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The capability to suppress edge localized modes (ELMs) is crucial for the success of ITER because the transient
heat loads on the divertor due to ELMswould reduce the lifetime of plasma facing components to unacceptable
levels. ELMs can be suppressed with the application of resonant magnetic perturbations (RMPs). But a side
effect of RMPs is enhanced particle flux, or density pump-out, that reduces the plasma density by up to 50%
[Evans 2006] and can significantly degrade fusion efficiency. Kinetic-level understanding of these RMP-driven
phenomena is essential for predicting ITER’s performance but is incomplete as of yet. One particular puzzle
from experimental observation [Evans 2006] and transport modeling [Hu 2019] is how RMPs interact with
neoclassical and turbulent transport to produce density pump-out even before magnetic islands penetrate the
pedestal top while at the same time keeping electron heat well confined (or even improving confinement).
Advanced MHD-assisted gyrokinetic simulations with the code XGC in realistic divertor geometry based on
a DIII-D H-mode discharge with n = 3, even parity resonant magnetic perturbations (RMPs) now reproduce
these two experimental observations.

Figure 1: Contributions to particle flux, electron energy flux and electron heat flux vs. poloidal mode
number at normalized poloidal flux ψN = 0.97 (a) without RMPs and (b) with RMPs.

This study utilizes the global total-f gyrokinetic particle-in-cell code XGC [Ku 2018] with an RMP field from
a linear two-fluid M3D-C1 [Ferraro 2009] calculation for arguably the highest-fidelity study of RMP-driven
plasma transport to date. The combination of neoclassical and turbulent particle flux, in the presence of neutral
particle ionization and charge exchange, explains a 50% density pump-out in less than 100 ms in the pedestal
up to normalized poloidal flux ψN ≈ 0.96 as well as the suppression of electron heat flux in the steep pedestal
slope (ψN ≈ 0.97). The majority of the enhanced particle flux at ψN ≥ 0.985, where the magnetic field is
stochastic, is from neoclassical transport (cf. [Hager 2019]). Turbulent transport is enhanced at ψN ≤ 0.985,
where nested flux-surfaces remain intact. On the ψN ≃ 0.97 surface, both the turbulent particle and elec-
tron energy fluxes increase significantly due to the RMPs (see Fig. 1). But the electron heat flux is largely
suppressed as the result of a cancellation between outward heat flux at longer wavelength (kθρi ≤ 0.3) and
inward heat flux at shorter wavelength (kθρi ≥ 0.3).



Figure 2: RMS amplitude of the electrostatic potential fluctuations (a) with RMPs and (b) without RMPs.
The dashed lines indicate the flux-surfaces ψN = 0.8, 0.9, 0.95 and 1.0.

The RMS turbulence amplitude is enhanced due to the RMPs throughout the pedestal with a strong n = 3
component [Fig. 2 (a) and (b)]. Closer examination of the turbulent fluctuations shows that ion drift modes
(ITG) are active from ψN ≈ 0.94 inward and electron drift modes (TEM) are active from ψN ≈ 0.94 outward
with a median poloidal mode number kθρi ≈ 0.25, where ρi is the ion gyroradius. The most influential (to
the transport fluxes) RMP-induced modification is the amplification of the TEMs from the pedestal shoulder
ψN = 0.94 outward. This is shown at ψN = 0.97 in Fig. 3, where the amplification of the TEMs is con-
sistent with a reduction of the ExB shearing rate. The insights gained from these high-fidelity simulations
suggest that a reduction in the TEM mode growth rate by an external means, e.g. enhanced edge rotation,
could be a method to reduce the density pump-out. Our gyrokinetic understanding will also improve longer
time-scale/lower-fidelity (e.g. [Hu 2019]) modeling to predict the steady state plasma profiles under RMP field.
These discussions will also be presented.

Figure 3: Fluctuation spectra of the electrostatic potential at ψN = 0.97 (a) without RMPs and (b)
with RMPs, showing enhanced fluctation level at lower frequency in (b). The dashed lines indicate the
poloidal ExB velocity.
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