Turbulence in high-beta ASDEX Upgrade advanced scenarios
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Recent experiments at ASDEX Upgrade achieve non-inductive operation in full tungsten wall
conditions by applying electron cyclotron and neutral beam current drive. These discharges are
characterised by a well-measured safety factor profile, which does not drop below one, and a good
energy confinement. By reproducing the experimental heat fluxes, nonlinear gyrokinetic simulations
suggest that the observed strong peaking of the ion temperature in the core is caused by the stabil-
ising impact of a significant beam ion content, as well as strong electromagnetic effects on turbulent
transport. Quasilinear transport models are not yet applicable in this interesting and reactor rele-
vant parameter regime, but available simulation data may serve as a testbed for improvements. As
the present plasma is close to the kinetic ballooning (KBM) threshold, elevating the safety factor
profile under otherwise identical conditions is proposed to clarify, whether profiles are ultimately
limited by KBM turbulence, or by global stability constraints.

I. INTRODUCTION

Advanced tokamak studies have recently been
successfully resumed at ASDEX Upgrade with a
full tungsten wall [1-3]. With the overall goal
of developing improved confinement regimes for
steady state operation, the use of external cur-
rent drive from neutral beam injection and elec-
tron cyclotron heating systems, as well as a high
bootstrap current are essential. Here, we analyse
a non-inductive scenario that is characterised by a
safety factor ¢ > 1 in the center, as well as good
confinement with Hgg around unity. In particular,
the ion temperature becomes strongly peaked in
the core during the final high-g phase (By ~ 2.7),
while transport levels still remain well above the
neoclassical level. Linear and nonlinear gyrokinetic
simulation data is lacking thus far and this gap is
closed in this paper. It is demonstrated that the re-
duction of ion temperature gradient driven (ITG)
turbulence due to dilution by beam ions, as well
as by nonlinear electromagnetic effects is key for
accessing the steep ion temperature.

ITG turbulence stabilisation due to electromag-
netic effects has been observed in many cases in the
literature [4-6], and a correlation with increased
relative strength of zonal flows is found [7, §].
However, the opposite trend of increased trans-
port at increased 3 has been documented in some
strongly driven regimes as well. The relevance of
fast ions for turbulent transport has been estab-
lished experimentally in the course of developing
improved H-modes or transport barriers (see e.g.
Ref. [9]), and in gyrokinetic modelling [10]. Com-
prehensive nonlinear gyrokinetic results are avail-
able since half a decade, reaching from virtually
electrostatic low density DIII-D QH modes [11], to
strongly electromagnetic JET L-modes [12] and H-
modes [8, 13, 14]. As shown in the course of this
paper, the present ASDEX Upgrade non-inductive

scenario is similar to the plasmas of the latter,
strongly electromagnetic category. Core turbu-
lence is close to a regime transition between ITG,
which is reduced by electromagnetic effects and the
presence of fast ions, on the one hand, and kinetic
ballooning turbulence on the other hand. The lat-
ter is labelled as KBM/BAE regime, as it is driven
by thermal and fast pressure gradients and features
the characteristic frequency of the beta induced
fast ion Alfvénic (BAE) modes. It is important to
stress the necessity of including fast ions as a dy-
namic species in fully electromagnetic simulations
for these plasmas. Analysing turbulent fast ion
transport in the electrostatic limit or in the trace
limit may be valid only in other plasma conditions
[15].

For the present type of AUG discharges, Hog in-
creases by about 15% due to electromagnetic and
fast ion effects. Since this is due to a significant
temperature peaking in the inner core, parameters
like the fusion power are expected to increase even
more strongly. Based on a gyrokinetic study for
JET plasmas [8] a 20% improvement of the fu-
sion power is estimated for an ITER hybrid ref-
erence case, highlighting the importance of gain-
ing a detailed physics understanding. To this aim,
a nonlinear gyrokinetic study is presented, which
involves about 50 expensive nonlinear simulations,
including flux-matching, parameter variations, and
convergence tests. While such a study reveals
the necessary physics ingredients for modelling ad-
vanced tokamak discharges, scenario development
requires the use of fast (simplified) tools, such as
quasilinear models. However, those models have
to be extended in order to correctly describe and
predict the improved confinement in the present
regime.

For example, the trapped Gyro Landau Fluid
code TGLF has been successfully used to describe
plasma transport in the past [16-18], but for the
present case, it overestimates the ion heat trans-
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Figure 1: (a) AUG #32305 ion temperature profile measurements compared to ASTRA /TGLF modelling (repro-
duced from Ref. [3] (b) Pressure profiles g=1.34 eq., thermal species, fast particles. Summing the pressure of all
species yields pkin, which is largely consistent with the equilibrium reconstruction peq.. (c) ¢ profiles ¢=1.34 eq.
and g=1.54 eq., covering the error margin from IDE at ptor = 0.4.

port with both SATO0 and SAT1 saturation rules.
As a result, the predicted ion temperature is much
less peaked than the one measured in the exper-
iment [1, 2]. In addition to the lack of nonlin-
ear electromagnetic stabilisation physics, further
limitations to quasilinear tools are known. While
in the present ASDEX Upgrade scenario, impu-
rity content and plasma rotation play a minor
role for the turbulence regime, this is different un-
der JET L-mode conditions: Including impurities
and rotation in quasilinear models leads to more
strongly peaked T; than measured [19, 20]. For
accurate extrapolation, both stabilising and desta-
bilising trends need to be captured, which is sub-
ject of ongoing development. Besides improving
the general understanding of transport physics in
advanced tokamak scenarios, an important goal of
this work is thus to provide well-resolved high re-
alism nonlinear simulation data for developing and
training simplified tools. This is an important step
towards exploring promising operational spaces in
future devices.

This paper is organised as follows. In Sec. II, we
introduce the experimental conditions. In Sec. III
the setup for gyrokinetic simulations is explained,
and in Sec. IV the results are presented, perform-
ing a sensitivity analysis on the equilibrium recon-
struction. Insights on the impact of fast ions on
KBM and ITG physics is gained in Sec. V, and in
Sec. VI linear and nonlinear GENE is compared
to quasilinear TGLF simulations. Conclusions are
drawn in Sec. VII.

II. EXPERIMENTAL PARAMETERS

We chose the AUG advanced tokamak discharge
#32305 for our analysis, as this type of operation
scenario promises steady-state tokamak operation
and simultaneously good confinement quality [1-
3, 21, 22|. The discharge is feedback controlled on
By with two steady state phases obtained at Sy =

2.0 and By = 2.7. In the high-8 phase between
3.5s and 4.0s, a strongly peaked ion temperature
profile is observed in the inner radii pior < 0.4.
The ion logarithmic temperature gradient a/Lp; =
—a/T;0,T; takes values about 2.7, which is twice
as large as in the earlier low Sy phase.

In Ref. [3], the discharge evolution is followed
with ASTRA/TGLF modelling [23, 24]. In previ-
ous investigations the plasma transport has been
successfully modelled using TGLF [16, 17], for in-
stance in a non-inductive H-mode scenario in DITI-
D [25] or for H-modes with varying heating mixes
in ASDEX Upgrade [26]. Also in the Sy = 2.0
phase of discharge 32305, ASTRA/TGLF predicts
profiles, which are consistent with the experimen-
tal data. However, the strong ion temperature
peaking at Sy = 2.7 is not reproduced. Despite
the electron profile being captured relatively well,
TGLF predicts a/Lr; ~ 0.8, much lower than the
experiment. This suggests nonlinear electromag-
netic physics and fast ion effects to be responsible
for the strong ion transport reduction as concluded
in [12, 27| for a JET L-mode plasma, as well as JET
H-mode plasmas [8, 13, 14]. For the gyrokinetic
analysis, we focus on the radial position pto, = 0.4,
where a/Lp; becomes large and starts to deviate
from TGLF predictions. Physical quantities are
time-averaged between 3.5s and 4 for code input.
The profiles of beam ion density and pressure are
computed by TRANSP/NUBEAM |28, 29]. The
magnetic equilibrium is reconstructed by the IDE
approach integrating information from several ¢
profile measurement techniques —motional stark
effect (MSE), imaging MSE and Faraday angle di-
agnostics [30, 31]. As seen in Fig. 1(b), the pres-
sure profile from the equilibrium reconstruction is
largely consistent with the direct measurement.
This leads to the remarkably small uncertainty
of about £10% of the g-profile, especially in the
analysis region pior ~ 0.4. For sensitivity analy-
sis, we nevertheless generate two alternative time-
averaged equilibria, their g-profiles being shown in



Fig. 1(c). At ptor = 0.4 the lower value is ¢=1.34
and the upper value is ¢=1.54, covering the uncer-
tainty range of ¢ around this radial position. The
g-profile shown in Ref. [3] is taken at t=3.7 and has
q=1.45 at pyo,=0.4 and features a less prominent
increase towards the axis. Besides the values of
g and § = (x/q)0q/0x, equilibrium changes affect
the mapping from p¢,, to the radial co-ordinate
x = r/a. In our case, this results in up to 7%
changes in the gradients a/Ly and a/L,. Close to
mode transitions, such small changes can be deci-
sive, but it is shown in the following section that
physics effects have a much stronger impact.

q=1.34 eq. q=1.54 eq.
Vei/(cs/a) 0.02 0.02
Bel%] 1.426 1.411
q 1.542 1.343
s 0.444 0.771
Aot 0.711 1.00
Qi 0.504 0.614
vExB/(cs/a) 0.06 0.058
alm] 0.465 0.463
R/a 3.682 3.678

Toe = 3.459 keV nge = 5.7319 /m3
from TRANSP: (Q;V') = 2488 MW (Q.V') = 1.961 MW

Table I: ptor = 0.4 plasma parameters for two equilib-
rium reconstructions, ¢ = 3.5-4 s average.

e D f
To/Toe 1.000 0.982 7.899
no/noe 1.000 0.864 0.136
a/Ly 1.830 2.591 0.472
a/Ln, 1.034 0.937 1.652

Table II: Electron (e), Deuterium (D) and beam ion
(f) parameters for pior = 0.4 ¢=1.34 eq., t = 3.5-4s
average.

III. SETUP FOR GYROKINETIC
SIMULATIONS

We use the gyrokinetic code GENE in the flux-
tube framework that involves Fourier representa-
tion in radial and in bi-normal (y) space [32, 33].
For ion-scale turbulence, the perpendicular domain
ly = 1y = 128p, is resolved with n, = 256 and
ny = 128 grid cells, so that modes up to kyps ~ 3.5
are taken into account. Here, p; = ¢5/9Q; is the
reference gyroradius, ¢; = (Tpe/mp)®? is the ref-
erence (sound-) velocity and €2; is the ion Larmor
frequency. Three species are included by default:

electrons, thermal deuterium and beam deuterium
ions. Due to low Z.g < 1.2, impurities can be
safely neglected in these plasmas. To fully cap-
ture the electromagnetic (EM) response, perpen-
dicular and parallel magnetic fluctuations are con-
sidered. Some runs are performed in the electro-
static (ES) limit of 8, = 10~4, which is equivalent
to neglecting A and Bj fluctuations. Employ-
ing the §f method, the distribution is split into
a static Maxwellian background F{, and a small,
fluctuating part f;. For beam ions, the equiva-
lent temperature Ty = ps/n; is assumed. Em-
ploying a recent development of GENE allowing
arbitrary Fy [34], we have verified that growth
rates are rather robust with respect to exchang-
ing the equivalent Maxwellian of the beam ions by
an appropriate (yet isotropic) slowing down distri-
bution. The impact of beam ions on turbulence
can be threefold, as they (i) dilute the main ion
species [9], (ii) increase geometric stabilisation [35],
and (iii) dynamically contribute to plasma fluctu-
ations (beyond dilution) [11, 36]. The latter can
significantly reduce turbulence levels in nonlinear
simulations [12, 27], but is also known to excite en-
ergetic particle modes and de-stabilise electromag-
netic turbulence [8, 14]. The geometric effects of
fast particles are mainly expressed by their contri-
bution to the normalized pressure gradient ageo =
—2¢*>R/(uoB)(Vp/p), which is part of the mag-
netic equilibrium. This parameter should be con-
sistent with awin = ¢*8e X_; Pj/Pe(R/Luj+R/ L)
computed from the measured kinetic profiles. In
our case, the equilibrium pressure from the Grad-
Shafranov solver is only about 10% smaller than
the measurement.

Fitting the coeflicients of an analytical Miller-
type geometry to the numerical equilibrium allows
to set ogeo and auin independently. Keeping them
consistent is considered most realistic, because it
captures sensitive balance between stabilising and
de-stabilising effects. Default Miller-type equilib-
ria do not account for up-down asymmetry, but we
have confirmed that the growth rates of ITG and
KBM/BAE modes are in excellent agreement with
the numerical equilibrium when age, is matched.
The pressure contribution to the magnetic drifts
(see e.g. Ref. [37]) is kept self-consistent with ageo
in this work.

In nonlinear simulations, the experimentally de-
termined toroidal rotation profile is accounted
for by means of including a parallel flow shear
rate 7ps, and an E x B shearing rate 4p =
(r/q) dQ4or/dr [38], which is modelled by Fk,-
dependent periodic shifts in k.
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Figure 2: Linear growth rate spectra highlighting fast
ion and EM effects in microinstabilities (a) for ¢g=1.34
eq. and (b) for g=1.54 eq., the latter using ageo =
in + Oast even in the cases without fast ions.

IV. NONLINEAR GYROKINETIC
SIMULATIONS

For the nominal parameters in Tables I,IT we find
ITG modes to be unstable for both g-profiles, as
shown in Fig. 2, where EM and ES results with and
without fast ions are shown. KBM/BAE modes
occur at lower wavenumbers k,p; < 0.2 only in
the ¢ = 1.54 full physics case. The main differ-
ence of geometric parameters is found in ¢ and 8.
The complete GENE input files are found in the
supplementary material of this paper.

Nonlinear simulations allow to match gyroki-
netic predictions to experimental flux levels. This
helps to identify the relevant physics behind the
gradient up-shift between low-8 and high-3 phases.
Scans in the main driving gradient a/L; are use-
ful to determine the sensitivity to this parame-
ter, which is usually referred to as "stiffness". In
Fig. 3 the flux-gradient relation is shown for (a)
the ¢=1.34 and (b) the ¢=1.54 equilibria, and the
heat flux level is compared to the TRANSP power
balance result marked as "(exp)".

Even if large variations in a/Ly; are performed,
the experimental transport level can only be rec-
onciled when the full EM response, as well as fast
ions are included in the simulations. For compari-
son, ES simulations are performed, only neglecting
magnetic fluctuations by setting 8 = 1074, while

Olgeo is unchanged. The alternative of setting cgeo
small and consistent with ( is confirmed to not sig-
nificantly alter the result of vast over-prediction of
transport in the ES case.

The results presented in Fig. 3 can be viewed as
a sensitivity study in the equilibrium reconstruc-
tion, in particular in the ¢ profile. In the ES limit,
the heat flux is slightly larger at larger ¢. This is
expected from the well-known §/q scaling of the
critical gradient a/Ly that is related to the con-
nection length ¢R [39]. It is important to mention
that this a/Lp up-shift with §/¢ holds for elec-
trostatic ITG with adiabatic electrons, which is
not actually applicable to the strongly electromag-
netic case: Linear electromagnetic stabilisation or
substantial nonlinear critical gradient up-shifts be-
come stronger with increased ¢. Furthermore, the
full physics EM case with fast ions features a tran-
sition to KBM turbulence when increasing ¢ from
1.34 to 1.54 at nominal gradients. Within the un-
certainties, electron and ion thermal transport lev-
els agree well with power balance results for both
q profiles. In the ¢ = 1.54 case, the fast ion gra-
dients are flattened by 20%, while age, includes
full fast ion pressure (similar to the procedure in
Ref. [8]), as otherwise the transition to KBM/BAE
turbulence yields large transport levels.

Here, only ion-scale turbulence is included.
Adding electron scale (ETG) turbulence and mul-
tiscale interaction may slightly increase the ratio
Q./Q;. Equilibrium F x B flow shear and the par-
allel velocity gradient (PVG) are always kept con-
sistent with purely toroidal rotation. For specific
JET plasmas, it has been documented that stiff-
ness reduction due to increased F x B flow is par-
tially compensated by the consistent increase of the
PVG [40]. The same trends apply to the present
ASDEX Upgrade scenario, but in a weakened fash-
ion: Growth rates are barely affected by PVG and
turbulence levels do not drop significantly due to
E x B flow shear in fully electromagnetic simula-
tions.

In order to isolate the effect of fast ions, elec-
tromagnetic simulations with only two species are
performed. For the ¢ = 1.34 equilibrium, two ap-
proaches for chosing the thermal ion density and
density gradient are compared: The dilution limit
eliminates the active fast ion species, leaving n;
and a/L,;, as well as age, unchanged. These sim-
ulations then violate quasineutrality. The dilution
cases yield low fluxes close to the full physics case,
showing the trend of reduced flux at higher gra-
dient. The alternative is to preserve quasineutral-
ity by setting n; = ne and a/L,; = a/Lye, as
done in Ref. [8], for example. Simulations of this
second type prove to be very challenging, regard-
less if thermal a4y, or total pressure ayo; is set in
the geometry; The fluctuating amplitude increases
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Figure 3: Flux-gradient relation from nonlinear GENE: (a) ¢g=1.34 eq. includes fast ion pressure in qgeo. (b) for
g=1.54 eq. includes full fast ion pressure in ageo, but reduces the driving Vps by 20% in the EM case. (¢) zoom:
matching the experiment with fast ions and EM effects. (d-f) electron flux Q..

with time and no statistically stationary state is
reached. The simulations become stable when dou-
ble values of the E x B rate and PVG are set. The
data labelled as "no fast" in Fig. 3 is obtained in
this way. Remarkably, both the electrostatic case,
and the full physics case are not strongly sensitive
to increasing E' x B and PVG. The reason for this
behavior remains unclear. These results, however,
indicate that the reduction of main ion density and
gradient is the main cause of turbulence stabilisa-
tion due to fast ions here.

Importantly, only in the full physics case can the
experimental heat fluxes be reproduced by gyroki-
netic simulations: neglecting electromagnetic ef-
fects or the dilution due to fast ions yield transport
levels well above the experimental level. Thus,
electromagnetic stabilisation and the presence of
fast ions are key to accessing the steep ion tem-
perature in high-3 ASDEX Upgrade non-inductive
plasmas. Consequences of the closeness to the
KBM/BAE transitions are drawn in Sec. VII, after
some of its properties are described in the following
section.

V. LINEAR ITG AND KBM PHYSICS
INCLUDING FAST IONS

In the following, the impact of fast ions on lin-
ear physics is investigated in detail. Increased ageo
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Figure 4: (a)KBM/BAE growth rate, scanning various
components of axin, such as ¢ and gradients based on
the ¢=1.54 eq. case. Keeping consistent ageo = uin
yields lower threshold. The nominal value is indicated
as a vertical line.

leads to geometric stabilization of modes, espe-
cially the KBM/BAE, as reported also in Ref. [41],
for example. On the other hand, fast ions dilute
the main plasma, which reduces ITG drive, but
they can also dynamically contribute to the plasma
fluctuations and excite fast-particle modes, such
that KBM/BAE drive is enhanced. The dynamic
impact on ITG can be stabilising or de-stabilising,
depending mainly on the fast ion gradient.
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Figure 5: Temperature dependence of fast ion stabilisa-
tion: Increasing Ty reduces the active role of fast ions.
The dilution limit (no active beam ions, np, a/Lnp
and ageo as in full physics) is approached at high T.
Negative a/Lys reverses the direction of fast ion ef-
fects (see text). The geometric stabilisation is weak
for ITG, as seen in scanning only ageo With np = ne,
a/Lnp = a/Lne. Results without fast ions and geo
from thermal pressure are labelled as "no fast". Sym-
bols are TGLF for the full physics case. The experi-
mental T is indicated as a vertical line.

KBM physics is characterised by a critical
threshold in ayg,. Unlike ITG, the nonlinear KBM
threshold largely coincides with the linear one [5].
Figure 4(a) shows that KBM/BAE modes become
unstable when ay;, > 0.8, be it due to thermal or
fast particle gradients, or ¢q. Here, the geometric
Ogeo is kept consistent with aui,. For ¢ = 1.54,
KBM stability is reached at 20% reduced fast ion
gradient, if the geometric e, is fixed to the nom-
inal value. As a « ¢?, KBM physics is strongly
sensitive to the ¢ profile: Indeed, the ¢g=1.34 equi-
librium is KBM/BAE stable with nominal parame-
ters, but still close to threshold. The infinite-n bal-
looning limit of magneto-hydrodynamics (MHD) is
often used as a proxi for KBM stability. In a circu-
lar cross-section, the limit ccyit,mha ~ 0.6s is found
for s 2 0.5, which would correspond to ot = 0.46
to 0.26 for § = 0.77 and 0.44, respectively. Presum-
ably due to plasma shaping, we have much larger
Qerit ~ 0.8 in ASDEX Upgrade non-inductive plas-

mas. For py, = 0.4 we confirmed that increasing
local triangularity and/or elongation yields an even
larger KBM/BAE threshold.

Radial profile variations in temperature, density
and geometry are not included in this work. How-
ever, in low magnetic shear JET core plasmas [41],
as well as JET pedestal cases, [42], such global
effects significantly increase the KBM threshold.
This trend is confirmed in a circular plasma at
kyps ~ 0.3 [43]. Also for the present ASDEX
Upgrade scenario, preliminary results indicate a
KBM/BAE threshold up-shift due to global effects,
especially in regions por < 0.4.

For NSTX edge plasmas, access to the second
stability regime was documented, where increased
« suppresses KBM when geometry and gradients
are consistently linked [44]. The core of AUG non-
inductive plasmas is clearly not in the second sta-
bility regime, though.

Besides lowering the ballooning threshold, fast
ions can actively take part in thermal ITG dy-
namics [12], provided they are not too energetic.
In the full dilution limit T¢/T, > 1, drift velocity
and gyro-orbits are large, so that fast ion effects
are restricted to reducing the main ion density and
gradient [9]. However, the intermediate tempera-
tures reached by external heating in present-day
devices still allow a dynamic contribution, which
can be stabilising or de-stabilising, mainly depend-
ing on the sign of VFys. As further detailed in
Ref. [27], this interaction is mainly through a con-
tribution to the electrostatic potential fluctuations.
Since fast ions barely carry fluctuating current, any
interplay with magnetic fluctuations is indirect.
ASDEX Upgrade non-inductive plasmas feature a
dominant (positive) a/L,; from NBI heating, in
which case fast ions are always de-stabilising as
compared to the dilution limit, but they are less ef-
fective than thermal ions. This is demonstrated in
Fig. 5 for the kyp;, = 0.2 ITG mode. For the nom-
inal temperature Ty = 7.8T, ~ 25keV, dilution
is almost complete. Negative a/L,s leads to in-
creased thermal a/L, p (through quasi-neutrality)
so that increased ITG growthrates are found, even
though the active contribution of fast ions is stabil-
ising. Geometric stabilisation is small compared to
the dynamic contributions, as confirmed in a two-
species setup, without fast ions, only varying the
geometric factor age, consistent with 7. As a side
note, all fast ion effects are cancelled, when VFyy
is set. Hollow or flat fast ion profiles could be ex-
perimentally realised in cases of strongly off-axis
external heating, but are not expected for fusion
born alpha particles in a reactor plasma.

Concluding this section, the previously assumed
hypothesis of fast ions dynamically stabilising ITG
by adding to a = ayn + Qgast through nonlinear
EM stabilisation can be formulated more precisely:



Externally heated ions in present-day devices are
in temperature regimes, in which increased T (or
VTyy) yields more effective stabilisation, and this
coincides with increased a. This trend is not
universal, though: For beam ions, a/L,; usually
dominates VFp, in which case complete dilution
towards Ty > T, yields maximum stabilisation.
Additionally, large a/L,; can enforce flat a/L,p
through quasi-neutrality, which can reduce ITG as
well. Active fast-ion stabilisation beyond dilution
can be achieved when a/Lp; is much larger than
a/L,, s, which is typical for ICRH heated plasmas.
As detailed in Ref. [27], this process is enhanced by
a resonance of ITG modes with the fast-ion mag-
netic drift wp; = Ty/Zjwp;, and therefore allows
optimisation of fast ion parameters in intermediate
temperature regimes. Highly energetic fusion born
alpha particles with T ~ 807, are well described
in the full dilution limit. This is because they can
not resonate with ITG and gyro-averaging is ef-
fective in removing their contribution to ¢. For
optimising fast ion stabilisation under reactor con-
ditions, introducing additional ICRH heating of
thermal ions or minorities remains an option, un-
less the KBM/BEA limit is surpassed. The linear
physics discussed in this section is found to carry
over to the nonlinear regime, whereby the reduc-
tion of turbulence levels can be stronger than the
reduction of growth rates. For making quantitative
predictions, the details of the interplay with non-
linear electromagnetic effects, as well as the impact
of fast ions on zonal flows are still under investiga-
tion.

VI. COMPARISON TO QUASILINEAR
TRANSPORT MODELLING

Obtaining the results presented in the pre-
vious sections requires a significant investment
of time and computing resources. While help-
ing to identify key physics ingredients for un-
derstanding advanced scenarios, simplified tools
are needed for exploring a great variety of sce-
nario designs. Developments must build on in-
sights gained from nonlinear gyrokinetic simula-
tions. Here, we compare GENE results to the
trapped Gyro-Landau-Fluid code TGLF with the
ultimate goal of extending its applicability regime
to the present scenario. The employed TGLF ver-
sion [45] includes an improvement, which allows
the correct treatment of shaping effects in Am-
pére’s law by considering a corresponding factor
of (Bunit/Bo)?. In the present ASDEX Upgrade
case, Bunit = ¢/rdy/dr = 1.36Bp with ¢ the
poloidal flux divided by 27, and By is the field
on the magnetic axis. The same time-averaged pa-
rameters (¢ = 1.34) are used for both codes and
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Figure 6: Comparison of linear GENE (lines) to TGLF
simulations (symbols) in the ¢=1.34 case: (a) growth
rate (ky) (b) B stabilisation for k, = 0.2,0.5. The
pressure gradient is consistent with the kinetic profiles
in all runs (@geo = akin) and include fast ions.

converted, where necessary. Notable TGLF nu-
meric settings are nbasis_max=8, width_max=2,
filter=2.6, use_mhd_rule=T. The geometric
pressure (geo( GENE) and p_prime(TGLF) are
consistent with oy, in all linear scans in this sec-
tion. This means age, = 0 in ES cases, deviating
from the setup in the previous sections. The com-
plete TGLF input file can be found in the online
supplementary material for this paper. Figure 6
shows that for low wavenumbers GENE and TGLF
largely agree in the linear I'TG physics in the cases
with or without fast particles or EM effects. A
benchmark between GENE and GYRO [46] shows
agreement in the ITG-KBM/BAE transition be-
tween both codes. For k, > 0.3 GENE computes
lower growth rates than TGLF, but linear [ sta-
bilisation is similar in both codes. At kyps = 0.2,
even the Ty dependence is captured in Fig. 5. For
the EM simulations, the TGLF filter parameter is
required to suppress Alfvénic modes appearing at 8
values below the experimental value at kyps = 0.2,
suggesting that improvements are necessary for
TGLF to describe KBM/BAE physics. The cor-
rect treatment of pressure gradient terms, as well
as B is important for the present highly electro-
magnetic case. Switching off B in GENE simula-
tions, the KBM threshold is correct only when also
the pressure-gradient term fvf_QWVp/ B2 is sub-
tracted from the V B-drift, as in Ref. [37]. Since ac-



curate description of B fluctuations in fluid mod-
els is severely constrained by closure conditions, it
is thus recommended to compensate them by sub-
tracting this Vp term. In TGLF this is achieved
by using the MHD rule.

Comparing GENE nonlinear and TGLF quasi-
linear results in Fig. 7(a), it is obvious that non-
linear EM stabilisation is not sufficiently strong in
TGLF. It is well known that highly electromag-
netic turbulence can feature a strong up-shift of
its a/Lr; threshold with respect to linear physics.
While the precise physics mechanism and its im-
plications for quasilinear modelling is still under
investigation, a correlation with relatively stronger
zonal flow action is already identified [6, 8]. It may
thus be interesting to extend saturation rules simi-
lar to TGLF SAT1 [18], by adapting the zonal flow
strength with 3.

Comparing turbulent and quasilinear spectra
in Fig. 7(b), we observe that the strong over-
prediction of transport in TGLF origins mainly
from 0.2 < k, < 0.7, the region where also the
growth rates are somewhat larger in TGLF as com-
pared to GENE. The spectral fall-off for k, > 0.7
coincides, and the spectral peak of @; is found at
about k£, = 0.3 in all cases. It is recommended
to increase the £k, mode density in TGLF, though.
The main extensions necessary for TGLF to de-
scribe the present parameter regime are (i) slightly
reduced ITG growth rates for k, > 0.3 (ii) avoid
too early KBM transition (iii) extend the satura-
tion rule to strongly EM cases. For the saturation
rule, beta-scaling of zonal flow action may be ex-
plored.

VII. CONCLUSIONS

Concluding on our results, the present AUG dis-
charge features an enhanced T; peaking due ac-
cessing a strongly stabilised ITG regime. Nonlin-
ear Gyrokinetic simulations can reconcile the ex-
perimental fluxes, when nonlinear electromagnetic
effects, as well as dynamic fast ions and their pres-
sure contribution to the equilibrium are included.
Importantly, geometric stabilisation is not suffi-
cient to fully suppress ion-scale turbulence. Mod-
elling this regime with TGLF requires improve-
ments in capturing the KBM limit, as well as non-
linear electromagnetic physics.

A qg-profile sensitivity study showed that the
KBM/BAE threshold very close to the experimen-
tal operation point. High transport levels of par-
ticles and heat for all species are found in the
KBM/BAE regime, from which we deduce that
this turbulence type must be stable or marginally
stable. This situation is very similar to the analy-
sis of several other plasmas with particularly good
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Figure 7: Comparison of nonlinear GENE to quasi-
linear TGLF quasilinear ¢=1.34: (a) Ion flux-gradient
relation (ES uses axot and according p_prime (b) Ion
energy flux spectra for a/Lr; = 2.2, total Q;V' /MW
in brackets.

confinement properties, reaching from L-mode [12]
to H-mode plasmas of the hybrid type at JET
[8, 13, 14] and *He minority ICRH heated H-modes
at ASDEX Upgrade [47, 48].

The analysis of these cases indicates that op-
timal ITG stabilisation, and thus improved con-
finement is obtained by closely approaching the
KBM/BAE limit from below (not surpassing it).
This could, for example, be achieved by tailoring
the ¢ profile.

On the other hand, the overall plasma stability
is related to the MHD ideal no-wall limit which
poses constraints on the ¢ profile as well, espe-
cially when Sy is desired to be large [49]. Indeed,
both global MHD stability and KBM/BAE stabil-
ity are linked through a threshold in the normalised
pressure ayi,. Even though it is known that pro-
file effects further increase the KBM p-limit, the
closeness to the KBM/BAE threshold is unlikely
to be pure coincidence. Thus, the question arises,
whether small-scale KBM/BAE turbulent trans-
port can ultimately regulate the fast and thermal
pressure profiles, before large-scale MHD modes
can destroy the improved confinement or even dis-
rupt the plasma.

Apparently, the present ASDEX Upgrade Sy
controlled non-inductive discharges, as well as the
above mentioned JET hybrids are still stable to



disruptive modes. However, similar discharges
have been performed at ASDEX Upgrade, in which
further increase of By brings the plasma suffi-
ciently close to the no-wall limit to destabilise
large-scale MHD modes, resulting in drastic re-
duction of the confinement quality [50]. Precursor
modes have been identified in the magnetic fluctu-
ation measurements, which could be of BAE type
and may have triggered the n = 1 mode.

Following the experience from electromagnetic
simulations that E' x B flow shear is of limited rel-
evance, and that that the critical a/Lp; increases
with increasing ¢, it may be feasible to experi-
mentally determine the turbulence regime of non-
inductive plasmas. We propose to raise the central
q profile—in otherwise equivalent conditions—and
observe the result: Increased core confinement (or
rather pressure gradient) would indicate that the
ITG regime gets further stabilised towards the op-
timal state. Lower pressure peaking in a stable dis-
charge would indicate that KBM/BAE turbulence
already limits the profiles. Finally, the appearance
of large scale modes or disruptions would indicate
that MHD modes restrict the operation regime. In
the latter case, transport could still be ITG lim-
ited, offering possibilities of further optimisation.
Stable scenarios with further reduced ion transport
can then only exist when MHD modes are actively
mitigated [51]. At ASDEX Upgrade, experiments
in this direction are possible using counter-ECCD
in the plasma center.

It has to be kept in mind that in the outer core
positions pior ~ 0.5 — 0.8 turbulence is typically of
more electrostatic character. Here, elevating ¢ is
expected to de-crease ITG thresholds and reduce
flow shear efficiency. Besides edge physics, the in-
terplay of more electromagnetic turbulent trans-
port in the inner core and more electrostatic tur-
bulence in the outer core will determine the global
confinement quality.

Insights from such experiments, as well as more
detailed nonlinear gyrokinetic parameter scans (in-
volving further radial positions, or even radially
global simulations), can be applied to the develop-
ment of g-profile optimised scenarios for ITER and
DEMO. Quasilinear modelling capabilities require
improvements on capturing the KBM limit more
accurately, as well as extending the nonlinear satu-
ration rule for ITG to the strongly electromagnetic
regime.
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