profiles.

This paper is structured as follows: An overview of the four
experimental cases is presented in Sec. II. Next, in Sec. III, a more in-
depth description on the GENE-KNOSOS - Tango framework is pro-
vided. In Sec. IV, the simulation setup and methodology are discussed.
The simulation results are presented in Sec. V. Finally, a summary of
the findings, conclusion, and outlook is given in Sec. V1.

Il. W7-X SCENARIOS

Three W7-X discharges from OP1.2b were used for this study,
and these give way to four different scenarios. Figure 1 shows the time
traces for the heating power, average densities, and stored energies of
these discharges. The naming convention for the four scenarios used
in Refs. 17 and 26 will be retained in this paper for consistency. The
first two scenarios are characterized by a core ion temperature T;
below 1.5%0.2 keV, which is typical of W7-X electron-heated plas-
mas,'® while the last two exceed this threshold value. For these scenar-
ios, the ion species is hydrogen.

The first two cases are shots 180920.013 and 180920.017, which
were purely heated by electron cyclotron resonance (ECRH) and
fueled with gas puffing. Case 1 is the “low-density ECRH” scenario
while case 2 is the “high-density ECRH” case, which have average den-
sities of about 4 and 6 x10" m~2 respectively. The same heating
power of about 4.7 MW was applied to both.

From shot 180 919.039, two neutral-beam injection (NBI) heating
cases are derived based on different timestamps during the shot. Case
3, which is the “NBI + ECRH” scenario, was taken at a timestamp of
about 3.5 s and had a higher ECRH power than case 4, the “NBI” sce-
nario, which was taken at 4.5 s. It should be emphasized that even
though case 4 is referred to as the “NBI” scenario, about 0.7 MW of
ECRH was still present. The total heating power for case 3 was approx-
imately 8 MW, while case 4 only received about 4 MW due to the sig-
nificant reduction of applied ECRH power.

Ill. FRAMEWORK DESCRIPTION

To predict the core temperature and density profiles for these sce-
narios, the state-of-the-art GENE-KNOSOS-Tango framework is
used. The gyrokinetic turbulence code GENE simulates the turbulent
transport of each plasma species, while the neoclassical transport code
KNOSOS calculates the neoclassical fluxes and the background neo-
classical radial electric field E,. Then, the transport solver Tango per-
forms several tasks, such as calculating the neoclassical E, x B shear,
which is fed back to GENE, and calculating a particle source compo-
nent using mathematical models.

Most importantly, Tango generates the new plasma profiles by
comparing the total fluxes with the injected sources. The code accom-
plishes this by solving one-dimensional radial transport equations for
pressure and density. The flux is assumed to have a convective and dif-
fusive part, which rely on the profiles and their gradients, respectively,

0

Q= —DQ£+CQP7 )

= *DF@ + crn. (2)
dp

In the above equations, p denotes the radial coordinate, Q is the heat
flux, I is the particle flux, p is the pressure, and 7 is the density, while
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FIG. 1. The three OP1.2b W7-X discharges used for this validation study: (a) low-density with ECRH, (b) high-density with ECRH, and (c) NBI with different ECRH power.
Upper plots show the time traces for the input and radiated power, while the lower plots show the average densities and stored energies. Dashed lines indicate the timestamps

when the experimental data were obtained for each scenario.'”

D and c are the diffusive and convective transport coefficients, respec-
tively. It should be noted that the momentum transport equation is
not yet implemented in Tango but will be added soon to extend the
framework’s applicability to a broader set of magnetic geometries.
While momentum evolution can influence the converged plasma pro-
files, its impact is expected to be minor in non-quasisymmetric stella-
rators like W7-X, where rotation is much slower than the ion thermal
speed.”” A relaxation scheme is applied to the fluxes and profiles,
wherein iterated values from two successive iterations are linearly com-
bined. The magnitude of the weighting parameter w determines the
level of relaxation. Turbulent transport exhibits stiff behavior physi-
cally, in that it rapidly grows beyond a threshold gradient value,”® and
numerically, since the diffusive transport coefficient’s strong depen-
dence on the profile’s radial gradient renders the numerical method
unstable.”*” Due to these factors, small changes in plasma gradients
can lead to large changes in transport level. Tango’s relaxation param-
eter dampens these large swings and prevents excessive oscillations of
the fluxes around the source values, thereby keeping the numerical
method well-behaved. Typically, w values of 0.1-0.3 are used.
Moreover, relaxation reduces the statistical variance of the turbulence
simulations as a result of averaging over consecutive iterations."’

The new profiles are read by GENE and KNOSOS in the next iter-
ation, and the feedback loop continues as needed. Convergence is

manually determined based on the fulfilment of the radial power and
particle balances. The full framework showing the coupling and depen-
dencies between the codes is depicted in Fig. 3(c).

A demonstration of how the GENE-KNOSOS-Tango frame-
work evolves the plasma profiles is shown in Fig. 2. As a rule of thumb,
fluxes that overshoot the sources at a given position will result in a
local flattening of the relevant profile, while the profile is steepened at
positions where the fluxes are under-predicted. In Fig. 2, approxi-
mately flat profiles were used as initial guesses for plasma temperatures
and density. In the context of the profiles, only the boundary values
are absolutely important for Tango; the code will adjust every other
point in the profile to satisfy the power and particle balances without
the need for any external user prompt. However, while convergence
can still be achieved, using poorly chosen initial profile guesses typi-
cally requires more iterations before balances are satisfactorily fulfilled.
In this case, about 50 iterations were needed. Persistent discrepancies
in the power and particle balances arise from the limited number of
flux tubes used in the simulations. Increasing the number of radial
positions improves the agreement by allowing Tango more flexibility
to adjust the profile gradients, but at the cost of higher computational
effort due to performing more GENE simulations per iteration.

To make the validation study possible, the capabilities of Tango
were expanded through the addition of a neoclassical E, x B shear
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FIG. 2. Demonstration of how the GENE - KNOSOS - Tango framework evolves the (d) electron temperature, (e) ion temperature, and (f) density profiles, which were all given
initial guesses that are approximately flat. Convergence of the (a) electron power, (b) ion power, and (c) particle balances was achieved in about 50 iterations.

calculation scheme™ and a particle source model based on neutrals
ionization. For the former, the radial derivative of the E, x B velocity
is linearized and evaluated at each radial position of interest. The shear
rate y; modifies the coordinate system of the simulation domain, spe-
cifically the radial dimension as well as radial derivatives, in the co-
moving frame. Reference 31 outlines how this is implemented in
GENE. In Eq. (3), normalized dimensionless quantities are used, as sig-
nified by the circumflex accent. The magnetic shear is given by s.

o d (BB
/E(po)_d/p\<§(ﬁ))

For the latter, the neutral density radial profile, ny(p), is calculated
using a short-mean-free-path one-dimensional transport model >

li To %+L@n - (4)
pdp |"\mvex) \dp Ty ap ™) | T ™

In Eq. (4), Ty and my are the neutral species temperature and mass,
respectively. The ionization and charge exchange frequencies are given
by Vien and vcx, respectively. These are calculated by evaluating the
analytical fits of the ionization and charge exchange cross sections of
hydrogen at the plasma parameters.”*”” That being said, it is assumed
in the model that plasma ions and neutrals have the same temperature
profile due to the high frequency of collisions and charge exchange
reactions occurring between them. It is important to point out that the
neutrals density at the outer boundary, 1 g, is a free parameter in
Eq. (4). Reported measurements in W7-X electron-cyclotron-heated
plasmas'®*® and particle confinement time calculations”” were used as
bases for 79 g, input values in Tango.

The ionization rate of neutral species provides a particle source
term for the density transport equation. In addition to this, for cases 3
and 4, the NBI particle fueling rates were obtained from BEAMS3D Y

ﬁ:ﬁo

simulations. Two fueling rates are provided by BEAMS3D, one for the
electrons and another one for the thermal ions. The latter is slightly
smaller than the former due to fast ion losses. Due to uncertainties with
the degree of thermalization of the NBI ions, the electron fueling rate is
used as the particle source for both plasma electrons and ions. This
greatly simplified the simulations for this study; dedicated three-species
simulations will be explored in a future study. On the other hand, for
the pressure equation, heat sources and sinks consist of the ECRH and
NBI power deposition profiles calculated using TRAVIS' and
BEAMS3D, respectively, and the collisional thermalization™ between
ions and electrons calculated in Tango.

IV. SIMULATION SETUP AND MODEL HIERARCHY

Instead of applying the full framework immediately, a model
hierarchy was adapted in which physics is incrementally added to the
simulations. This way, it is easier to understand how each of these
effects can impact the converged plasma state. Furthermore, the selec-
tion of the four phases was also based on increasing simulation com-
plexity. The workflow has four phases, as seen in Fig. 3, and the
converged plasma profiles of one phase are used as initial inputs for
the next one. The choice and ordering of these phases does not impact
the final result; a different workflow could have been adopted, and the
same converged profiles would have been obtained in the end.

For phase 1, only GENE and Tango were included in the simula-
tion loop, and the density profiles were kept fixed. As such, only the
temperature profiles were varied based on how well the power balances
had been met. To decrease the number of iterations necessary to reach
convergence, the statistical fits of the experimental profiles were used
as the initial guesses for the plasma profiles. Dirichlet boundary condi-
tions are applied to the outermost radial position, where the tempera-
ture and density values are fixed. In contrast, Neumann boundary
conditions are used at the innermost position, giving way to plasma
profiles with zero radial gradient on the magnetic axis.”'’ The con-
verged phase 1 plasma profiles were used as initial guesses for phase 2,
where neoclassical heat fluxes were computed by KNOSOS. The
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FIG. 3. Model hierarchy of the GENE - KNOSOS - Tango framework: (a) Fixed-density simulations without neoclassical transport, (b) inclusion of KNOSOS in the loop for cal-
culating neoclassical heat fluxes, calculation of the neoclassical E, x B shear for GENE simulations, and (c) full framework with varying density profiles. The superscript
| denotes the iteration number while neo. and turb. pertain to the neoclassical and turbulent flux contributions, respectively. The subscript s represents the species. The variable
p denotes the plasma pressure, while n is the density. Finally, the heat and particle fluxes are Q and I, respectively.

neoclassical radial electric field E, from KNOSOS was passed to
Tango in phase 3 to determine the neoclassical E, x B shear profile.
This was used as an additional input to GENE. Finally, in phase 4, the
constraint on keeping the density profile fixed was lifted. With this, the
particle fluxes, both turbulent from GENE and neoclassical from
KNOSOS, were taken into account by Tango, which now also solved
the transport equation for density.

For the GENE simulations, eight radial positions spanning p of
0.1-0.8 with a spacing of 0.1 were selected. The dimensionless radial
coordinate p = /W /W crs is defined by the magnetic toroidal flux
passing through a given magnetic surface, ¥, and the last closed flux
surface (LCFS). At each p and each iteration, ion-scale kinetic-electron
and electron-scale adiabatic-ion flux-tube simulations were performed
using the flux tube with the field line label & = 0. The simulations are
all electromagnetic, although the heat and particle fluxes are mostly
electrostatic due to the low [ of the explored scenarios.

The choice for this radial domain of the simulations was moti-
vated by the task of validating the framework over a large portion of
the stellarator core while keeping the computational costs of the study
tractable. First, adding an additional point close to the magnetic axis
(p ~0.0) was deemed unnecessary since the heat and particle fluxes in
this region are generally negligible. While on-axis heating can be sig-
nificant in some cases, its impact is tempered by the small plasma vol-
ume near the axis. Moreover, the quantities in this region are not
measured well experimentally, providing less motivation to compare
simulated results for p < 0.1 with experimental data. Next, there were
some considerations for limiting the simulations to p =0.8.
Simulations in the vicinity of the LCFS at p = 1.0 will require a higher
resolution in at least the radial and parallel directions due to the larger
magnetic shear and stronger plasma shaping close to the plasma edge,
respectively. More importantly, the kinetic simulations are only two-
species with hydrogen ions and electrons forming the plasma. As one
moves closer to the LCES, the effects of impurities and neutrals on the
turbulence become increasingly important. In this case, they could
have a large effect on the plasma and should no longer be disregarded.

For instance, high impurity concentrations lead to higher radiation
losses, which will subsequently reduce plasma temperatures.

Before starting any of the phases, convergence tests were first per-
formed to determine the nominal resolution parameters that would be
used throughout the study. After convergence had been achieved with
respect to both power and particle balances in phase 4, several high-
resolution runs were carried out to ensure that heat and particle fluxes
stayed within *£20% of the values obtained using the nominal resolu-
tion. This allowance is justified by the stiffness of the fluxes, as a mod-
erate change in fluxes only slightly alters the gradients and,
consequently, the profiles. Table I shows the numerical parameters for
nominal and high resolution, where [; and #; are the extension of the
simulation box and the number of grid points in the i dimension,
respectively. The minimum value of the binormal wavenumber is
given by k, .. The resolution parameters in the y-direction for the
electron-scale simulation remain unchanged between the nominal-

TABLE |. Numerical parameters for the resolution of the GENE simulations. The
parameters Iy, Iy, and I, are given in units of pg, vrs = \/2Ts/ms, and Ts/Bis,
respectively.
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Ton scale Electron scale
Parameter Nominal High Nominal High
I, 128 256 128 256
N, 64 256 64 256
ky, . 0.10 0.05 0.075 0.075
Mk, 32 64 48 48
n, 96 128 96 128
I, 25 3 25 3
ny, 16 48 16 48
L, 9 9 9 9
ny 12 12 12 12
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and high-resolution cases since these were constrained by the separa-
tion of ion- and electron-scales. Equation (5) must hold true to ensure
that no overlap between the k, ranges of the two simulations occurred

o
Kypie e = \/;ky;'nin.epi > Ky P (5)
e

In this equation, p; is the reference gyroradius for species s. It is given
by the following equation, where Ty is the reference temperature, m
is the mass, g is the charge, and By is the reference magnetic field
strength obtained from the geometry file input to GENE:

Cs T sBre !
pe=—= —f(—q f) : (6)

CQ ms \| m

Moreover, sufficient numerical hyperdiffusion was applied to the
higher wavenumbers of the ion-scale simulation so that its flux spectra
smoothly goes to zero toward the end of the k, range. This prevents
any pileup in the fluxes due to the intermediate- and electron-scales. A
sample electrostatic heat flux spectrum for the electrons is shown
in Fig. 4.

Since ky,,, was not modified, 7, was maintained at the nominal
value as well so that the high-resolution simulation covers the same k,
range. Finally, it should be noted that the actual value of radial box
extent in units of gyroradii, [, used by GENE is not always equal to the
input due to its quantization based on k;,  , the magnetic shear 5, the
safety factor g, and other parameters. In practice, [, became as low as
80 in some cases, giving a radial resolution close to one gyroradius.
However [, was always equal to 128 for p < 0.4 in nominal-resolution
runs sinces was forcibly set to zero. This lifted the quantization restric-
tion on Iy, allowing us to use the relatively low numerical resolution in
the radial direction. As a result, the periodic parallel boundary condi-
tion was applied for p < 0.4 when the nominal resolution was used.
In all other cases, the twist-and-shift boundary was used and 5 # 0.
For the parallel extent of the flux tube, only one poloidal turn was sim-
ulated for each radial position. With 1.09 < |g| < 1.16 for all consid-
ered radial positions, about one full toroidal turn was simulated in
each flux tube position.

The ion-scale kinetic-electron high-resolution simulations proved
to be extremely computationally expensive. As such, only two posi-
tions for the four scenarios were checked. Since the edge region signifi-
cantly influences the plasma profiles, p = 0.7 was chosen as the first
point. Next, to introduce variation to this test, p = 0.4 was selected as

Sample Electron Heat Flux Spectra
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o
°

=
S)
i

-
)
o

1073 —— lon Scale

—— Electron Scale

101 10° 10! 10?
Binormal Wavenumber, k,p;

gyro-Bohm Electrostatic Heat Flux, Qs

FIG. 4. Combined electrostatic heat flux spectra for electrons. The electron-scale
spectra also begins at k, p; = 0, but this point was omitted from the plot.
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the second point. This position lies sufficiently distant from both the
edge region, which is already represented by the p = 0.7 simulation,
and the magnetic axis, which is generally less interesting from a
simulation viewpoint as mentioned earlier. For both positions, good
agreement between the nominal- and high-resolution fluxes at both
the ion- and electron-scales is observed for all four scenarios. This
result confirms that the nominal resolution parameters were indeed
acceptable.

V. SIMULATION RESULTS

The experimental data points and the statistical fits are shown
in Fig. 5. For the rest of Sec. V, the statistical fit for the temperature
profiles will no longer be shown to simplify the plots. The electron
density (n,) profiles were obtained through an interferometer™ and a
Thomson scattering system.”* The Thomson scattering system was
also used to obtain the electron temperature (T,) profiles. Finally, the
ion temperature (T;) profiles were measured using an x-ray imaging
crystal spectrometer (XICS)***® and a charge exchange recombination
spectroscopy system (CXRS).”” A systematic bias was found for the
former, but applying a correction for this improved the agreement
between the XICS and CXRS measurements.'” The error bars of the
data provides leeway for the simulated profiles to be adjusted by
Tango while still allowing the experimental data to be adequately
matched. For the first three phases of the workflow, the T, T}, and #,
values at p = 0.8 were used and kept fixed. In the fourth phase, where
the density profiles were allowed to evolve, the impact of adjustments
to the boundary conditions was explored.

Several questions were also explored and addressed in each phase.
In phase 1, what is the relative contribution of ion- and electron-scale
turbulence to the heat fluxes for each scenario? Moreover, how differ-
ent are the heat fluxes for different flux tubes located on the same sur-
face? In phase 2, how large are the neoclassical heat fluxes? Moreover,
how do the neoclassical heat fluxes vary from one position to another?
In phase 3, how significant is the reduction in the heat fluxes due to
the neoclassical E, x B shear? Finally, in phase 4, what are the parame-
ters that affect the particle flux the most?

The next subsections will focus exclusively on the low-density
ECRH scenario. The trends from other cases will be presented only
when significant differences arise among the four. In phase 4, which is
the culmination of the validation study simulations, the results will be
shown for all four scenarios. Following this, selected turbulence char-
acteristics and trends extracted from the simulations will be compared
with those obtained from the experimental data.

A. Phase 1: Fixed density profile, without KNOS0S

In the beginning of this phase, the electron-scale simulation was
first removed from the iteration loop. This was done for the low-
density ECRH case to check the effect of electron-scale turbulence on
the converged plasma profiles. The power balance was satisfied within
30 iterations. However, the T, profile shown in Fig. 6 deviated signifi-
cantly from the experimental data, especially for p < 0.5. This was not
surprising, given that the electron-scale heat fluxes could be significant
for p < 0.5. For this case, the contribution to the total electron heat
flux Q. in this range can be as high as 80%, as shown in Fig. 7(a). This
is equivalent to 40% of the total heat flux. The sharp increase in the
electron-scale flux contribution between p = 0.2 and 0.3 is attributed
to the significant increase in the normalized electron temperature
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FIG. 5. The experimental data points and the statistical fits, which were used as the initial profiles for the simulation framework, for the (a) low-density ECRH, (b) high-density

ECRH, (c) NBI + ECRH, and (d) NBI scenarios.
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FIG. 6. Temperature profiles for the low-density ECRH case without the electron-
scale simulation. The mean, minimum, and maximum from the last several itera-
tions are shown.

gradient w7, by about 33%. In the absence of this heat loss channel, T,
would indeed increase. This result already highlights the importance of
including electron temperature gradient (ETG) turbulence in modeling
experiments, especially for electron-heated plasmas. The high-density
ECRH and NBI + ECRH cases exhibited similar electron-scale heat
flux contributions for p < 0.5. The least contribution was observed
for the NBI case, as depicted in Fig. 7(b), where the electron-scale heat
flux amounted to 10%—25% of Q,.

With the inclusion of electron-scale turbulence, good agreement
between the simulated and experimental profiles was achieved, as seen
in Fig. 8. The increase in electron heat flux lowered the T, profile and

augmented the ion heating through collisional heat transfer. It may be
tempting to stop at this point and immediately conclude that the
GENE-KNOSOS - Tango framework does indeed work, but the simu-
lations were still lacking several physics and, more importantly, the
density profiles were still fixed.

To check the validity of the results thus far, simulations for differ-
ent flux tubes on a single surface were also performed. This was done
to gauge the variation of the heat flux magnitude with respect to the
o = 0 flux tube, which was where the simulations have all been carried
out. For reference, this is the flux tube that passes through the out-
board mid-plane of the bean-shaped cross section of W7-X. The posi-
tion of p = 0.8 was selected and flux-tube simulations were carried out
for five additional field lines as denoted by the field line label o in
Fig. 9. The field line label o covers [0, Z] due to the fivefold symmetry
of W7-X. The maximum error of the o = 0 heat flux with respect to
that of the other field lines was about 23%, while the difference to the
mean was only 6%. Due to the stiff dependency of the fluxes on their
respective gradient drive, choosing a different flux tube for the simula-
tions would most likely still yield the same temperature profiles.

This verification is also part of the procedure to check the potential
impact of global effects in the simulations. To clarify, global effects per-
tain to two distinct aspects: full-surface and radially global effects. In gen-
eral, both influence the plasma profiles,” but their importance can be
assessed a priori. The moderate variation of the heat fluxes in Fig. 9
implies that full-surface effects should only have a minor influence on
the resulting plasma profiles. For radially global effects, we examine the
parameter p* = py.,/a of each simulation, where p,, is the gyroradius
of the reference species and a is the effective minor radius of the mag-
netic geometry. As p* decreases, flux-tube simulations reproduce global
simulation results with increasing accuracy.”” In the four W7-X
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FIG. 7. Breakdown of electron heat fluxes for (a) low-density ECRH and (b) NBI scenarios.
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FIG. 8. Phase 1 temperature profiles for the low-density ECRH case. Both ion- and
electron-scale simulations are present in the iteration loop.

scenarios, all p* values were sufficiently small that radially global effects
are expected to be minimal. These points support the conclusion that
flux-tube simulations are sufficiently accurate for the purpose of profile
prediction for our four W7-X scenarios. This approach is further rein-

Field Line Label [« ()|

FIG. 9. Total turbulent heat fluxes for different flux tubes located on the same flux
surface. The variation of the total heat flux among the flux tubes was moderate.
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forced by recent studies, which rely exclusively on flux-tube simulations
for code validation and profile prediction.”"”>" >

B. Phase 2: Fixed density profile with neoclassical heat
transport

Temperature [keV]

With the addition of neoclassical heat transport, the temperature
profiles decreased as seen in Fig. 10. The agreement worsened for the
inner radial positions, especially for the electrons. On the other hand,
the ions were less affected and exhibited a smaller temperature reduc-
tion. The breakdown of total electron and ion heat fluxes could explain
these observations. In Fig. 11, it can be seen that the neoclassical

FIG. 10. Phase 2 temperature profiles for the low-density ECRH case. The addition
of neoclassical heat fluxes caused a small reduction in the plasma temperatures.
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FIG. 11. Phase 2 flux breakdown for the (a) electron and (b) ions in the low-density ECRH case. The contribution of neoclassical heat flux is larger for the electrons.

electron fluxes of about 0.5 MW are relatively larger than those of the
ions, with 0.1 MW on average. With a larger additional energy loss
channel, the phase 1 electron temperature profile was flattened more by
Tango to reduce the turbulent heat flux and maintain power balance.
The neoclassical heat fluxes Q,,, show good agreement with the
KNOSOS-corrected calculations made using NEOTRANSP™* and
DKES™” mono-energetic coefficients.”® The maximum was generally
found in 0.3 < < 0.6, with Qy, gradually decreasing as one moved
away from this range in either direction. The simulated neoclassical
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flux profiles were generally more skewed toward p = 0.3, which are in
good agreement with the results shown in Ref. 26.

C. Phase 3: Fixed density profile with neoclassical heat
transport and neoclassical E, x B shear

In Fig. 12, the heat flux breakdown in gyro-Bohm units at each p
is shown for phases 2, which included neoclassical transport but not
the neoclassical E, x B shear yet, and 3, where the shear was added to
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FIG. 12. Comparison of the gyro-Bohm (a) electron and (b) ion heat flux breakdown between phases 2 and 3 for the low-density ECRH case. The inclusion of the shear

reduced the heat fluxes, especially the ion-scale contribution.
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the GENE simulations. The side-by-side comparison shows that the
heat fluxes were reduced as a result of this effect. First, the ion-scale
heat fluxes were more impacted by the addition of neoclassical E, x B
shear. Physically, large-scale flows can have a large impact on turbu-
lent transport. Radially varying, or sheared, flows disrupt turbulent
structures and shorten their correlation lengths. Consequently, the
distances over which heat and particles are transported are also
reduced. Since shear diminishes the size of turbulent structures and
eddies in the system, jon-scale structures were subjected to a larger
reduction than those on the electron-scale, which are already relatively
smaller to begin with. Comparison of gyro-Bohm heat fluxes between
the second and third phases of the workflow show that a normalized
neoclassical E, X B shear, 5, of 0.04 can already cause a 30%-50%
reduction in the heat flux. The effect is not linear; a different 7 does
not necessarily impact the heat flux proportionally, especially under
different plasma conditions.

Next, the low-density ECRH case exhibited a significant
reduction of heat flux at 0.2 < p < 0.4, something that is not
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FIG. 13. Simulated Er x B profile for the low-density ECRH scenario. The large
shear at p = 0.3 is due to an electron-ion root transition.
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observed in the other scenarios. This is due to an electron-ion root
transition " occurring within this region, where the neoclassical
E, changes signs from positive to negative. Figure 13 depicts the 7
profile for the low-density ECRH case. The position of the root
transition shifted about p =0.3 as Tango modified the plasma
profiles at every iteration, leading to relatively larger error bars for
7£(0.2 <p <0.4). When 7 is smaller, due to the absence of a
root transition at the position of the flux tubes for instance, the
heat flux reduction is less. Figure 14 illustrates this for the high-
density ECRH case.

Due to this turbulence-suppressing effect, the temperature pro-
files increased with the inclusion of the shear. The agreement with
experimental temperature data improved with respect to phase 2. Both
experimental temperature profiles were recovered well by the simula-
tions, as seen in Fig. 15. However, in some cases, T, can be slightly
higher in the inner radial region than the experimental data, such as in
the NBI scenario.

D. Phase 4: Varying density profile with neoclassical
heat transport and neoclassical E, x B shear

Similar to phase 1, the experimental fit of the density data is used
as the initial guess for the GENE and KNOSOS simulations. The
boundary values of the temperature and density profiles from the sta-
tistical fit were initially used and kept fixed but adjustments were even-
tually made, as discussed later in this sub-section.

1. Fixed profile boundaries with no .4, =10"> m=3

Several complications were encountered in this phase. First, the
low- and high-density ECRH cases could not match the particle flux I'
at all positions consistently. Small changes in the plasma profiles led to
large swings in the magnitude and sign of I', while some positions per-
sistently had a negative total I". To remedy this convergence problem
in the particle balance, two points, specifically p = 0.55 and 0.75, were
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FIG. 14. Comparison of the gyro-Bohm (a) electron and (b) ion heat flux breakdown between phases 2 and 3 for the high-density ECRH case. No electron-ion root transition

occurs at any of the flux-tube positions.
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Phase 3 Temperature Profiles, Low-Density ECRH (#1)
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FIG. 15. Phase 3 temperature profiles for the low-density ECRH case. Good agree-
ment with the experimental temperature data was recovered relative to phase 2.

added for the low- and high-density ECRH cases. The two ECRH
particle balances consequently improved. For the two NBI scenarios,
significant errors persisted near the boundary due to the limited
number of flux tube positions in each iteration. The dotted lines,
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signifying the mean flux radial profiles, had been essentially achieved
with 30-40 iterations. Additional iterations with less Tango relaxa-
tion (w = 0.6) did not improve the balances. Adding extra flux
tubes, similarly at p = 0.55 and 0.75 for example, might have helped
but was not pursued because the stiff relationship between fluxes
and profiles suggested little benefit. Plasma profiles changed mini-
mally between iterations, despite relatively larger flux value swings
for p > 0.6. Furthermore, the NBI cases already satisfied the balan-
ces well for p < 0.6, making additional iterations with more radial
positions less appealing. The final results for all four scenarios are
shown in Figs. 16 and 17.

Disagreements are present between the experimental data and
simulated plasma profiles. Although the two ECRH cases showed
satisfactory agreement with several profile data points, the same
could not be said for the two NBI cases. The T, T}, and n, profiles
shown in Figs. 17(c), 17(d), 17(g), and 17(h) diverged from the
experimental data. This was more pronounced for the density pro-
files, especially in the inner positions. Tango determined that a
higher density gradient was necessary toward the edge of the radial
domain, at 0.5 < p < 0.8. This resulted from encountering negative
or inward I' at these positions. More specifically, for the first itera-
tion of phase 4 or the standalone simulation, the total I" at p > 0.5
were immediately negative for all four scenarios. This result was not
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FIG. 16. Power and particle balances of the low-density ECRH (a), (e), and (i), high-density ECRH (b), (f), and (j), NBI + ECRH (c), (g), and (k), and NBI (d), (h), and (I) sce-
narios using the boundaries of the profile data fits. Two points, specifically p = 0.55 and 0.75, were added for the low- and high-density ECRH cases due to convergence prob-
lems in the particle balance.
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FIG. 17. Converged temperature and density profiles of the low-density ECRH (a) and (e), high-density ECRH (b) and (f), NBI + ECRH (c) and (g), and NBI (d) and
(h) scenarios using the boundaries of the profile data fits. Agreement with the experimental data could be improved, especially for the two NBI scenarios as seen in (c),

(d), (9). and (h).

compatible with the positive particle sources at these positions com-
ing from neutrals ionization and/or NBI fueling. To recover total
positive I' from the KNOSOS and GENE simulations, Tango
increased the density gradient at p > 0.5. On the other hand, to

match the negligible I in the inner radial positions, it was flattened
for p < 0.3. This is consistent with the requirement of having large
positive turbulent I for p > 0.5 to compensate for the smaller neo-
classical T in this region.™
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FIG. 18. Converged temperature and density profiles of the low-density ECRH (a) and (e), high-density ECRH (b) and (f), NBI + ECRH (c) and (g), and NBI (d) and (h) scenar-
ios with adjusted temperature and density boundaries. Better agreement with the experimental data was achieved for all cases.

2. Adjusted profile boundatries with no .4, =10" m~3

Several options were available to improve the agreement of the
simulated plasma profiles with the experimental data points. A sepa-
rate study has been started due to the aforementioned prevalence of
negative I' in the outer half of the simulated radial domain. In addition

to the density gradient, it was found in this other study that the other
primary factor dictating the sign of I is the collision frequency v.. The
exact mechanism on how v, impacts I" depends on several factors,
such as profile gradients and the instabilities present in the plasma.
More details will be provided in a different publication but one of the
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key takeaways is that I" becomes positive for sufficiently low values of
v.. Given the linear relationship between v, and #,, one possible
adjustment to the density profile was to lower the boundary #,. This
was expected to reduce the collision frequency for all flux-tube simula-
tions since the edge conditions dictate the core profile.'” In other
words, to the zeroth order, moving the boundary density by a certain
fraction will cause the rest of the profile to move by a similar magni-
tude. This would then give Tango a larger leeway in adjusting the
density while simultaneously allowing the profile to stay close to the
data points. Another possible adjustment was to increase the boundary
T,. Stemming from the inverse quadratic relationship between T, and
v, smaller adjustments in T, are enough to reproduce the reduction in
v, by decreasing the boundary ,.

These adjustments were the focus of the second batch of phase 4
simulations. The simulations were initialized using the converged
plasma profiles from phase 3. Instructions were then provided to
Tango to gradually adjust the temperature and density boundaries.
The adjustment rate of a boundary condition was limited by the relax-
ation parameter w. The fulfilment of particle and power balances and
the agreement of the simulated profiles with the experimental data
were manually assessed a few iterations after every new set of boundary
values had been reached.
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From Fig. 18, it can be seen that small boundary adjustments
within the error bars can have a significant effect on the inner core
profiles, allowing for better matching of the experimental data points
and compliance of power and particle balances. This emphasizes the
importance of the plasma edge, which is unfortunately beyond the
scope of this study. The fitted density profiles are shown in dotted gray
lines, to facilitate comparison with the converged density profiles from
the GENE-KNOSOS-Tango simulations. The earlier remark regard-
ing the necessity of the larger density gradients at the boundary is
clearly seen and confirmed by these second batch of phase 4
simulations.

3. Adjusted profile boundaries with no .4z =10"* m=3

Despite these adjustments to the profiles, the sensitivity of I" to
small changes in the profiles for the low- and high-density ECRH cases
still remained. This is apparent from Figs. 19(i) and 19(j), where I" still
covered the whole region under the particle source curves rather than
being confined to a small region close to the curves. In contrast, the
two NBI cases had I' profiles that are consistently positive and
matched the particle sources. It was hypothesized that this sensitivity
stemmed from the difference in magnitudes of the particle sources, as

Electron Power Balance
NBI (#4), Adjusted Boundary

—— Source

Electron Power Balance
NBI + ECRH (#3), Adjusted Boundary

— Source

o
®

()

lon Power Balance
Low-Density ECRH (#1), Adjusted Boundary

—— Source
== Flux

IS

N |
£ |
%3 ‘
|
™
- 27
©
]
I1

0

0.1 .

P
(e
Particle Balance
Low-Density ECRH (#1), Adjusted Boundary

= —— Source
~ 8- == Flux |
a
o
=6
x
3
w4
2
v
'E 2
&
o —eo

®

(b)

lon Power Balance
High-Density ECRH (#2), Adjusted Boundary
— Source
—= Flux P

4

.

~

Heat Flux [MW]
-

®

Particle Balance
High-Density ECRH (#2), Adjusted Boundary

| =—— Source
== Flux

L)

Particle Flux [101° 1/s]
N >

oo

- N == Flux - == Flux
§ X Eo.s e
= s » S~ ==4
' ' T~
3 S04
™ w
- -
3 a 0.2
T T
0.0
01 02 03 04 05 06 07 08
P P
(© (d

lon Power Balance
NBI + ECRH (#3), Adjusted Boundary
—— Source ‘

8~ Flux JERE ‘

- 1)

Heat Flux [MW]
N

(®)

Particle Balance
NBI + ECRH (#3), Adjusted Boundary

— Source ‘ ‘
5} == Flux

N

Particle Flux [10%° 1/s]
N

(9]

lon Power Balance
NBI (#4), Adjusted Boundary

—— Source

2.0 == Flux
g
255
x
3
& 1.0
-
®
15}
TO05
0.0
01 02 03 04 05 06 07 08
I3

Particle Balance
NBI (#4), Adjusted Boundary

—— Source
== Flux

5|

4

‘
|
1
T

3
‘
|

A

|

1

Particle Flux [102° 1/s]

M

00:95:20 G202 1sn6ny 10

FIG. 19. Power and particle balances of the low-density ECRH (a), (e), and (i), high-density ECRH (b), (f), and (j), NBI + ECRH (c), (g), and (k), and NBI (d), (h), and (I) sce-
narios with adjusted boundaries for the plasma profiles and ng ¢gee = 10" m=3. Fulfilment of the balances slightly improved, but the particle balances of the two ECRH cases
(i) and (j) still vary significantly between successive iterations.
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FIG. 20. Particle balances of the (a) low- and (b) high-density ECRH scenarios with
adjusted boundaries for the plasma profiles and with an increased edge neutrals
density of 10™ m3. Particle balances were more consistently matched, especially
forp > 0.6.

the source terms of the ECRH cases were both approximately one
order of magnitude smaller than those of the NBI cases. This moti-
vated the third batch of phase 4 simulations for the two ECRH cases,
wherein 71 ¢4 Was increased to 104 m—3.

The two ECRH cases underwent an order of magnitude increase
for their particle sources, significantly larger than the 75%-95%
increase observed in the two NBI cases. Figure 20 shows the particle
balances for cases 1 and 2, which were more adequately satisfied. Small
adjustments were further needed for the boundary density and tem-
peratures but, in general, the plasma profiles were comparable to those
obtained with the 71 g = 10° m™> simulations of Sec. VD 2. In
Table 11, the boundary values before (“Fit”) and the mean values after
adjustment (“Final”) are listed. The ion temperature T; is not included
in the table since T; ~ T,atp = 0.8.

With the particle balances sufficiently satisfied, we first examine
the breakdown of the particle flux. Figure 21 shows this for the high-
density ECRH scenario; similar trends are seen across the other cases.
The neoclassical contribution peaks at p < 0.4 before gradually
declining toward the edge. The inward turbulent flux near the core is
offset by the neoclassical component, which constitutes 50%-60% of
the sum of the magnitudes. Near the edge, the neoclassical contribu-
tion falls to 10%-20%.

Building on this, we now revisit the breakdown of heat fluxes by
scale for each scenario. Figure 22 depicts the breakdown for the two
ECRH scenarios. The low- and high-density ECRH scenarios had large
electron-scale contributions to the total electron heat flux, peaking at
about 60% for both. As one moves radially outward, the electron-scale
contribution first increased until p = 0.3 followed by a gradual reduction
toward the radial boundary. The upward trend is explained by the

TABLE II. Comparison of fitted and final values for n, and T, across the four scenar-
ios. Cases 1, 2, 3, and 4 are the low-density ECRH, high-density ECRH, NBI +
ECRH, and NBI scenarios, respectively.

ECRH scenarios NBI scenarios

Parameter Case 1 Case 2 Case 3 Case 4

Fit n, (10 m™) 3.75+0.40 5.09 =048 5.43 *0.50 4.43 +0.50
Final 349+0.29 4.56*+0.46 4.76 +0.65 3.62 +0.50
1, (10¥ m™3)
Fit T, (keV)
Final T, (keV)

0.45*0.11 0.37*0.06 043 *£0.06 0.33 *0.06
0.46 =0.03 0.38*+0.05 0.43*0.05 0.30*0.05
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FIG. 21. Particle flux breakdown for the high-density ECRH case.

destabilization of the ETG mode by the increasing electron temperature
gradient 7, and decreasing electron-ion temperature ratio t = T,/ T;,"
while the decreasing trend can be attributed to the steady increase in the
density gradient o, with p, which stabilizes the ETG mode.”*

On the other hand, the two NBI cases showed relatively less
electron-scale contributions to the total electron heat flux, as seen in
Fig. 23. The inverse dependence on p was still observed, but the
peak percentage was reduced to approximately 40% and 20% for the
NBI + ECRH and NBI scenarios respectively. For these two cases,
where T; ~ T, and wp; ~ @, the ion-scale electron heat fluxes domi-
nated; this is consistent with previous findings.”’

After successfully reproducing the plasma profiles, the next step
was to verify whether the turbulent properties derived from the simu-
lations aligned with the observed experimental trends.

E. Comparison with selected experimental trends

It is important to note that the simulated turbulence trends were
examined only at the end of each phase of the workflow. Therefore,
the following results did not influence any of the simulations, especially
for the final phase where the profile boundaries were adjusted. This
approach ensured an unbiased check for the validation process to
assess whether the combined results from the GENE and KNOSOS sim-
ulations could reproduce the turbulence trends obtained from the
experimental data.

Three figures from Refs. 17 and 26 were chosen to be replicated
using simulation results. First, in Fig. 24, the radial profiles of the total
turbulent diffusivities () for the four cases are illustrated. Good qual-
itative agreement with the experimental trend [Fig. 3(b) of Ref. 26] is
evident. The two ECRH cases, the light and dark blue curves, indeed
have roughly the same ;) throughout the covered radial range. The
NBI + ECRH scenario, the orange curve, has a crossover point at about
p = 0.4, where its L(i+e) exceeds that of the ECRH cases. Finally, the
NBI scenario, the red curve, exhibits the lowest value among the four.

Figure 25 further builds upon this observation regarding the NBI
scenario by comparing the ion turbulent diftusivity y; with the squared
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ion density fluctuations 7?. During the W7-X discharges, a Doppler
reflectometry diagnostic measures the backscattered power at the cutoff
layer, which is approximately proportional to the square of the density
fluctuations at 0.5 < 5 < 0.75.°%" Spatial scales comparable to the
ion gyroradius p;, particularly k| p; ~ 1 where k, is the mode wave-
number in the binormal direction, are probed.”® To make the compari-
son with the experimental data equivalent, a wavenumber filter was
applied to the 727 values from the simulations. In Fig. 25, the data points
for the four scenarios cluster within specific regions of the z; - 712 phase
space. Two specific branches for the collision frequency v and for the
parameter 1; = L,,/Lt,, where L, and Ly, are the local gradient scales
of n, and T; respectively, can be observed with the experimental data.
The parameter 7, is used to gauge the onset of the ITG instability, the
predominant form of turbulence in these scenarios.”*® First, in
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FIG. 22. Breakdown of electron and ion heat fluxes for the (a) low- and (b) high-density ECRH scenarios. The electron-scale heat fluxes significantly contributed to the electron total.

decreasing the v value that is characteristic of the high-density ECRH
case, we arrive at the low-density ECRH case. Notably, the turbulent
transport level, as measured here with y;, stays roughly the same. On
the other hand, the #; branch illustrates that y; decreases as 71 drops
for the high-density ECRH, NBI + ECRH, and the NBI scenarios.

The simulations recovered these trends qualitatively. First, the
results reinforce that varying v between the two ECRH cases can have
a negligible impact on turbulent transport, despite having very differ-
ent 717, The flux-tube simulations recovered a 5-dB difference approxi-
mately between the 712 magnitude of the two ECRH cases. This 5-dB
disparity is a result of the differences in the plasma profiles of the two
cases, which consequently gave way to a difference in the gyro-Bohm
heat fluxes. While both scenarios have a heat flux of about 5 MW at
0.4 <p < 0.6, the ion gyro-Bohm heat flux of the high-density
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FIG. 23. Breakdown of electron and ion heat fluxes for the (a) NBI +- ECRH and (b) NBI scenarios. The electron-scale heat fluxes accounted for relatively less when compared

to the two ECRH scenarios.

ECRH case is about thrice of the low-density ECRH scenario’s. Since
the ion-scale density fluctuations are directly proportional to the ion
gyro-Bohm heat flux, this difference primarily explains the simulated
5-dB difference.

The #; branch reconstructed from the high-density ECRH, NBI
-+ ECRH, and the NBI simulations mostly match well with the experi-
mental y; values within the error bars. The simulations confirmed the
experimental trend, where a reduction in #; decreased the fluctuation
amplitude arising from turbulence. Increasingly steeper density gra-
dients for these three cases led to progressively higher degrees of ITG
turbulence stabilization. The stabilization effect of #; can still be
observed in Fig. 26, where 717 is plotted against 1;, when considering

the simulation and experimental data points for the high-density
ECRH and NBI scenarios. More importantly, the simulations also suc-
cessfully recovered the reduction in density fluctuations between the
two ECRH scenarios despite the local gradients staying approximately
the same.

While the 717 trend is present qualitatively, there is some quantita-
tive disagreement. The experiments showed a 10-dB difference
between the 727 of the two ECRH cases, which is equivalent to an order
of magnitude. Within the context of the experiments, the leading the-
ory for this is that the total fluctuation level actually stayed the same
between the low- and high-density ECRH scenarios, but they only
moved to a different location away from the Doppler reflectometry
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among all four scenarios.
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FIG. 25. Dependence of y; on the squared ion density fluctuations ﬁiz.za The hollow
translucent points are the experimental data, which are also shown in Fig. 3(c) of
Ref. 26. The v and #; branches describe two turbulence trends that were success-
fully recovered by the simulations.

measurement zone.'**°® This resulted in the reduction of the mea-
sured fluctuation amplitude. This theory is difficult to confirm here
due to the limitations of the flux-tube approach and can only be
understood with simulations of higher fidelity. Full flux-surface and/or
radially global simulations will be performed with GENE-3D in a sepa-
rate study to verify this phenomenon.

VI. CONCLUSIONS AND OUTLOOK

In this study, we validated the GENE-KNOSOS -Tango simula-
tion framework against four W7-X experimental scenarios. A
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FIG. 26. Relationship between the squared ion density fluctuations 77,2 and 7.
Good qualitative agreement is observed between the experiment and simulations.
The hollow translucent points are the experimental data, which are also shown in
Fig. 13 of Ref. 17. The quantitative discrepancy for the h,-z separation of the ECRH
cases will be further studied.

workflow was adapted to divide the validation study into four phases.
In the first phase, only GENE and Tango were iterating at each step,
and the plasma density profile was kept fixed. Ion-scale kinetic-
electron and electron-scale adiabatic-ion flux-tube simulations were
each performed for eight radial positions to predict the plasma temper-
ature profiles, given the heating power to the ions and electrons. In the
second phase, neoclassical heat fluxes were included in the simulation
loop through KNOSOS. In the third phase, the neoclassical E, x B
shear was calculated during each iteration and used as an additional
input to GENE. Finally, in the fourth phase, the density profile was
allowed to be varied.

In general, a good match between the experimental and simulated
plasma profiles could be achieved. For the first three phases of the
workflow, where the density profiles were kept fixed, the simulated
temperature profiles remained within the experimental error bars
while capturing the expected trends for the electron-scale heat flux
contributions and neoclassical heat fluxes. The results of each phase
also revealed some important findings. The heat flux variation over
several flux tubes on the same surface was moderate, and this variation
could not explain notable differences between experimental and simu-
lated profiles for the considered cases. Second, electron-scale turbu-
lence can be important and needs to be taken into account to match
experimental profiles, especially for electron-heated plasmas. Next, the
inclusion of neoclassical E, x B shear decreases plasma turbulence,
especially on the ion scale.

For the fourth phase, where the density profiles were allowed to
evolve, the importance of boundary conditions became more pro-
nounced. While using boundary conditions from experimental data
curve fits yielded a satisfactory match of the simulated profiles with the
profile data for the two ECRH cases, the two NBI cases required larger
adjustments in the boundary values to allow the simulated profiles to
align with the data. Another important parameter is the edge neutrals
density 719 ¢ge, which dictates the particle source term via recycling and
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ionization. The work shows that more accurate measurements of the
density profiles and its gradient and of the neutral species density near
the plasma boundary are necessary for a more thorough assessment of
the particle transport model. Furthermore, this shows that proper
modeling of the edge conditions is necessary for predicting plasma
profiles across the entire radial domain.

Finally, the simulations qualitatively reproduced the experimental
trends in turbulence characteristics, such as heat diffusivities y and
squared ion density fluctuations 7?. In particular, they successfully
captured the n; branch of Fig. 25, where #? for the high-density
ECRH, NBI + ECRH, and NBI scenarios decreases with #; due to the
stabilization of ITG turbulence. The v branch of the high- and low-
density ECRH scenarios was also recovered, suggesting that while the
turbulent transport remained comparable, the fluctuations shifted to a
different location on the flux surface. Furthermore, the reduction in lez
is evident in Fig. 26, despite the two ECRH scenarios exhibiting similar
local n;. Though there are quantitative differences, the qualitative
reproduction of experimentally observed trends using gyrokinetic sim-
ulations is already a promising result and an equally important aspect
of the validation study.

Looking ahead, we identify several potential directions for this
study to pursue. First, the studied radial domain can be extended to
0.8 < p < 1.0, which will necessitate the treatment of impurities as a
trace species in the simulations. It will be interesting to understand
how the inclusion of impurities will affect turbulent transport. Initially,
radiation losses from impurities lower edge temperatures, increasing
collisionality. The consequent reduction of the particle fluxes would
lead to a steepening of the density profile. Then, a complex interplay
between ITG stabilization by higher density gradients and the adjust-
ment of temperature profiles would soon follow. Second, we plan to
perform global GENE-3D simulations to analyze and better under-
stand the simulated turbulence features. Our results already highlight
some limitations of the flux-tube approach for studying turbulence
fluctuations, especially for the low- and high-density ECRH scenarios.
Synthetic diagnostics will be applied to the global simulations to enable
a more detailed and robust validation against experimental turbulence
measurements. Next, performing multi-scale simulations for these
four cases is a possible path to take in order to determine if our find-
ings regarding the persistence of electron-scale heat fluxes remain true
and if there are interactions between the ion and electron scales.
Finally, we will continue the validation study for other discharges
beyond the parameter space covered here, such as the high-
performance pellet fueling and high-beta scenarios.
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