Neoclassical impurity transport in negative-triangularity plasmas
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Introduction

Negative-triangularity plasmas can provide improved confinement without a strong edge pedestal
[1]. Their reactor relevance, however, also depends on high-Z impurity control, since neoclassical in-
ward convection can drive tungsten accumulation and enhance core radiation [2]. Although elongation
is known to modify impurity poloidal asymmetry and Pfirsch—Schliiter transport [3], the direct role of
triangularity remains less established. Here, we derive the dependence of trapped-particle properties,
impurity poloidal redistribution, and neoclassical impurity flux on triangularity and elongation. The ana-

Iytical trends are also assessed using nonlinear global gyrokinetic simulations performed with GYSELA.

Geometry and orbit properties

The flux surfaces are represented using the Miller parameterization [4],
R:Ro+rcos[9+sin*1(5)sin9} , Z = Krsin0, (1)

where § and x denote triangularity and elongation. For moderate triangularity, sin~'§ ~ §, giving
R ~ Ry + rcos(6 + §sinB) with an error of order §°. Figure 1 shows that the approximation accu-
rately reproduces the original Miller surfaces. Shaping modifies the magnetic-field strength, flux-surface
Jacobian, and poloidal magnetic field, thereby affecting trapped-particle dynamics and the geometry-
weighted averages entering neoclassical transport.

The effective trapped-particle fraction is evaluated following Ref. [5]. At € = 1/3, the Miller-geometry

results are approximately described by
fi~0.75-0.080+0.03(x — 1), 2)

showing that negative triangularity increases the trapped-particle fraction, whereas the elongation depen-
dence is comparatively weak.

The banana-orbit width scales as A, ~ pr.B/Byor, with the circular limit Azirc ~ qpr/+/€. The shaped-
geometry dependence is well represented by
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~ k131 — )01, (3)
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Figure 1: Original Miller surfaces and their small-6 approximation at k¥ = 1.6.
Elongation therefore strongly reduces the radial orbit width, whereas negative triangularity produces a
weaker broadening. Triangularity primarily modifies the trapped-particle population, while elongation

has a stronger influence on radial orbit excursions.

Impurity poloidal asymmetry
For a collisional trace impurity with negligible inertia and viscosity, the parallel force balance is 7;B -

Vnz = BFy; . The leading impurity density variation is represented by
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where nIZO and ngD denote the in—out and up—down asymmetries. The shaping dependence is retained
through the weighted moments
2 2 f
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Projection onto the first poloidal harmonics gives
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where G is a collisional prefactor and Kj >3 contain the thermodynamic, parallel-flow, and shaped-
geometry contributions. Increasing elongation reduces the up—down asymmetry and modifies the in—
out redistribution. Triangularity produces a weaker but systematic variation, with negative triangularity

generally increasing the magnitude of the up—down component.

Neoclassical impurity flux and GYSELA simulations

The radial impurity flux follows from the toroidal impurity momentum balance,
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Using the parallel force balance and Eq. (6) gives
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Figure 2: Up—down and in—out impurity asymmetries versus elongation and triangularity.
where C, is a shape-dependent flux-surface coefficient. Shaping therefore enters through both the mag-
netic geometry and the impurity poloidal redistribution.

The calculated flux remains inward over the range considered. Increasing elongation substantially
reduces its magnitude through the combined reduction of the banana width, up—down asymmetry, and
geometry-weighted coefficients. Negative triangularity moderately enhances the inward flux relative to
circular and positive-triangularity configurations, although this dependence weakens with increasing as-
pect ratio.

The analytical trends are assessed using nonlinear, global, full-f, flux-driven gyrokinetic simulations
performed with GYSELA [6]. The simulations consider ion-temperature-gradient turbulence with a trace
heavy-impurity population, such that the impurity does not modify the background turbulence. The time-
averaged heavy-impurity transport remains inward and reproduces the analytical ordering: elongation
weakens the inward transport, while negative triangularity produces a moderate enhancement. The sim-
ulated impurity poloidal harmonics are also consistent with the dependence predicted by the geometry-
weighted coefficients. This agreement indicates that the leading shaping dependence is captured by the
impurity poloidal redistribution and associated Pfirsch—Schliiter transport, despite nonlinear turbulence

and self-consistent profile evolution.

Conclusions

An analytical description of heavy-impurity transport with explicit triangularity and elongation de-
pendence has been derived. Negative triangularity increases the trapped-particle fraction and moderately
broadens banana orbits, whereas elongation strongly reduces the orbit width. Shaping couples the in—out

and up—down impurity asymmetries through geometry-weighted moments.
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Figure 3: Neoclassical impurity flux versus elongation and triangularity, including normalized

scans at different aspect ratios.

The resulting neoclassical flux remains inward. Elongation substantially reduces its magnitude, while
negative triangularity produces a weaker enhancement. Nonlinear GYSELA simulations reproduce these
trends, showing that the shaping dependence arises primarily through geometry-induced impurity poloidal

redistribution and the associated Pfirsch—Schliiter flux.
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