Gyrokinetic investigation of microturbulence in the edge of ELM
suppressed H-modes in ASDEX Upgrade

F. Rath!, A. G. Peeters', W. Suttrop”, B. Stefanoska?, M. Willensdorfer’, and ASDEX Upgrade Team?
1. Physics Department, University of Bayreuth, 95440 Bayreuth, Germany

2. Max-Planck-Institut fiir Plasmaphysik, D-85740 Garching, Germany
3. T Piitterich et al, 2026 Nucl. Fusion 66 116002

Introduction: Edge localized mode (ELM) suppression through the application of magnetic perturbations (MPs)
is a common technique to mitigate intolerable heat loads on the plasma facing components. Thereby, MPs cause a
so-called density pump-out that reduces the pedestal top density below an empirical threshold [1] and leading to
ELM suppression. Several experimental [2] (AUG) [3] (DIII-D) [4] (KSTAR) but also theoretical [5] works report
turbulence signatures during ELM suppression and discuss the potential role of turbulent transport for the density
pump-out. In this work the ELM suppressed AUG shot #34548 [2], which exhibits signatures of turbulent broadband
density fluctuations on ion Larmor radius scale during the ELM suppressed phase, is investigated within a gyroki-
netic study using Gkw [6] and the potential role of slab ITG driven turbulence for the density pump-out is discussed.
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modeled through a modification of the curvature

drift as described in [9]. Collisions are modeled

through a linearized Fokker-Planck collision operator.

The impact of the edge E,-well (Fig. 1) and the connected sheared E X B drift ug = b X V®¢/Bjy, where

E, = —0,®y, is modeled through two additional terms in the gyrokinetic equation f;, Z_ug-V Jfsp (advection by

the background E x B-drift) and fp as —(Zspev) [Tsp) (B1/Bg) V®o Fv,sp (acceleration of gyrocenters in the electric
field component parallel to radial magnetic field perturbations). Three different E X B shear flow models are fitted
to the experimentally obtained E X B shear rate yg = (1/Byef)32®, from which @ entering the GK equation is
obtained: (tanh) A tanh-shaped profile yg = yg o tanh[(r —rg o) /Arg] with yg g = —10.0 vy ref/ Rref, 7E,0 = 0 and
AXEg o = Arg o/ prer = 0.75. (1inear) A constant shear rate model yg = yg,o = —10.0. (tanh_ga) Motivated by
the narrow radial scale of the E,-well on the order of the thermal Larmor radius and by more sophisticated edge
gyrokinetic models [10] FLR effects are included into the tanh shear flow model by considering the gyroaveraged
electrostatic potential G{®g} in the two additional terms entering the GK equation.

The MP in AUG #34548 satisfies |Byp|/|Bo| ~ 107*, which is consistent with the gyrokinetic ordering
IB1]/|Bg| ~ ps« [11], and, therefore, the MP is modeled as a static part of the perturbed parallel vector poten-
tial Ay). Although the MP is usually composed of a poloidal spectrum [12], here only single helicity perturbations
of the form Ay mp = H(v) cos[2n(n,v — n,y)] are considered, where y and v are toroidal and poloidal straight
field line angles and n,, and n, the corresponding mode numbers. H(v) controls the (radially constant) amplitude,
chosen to provide an experimentally relevant radial magnetic field perturbation B1, mp/Bref = 1.7 X 1074, The
toroidal mode number of the MP is set to ny,, = 4 and a finite parallel mode number ny = n, — gon, = 16 is
considered, such that the resonance position and the connected magnetic island is outside of the simulated domain.
Crosschecks with nyp = 2, 8 and ng = 10, 12 did not change the results presented here.



Axisymmetric study: Here, axisymmetry is as-
sumed, limiting the validity to the transient phase
just after the fast switch-off of the MP, where the
plasma recovers axisymmetry but the profiles of
density and temperature are still reasonably close
to the ELM-suppressed state. The linear shear
flow quenches the dominant slab ITG instability on
ion scales (Fig. 2), while the tanh-shaped E X B
shear flow models (tanh and tanh_ga) allow for
finite slab ITG instability, highlighting the impor-
tant role of a zero crossing in the E X B shear rate
profile for instability. FLR effects (tanh_ga) mit-
igate the shear stabilization and even cause a slight
destabilization in the range n ~ 40 ~ 100, with
Eigenmodes localizing radially to the zero crossing
of the E X B shear rate (Fig. 2). Slab ITG driven
turbulence is sensitive ton; = (R/Lri)/(R/L,) and
a finite turbulent transport of ion heat Q; and parti-
cles I'e occurs roughly for ; > 1 (Fig. 3). Also in
the nonlinear state the 1inear shear flow results in
almost complete quenching, while the tanh-shaped
models (tanh and tanh_ga) allow for finite tur-
bulence, again pointing out the crucial role of the
zero crossing. With FLR effects E x B shear sta-
bilization is mitigated, which persists for a wider
range of shear rate amplitudes (Fig. 3). Overall
this demonstrates a lack of E X B shear stabilization
of slab ITG turbulence provided the zero crossing
of the E X B shear rate profile connected with the
E,-well and FLR effects are taken into account.
Aninversion of sign(yg,o) (labeled by tanh_ga (+)),
i. e. a flipping of the radial symmetry of the tanh-
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Fig. 2 Linear axisymmetric study: Growth rate y and frequency w spectra
with different E X B shear flow models (top) and mode structure ¢ (X, s)
for different shear flow models and radial profiles of the E X B shear rate yg
(bottom).

shaped shear flow profile (bottom panels of Fig. 2) induces a strong reduction of the growth rate (see Fig. 2).
Eigenmodes still localize to the zero crossing of the E X B shear rate profile, the detailed mode structures, however,
depends on sign(yg,o), indicating a sign sensitive selection of the Eigenmodes. The inversion of sign(yg o) causes
also a significant reduction of the turbulence level (tanh_ga (+) in Fig. 3) compared to the experimentally relevant

sign (tanh_ga).

Non-axisymmetric study: Here, the simple sin-
gle helicity MP with finite parallel mode number
is imposed to make the plasma non-axisymmetric.
First, the linear stability in the presence of a MP
is studied by linearizing the gyrokinetic equation
about the MP with the assumption that A (n =
nmp) = Aq|,mp and flsp(n = nmp) =¢1(n= nmp) =
0. Due to the relaxation of axisymmetry all toroidal
modes grow with a single growth rate y3q (left
panel of Fig. 4) similar to Eigenmodes in stellara-
tors [13, 14]. This MP coupled Eigenmode exhibits
a typical mode number ny;, as indicated by the elec-
trostatic potential power spectrum P[¢;]. Variation
of the maximum resolved toroidal mode number
Nmax allows to obtain a spectrum of MP coupled
modes [14] (right panel of Fig. 4) and destabiliza-
tion relative to the axisymmetric linear reference
vref 18 found. The typical toroidal mode number
and the transport fingerprints (not shown) [15] are
comparable to the dominant axisymmetric slabITG,
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Fig. 3 Nonlinear axisymmetric study: Turbulent ion heat flux Q; and electron
particle flux T as function of n; (left) and the E X B shear rate amplitude
vE,0 (right) for different E X B shear flow models. The gray-shaded region
depicts the experimental 7; values with their uncertainty.
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indicating that the MP coupled Eigenmodes are of

slab ITG type. The impact of MPs on turbulence is studied by restarting nonlinear axisymmetric simulations with
the MP amplitude being ramped up linearly in time, reaching its target amplitude of B1, mp/Brer = 1.7 X 10~% at
At = 10 vy ref/ Rrer after restart (bottom left panel of Fig. 5). Here, the parallel vector potential in the n = npy,
toroidal mode is replaced by the magnetic perturbation A ||(n = fyp) = Ay, mp, While the gyrocenter distribution
function fis,(n = nyp) and the electrostatic potential ¢ (n = npy,) are allowed to evolve self-consistently in time.
The turbulent ion heat flux Q; and the electron particle flux I, increase in response to the MP. The toroidal spectra
of the turbulent fluxes (right panels of Fig. 5) exhibit increased Fourier amplitudes for same toroidal Fourier modes
n 2 50 corresponding to the destabilized MP coupled Eigenmodes (Fig. 4). This suggests that the destabilization
of ion scale MP coupled Eigenmodes of slab ITG character is partly the reason for the augmented turbulence level.

Discussion: The lack of E X B shear stabilization of slab ITG turbulence appears to be in contradiction with
the general understanding that ITG driven turbulence is likely stabilized by the E X B shear connected with the
E,-well [16,17]. First, as mentioned in a recent global gyrokinetic study of pedestal slab ITG turbulence [18], a zero
crossing in the E X B shear rate results in the nontrivial dependence of turbulence on the shear rate amplitude, i. e.,
a deviation of the turbulence transport scaling from conventional shear stabilization models [19], which assume an
E X B shear flow with constant E X B shear rate. The present study confirms the crucial role of a zero crossing for
linear stability (Fig. 2) and turbulence (Fig. 3). Second, and in contrast to previous works, here FLR corrections to
the background E X B drift are incorporated, which is consistent with more sophisticated edge specific gyrokinetic
frameworks [10]. Especially ions then experience an effective background E X B drift with reduced E X B shear rate,
which is in line with a mitigation of shear stabilization. Note, however, that at sufficiently large E X B shear rates,
the tanh-shaped E X B shear flow with both zero crossing and gyroaverage still acts stabilizing (Fig. 3), suggesting
that the concept of shear stabilization still applies. The lack of shear stabilization of slab ITG turbulence implies
that slab ITG turbulence might be a proper candidate for controlling the profiles of ion temperature and density in
H-mode edges, provided the conditions 1; > 1 (ITG instability condition) and R/Ly; > 1 (slab resonance) are met.
The sensitivity of both linear stability and turbu-

lence on the radial symmetry of the £ X B shear Pl
rate profile and, hence, the E X B flow curvature,
appears to be in agreement with previous works
pointing out the role of the E, curvature for slab
ITG instability [20]. However, the aforementioned 1074
reference finds that a positive curvature (E,.-well) 5 1.0
acts stabilizing on slab ITG, which is contrary
to the present study (see Fig. 2). This discrep-
ancy is likely related to the difference of the sim-
ple 1D kinetic model considered in Ref. [20] and 0 100 ) 100
the present more sophisticated gyrokinetic model. n Thmax

A comparison of the experimental heating power L ) . )

. . Fig. 4 Linearized non-axisymmetric study: Growth rate y3q and toroidal
evaluated at the experimental 7; (black square in power spectrum of MP coupled mode (left) as well as growth rate y34 and
Fig. 3) with the modeled turbulent transport and typcial mode number 7y, as function of the maximum resolved toroidal
assuming an uncertainty of +20 % in both R/Ly; mode number nimax. The growth rate from an axisymmetric linear reference
and R/L, (gray-shaded region in Fig. 3) suggests Simulation is depicted by yref.
that just after the fast switch-off of the MP the steep
ion temperature gradient zone of AUG #34548 is likely close to the slab ITG turbulence threshold. This is further
supported by the lack of E X B shear stabilization and the stiffness of the transport with respect to n;. The
properties of the slab ITG instability and turbulence, i. e., unstable in the steep gradient zone, propagation in the
ion diamagnetic direction, structures on ion Larmor radius scales kg o rer ~ 107! and finite particle transport, as
well as the destabilization by MPs are consistent with properties of the broadband density fluctuations observed
in Ref. [2]. Slab ITG turbulence is, hence, a potential candidate for the broadband density fluctuations and the
related turbulent particle transport might partly cause the density-pump out. This notion is further supported by
another experimental observation: The density pump-out is usually a two step process, composed of a first density
pump-out, which reduces the pedestal top density while the ion and electron pedestal top temperature remain mostly
unchanged, and a subsequent second pump-out, accompanied by a reduction of the ion and electron temperature,
further reducing the density below the ELM suppression threshold [2]. One may speculate that the first pump-out
brings the edge profiles to the slab ITG turbulence threshold by increasing n; through a reduction of R/L,,. Then,
MP destabilized slab ITG turbulence might cause heat and particle transport manifesting itself in the second density
pump-out.
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Conclusion: Within a local gyrokinetic study of
the edge of the ELM suppressed H-mode AUG shot
#34548 several results have been obtained: (i) EXB
shear stabilization of slab ITG instability and tur-
bulence is mitigated when FLR effects and a zero
crossing of the E X B shear rate are taken into ac-
count in the background E X B shear flow model
connected with the E,.-well. Both a zero crossing
and FLR corrections are, hence, crucial for the de-
scription of slab ITG turbulence in steep gradient
zones of H-modes. (ii) In the presence of an in-
homogeneous E X B shear flow compliant with the
shape of the E,--well, slab ITG instability and turbu-
lence is highly sensitive to the sign of the E X B shear
rate, i. e., the radial symmetry of the E X B shear
flow profile. (iii) Single helicity magnetic perturba-
tions with finite parallel mode number destabilize
slab ITG instability and turbulence.

The above findings point towards a potential role
of slab ITG turbulence for the observed broadband
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Fig. 5 Nonlinear non-axisymmetric study: Time traces of the turbulent ion
heat flux Q;, electron particle flux I'; and MP field amplitude By, mp (left)
and toroidal flux spectra (right) of an axisymmetric reference simulation
(blue) and a non-axisymmetric case with addition of a MP.

density fluctuations in ELM-suppressed H-modes [2]. Clearly the local approximation considered in this study
is inconsistent with the steep gradient zone and an investigation of the findings above within a radially global
gyrokinetic approach is highly desired and currently pursued. Initial results qualitatively confirm the first two of
the results summarized above, while global simulations with MPs remain numerically challenging. Ultimately, a
full- f gyrokinetic model including the X-point and the scrape off layer such as xGc [21] or GENE-X [22] is required

to propertly test the findings above.
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