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Introduction

ITER will operate in high confinement mode, where edge localized modes (ELMs) threaten
wall component lifetime and make reliable ELM control a prerequisite for safe operation. A
leading method applies small resonant magnetic perturbations (RMPs, 6B/Bj ~ 10~%), keep-
ing the edge pressure gradient below the ELM stability limit. Near rational surfaces the plasma
responds with localized parallel currents that screen the RMP. Under suitable density and ro-
tation this shielded state bifurcates to a penetrated one near the pedestal top, correlating with
the onset of ELM suppression [ 1, 2]. Necessary conditions for suppression are established in
deuterium [3]] but remain unclear in mixed-isotope plasmas. In ASDEX Upgrade, adding hydro-
gen to a suppressed deuterium plasma reverts it to ELM mitigation once the hydrogen fraction
reaches about 40% [4]]. Whether tritium behaves likewise is an open, ITER-relevant question.

We study the screening response with the integral linear kinetic code KIM [35]], the finite-
Larmor-radius (FLR) expansion code FLR2 [6], and the 0f Monte-Carlo guiding-centre orbit
tracing code GORILLA [/7]. Their small Larmor radius makes electrons well described to lead-
ing FLR order (drift-kinetic approximation), whereas ions are not. Resolving the ion Larmor
radius to all orders is required, as the second-order expansion of FLR2 produces unphysical
modes absent in KIM [3]]. The linear response further proves electron-dominated and essen-
tially isotope-independent, so it cannot by itself explain the loss of suppression in deuterium—
hydrogen plasmas. This points to turbulence on the current-carrying electrons as the missing,
isotope-sensitive ingredient, for which GORILLA provides the natural platform. We report
progress on this development.
Integral Kinetic response in a cylinder: KIM and FLR2

In the large-aspect-ratio limit with circular cross-section we model the plasma as a cylindrical,
inhomogeneous column with a helical field, that is effectively one-dimensional in the radius r.
We consider the linearised electrostatic problem in a proper FLR treatment by representing the

perturbed charge density through integral kernels acting on the field perturbations,
op(r) = /dr' KP®(r,/) 8D(F) +/dr' KPB(r,/) 8B’ (1), (1)

where 0B” (6P) is the radial magnetic field (electrostatic potential) perturbation. The kernels
are velocity moments of the perturbed distribution function from the linearized kinetic equation,
solved by a Fourier-series ansatz in action—angle variables with an energy-preserving Ornstein—

Uhlenbeck collision operator, following the local model of [8]] and derived fully in [5]. Dis-
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Figure 1: KIM-FLR2 comparison for AUG 33353 and mode m = (m,n) = (6,2), reproduced from [5] (which uses
the same data discussed in [2]). (a,b) Real and imaginary parts of the electrostatic potential ® through the density-
rescaling fade-in of FLR effects (KIM solid, FLR2 dashed; colour encodes the density factor, the red curve marks
the onset of FLR relevance). (c,d) Integrated electron screening current /| , from KIM and FLR2 for hydrogen and
deuterium (real solid, imaginary dashed), (c) without and (d) with the electrostatic potential perturbation harmonic
Dy

cretizing Poisson’s equation with finite elements yields a linear system for &, from which the
screening current d j| follows through two further kernels.

KIM evaluates the kernels without expansion, capturing the ion Larmor radius to all orders.
FLR2 [6] instead Taylor-expands them to second order, reducing the integral relation to a local,
differential one. The expansion is controlled by |k, |prs, with thermal Larmor radius prq =
Vro/@es < /Mg For electrons |k |pr. < 1 holds broadly, but KIM shows it breaks down for
ions even near the resonant surface [5]. Isotope dependence enters here solely through prs.

For vanishing FLR contributions (prs/Ap < 1, large Debye length) KIM and FLR2 agree.
Reducing Ap fades the FLR terms in, and once |k |prs = 1 FLR2 develops strong potential os-
cillations whereas KIM stays smooth and converges to the quasineutrality solution (Fig.[Th,b) [5]].
These oscillations are an artefact, arising once the mode wavelength drops below the ion Larmor
radius, to which the integral KIM treatment is immune.

The artefacts distort the screening current. Without the potential the two codes’ electron
current agrees. With 6@ included, the broad spurious FLR2 potential multiplies the narrow
(1-2 mm) electron susceptibility layer and only weakly perturbs the current, whereas in KIM
a comparably narrow potential reinforces it and even reverses the sign of the imaginary part
(Fig.[Ikc,d). The integrated shielding current is consequently larger in FLR2 than in KIM, so the
integral treatment matters for penetration estimates.

Turning to isotopes, the ion kernel depends on mass only through prs o< |/mg, marginal for
the deuterium/hydrogen mass ratio of two. As the shielding is electron-dominated, the KIM re-
sponse is essentially identical for the two isotopes. FLR2, by contrast, shows a spurious isotope

dependence inherited from its mass-dependent artefacts [S]]. The proper ion FLR treatment is
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Figure 2: Benchmark of screening current densities in KIM and GORILLA, the latter in real geometry and in the

circular cross-section large aspect ratio limit.

thus necessary for accuracy, but the linear response does not account for the isotope effect.
of Monte-Carlo screening current and turbulent broadening: GORILLA

We compute the dominant electron screening current with the guiding-center orbit code GO-
RILLA [7] in a 6f Monte-Carlo scheme, using data from ASDEX Upgrade discharge 33353.
The single helical (m,n) = (7,2) perturbation is carried by a time-dependent marker weight
w(t) [9], with & f = w fMaxwell, Whose evolution contains the radial magnetic field perturbation,
my

r 2 r SBr
E +V.w = —5Vg <A1 + A, T ) , 5Vg =V Bo , )

with thermodynamic forces A; > (as defined in [2]) and a regularization rate v, being much
smaller than collision frequency. Further, an Ornstein-Uhlenbeck operator (without energy con-

servation) provides the collisions. The parallel screening current then follows as

8jy(r) ~ MTVW;wkak&r—rk), 3)
over the N markers, with Vi the sampling volume. In practice, Eq. (3] is evaluated as a box
and time average over the marker orbit history, taken much longer than the regularization time
1/v,, which is itself chosen larger than the decorrelation time, so the averaging window far
exceeds the decorrelation time. Following true guiding centre orbits in actual geometry, GO-
RILLA needs no cylindrical reduction. Nevertheless, in the circular cross-section large aspect
ratio limit, GORILLA reproduces a similar screening current density than KIM (omitting en-
ergy conservation) as shown in figure

Since the linear response is electron-dominated and isotope-blind, the isotope effect likely
enters through turbulence acting on the current-carrying electrons. As a first realisation, we
include this turbulence crudely as a random spatial displacement consistent with a prescribed
constant diffusion coefficient D,, where D, = 9.2 - 103 cm?/s for deuterium [2]. Also, to mimic
the misalignment electric field that was shown in [2]] to drive shielding currents, we set 0B"
as a rectangular function with 1 G in a &= 0.1 cm region around the resonant surface and zero
otherwise. Figure [3,b shows that anomalous diffusion broadens the resonance layer and simul-

taneously weakens the amplitude. Rescaling the anomalous coefficient according to gyroBohm
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Figure 3: Comparison of (a-b) screening current density and (c) integrated current calculated in GORILLA with

and without anomalous diffusion.

scaling (D“ o< ,/m;) provides an estimate for hydrogen. Notably, the integrated current in fig-
ure [3c indicates a clear turbulence-decreased shielding, yet overall no significant isotope de-
pendence due to the crudeness of the turbulence estimate. Nevertheless it provides a first step
toward a quantitative treatment of the missing physics.

Summary and outlook

We have set out an integral and turbulent approach to the kinetic plasma response underlying
RMP ELM suppression. The integral code KIM resolves the ion Larmor radius to all orders
and removes the unphysical modes of the second-order expansion FLR2. The resulting linear
response is electron-dominated and nearly isotope-independent, and so cannot explain the loss
of suppression in deuterium-hydrogen plasmas. The 6f code GORILLA supplies an indepen-
dent, geometry-faithful benchmark and, by admitting turbulence effects on the electron orbits.
Though, the present crude turbulence model is not capable of properly resolving the isotope de-
pendence, it provides a route to the isotope-sensitive physics the linear response omits. Future
work will develop the turbulence estimate toward a quantitative isotope dependence and couple
GORILLA to the hybrid-MHD-kinetic toroidal code MEPHIT [6].
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