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M Check for updates

On the basis of several recent breakthroughs in fusion research, many activ-
ities have been launched around the world to develop fusion power plants on
the fastest possible time scale. In this context, high-fidelity simulations of the
plasma behavior on large supercomputers provide one of the main pathways
to accelerating progress by guiding crucial design decisions. When it comes to
determining the energy confinement time of a magnetic confinement fusion
device, which is a key quantity of interest, gyrokinetic turbulence simulations
are considered the approach of choice - but the question, whether they are
really able to reliably predict the plasma behavior is still open. The present
study addresses this important issue by means of careful comparisons
between state-of-the-art gyrokinetic turbulence simulations with the GENE
code and experimental observations in the ASDEX Upgrade tokamak for an
unprecedented number of simultaneous plasma observables.

In recent years, fusion research has been able to achieve several
breakthroughs, including new world records in the JET tokamak (most
fusion energy produced in a sustained manner) and in the Wendelstein
7-X stellarator (highest triple product of ion density, ion temperature,
and energy confinement time in a stellarator). Meanwhile, we also saw
the first-ever demonstration of fusion ignition by Lawrence Livermore
National Laboratory’s National Ignition Facility (NIF). Motivated by these
significant advances, ambitious projects have been launched across
different parts of the world with the goal to develop fusion power plants
as fast as possible. In this context, first-principles based simulations of
the plasma dynamics on large supercomputers play a key role, since
they help guide crucial design decisions, thus saving time and resources.

Notably, a future fusion power plant will need to operate at values
of the triple product of ion density n;, ion temperature T;, and energy
confinement time 7 above a threshold of 3 x10* m~>keV's, as set by
the Lawson criterion. Given that present-day tokamak devices routi-
nely achieve the desired values for n; and T;, 1z is a key quantity of
interest in fusion research, measuring the energy loss of the plasma
due to turbulent transport. The latter phenomenon is known to be
driven by an array of microinstabilities driven by gradients in tem-
perature and density. These instabilities eventually saturate due to
nonlinear effects, resulting in a quasi-stationary turbulent state
characterized by small-amplitude fluctuations of many plasma
parameters.

"Max Planck Institute for Plasma Physics, Boltzmannstr. 2, Garching, Germany. 2Technical University of Munich, TUM School of Natural Sciences, Physics
Department, James-Franck-Str. 1, Garching, Germany. 2University of Stuttgart, Institute of Interfacial Process Engineering and Plasma Technology, Pfaffen-
waldring 31, Stuttgart, Germany. *Plasma Science and Fusion Center, Massachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge,
Massachusetts, USA. ®°Ecole Polytechnique Fédérale de Lausanne (EPFL), Swiss Plasma Center (SPC), Ecublens, Lausanne, Switzerland. *General Atomics,
General Atomics Court, San Diego, California, USA. “Laboratoire de Physique des Plasmas, Ecole Polytechnique, Rte de Saclay, Palaiseau, France. *A list of
authors and their affiliations appears at the end of the paper. < e-mail: klara.hoefler@ipp.mpg.de

Nature Communications | (2025)16:2558 1


http://orcid.org/0000-0001-7925-8159
http://orcid.org/0000-0001-7925-8159
http://orcid.org/0000-0001-7925-8159
http://orcid.org/0000-0001-7925-8159
http://orcid.org/0000-0001-7925-8159
http://orcid.org/0000-0002-0851-6699
http://orcid.org/0000-0002-0851-6699
http://orcid.org/0000-0002-0851-6699
http://orcid.org/0000-0002-0851-6699
http://orcid.org/0000-0002-0851-6699
http://orcid.org/0000-0003-4364-9363
http://orcid.org/0000-0003-4364-9363
http://orcid.org/0000-0003-4364-9363
http://orcid.org/0000-0003-4364-9363
http://orcid.org/0000-0003-4364-9363
http://orcid.org/0009-0000-6205-4731
http://orcid.org/0009-0000-6205-4731
http://orcid.org/0009-0000-6205-4731
http://orcid.org/0009-0000-6205-4731
http://orcid.org/0009-0000-6205-4731
http://orcid.org/0000-0001-6686-1469
http://orcid.org/0000-0001-6686-1469
http://orcid.org/0000-0001-6686-1469
http://orcid.org/0000-0001-6686-1469
http://orcid.org/0000-0001-6686-1469
http://orcid.org/0000-0002-8958-8714
http://orcid.org/0000-0002-8958-8714
http://orcid.org/0000-0002-8958-8714
http://orcid.org/0000-0002-8958-8714
http://orcid.org/0000-0002-8958-8714
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56997-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56997-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56997-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56997-2&domain=pdf
mailto:klara.hoefler@ipp.mpg.de
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56997-2

During the last two decades or so, plasma turbulence simulations
based on gyrokinetic models have made a remarkable leap forward.
While initially, the focus was primarily on the understanding of the
fundamental turbulence characteristics in idealized setups, nowadays,
physically comprehensive simulations of the plasma behavior under
realistic conditions are carried out on large supercomputers. Meanwhile,
plasma diagnostics and the interpretation of experimental data have also
evolved substantially, and this now allows a rigorous validation of the
physics models used in the codes. Here, the latter must transcend global
quantities, such as spatiotemporally averaged heat fluxes, and necessa-
rily also take into account the characteristics of the underlying fluctua-
tions, including amplitudes, wavenumber spectra, and cross phases'.

Obviously, with every single feature being added to a quantitative
comparison between simulation and experiment, the validation
becomes more rigorous and convincing. We point out that a rigorous
validation is an extensive effort, even for one single quantity, as it
involves detailed assessments of systematic and random (measure-
ment) errors>’, synthetic diagnostics, and the definition of a metric
that quantifies the degree of agreement”. In order to facilitate such
studies, the data from this study will be made available online for more
in-depth validation work. In the present work, we focus on the best
possible comparison of the largest number of experimental obser-
vables and their comparison to simulation results via synthetic diag-
nostics. The plasma scenarios were carefully designed, and the
measurement diagnostics were pushed to their limits to gather com-
prehensive data at two radial positions in the core plasma. Since both
positions yielded equally good results, only one is presented for
clarity. While validating boundary plasma models is also essential, the
remarkable agreement between our measurements and simulations in
the core plasma represents a significant achievement and a key step
towards advancing fusion power plant design.

Our study puts the ability of gyrokinetics to accurately describe
the small-scale plasma dynamics to a hard test. Figure 1(a) lists several
past works and indicates the turbulence observables used for the
comparison with the simulation results’**. The present study com-
pares all of them between experiment and simulation: the character-
istics of both density and temperature fluctuations, including their
scale dependence and phase relationship were measured on ASDEX
Upgrade (AUG)", one of the world’s leading tokamak experiments. For
two plasma scenarios with different electron temperature gradients,
the experimental measurements are compared with simulation results
from the state-of-the-art plasma turbulence code GENE*'. Advanced
synthetic diagnostics are used to obtain the most reliable compar-
isons. In this context, it is found that the observations are quantita-
tively reproduced by the simulations to a large degree of accuracy. We
conclude that gyrokinetic codes have reached a high level of maturity,
which allows them to be used as reliable tools to predict core plasma
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Fig. 1| Previous validation works and workflow. (a) (Incomplete) list of previous
validation works comparing several turbulence observables between experiment
and gyrokinetic simulations’ ™., The current study compares the to date largest
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turbulence. This progress significantly contributes to advancing the
design of future fusion power plants.

Results

Comparisons of complex measurement data with simulation results
must be carried out with the utmost care. Figure 1b illustrates the
process applied here. An experiment is performed and diagnosed in
the best possible way. The background quantities, such as the mag-
netic equilibrium and kinetic profiles, serve as input for the gyrokinetic
turbulence simulations. The turbulent output fields generated by the
code must be analyzed using synthetic diagnostics that replicate the
underlying physical processes of the measurements, with a primary
focus in this work on the microwave-plasma interaction. The output of
the synthetic diagnostic measurements is then compared to their real-
life counterparts that were measured in the experiment.

Figure 2 shows the experimental setup for the measurement of
turbulence parameters. Panel (a) depicts the AUG cross-section, where
solid (dashed) black lines indicate closed (open) magnetic flux sur-
faces. A snapshot of a turbulence simulation shows the relative
amplitudes of the electron density fluctuation in color-coded form.
Zooms to the main measurement region are shown in panels (b, c). The
density fluctuations in panel (b) are presented together with a trajec-
tory (green line) from ray-tracing calculations”, which reproduces a
path of the microwave beam launched by the Doppler backscattering
diagnostic (DBS)" in this experiment. The weighting function (in
grayscale) from two-dimensional full-wave analysis® indicates the
probed plasma volume. Panel (c) shows the measurement volumes for
a correlation electron cyclotron emission (CECE) diagnostic®® that
measures the electron temperature fluctuation amplitudes. The
volumes have been obtained through analysis by the Torbeam”* and
ECRad codes™.

The experimental data is from deuterium low-confinement mode
(L-mode) discharges on the AUG tokamak (minor and major plasma
radii are a=0.57 m and Ry =1.657 m, respectively) in upper single null
magnetic configuration (Fig. 2) to avoid transition to the high con-
finement mode (H-mode). L-mode is targeted in these experiments,
since on AUG in H-mode, the normalized ion gyroradius, p’, usually
takes on values that violate the assumption for local gyrokinetic
theory?**. The magnetic field strength was -2.537 T, the plasma cur-
rent 0.87 MA. The auxilliary heating power was 0.87 MW from neutral
beam injection and 1.07 MW from electron cyclotron resonance
heating (ECRH). With all other control parameters constant, the ECRH
deposition radius of one 0.5 MW injector was varied to change the
electron temperature (7T,) profile from steep to flat, as we will refer to
the two cases. This was done to vary the turbulence drive. Together
with the kinetic plasma parameter profiles, Fig. 3d shows the increase
of the normalized T. gradient R/L;, with the gradient length
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from 2D full-wave simulations (shades of grey) are shown. Panel (c) depicts tem-
perature fluctuations along with the CECE measurement volumes (black ellipses)
obtained from the Torbeam and ECRad codes.

Fig. 2 | Experimental set up. a Poloidal cross-section of AUG including flux sur-
faces (black lines) and density fluctuations from the gyrokinetic simulation. The
zoomed windows show (b) density fluctuations at the measurement position.
Additionally, the probing beam from ray-tracing (green) and the weighting function
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analysis in (a-f). Radial profiles of (g) electron and (h) ion surface-integrated heat
fluxes: transport analysis results are shown as solid lines with uncertainty bands
from Markov Chain Monte Carlo modeling, gyrokinetic simulation results are
plotted as symbols x.

Fig. 3 | Input to the gyrokinetic simulations and comparison of heat fluxes.
Profiles and normalized gradients of the electron temperature (a, b), ion tem-
perature (c, d) and electron density (e, f). The points in (a, c, e) indicate experi-
mental measurement data. The lines and uncertainties are output of Bayesian
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Ly =0,InT,, as the ECRH deposition radius moves from pyo = 0.85 to
Ppol = 0.60; the normalized radial coordinate increases from ppo; =0 in
the plasma center to 1 at the last closed flux surface.

The kinetic profiles in Fig. 3a—f were recorded during 400 ms long
stationary discharge phases. For the comparison with the simulated
heat fluxes later on, the quality of the fits is of particular importance.
They were determined for the full radial region (ppe = 0.0-1.2) by an
integrated Bayesian data analysis using the IDA framework®. For the T,
profile (Fig. 3a, b), data from an electron cyclotron emission (ECE)
radiometer* and from a Thomson scattering diagnostic”’ were taken
into account. The density (n.) profiles (Fig. 3e, f) rely on Thomson
scattering and interferometer®® data, and the ion temperature (T;) on
active charge exchange recombination spectroscopy”~°. Consistent
with prior studies' uncertainties of 20% in the normalized gradients of
the electron domain are plausible (shaded areas in b, f). For the nor-
malized gradient of T; the uncertainties are calculated with Gaussian
processes regression. With the change from the flat to the steep sce-
nario, T; and its normalized gradient (Fig. 3c, d) remain relatively
unchanged, but the density profile steepens (Fig. 3e, f). This peaking of
the density profile is attributed to a change in collisionality in a tur-
bulence regime where both the ion-temperature gradient (ITG) and the
trapped electron mode (TEM) are active®. The turbulence measure-
ments were obtained at two radial positions, ppo = 0.74 and 0.79; here
we focus on the outer radius.

Scale-resolved density fluctuations were measured with three
Doppler backscattering systems simultaneously, two in O-mode and
one in X-mode polarization'®***?, In order to obtain density fluctuation
wavenumber (k) spectra at different radial positions, data were taken
at a large number of probing frequencies and mirror angles, which
direct the microwave to the desired poloidal position and sets the k
value of the measurement, where k; is the wavenumber perpendicular
to the radial direction and to the magnetic field. A wavenumber range
of k;, = 3-15cm™ was measured. Electron temperature fluctuations
were probed at k;, <4 cm™ with the CECE system®*** with 200 MHz
bandpass filters. Due to a perpendicular line of sight, the diagnostic is
sensitive to large-scale fluctuations. For the n.-T.cross-phase mea-
surements, one of the reflectometers was set to perpendicular inci-
dence, where it probes the large scales, too, while viewing the same
volume as the respective CECE channels.

The set of experimental data is compared with results from linear
and nonlinear gyrokinetic simulations performed with the GENE
code®’¢. Being among the leading gyrokinetic codes worldwide, it is
massively parallelized. Throughout its more than two decades of
development, it has been successfully compared and benchmarked with
other comparable codes, e.g., Refs. 9,24,34,35, such that conclusions
from this work are to some extent also applicable to other gyrokinetic
codes. GENE allows us to consider electromagnetic fluctuations, inter-
and intra-species collisions, external £ x B shear flows and an arbitrary
number of species in arbitrarily shaped flux surfaces either in radially
global or local flux-tube simulation domains. Due to the small
gyroradius-to-machine-size ratio at the radial positions of interest (c.f.
Supplementary Tab. 1), the latter is employed in the present cases to
benefit from the higher accuracy of the underlying spectral methods.
Furthermore, the finer electron gyroradius scales have been excluded
from nonlinear simulations, since they have been found to be negligible.
Also, all experimental measurements have been performed on ion
gyroradius scales. It should be noted that the influence of small-scale
turbulence in the electron-temperature-gradient (ETG) driven range and
its cross-scale coupling to larger scales has been observed in simulations
and might be important for some scenarios***. Two species, electrons
and deuterium ions, are considered. Impurities are introduced through
the effective charge Z in the collision operator.

The experimental kinetic profiles in Fig. 3a-f, the measured
background shear flow, and a pressure constrained magnetic equili-
brium coupled with current diffusion®® serve as input for the code. In

the simulations, the normalized temperature and density gradients
were varied within the experimental error bars to achieve the best
possible agreement with the experimental surface-integrated heat flux.
Figure 3g, h shows the resulting electron (g) and ion (h) surface-
integrated heat fluxes in comparison with their experimental coun-
terparts which come from transport analyses with the ASTRA code®
solving the power balance equations. By varying the normalized gra-
dients within experimental error bars, GENE finds surface-integrated
heat fluxes close to the experimental values for both scenarios. With
matched surface-integrated heat fluxes in both the ion and the elec-
tron domain, the analysis now turns to the comparison of code results
with experimental fluctuations measurements.

Electron temperature fluctuation amplitudes
The comparison starts with electron temperature fluctuation fre-
quency spectra. An increase in the fluctuation amplitude T, is to be
expected at the transition from flat to steep temperature profiles,
where the local surface-integrated heat flux rises by around 0.5 MW (cf.
Fig. 3g). The experimental power spectra in Fig. 4 (solid lines) for the
steep (a) and the flat (b) scenario confirm this expectation. The
simulated spectral power densities (dashed lines) reproduce this
trend, and achieve good quantitative agreement. We stress that the
y-axis has not been scaled and is the same for experiment and simu-
lation. The experimental and simulated absolute values of the relative
Te fluctuation amplitude are also indicated in the plots. They agree
remarkably well in the drop from T, /T, ~ 1% in the steep scenario to
0.6 % in the flat one. The experimental spectra are shifted to slightly
higher frequencies with respect the simulated ones. This is most likely
due to difficulties in the experimental determination of the radial
electric field and its shear having an impact on the shape of the CECE
spectra, as presented in™. The overall shapes of the spectra agree well
in both scenarios.

The result from this section is consistent with the conjecture that
a steeper normalized temperature gradient results in a higher fluc-
tuation level that is responsible for the increase in surface-integrated
heat flux***.

Electron density fluctuation amplitudes

Next, spatial scale-resolved electron density fluctuations, n,, are
investigated for the two scenarios. Since the seminal works on 3D*
and, for magnetized plasma more relevant, 2D* fluid turbulence, the -
spectra are known to contain information about the driving instabil-
ities, the nonlinear energy cascades, and the dissipation mechanisms
of turbulence. Experimental k-spectra from fusion plasmas are scarce.
In the range where the drive of ITG and TEM turbulence is expected to
happen, at k ps = 0.2-0.3, with pg o /T./m; being the ion drift scale,
DBS is best suited to measure local density fluctuation spectra'®**,
First comparisons of experimental and simulated k,-spectra have
shown the importance of using synthetic diagnostics to reach
agreement'**¢,

Figure 4c-e presents the k,-spectra compiled at pp = 0.79, in a
volume between the two ECRH locations, for the flat and the steep
plasma scenario (cf. Fig. 2). Turbulence was probed in O-mode by two
DBS systems (Fig. 4c) and X-mode (Fig. 4d) polarization by one DBS
system. For better visibility, individual vertical offsets were applied to the
spectra pairs, since the applied technique only allows for the experi-
mental measurement of relative fluctuation amplitudes. The offsets
between the flat and steep scenarios in each spectral pair, however, are
deterministic. The agreement of the shapes of the spectra measured by
the two O-mode DBS systems is very satisfactory for both plasma sce-
narios. They have the typical shape of a 2D turbulence spectrum, how-
ever, because of the diagnostic response, it is inherently different from
that of the actual density fluctuation spectrum as obtained from the
GENE simulations (Fig. 4e). Therefore, a direct comparison is not
appropriate. Due to the stronger microwave-plasma interaction of

Nature Communications | (2025)16:2558


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56997-2

#38420 steep
I oTe _
06"¢ ,‘| :‘l Te
i Y 1.0%+0.2%
0.41 :\:.' 0.9%+0.1%
~N 0.2
I
X (a)
—
5 0.0 T T T ——
@ #38423 flat
o= 6Te
o 0.61 —— exp steep Te
S ---- sim steep 0.6%+0.2%
041 — exp flat 0.4%=+0.1%
---- sim flat
0.2
(b)
0.0 : —— ——
0 100 200 300 400 500
f(kHz)

Fig. 4 | Comparison of fluctuation amplitudes. a, b Electron temperature fluc-
tuation spectra including statistical uncertainties (square root of the statistical
variance) measured by CECE (solid line) and through synthetic diagnostic analysis
on gyrokinetic data (dashed line). Experimental wavenumber spectra measured
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X-mode waves", the corresponding spectra (Fig. 4d) have a different
form again.

Figure 4c, d additionally show the synthetic diagnostic spectra
relevant for the comparison. They come from the full-wave code IPF-
FD3D, which determines the DBS responses of O- and X-mode waves
scattered on the simulated density fluctuations. The synthetic spectra
agree in shape with their experimental counterparts. This observation
is in line with initial comparison studies on similar discharges'®*’.

An unexpected new observation is that the electron density fluc-
tuation amplitude is higher in the flat scenario, where the density gra-
dient is steeper by about 40 % than in the steep temperature gradient
scenario (cf. Fig. 3f). This trend, which is evident in both the experimental
and the synthetic spectra, contradicts the mixing length argument,

Afn~1/k,Ly), M
which predicts an increase of the density fluctuation amplitude with
density gradient. The observed difference is largest for intermediate
scales, whereas at minimum and maximum k-values the fluctuation
amplitudes become comparable. Already the raw spectrum in Fig. 4e,
obtained from the simulated density fluctuations, shows higher fluc-
tuation amplitudes for the flat scenario, showing that this is not a
diagnostic effect.

It is remarkable that a concomitant increase in T, and decrease in
n,, as observed in the experiment, is reproduced by the gyrokinetic
simulation. The linear growth rates (shown in Supplementary Fig. 1) are
higher for the steep scenario, and as such, should result in higher
fluctuation levels. The nonlinear response of the density field results in
a density fluctuation energy decrease, though.

Cross-phase between electron temperature and density
fluctuations

The cross-phase between electron density and temperature fluctua-
tions is indicative of the nature of the microinstability providing
energy for the turbulence®. In the experiment, it is estimated from a

correlation analysis of a CECE channel with a reflectometer signal
probing the same plasma volume. Previous studies on AUG correlated
the amplitude of the reflectometer signal with the ECE signal™"*°,
whereas studies on the DIII-D tokamak used also the reflectometer
phase signal®®. The present study uses the amplitude signal from an
0O-mode reflectometer, since it produces a higher coherence and thus
more significant cross-phase measurements, as it was also reported
from DIII-D*.

Figure 5 compares the experimental and the simulated cross-
phases showing no or little change from the flat to the steep scenario in
the frequency range of the coherence being above the statistical limit
(strong blue and red color). This indicates that the increase in tem-
perature gradient is not sufficient to modify substantially the micro-
instability that feeds energy into the turbulence. However, there are
differences between the experiment and the simulation both in abso-
lute value and in the fact that the experimental value decreases with
frequency. This ramping can be explained by a poloidal offset in CECE
and reflectometer measurement positions of 2.5cm. Due to differ-
ences in refraction when probing density and temperature fluctuations
(the probing frequencies differ by a factor of about 2), a poloidal offset
of at least 1.5cm is expected. The remaining offset can be a con-
sequence of uncertainties in the magnetic equilibrium reconstruction,
which is more challenging in upper single null. Ramping phase angles
due to a poloidal misalignment of CECE and reflectometer channels
have previously been observed in synthetic diagnostic modeling on
turbulence from another gyrokinetic code (GYRO), based on experi-
mental measurements from DIII-D*.

Radial correlation length of electron density fluctuations

The perpendicular wavenumber spectra in Section “Electron density
fluctuation amplitudes” addressed the spatial extent of the density
fluctuations in the binormal direction, i.e., perpendicular to the mag-
netic field and the radial direction. In this section, their radial extent is
analysed, which is expressed in terms of the radial correlation length. It
is deduced from two DBS channels, where one channel scans the radial
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range around the measurement position of the other (reference)
channel®. Since DBS is sensitive to fluctuations at a particular per-
pendicular scale, the radial correlation length is studied as function of
the perpendicular density fluctuation scale length. This was done by
repeating the measurment procedure for different DBS probing
angles. The gyrokinetic data is again probed via 2D full-wave simula-
tions; the analysis is done as in the experiment.

Figure 6a presents experimental and simulated radial correlation
lengths of density fluctuations, [, ,, , as function of the perpendicular
scale, k, . As before, experiment (solid points) and simulation (symbol
x) show a remarkable agreement, not only in the trend between steep
and flat scenarios (red vs. blue), but also in terms of absolute values.
Fits with a1/k, dependence are shown to guide the eye. Setting [, =1,/
2 = m/k, yields [,/I; =1.5, which means that structures are about 50%
larger in the perpendicular (almost poloidal) direction than in the
radial direction. This is indicative of the effect of velocity and magnetic
shear, which can limit the radial structure size.

Radial correlation length of electron temperature fluctuations

The radial correlation length of electron temperature fluctuations,
[ 7., results from a coherence analysis between a reference and several
radially neighbouring ECE channels. The analysis follows the proce-
dure introduced in a parallel study on AUG". Figure 6b depicts the
resulting cross-correlation as function of the channel separation. In the
steep scenario (Fig. 6b), the width of Gaussian fits yields values of
[, 7,=9mm and 127mm in the simulation and the experiment,

180
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53
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Fig. 5 | Comparison of cross-phase a,; between density and electron tem-
perature fluctuations. The frequency region with significant coherence between
the ne and T signals is shown in stronger colors than regions with no coherence.
The error bars indicate the statistical uncertainty (square root of the statistical
variance) For more details, refer to the text.

electron density fluctuations

respectively, which is a reasonable agreement. In case of the flat sce-
nario, the simulation yields similar [, r_values as in the steep case. The
experimental data lie on the Gaussian fit to the simulation data, but are
insufficient to calculate a correlation length.

Seen in the light of turbulent eddies mixing the background
profiles, one would expect similar values for the correlation lengths of
the temperature and density fluctuations. This is indeed the case: The
CECE measurements are sensitive to scales up to k; $4.1cm™ in the
steep scenario and k; <3.9cm™ in the flat scenario. Thus, the corre-
lation length of L, ; ~1 cm is compared with /. from the low k;
measurements from DBS in Fig. 6a, which are of very similar size. To
our knowledge, this is the first comparison between experiment and
simulation on core radial correlation lengths in both electron density
and electron temperature. The finding of similar electron temperature
fluctuation correlation lengths for the steep and flat scenario supports
earlier simulation results that studied the dependence of /. ; on the
surface-integrated electron heat flux®.

To sum up this work, an unprecedented number of measured
background and fluctuation parameters were compared with simulation
results in two different plasma scenarios. The high level of agreement in
all parameters is impressive. The fact that agreement was achieved in
both plasma scenarios, with flat and steep electron temperature gra-
dients, further strengthens the positive outcome of this study.

In the past, the design of fusion power plants was projected on the
basis of purely empirical scaling laws for the energy confinement time.
To obtain more detailed and scientifically sound information about the
performance of a fusion power plant, reliable prediction of the kinetic
profiles is essential. For the prediction of core turbulence, gyrokinetic
codes are the favored tools. They are also used to derive transport
coefficients for integrated modelling®** of entire plasma discharges.
This underlines the importance of the work presented here.

After a quarter of a century of continuous development, gyroki-
netic codes can be used to predict the performance of the core plasma.
The simulated scale-resolved turbulence characteristics down to mil-
limeter scales agree strikingly well with experimental observations for
both temperature and density fluctuations. The value of this result is
further strengthened by the excellent agreement for macroscopic
quantities that arise from these microscale turbulence characteristics.
The present work thus creates the necessary confidence in the codes
so that fusion researchers can rely on them when planning future
tokamak experiments or fusion power plants.

Methods
Details of all applied methods can be found in ref. 56 and references
therein. The key tools are summarized in the following.

electron temperature fluctuations
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Fig. 6 | Comparison of radial correlation lengths. a Radial correlation length of
electron density fluctuation /; , versus inverse perpendicular structure size k, for
both steep (red) and flat (blue) scenarios. Experimental data (full symbols) and fits
(solid lines) compared to synthetic diagnostic analyses of gyrokinetic simulations

(symbol x) and fits (dashed lines). b Maximum of the normalized cross-correlation
between adjacent CECE channels (circles) and between simulated elec-

tron temperature fluctuations averaged in the corresponding plasma volumes
(symbols x) for the steep (red) and flat (blue) scenario.
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Experimental measurements

Both plasma scenarios of this study are low confinement mode dis-
charges in upper single null magnetic configuration with a plasma
current of 0.8 MA, an on-axis magnetic field of -2.53T, auxiliary
neutral beam heating of 0.8 MW, 0.5 MW of central ECRH and 0.5 MW
ECRH at two different radial locations.

The kinetic quantities Te, ne and T; shown in Fig. 3 and the toroidal
rotation velocity vy serve as input to a pressure constrained magnetic
equilibrium?®, In this study, the Bayesian integrated data analysis (IDA)
is used for reconstructing the profiles of T, and n. with a reduced
number of spline knots compared to Ref. 25 to allow less spatial var-
iation in the gradients. The profiles of T; and v, are fitted on experi-
mental charge exchange recombination spectroscopy data” using
Gaussian process regression®’.

The one dimensional profile of plasma radiation is reconstructed
tomographically from measurements of an array of bolometers*®.

The experimental surface-integrated heat fluxes of the electrons and
ions are reconstructed using the ASTRA code® in interpretative mode.

Measurement and analysis of electron density fluctuations. Three
DBS channels measure 71, using the same steerable mirror in sector 11
of ASDEX Upgrade®. Two of them probe in the V-band frequency range
in O-mode, one probes in the W-band frequency range in X-mode.

The fluctuation amplitude of r1,, is taken as the integral of a Gaussian
fit to the asymmetric part of the power spectrum of the heterodyne
backscattered signal®>. To obtain wavenumber spectra, the probed
wavenumber k; is varied by slowly steering the launching mirror
( =2 deg/s) from perpendicular incidence to its maximum deflection.
Meanwhile the probing beam frequency steps in plateaus of 5 ms each.

The radial correlation length analysis using the two O-mode
DBS systems closely follows the procedure described in ref. 60. In
this study the hopping channel probes at 20 different frequency
plateaus lasting 10 ms each. The radial correlation length is the half
width half max of a Lorentzian fit to the maxima of the cross-
correlation functions versus the radial channel separation. The DBS
signals used for cross-correlation are filtered in frequency space to
remove noise.

For cross-phase measurements the launching mirror is operated
in perpendicular incidence, since in this experiment the DBS systems
share their line of sight with a CECE radiometer (see below). The length
of one frequency plateaus of the reflectometers is1s. This paper shows
an O-mode reflectometer measurement correlated with CECE.

Measurement and analysis of electron temperature fluctuations. A
CECE radiometer probing in F-band frequency range?**> measures T,
in sector 9 of ASDEX Upgrade.

Both the analysis of fluctuation amplitudes and radial correlation
lengths uses time windows of steady state plasma conditions with a
length of 4 s to reduce thermal noise when correlating different CECE
channel pairs. The analysis of radial correlation lengths follows the
methology described in Ref. 13, in which the thermal noise contribu-
tion is analytically excluded.

For measurements of the cross-phase between n. and T, the CECE
system is moved to sector 11. There it shares the line of sight and data
acquisition system with the DBS systems, which turn into reflect-
ometers by probing in perpendicular incidence.

Simulation

All analyses (gyrokinetic code GENE, full-wave code IPF-FD3D, beam-
tracing code Torbeam, transport code ASTRA) consistently use the
same kinetic profiles (cf. Fig. 3(a-f)) and pressure constraint equili-
brium as input. The input quantities are listed in Supplementary Tab. 1.

Turbulence simulations. The primary tool employed for investigating
the underlying plasma turbulence is the highly parallelized GENE

code™®, As a Eulerian code, GENE implements the electromagnetic
Vlasov-Maxwell equations on a fixed grid, allowing for flexibility in
simulation domains from local to radially global. The simulations in
this study, adopting the local approximation, benefit from periodic
boundary conditions perpendicular to magnetic field lines, a compu-
tationally efficient choice, especially for larger machines like AUG. This
approach proves effective when the ion-gyro-radius is small compared
to the machine size, resulting in significant computational time sav-
ings. Consequently, the simulations encompass a diverse physics
landscape, incorporating electromagnetic fluctuations, flux surface
shaping via field-line tracing®?, linearized Landau-Boltzmann collisions
(among other choices), external shear flow effects, and - in some cases
multiple - fully gyrokinetically treated ion and electrons species with
realistic mass ratios.

To further optimize the simulation costs, GENE employs field-
aligned coordinates and splits the distribution function into a
static background and so-called delta-f fluctuations. The default
mode of operation is hence gradient-driven, i.e. evaluating the
turbulence response for given and - on average - static tempera-
ture and density profiles and gradients informed by experimental
measurements. This coincides nicely with the application targeted
in this paper but experimental uncertainties necessitate corre-
sponding parameter scans as presented above. While GENE
accommodates alternative choices®>, a Maxwellian background
distribution in velocity space is assumed, reflecting the therma-
lized nature of species.

Finally, Large-Eddy-Simulation techniques®* are employed to ide-
ally adjust the dissipation at the highest resolved wave-numbers.

This concise methodology ensures that GENE simulations remain
versatile and robust, aligning with the intricacies of real-world plasma
turbulence.

Complementary results from linear turbulence simulations. Linear
GENE runs identify the dominant microinstabilities, which drive tur-
bulence at different scales. Supplementary Fig. 1 shows the growth
rates in (a) and real mode frequencies in (b),(c) of the fastest growing
modes versus the inverse eddy scale size, k,. Positive frequencies
correspond to ITG-dominated turbulence, which moves in ion dia-
magnetic direction and negative frequencies to TEM- and ETG-
dominated turbulence moving in electron diamagnetic direction.

Supplementary Fig. 1 suggests the turbulence to be more pro-
nounced in the steep scenario, which is in line with the observation
that all normalized kinetic gradients in the steep scenario exceed
(or are equal to) those of the flat scenario, c.f. Fig. 3. For
04cm™® < k; S 4.0cm™ (01 S kips S 1.0) the turbulence is ITG-
dominated for both scenarios. For the smallest scales (high k) both
cases are ETG-dominated.

Synthetic diagnostic modeling of electron density fluctuations. In
this study the synthetic diagnostic analogue of the DBS system is the
finite difference time domain code IPF-FD3D. It solves the Maxwell
equations in the presence of an inhomogeneous, anisotropic (i.e.
magnetized) cold plasma. The turbulent plasma density n,, is taken
directly from the GENE simulations. IPF-FD3D is run on each timestep
of GENE, whereas the DBS beams are launched into the stationary
plasma and the scattered wave is received and produces a single point
in the DBS time series, assuming frozen turbulence. In IPF-FD3D, all
microwave beams are launched in the same simulation run and dis-
criminated in the receiver by frequency. The IPF-FD3D code generates
a complex heterodyne IQ signal that is equivalent to the output of a
hardware DBS system.

The fluctuation power from synthetic diagnostic modeling is is
defined as the variance of the absolute IQ signal.*. The wavenumber
spectrum obtained from GENE simulations is a single-point measure-
ment at zero radial wavenumber.
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The analysis of the radial correlation lengths from IPF-FD3D is similar
to the experimental analysis using the complex heterodyne signal. In
contrast to experimental methods, frequency filtering is not required
prior to calculating the cross-correlation function in simulations.

The electron density fluctuation time trace used for cross-phase
analysis is generated by convolving the GENE turbulence field with a2D
Gaussian function and integrating the result. The radial and vertical
extent of the measurement volume is set equal to that of the synthetic
CECE diagnostic, as described in Ref. 11.

Synthetic diagnostic modeling of electron temperature fluctua-
tions. The synthetic CECE diagnostic modeling incorporates the
extended EC emission volume, estimated by ECRad and Torbeam. The
procedure for extracting the time trace of the electron temperature
involves convolving the turbulence field with the measurement
volume, using the same approach as for the electron density in the
cross-phase analysis. Similar to the experimental analysis, the synthetic
CECE time traces are then correlated to obtain absolute fluctuation
levels and radial correlation lengths. For the latter, standard correla-
tion techniques are employed, as thermal noise is absent in simula-
tions. The radial correlation length is defined as the half-width at half-
maximum of Gaussian fits to the maximum of cross-correlation func-
tions versus radial channel separation.

To determine the cross-phase, the synthetic density and tem-
perature time traces are correlated, and the phase of the cross-power
spectral density is extracted.

Data availability

The raw data used in this study were collected by the ASDEX-Upgrade
Team. The source data of kinetic profiles and the evaluated turbulence
quantity data is published in Ref. 65. This link also includes the pro-
cessed data shown in the publication, as well as the plotting routines
for all figures of the paper. More data can be requested at the corre-
sponding author.

Code availability

The GENE code is available after registration at https://genecode.org/.
The IPF-FD3D code is available to collaborators. Please contact C.
Lechte (carsten.lechte@igvp.uni-stuttgart.de). The Torbeam code is
available upon request to E. Poli (emanuele.poli@ipp.mpg.de) and
upon approval by the directorate of IPP. The IDA, IDI, IDE codes are
available upon reasonable request to R. Fischer (rain-
er.fischer@ipp.mpg.de) and upon approval by the directorate of IPP.
The ECRad code is available at https://github.com/AreWeDreaming/
ECRad. The ASTRA code is available upon request to G. Tardini (gio-
vanni.tardini@ipp.mpg.de). Further evaluation routines are available
upon request to the main author.
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