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Abstract:

One of the key challenges for plasma theory and simulation in view of ITER is to enhance
our understanding and predictive capability concerning high-performance discharges. This
involves, in particular, questions about high-β operation, profile stiffness and toroidal ro-
tation, as well as the physics of edge and internal transport barriers. The goal of this
contribution is to shed light on these important issues by means of physically comprehen-
sive ab initio simulations with the global gyrokinetic code GENE, applied to discharges in
TCV, ASDEX Upgrade, and JET – with direct relevance to ITER.
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1 Introduction

GENE – which has been developed by an international team mainly based at IPP and
EPFL – is a massively parallel (tested successfully up to about 300,000 cores) gyrokinetic
turbulence code that can treat an arbitrary number of ion species, fully kinetic electrons,
electromagnetic effects, inter- and intra-particle collisions, as well as fluctuations on sub-
ion-gyroradius scales (for details, see Ref. [1, 2, 3] and references therein). GENE can be
run in a radially global (full-torus/annulus/wedge), flux-surface global, or local (flux-tube)
mode, either gradient- or flux-driven, for 2D/3D tokamak and 3D stellarator geometries,
and it is interfaced with various MHD equilibrium codes and transport solvers. Most of
these features are used here.

2 Finite-size effects in high-realism simulations

Two questions are addressed in this section. First of all, global and local simulations
involving as much physics as available are compared in order to investigate to which
degree previous finite-size studies in a limited physics context (e.g., adiabatic electrons,
circular flux surfaces, etc.) can be transferred qualitatively. In parallel, comparisons
with the experimental transport levels are performed, therefore estimating the predictive
capability of the numerical setup.

The first physical scenario being considered here is ASDEX Upgrade discharge #22009
which represents an NBI heated plasma with a power deposition of about 2.9/5.3 MW dur-
ing the L-/H-mode phase. After a minor and reasonable adaptation of the ion temperature
profile to be equal to the electron temperature in the outer radial core plasma, a fairly
good agreement of the experimental and simulated heat flux levels has, for instance, been
found in the L-mode phase, see Fig. 1a – although hyper-fine scale (ETG) turbulence
and external shear flow effects were neglected here. Even more importantly, the local
and global simulation results marginally differ if the error bars of the quasi-stationary
transport levels are taken into account, therefore underlining the applicability of local
investigations for this physical scenario. This is in line with previous reduced-physics in-
vestigations [4] predicting marginal finite-size effects for such gyroradius-to-minor-radius
values in the absence of steep barrier regimes.

As a next step towards ITER-size plasmas, a similar study has been performed for JET
discharge #70084, representing an L-mode plasma with 4.9 MW ICRH and 0.6 MW Ohmic
heating. Again, local and global results show fairly similar heat transport levels which
are furthermore comparable with the experimental power deposition, see Fig. 1b. The
strongly reduced transport at the outer radial plasma core could point towards significant
hyperfine-scale turbulence contributions which could not be taken into account due to the
enormous computational effort in resolving these spatio-temporal scales. Other possible
explanations include nonlocal effects involving the edge region.
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FIG. 1: Global and local heat transport simulation results for two different dis-
charges/machines demonstrating a reasonable agreement with the actual experimental
power deposition and between the global and local code results.

3 Anomalous transport in high-β plasmas

The influence of electromagnetic (EM) effects on turbulent transport in fusion plasmas is
still an open question. Being parametrized by the kinetic-to-magnetic pressure ratio β,
these effects allow magnetic fluctuations to evolve self-consistently with other turbulent
fluctuations, providing an additional transport mechanism: radial heat flux via electrons
streaming along perturbed field lines. Unfortunately, the scaling with β gained from ex-
periments is still somewhat inconclusive which is why the GENE code is employed to
examine in detail the mechanisms by which magnetic stochasticity and EM transport
arise in turbulent systems driven by instabilities which are not intrinsically electromag-
netic (e.g., ion temperature gradient (ITG) and trapped electron mode (TEM) driven
turbulence). Previous studies - being mostly based on the Cyclone Base Case (CBC) [5]
parameters - have shown that the growth rate of the ion temperature gradient (ITG) mode
decreases gradually as β increases, while the corresponding electrostatic (ES) transport
levels decrease somewhat more sharply. The EM transport level, in contrast, increases
with a β2 dependence and at higher β can become comparable to the other transport
channels which contrasts sharply with quasilinear expectations and can be linked to mag-
netic stochasticity [6, 7]. The latter is somewhat puzzling in light of the fact that the
ITG mode is characterized by ballooning parity (antisymmetric A‖ mode structures about
the outboard midplane), and not tearing parity (symmetric A‖ mode structures) and is
thus poorly structured for breaking magnetic field lines. Thus one might naively expect
very limited impact of the magnetic fluctuations from ITG driven turbulence on the field
line topology and EM transport. These contradictions can be resolved by demonstrating
that the magnetic stochasticity and associated transport are not caused directly by the
driving ITG modes. With the help of Single Value Decomposition (SVD) methods it can
be show that the salient mechanism is rather linearly stable microtearing modes, which
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FIG. 2: The binormal spectra of the electron electromagnetic heat flux associated with
different components of the magnetic fluctuations. The flux originating from tearing-
parity modes is robustly outward, while the flux from ballooning-parity (ITG) modes is
inward directed and limited to low wavenumbers.

are driven nonlinearly and operate at the same scales as the ITG modes, see Fig. 2. Non-
linear coupling with zonal modes is shown to be the responsible excitation mechanism.
These results provide an explanation for many of the EM effects observed in the past, and
offer a paradigm for EM transport which can be explored throughout a more expansive
parameter space in future studies. While only highlights are given here, details can be
found in Ref. [8, 9].

4 Ion stiffness: effects of nitrogen seeding and rota-

tion

Recent experimental observations at JET show evidence of reduced ion temperature pro-
file stiffness at low magnetic shear (ŝ), hypothesized to be due to the concomitant presence
of significant flow shear [10]. Non-linear gyrokinetic simulations are performed, aiming to
investigate the physical mechanism behind the observations. Collisionless, electrostatic
simulations based on JET discharge 70084 parameters assuming ŝ/q = 0.2/1.3 were car-
ried out, applying analytical circular geometry [11]. 70084 corresponds to a low-rotation,
low-flux discharge from the data set in Ref. [10]. R/LT i scans were performed at various
levels of toroidal flow shear, parameterised by γE ≡ r

q
∂Ω
∂r

R
cs

. The predicted gyroBohm

normalised ion heat fluxes from the R/LT i scans are shown in Fig. 3. Simulations both
including and ignoring the effect of parallel velocity gradient (PVG) stabilisation are
performed.

It is observed that even for γE = 0.6, double the highest level of flow shear achieved in
the reference data set from Ref. [10], the simulated level of reduced stiffness is significantly
less than the experimental observation. However, interesting effects related to the compe-
tition between stabilising E×B shear and destabilising parallel velocity gradient (PVG)
modes - particularly in the vicinity of the threshold - are observed. At low R/LT i, the
PVG destabilisation can dominate over the ITG turbulence, reducing stiffness in that re-
gion of parameter space. When PVGs are artificially removed from the system, the picture
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reverts to a pure threshold shift. This interplay between PVG destabilisation and E×B
stabilisation demands that PVG modes are correctly accounted for in reduced transport
models - such as in gyrokinetic or gyrofluid based quasilinear models. It is insufficient
in such formulations to include a growth rate quench model due to E×B stabilisation
without simultaneous self-consistent and validated modelling of the PVG modes.
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FIG. 3: Non-linear gene R/LT i scans based on 70084 parameters at x = 0.33 and various
levels of γE [cs/R]. Runs including PVG destabilisation are seen in (a). Runs ignoring
PVG destabilisation are seen in (b).

5 Studies of transport barrier physics

The global version of the Gene code was applied to discharges of the TCV tokamak
exhibiting an electron internal transport barrier [12], retaining both gyrokinetic electrons
and ions, and (for the linear simulations) also collisions and electromagnetic effects. The
experimental electron density and temperature profiles from both discharges were used
(along with reconstructed MHD equilibria from the CHEASE code [13]), as well as an
additional intermediate case with an ad-hoc profile. The ion temperature in these dis-
charges has not been measured except for its central value, which is used as a constraint
for the ion temperature profile.

Unlike in previous studies, unstable ETG modes were found in the linear simulations
(see Fig. 4a) for both the reversed-shear parameters with an eITB, as well as for the
monotonic q parameters without an ITB. In the nonlinear runs, these ETG instabilities
persisted, and enforced the usage of artificial damping of small-scale modes in order to
achieve converged simulations (see Fig. 4b). At large scales, trapped electron modes
were found dominant, with the steep barrier case being (for nominal parameters) even
slightly beyond the threshold to kinetic ballooning. A parameter variation within the
experimental uncertainties of profiles and geometry showed, however, that the profiles are
likely limited by TEM transport before actually reaching a KBM onset.

To substantiate these results, a comprehensive sensitivity study was carried out. Using
a significantly lower ion temperature (Te/Ti ≈ 10), the ETG contributions could be
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FIG. 4: (a) Growth rates for all three cases. ETGs are found unstable, whereas the low
mode numbers are dominated by TEM, or even KBM modes (black line). (b) Toroidal
heat flux spectra for all three studied cases. In the steeper Cases I and II, spectral blocking
due to unstable ETG modes occurs, which has to be countered by artificial damping in
order to achieve converged large-scale simulations (blue line).

stabilized in all cases except the eITB case, where linearly unstable ETGs persisted.
In the nonlinear regime, scans over the combined ion species parameter τ = ZeffTe/Ti
were carried out (within the adiabatic ion framework, focusing on electron gyroradius
scales). In agreement with well-known properties of local ETG turbulence, it was found
that lower ion temperature, but also the presence of impurities (here, τexp ≈ 10), has a
stabilizing effect on ETG turbulence. However, for all studied values of τ the mid-radius
transport levels were sufficient to explain the experimental electron heat flux (usually
even overestimating it), see Fig. 5a, being roughly equal in magnitude to the large-scale
TEM transport. As it turned out, relaxing the electron temperature profile within the
experimental error bars reduced both the TEM and the ETG fluxes in the barrier region
by a factor 2. In either case, roughly 40% of the electron heat flux was generated by
small-scale ETG turbulence, underscoring the need for multi-scale investigations of both
ion and electron scales under these conditions.

Similar investigations were carried out for edge parameters of an ASDEX Upgrade
discharge, following up on earlier work [14, 15] and focusing on the small-scale ETG
part of the spectrum. Varying the radial position within the pedestal, it was found that
ETG turbulence can generate a significant fraction of the electron heat transport across
the entire edge region. Towards the lower part of the pedestal, a significant decrease in
the heat flux was found due to a concurrent decrease of the temperature and the ratio
ηe = Ln/LTe (for the present discharge), indicating the possibility that other turbulence
mechanisms take over towards the scrape-off layer. Even for low background temperature,
substantial transport was found when increasing ηe by, e.g. 20% beyond its nominal value.
The stabilizing influence of impurities was found to be of the order of 25% for edge ETG
turbulence.

A striking feature observed in edge ETG turbulence is that despite the relatively
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FIG. 5: (a) ETG-generated heat flux, varying the combined parameter τ = ZeffTe/Ti and
(b) radial and toroidal correlation lengths of edge ETG turbulence.

high transport levels, radially elongated streamers—usually assumed to be a necessary
ingredient for relevant ETG turbulence [16]—are absent, as evidenced by the isotropic
perpendicular autocorrelation lengths (Fig. 5b). In the edge, however, ETGs peak pref-
erentially around the outboard midplane, where—due to the strong shaping—the local
magnetic shear is very low or negative, even though the global shear may reach large val-
ues. While this reduces the ETG transport levels, the consequently smaller radial extent
of the ETG structures makes this kind of turbulence robust with respect to global ef-
fects due to background profile variation or drive modulation due to coexisting large-scale
turbulence.

6 Conclusions

Finite-size effects across a range of tokamaks were examined in physically comprehen-
sive global simulations, retaining kinetic electrons, magnetic fluctuations, collisions and
realistic geometry. Similar to the experience from simplified global models, the local ap-
proximation was found valid already for medium-sized tokamaks (1/ρ∗ ∼ 300), and good
agreement with experimental transport levels was achieved.

New insights in EM transport have been presented where the nonlinear drive of linearly
stable microtearing modes via zonal modes has been identified as a significant mechanism.

In recent JET discharges, it had been observed that an increase in rotation led to
reduced stiffness of the ion heat transport, which was not reproducible in gyrokinetic
simulations. A comprehensive local parameter study using Gene was performed to find
mechanisms that could be responsible for this reduction. In the simulations, the desta-
bilizing effect of parallel flow shear indeed caused a decrease of the observed stiffness.
Although this effect was significantly smaller than what was found experimentally, the
obtained results stress the necessity of considering this effect in reduced transport models.

Global and local simulations were carried out to analyze the transport mechanisms
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active in core and edge transport barriers. As an example of a core transport barrier, an
electron-ITB from a TCV discharge was selected. In the steepest barriers, the electron
heat flux contributions due to TEM and ETG modes were found to be roughly equal,
underscoring the importance of multi-scale treatments for such plasmas. Further studies,
focusing on electron gyroradius scale turbulence of an ASDEX Upgrade discharge, found
that the radial dependence of ETG heat flux decreases with temperature, but can remain
important even close to the separatrix, if ηe remains well above threshold. The absence
of streamers makes edge ETG particularly robust with respect to global effects and shear
flows.
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