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Abstract. This study applies the newly developed STRIPE (Simulated Transport of RF Impurity Production
and Emission) framework to analyze tungsten (W) erosion at RF antenna structures in the WEST tokamak.
STRIPE integrates SolEdge3x for edge plasma backgrounds, COMSOL for 3D RF sheath potentials, RustBCA
for sputtering yields, and GITR for impurity transport and ion energy—angle distributions. Building on prior
work by Kumar et al. (2025) Nuclear Fusion, 65, 076039, which validated STRIPE for WEST ICRH discharge
#57877, the present study provides a spatially resolved assessment of gross W erosion at both Q2 antenna
limiters under ohmic and ICRH conditions. Simulations using 2D SolEdge3x profiles in COMSOL capture rec-
tified sheath potentials exceeding 300 V, leading to strong upper-limiter localization. Both poloidal and toroidal
asymmetries are observed and attributed to RF sheath effects, with modeled erosion patterns deviating from
experiment—nhighlighting sensitivity to sheath geometry and plasma resolution. Erosion is driven primarily by
high-charge-state oxygen ions (0% —08%*), while D* plays a negligible role. Assuming a plasma composition of
1% oxygen and 98% deuterium, STRIPE predicts a 30-fold increase in gross W erosion from ohmic to ICRH
phases, consistent with a >25-fold rise in W-I (400.9 nm) brightness. Quantitative agreement is within 5% in
the ohmic phase and 30% under ICRH, demonstrating predictive capability. Importantly, the study shows that
the magnitude of ICRH-driven W erosion depends strongly on the concentration of light impurities (O, B, N,
C), which drive sputtering through high charge states. Cleaner plasma conditions with reduced impurity content
are therefore expected to substantially mitigate antenna W sources in WEST and other toroidal fusion devices.
These findings establish STRIPE as a predictive framework for RF-induced plasma—material interactions and
support its application to reactor-scale antenna design.

1 Introduction (PFCs), particularly near ICRH antenna structures. Driven
by RF waves, these sheaths can sustain potentials of sev-
eral hundred volts in existing devices [3] and are pro-
jected to exceed 1 kV in future systems such as ITER
[4]. Sheath-accelerated ions, including fuel species and
light impurities, can induce physical sputtering of antenna
materials—typically high-Z metals like tungsten (W). The
resulting impurity sources can enter the scrape-off layer
(SOL), and under certain conditions, migrate toward the
core plasma. This is especially problematic in H-mode
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Radio-frequency (RF) waves are a primary tool for heating
and current drive in magnetically confined fusion (MCF)
plasmas [1]. With the move toward reactor-scale devices,
such as SPARC [2], RF-based systems are expected to
serve as primary heating sources, further motivating the
need to understand associated edge plasma effects. One
major concern in high-power RF operation is the forma-
tion of rectified RF sheaths at plasma-facing components
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been made to modeled RF-induced PMI in detail [9, 10].
Nevertheless, the fusion community continues to seek pre-
dictive, integrated tools capable of linking RF field struc-
ture, edge plasma conditions, and impurity sourcing.

In this work, the newly developed STRIPE (Simu-
lated Transport of RF Impurity Production and Emission)
framework [11] is applied to assess W-erosion from the
ICRH antenna limiters in the WEST tokamak for a ded-
icated L-mode ICRH discharge (#57877). WEST, with
its all-W-PFCs and recently demonstrated record long-
pulse operation capability exceeding 1300 seconds and in-
jected energy of 2 GJ [12], provides a relevant platform for
validating high-fidelity plasma-material interaction (PMI)
models under reactor-relevant conditions.

In contrast to previous work on this discharge [11],
which focused on validating STRIPE against localized W
emission near the antenna region, this study presents a spa-
tially resolved, in-depth analysis of plasma conditions and
gross W-erosion to address experimentally observed ero-
sion hot spots with both toroidal and poloidal asymmetries
at the right and left antenna limiters. While STRIPE also
supports modeling of redeposition, self-sputtering, and net
erosion, those aspects are deferred to a companion study
focused on whole-device transport of W-impurities origi-
nating from the ICRH antenna.

The remainder of this paper is structured as follows:
Section 2 introduces the STRIPE framework and discusses
main inputs to STRIPE framework. Section 3 presents re-
sults comparing thermal and RF sheath-driven erosion at
the WEST ICRH limiters. Conclusions are summarized in
Section 4.

2 Overview and Inputs of the STRIPE
Framework

STRIPE (Simulated Transport of RF Impurity Production
and Emission) [11] is an integrated, multi-physics frame-
work developed to model impurity-driven W erosion at
ICRH antenna structures. It couples 2D edge plasma back-
grounds from SolEdge3x [13], rectified RF sheath poten-
tials from COMSOL [3], ion trajectory and impact dy-
namics from GITR [14] and RustBCA [15], and post-
processing via ColRadPy [16] to convert sputtered fluxes
into spectroscopically observable emission.

The STRIPE workflow (Fig. 1) enables predictive
modeling of RF-enhanced PMI by integrating sheath
fields, charge-resolved impurity fluxes, and energy—angle-
dependent sputtering yields. In this study, STRIPE is ap-
plied to model W erosion at the WEST Q2 ICRH antenna
for discharge #57877 under both ICRH and ohmic condi-
tions.

The framework relies on spatially resolved physics in-
puts that capture gradients in plasma parameters, impu-
rity species, and sheath voltages across 3D limiter ge-
ometries. These include SolEdge3x-derived electron den-
sity and temperature profiles, COMSOL-calculated sheath
fields, and surface interaction data from RustBCA. The
following subsections present these key inputs and how
they are incorporated to simulate limiter-targeted impurity
production and erosion.
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Figure 1. STRIPE workflow for modeling W erosion and impu-

rity transport originating from ICRH antenna structures, coupling
SolEdge3x, COMSOL, RustBCA, GITR, and ColRadPy.

2.1 Limiter-Resolved Plasma Profiles and Charge
State Distribution

Figure 2 shows the time evolution of key plasma param-
eters for WEST discharge #57877, which serves as the
experimental basis for the SolEdge3x simulations used in
this study. The discharge begins with ohmic heating from
t = 0 to 5 s and transitions to ICRH at ¢ = 5 s, with a total
power input of approximately 2.3 MW, including 1.7 MW
delivered through the Q2 antenna. Panel (b) displays the
visible brightness of the W I line, averaged over lines of
sight viewing both the antenna limiters and the inner and
outer divertor strike points.

Visible spectroscopy for this discharge reveals dis-
tinct poloidal variations in W emission across PFCs. As
shown in Figure 2(b), the inner divertor exhibits strong
W I emission during the ohmic phase—when the leg is at-
tached—but this signal vanishes just before ICRF turn-on,
consistent with detachment. Conversely, the outer diver-
tor shows reduced emission during the ohmic phase, fol-
lowed by a transient W I peak at ICRF initiation that sub-
sequently decays during the power flat-top, possibly due to
evolving sheath conditions or partial detachment. In con-
trast, the antenna region sustains elevated W I emission
throughout the ICRH phase, consistent with enhanced RF
sheath-driven erosion. Notably, W I brightness from the
antenna increases by a factor of ~25 during transition from
ohmic to ICRH phase.

Although the global radiated power fraction Py,q/Piy
remains nearly unchanged between ohmic and ICRH
phases (Figure 2(a)), this global metric masks important
spatial variations in impurity sourcing. In particular, in-
creased tungsten emission near the antenna may be com-
pensated by reduced divertor contributions—an effect also
reported in recent WEST experiments [17]. A more de-
tailed discussion of this behavior and its implications for
W transport and balance is provided in Section 4.
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Figure 2. Time evolution of (a) heating power from ohmic and
Q2 ICRH systems, together with total radiated power; (b) W-I
400.9 nm brightness measured along lines of sight viewing the
antenna limiters and the inner and outer divertor strike points.
The transition from ohmic to ICRH results in a strong rise in W-
emission, with the antenna signal increasing by nearly a factor of
25-30.

Background SOL plasma conditions are reconstructed
using wide-grid SoLEpGe3x—EIRENE simulations at two
representative time points: ¢ = 3 s (ohmic phase) and
t = 8 s (ICRH phase). The simulation setup and boundary
conditions are described in detail in [11]. These 2D edge
plasma solutions span the entire SOL and provide spatially
resolved plasma parameters adjacent to the antenna-facing
surfaces. In the present simulations, plasma composition
is set to 99% deuterium (D*) and 1% oxygen (O), with
O serving as a proxy for all light impurities present dur-
ing this WEST discharge. The O total density is fixed
at 1% of the electron density, initialized uniformly from
the core boundary and assumed spatially homogeneous.
This simplification captures impurity behavior and radia-
tive cooling effects reasonably well, as O concentrations
in WEST are typically observed to lie between 0.1% and
10% [9, 18]. The implication of this assumption on W-
source is discussed later in Section 4.

In SoLEpce3x, the wall geometry is modeled as
toroidally symmetric, whereas the actual WEST ICRH an-
tenna exhibits a pronounced poloidal asymmetry about the
midplane. This geometric simplification can reduce the fi-
delity of local plasma representation near the antenna and
partly explain discrepancies between STRIPE predictions
and experimental impurity emission. To isolate the role
of RF sheath rectification on tungsten erosion, drifts are
disabled and identical transport coefficients are applied in
both ohmic and ICRH phases. Although RF sheath rectifi-
cation is expected to modify local transport—for example,
by driving E X B convective cells from gradients in the
rectified DC potential—these effects are deliberately ex-
cluded here so that impurity sourcing can be attributed pri-

density (n.-) with outer midplane (OMP) reflectometry
measurements for WEST discharge #57877 during the
ICRH phase. The simulation shows good agreement with
experimental data in the radial region of interest. The cor-
responding simulated electron temperature (7,-) profile is
also shown. However, no reliable T,- measurements are
available during the ICRH phase, and no data were col-
lected during the ohmic phase.
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Figure 3. Radial profiles of (a) electron density n,- and (b)
electron temperature 7~ at the OMP SOL from SoLEDGE3x sim-
ulations during the ICRH phase (¢ = 8 s). The n,- profile is com-
pared with reflectometry data from WEST discharge #57877,
showing reasonably good agreement in the SOL and far-SOL re-
gion.

Profiles of n,- and T,- are mapped along 3D limiter-
facing surfaces and then averaged over synthetic line-of-
sight (LOS) chords, consistent with both the spectroscopic
diagnostic geometry and the STRIPE mesh structure. This
approach ensures that simulation inputs remain aligned
with the spatial resolution and view factors of experimen-
tal diagnostics. Figures 4 and 5 present LOS-weighted
vertical profiles of oxygen ion parameters obtained from
SolEdge3x for the four highest charge states (O>* to O8*),
including density noe+, temperature Toe+, and particle flux
I'os+ along the left (L) and right (R) Q2 antenna limiters.

ICRH Phase: During ICRH operation, as shown in
Figure 4, the impurity population near both limiters is
dominated by 0%, O7*, and O%. On the R limiter, nge-
peaks near the midplane at approximately 3.0 x 10" m~3,
while O% reaches about 2.5 x 10" m~3, and O+ slightly
less, at approximately 2.0 x 10" m~3, with peak values
of all three charge states occurring in the upper region
(z > 0.1 m). The contribution from O°* is negligible
throughout the profile.

The vertical distribution of oxygen charge states re-
flects the local T~ and ionization equilibrium. As shown
in Figure 4, the effective ion temperatures T+ vary only
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Figure 4. LOS-averaged vertical plasma profiles during the
ICRH phase: (a) charge-resolved O ion densities ngq+; (b) cor-
responding temperatures Toq+; (c) particle fluxes I'gs+. Profiles
show stronger localization and a pronounced midplane dip.

weakly across charge states, remaining in the range of 4—
6 eV. In contrast, the flux profiles I'os+ exhibit pronounced
vertical asymmetry. On the R limiter, s+, ['g7+, and Tgs+
all peak sharply in the upper region (z ~ 0.3-0.35 m), with
I'gs+ reaching values above 1.2 x 10" m=2 s!. A dis-
tinct dip occurs near the midplane (z = 0), arising from
the tangential magnetic field orientation and stagnation of
parallel plasma flow, which reduce the local ion flux to the
surface. On the L limiter, the vertical shapes of the flux
profiles are similar, though the absolute magnitudes are
systematically higher across all charge states. This asym-
metry likely originates from the intrinsic geometric asym-
metry of the WEST ICRH antenna, whereas the toroidal
profiles remain nearly symmetric due to the axisymmetric
wall geometry assumed in SoLEDpGE3x. Small differences
between the L and R limiter profiles may also reflect vari-
ations in LOS view chords for the corresponding diagnos-
tics. The observed vertical localization of impurity fluxes
coincides with regions of enhanced rectified sheath poten-
tials predicted by COMSOL (Section 2.2), reinforcing the
role of RF sheath rectification as a primary driver of ero-
sion asymmetry.

Ohmic Phase: Under ohmic conditions, the over-
all impurity density remains comparable to that in the
ICRH phase, but the relative charge state distribution
shifts slightly as can be infered from Figure 5. Due
to the marginally lower oxygen temperatures (7o« ~
4.5-5.0 eV), O° becomes the most abundant species
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Figure 5. LOS-averaged vertical plasma profiles during the
ohmic phase: (a) charge-resolved O ion densities ngq+; (b) cor-
responding temperatures Toq+; and (c) particle fluxes ['o¢+. The
profiles are approximately symmetric across the midplane and
show broad vertical distributions as compared to the ICRH case.

across both limiters. On the L limiter, peak ngs+ reaches
approximately 2.8 x 10> m~3, while O®" and O”* reach
about 2.0 x 10" m™ and 1.8 x 10'> m™3, respectively.
These charge states follow similar spatial distributions on
the R limiter. O>* remains weakly populated, consistent
with limited ionization in the cooler peripheral regions.

Temperatures Tos+ remain relatively flat and symmet-
ric along the vertical axis during the ohmic phase (Fig. 5b).
The corresponding fluxes I'ge+ exhibit broad vertical distri-
butions with no pronounced midplane dip, in clear con-
trast to the ICRH case. Among the charge states, I'ge+
dominates, reaching peaks near 1.2 x 10" m=2 s~!, while
I'on and T'gs: remain below 0.7 x 10" m™2 s7'. The
L- and R-limiter profiles are approximately symmetric,
and the broader vertical distributions in the ohmic phase
yield more uniform impurity exposure across limiter sur-
faces. This contrasts with the ICRH phase, where pro-
files are more localized and exhibit a pronounced midplane
dip which may lead to stronger spatially localized erosion
hotspots, as discussed further in Section 3.

2.2 RF-Rectified DC Sheath Potentials from
Full-Wave COMSOL Simulations

Rectified sheath potentials induced by RF fields are es-
sential boundary inputs to the STRIPE framework and are
computed using full-wave electromagnetic simulations in
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COMSOL Multiphysics. These simulations employ the
sheath-equivalent dielectric layer method [3], which intro-
duces thin layers of spatially varying complex permittivity
and conductivity adjacent to PFCs. These material prop-
erties are derived from local plasma conditions, enabling
the solution of Maxwell’s equations under the cold plasma
approximation to self-consistently capture RF field pene-
tration and sheath rectification across realistic 3D geome-
tries.

Input profiles for n.- and T.- are taken directly from
SolEdge3x simulations, utilizing the wide-grid configu-
ration described in Section 2.1. Unlike the previous ap-
proach in reference [3, 11] requiring extrapolation to cover
the full RF-antenna components, this implementation ben-
efits from full spatial resolution of the antenna-facing do-
main—including recessed Faraday Screen bars and an-
tenna sidewalls—facilitating seamless integration into the
COMSOL domain.

Figure 6 presents the computed 3D distribution of the
rectified DC sheath potential Vggmh for WEST discharge
#57877. Strong vertical asymmetries are evident, with
voltages exceeding 350 V concentrated near upper part of
antenna limiters’ front and sidewalls. In contrast, lower
regions exhibit significantly reduced voltages, typically
below 100 V. These variations stem from the interplay
between RF strap phasing, magnetic field topology, and
nonuniform plasma conditions near the antenna aperture.
Importantly, such large DC sheath potentials have also
been directly measured in WEST using a reciprocating
emissive probe, as reported in reference [19] which will
be used in future for validating STRIPE’s RF sheath pre-
dictions.

Figure 6. 3D map of rectified DC sheath potential VXE = com-
puted using COMSOL for WEST discharge #57877. Peak volt-
ages exceed 250 V and are concentrated near the upper sections

antenna limiters’ front and sidewalls.

To further illustrate these trends, Figure 7 presents 1D
vertical profiles of the peak VRE  along the front face of

the left and right Q2 antenna limiters during ICRH. Both
profiles show pronounced vertical asymmetry, with peak

rectified potentials localized near the upper ends, well
above the midplane. In contrast, thermal sheath poten-
tials during the ohmic phase are symmetric and centered
around the midplane, with peak values near 25 V.
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Figure 7. Peak VRE = profiles along left and right Q2 limiters
during ICRH in WEST #57877. Voltages exceed 200 V near the
top; thermal sheath potentials (black) shown for reference.

Although n.- for the discharge #57877 remains well
above the lower-hybrid resonance (LHR) cutoff, fu-
ture cases closer to the LHR threshold may exhibit
stronger slow-wave coupling and intensified sheath rectifi-
cation—conditions to be investigated in upcoming COM-
SOL studies. The present model uses a local sheath formu-
lation and does not include DC current equilibration along
magnetic field lines. While such currents are treated in
SSWICH, recent studies suggest its results align closely
with those from Petra-M, which, like STRIPE, employs
purely local sheath physics [20]. Notably, due to the mag-
netic field orientation, field-aligned equilibration would
not eliminate toroidal asymmetries.

2.3 lon-Surface Interaction and Erosion Modeling

STRIPE computes gross W-erosion by combining sheath-
modified ion impact dynamics with angle- and energy-
resolved sputtering yields. This process involves four key
components: electric field modeling, ion trajectory inte-
gration, IEAD construction, and effective sputtering yield
calculation.

Electric Field Profile: The local sheath electric field
E,(r) is defined using an analytical model adapted from
Brooks’ formulation [21]:

Jo r
E, = Viheath| =— A5
(") = Va ‘h[zaD P\ "2

+ 1=/ exp(—i)], (D)
Pi

where Ve Voltage arising on the antenna structures
due the sheath, r is the distance from the surface, Ap is
the Debye length, p; is the ion gyroradius, and fp is the
fraction of the potential drop across the Debye sheath.
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In ICRH phase, Vihean = Vi, is taken from COM-
SOL simulations detailed in subsection 2.2. For the
ohmic phase, classical thermal sheath potentials Vpeyn =

vIhermal 1971 are calculated as:

thermal
Vshealh = ksheatn T » )

T;
(7)o

where T, and T; are the electron and ion temperatures,
and m,, m; are their respective masses.

lon energy—angle distributions (IEADs): In STRIPE,
IEADs, f(E,6), are computed by tracing impurity ion
trajectories from the sheath entrance to the material sur-
face using the GITR code. At each mesh element,
20,000 test particles are launched from the sheath entrance
with a half-Maxwellian distribution. The local plasma
parameters—~ne-, Te-, np+, Tp+, noe+, Toer—together with
electric (E) and magnetic (B) fields and the sheath poten-
tial (Vgpeatn), define the boundary conditions. Ion motion
includes full gyromotion, E X B drift, and Coulomb colli-
sions.

1

1 m
ksheath = ‘E log (271';)

A limitation of the present approach is that GITR em-
ploys static sheath potentials and does not capture the fast
time variation of the RF cycle. This simplification may af-
fect the detailed shape of IEADs, particularly in the high-
energy and grazing-angle tails. While adequate for esti-
mating time-averaged erosion, the method may underes-
timate transient effects linked to sub-cycle RF dynamics.
In principle, such effects could be addressed with fully ki-
netic approaches such as the hPIC code [23]; however, ap-
plying these methods to resolve the full 3D antenna geom-
etry remains computationally expensive.

Sputtering yields for O ions incident on W,
Y(E,0)(0 — W), or simply Y(&E,0), are precomputed
using RustBCA. A database of monoenergetic, angle-
resolved simulations is generated for neutral atomic O im-
pacting W, spanning ion energies & from 10 eV to 5 keV
and incidence angles 6 from 0° to 90°. Here, 6 is defined
as the angle between the ion velocity vector and the sur-
face normal, such that 8 = 0° corresponds to normal inci-
dence and 8 = 90° to grazing incidence. As in other BCA
codes, RustBCA assumes neutral projectiles and does not
account for long-range Coulomb interactions or charge-
state-dependent stopping. This approximation is reason-
able near material surfaces, where incident ions are ex-
pected to neutralize before impact.

Figure 8 summarizes the sputtering yield database.
Panel (a) shows the angular dependence of Y (&, 6) for se-
lected ion energies, where yields increase with 6, peak be-
tween 70°-80°, and drop sharply near grazing incidence
due to reflection. Panel (b) shows the energy dependence
at fixed angles, where yields rise monotonically with & and
exceed 2 atoms/ion at 5 keV for large 6. The color-coded
legends indicate the specific values of & (top) and 6 (bot-
tom) used in the simulations, enabling direct interpretation
of angular and energetic scaling.
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Figure 8. Sputtering yield Y(&, 6) for neutral oxygen atoms in-
cident on W, calculated using RustBCA. (a) Yield vs. incidence
angle 6 for selected ion energies: 70 eV (red), 100 eV (orange),
200 eV (gold), 500 eV (purple), 1000 eV (green), 5000 eV (blue).
(b) Yield vs. ion energy & for selected incidence angles: 5°, 10°,
30°, 50°, 60°, 70°, 80°. By definition, 8 = 0° corresponds to nor-
mal incidence and 6 = 90° to grazing incidence.

The effective sputtering yield at each surface ele-
ment is then obtained by convolving the GITR-computed
IEADs with the RusTBCA yield tables:

90° max
Yer(i) = f f Yi(E,0)fi(E,0)dEd6. 4
0 Smin
Gross Erosion Flux: Effective yields Y.q(i) are com-
bined with ion fluxes [joys(7) from SolEdge3x to compute
the gross W erosion flux Igrossw:

N
Iﬂgross,W = Z Yel‘f(i) : rions(i) . (5)
i=1

This erosion flux serves as the impurity source for up-
stream modeling and synthetic diagnostics within STRIPE
(see Section 3).

3 Results: W Erosion at the WEST ICRH
Antenna Limiters

This section presents LOS-averaged vertical profiles of
Yerr and [gossw on the L and R Q2 antenna limiters for
WEST discharge #57877. STRIPE simulations are ana-
lyzed for three regimes: (i) ICRH phase with RF sheath,
(i1) ICRH phase with thermal sheaths only, and (iii) ohmic
phase. Particular attention is given to poloidal and toroidal
asymmetries, and to the consistent presence of a midplane
dip in erosion and brightness patterns.
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3.1 ICRH Phase: RF Sheath Case

Figure 9 shows LOS-averaged profiles of Yeg and I'gross,w
under ICRH conditions with RF sheath potentials in-
cluded. The RF sheath voltage, computed using full-wave
COMSOL simulations (see Section 2.2), reach peak val-
ues exceeding 300 V near the upper limiter surfaces, cor-
responding to regions with strong field-normal incidence
and elevated O9* fluxes.

Poloidal Trends: Yeq for 0%, O7* and O%*, reaches
maximum values near z ~ 0.34 m (Figure 9a), coincid-
ing with the region of highest rectified sheath potential.
[gross,w €xhibits a strongly localized erosion peak at the top
of the L limiter, with Tgross w €xceeding 5 x 108 m™2 s7!
as shown in Fig 9b. This sharp localization indicates a
synergy between localized sheath potentials and poloidally
asymmetric impurity fluxes. A pronounced dip at the
midplane (z = 0) is also observed, where erosion fluxes
drop by more than an order of magnitude. This mid-
plane suppression results from both reduced sheath poten-
tial and more tangential magnetic field orientation, which
limit the energy and normal incidence of incoming ions.
The combination of these effects leads to a highly non-
uniform poloidal erosion profile, with strong localization
of W sputtering near the upper limiter surface.

Toroidal Trends: The L limiter exhibits higher Y.q than
the R limiter in the upper region (z > 0.18 m), where yields
from O% and O* are strongly localized. In contrast, the
R limiter shows slightly elevated yields in the lower region
(z < 0 m). Similar trends are observed in I'gross,w: the L
limiter displays a pronounced peak near the top of the pro-
file, while the R limiter presents a broader distribution with
relatively enhanced erosion flux toward the bottom. Al-
though the overall vertical shapes of the profiles are com-
parable between the two limiters, differences in magnitude
and spatial localization result in a clear net toroidal asym-
metry. This asymmetry reflects subtle variations in impu-
rity flux distribution (Figure 9) and pronounced differences
in local RF sheath potential exposure (Fig. 7), consistent
with the erosion patterns predicted by STRIPE.

3.2 ICRH Phase: Thermal Sheath Case

To isolate the impact of RF rectification, STRIPE simula-
tions were also performed for the ICRH phase using only
thermal sheath potentials, with a peak sheath voltage of
approximately 25 V.

Poloidal Trends: As shown in Figure 10(a), Y. on the
R limiter exhibits a clear central peak at z = 0, consistent
with the centrally peaked Vzlf’:;;lal and nga-+ in this regime.
On the L limiter, the peak in Y is slightly shifted upward
to z ~ 0.18 m, introducing a mild poloidal asymmetry.
Across both limiters, the highest yields are observed for
0% and O’ reaching up to 3.5 x 1073,

The corresponding ['gross,w, shown in Figure 10(b), fol-
lows a similarly broad poloidal distribution. On both R &
L limiters, I'gross,w increases monotonically toward the up-
per limiter edge. A distinct midplane dip, characteristic of
the RF sheath case, is not evident here. The absence of

(Left)

eff

Y

m?s] (Left)

gross, W

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Vertical position along Q2 limiters: z [m]

Figure 9. LOS-averaged vertical profiles during ICRH phase
with RF sheath: (a) effective sputtering yield Y.g for O (¢ =
5-8); (b) gross erosion flux [y ow. Solid lines: L limiter; dashed
lines: R limiter. A pronounced midplane dip is observed in both
limiters.

strong vertical gradients reflects the more symmetric na-
ture of the thermal sheath under non-rectified conditions.

Toroidal Trends: The L limiter continues to exhibit
slightly higher erosion than the R limiter, although the
asymmetry is moderate. Overall, the poloidal and toroidal
erosion structure is more uniform in this case, reinforcing
that the sharp localization seen under RF sheath conditions
is driven primarily by sheath rectification effects.

3.3 Ohmic Phase

Erosion predictions during the ohmic phase are shown in
Figure 11, where RF fields are absent and impurity fluxes
are significantly reduced.

Poloidal Trends: The Yeg and ['grossw profiles exhibit
distinct poloidal characteristics on the L and R limiters.
On the L limiter, Y ¢ increases monotonically with verti-
cal position and peaks slightly above the midplane, around
z ~ 0.18 m, indicating a spatial shift from the geomet-
ric center. The corresponding g5, w profile rises steadily
across the vertical extent and reaches its maximum near
the upper end of the limiter. In contrast, the R limiter ex-
hibits a non-monotonic Y. profile, with two local maxima
atz ~ Om and z ~ 0.18 m, and a shallow local minimum
near z ~ 0.1 m. The erosion flux I'groew On the R lim-
iter reflects a similar vertical pattern, with relatively en-
hanced values toward the lower edges. These subtle but
measurable poloidal variations influence the local erosion
response even under symmetric thermal sheath conditions
and reflect differences in local impurity transport and lim-
iter geometry.
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Figure 10. LOS-averaged vertical profiles during ICRH phase
with thermal sheath only: (a) Yeg; (b) I'grosw. The R limiter
exhibits a central peak in yield, while the L limiter shows a slight
vertical offset.

Toroidal Trends: The L limiter continues to exhibit
slightly higher erosion than the R limiter in ohmic phase
too. This asymmetry is more in the upper region of the
limiter as can also be inferred from the Y.g plot.

3.4 Validation Against Experimental Brightness

To enable direct comparison with experimental W-I spec-
troscopy, STRIPE computes synthetic brightness using
charge-resolved I'grosw and S/XB coefficients obtained
from ColRadPy [16]. The conversion from I'goew tO
brightness Iy w_1 is given by:

1 1—‘grossW
Lpwy= — | —=0 g4aA 6
W1 Af47rS/XB ’ ©

where A is the optical collection area, which is set
based on a diagnostic radius of 90 mm, following [24].
This formulation provides a consistent synthetic diagnos-
tic for comparing modeled erosion-driven emission with
measured brightness profiles.

Figures 12 and 13 compare STRIPE-simulated and ex-
perimentally measured W-I 400.9 nm brightness profiles
along the Q2 antenna limiters during ICRH and ohmic
phases respectively. The comparison addresses spatial
trends, asymmetries, and total integrated brightness.

During the ICRH phase (Figure 12), the experimental
brightness profile peaks near the midplane (z = 0) and
displays a broad, vertically extended distribution along
both L and R limiters. In contrast, STRIPE predicts a
strongly localized emission peak near the upper limiter re-
gion (z ~ 0.34 m) and a pronounced dip at the midplane.

-t
-+ -

gross, w [

L L L L L ] 1010
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Vertical position along Q2 limiters: z [m]

Figure 11. LOS-averaged vertical profiles during the ohmic
phase (thermal sheath only): (a) Yer; (b) I'gross,w. Erosion levels
are low with no midplane suppression. The L and R limiter pro-
files are broadly similar, though slight asymmetries appear near
the peaks.

This spatial discrepancy stems from the modeled localiza-
tion of RF sheath potentials and impurity fluxes, which di-
verges from the experimentally observed emission struc-
ture. While STRIPE reproduces the overall brightness
magnitude reasonably well, it does not capture a signifi-
cant toroidal asymmetry in W erosion between the L and
R limiters. In contrast, experimental measurements show
consistently higher brightness on the R limiter, particu-
larly near the midplane, indicating notable mismatches in
both toroidal and poloidal distribution. Although STRIPE
shows reasonable agreement with the measured profile on
the L limiter, it significantly underpredicts emission on the
R side—by a factor of 10-20 in the central region. Poten-
tial contributors to this discrepancy include E x B convec-
tion, RF field phasing, asymmetries in impurity sources,
and reflections within the diagnostic line of sight, as dis-
cussed further in Section 4.

During the ohmic phase (Figure 13), both STRIPE and
experimental measurements exhibit vertically symmetric
brightness profiles with a slight upward shift and a clear
peak near z ~ 0.18 m. The modeled I;w_1 closely re-
produces the experimental trend, accurately capturing the
peak location and the gradual decline toward the lower
limiter region. Agreement is particularly strong on the R
limiter, where discrepancies remain within a factor of two
across the profile. Moreover, no significant toroidal asym-
metry is observed in either the model or the experiment
during this phase. The absence of RF sheath potentials
leads to smoother brightness gradients and reduced overall
intensity compared to the ICRH phase. This consistency
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affirms the accuracy of STRIPE’s charge-resolved impu-
rity transport and thermal sheath modeling in non-RF con-
ditions and further confirms that both poloidal and toroidal
asymmetries in W erosion—more pronounced experimen-
tally during ICRH—are primarily driven by RF sheath ef-
fects.

A summary of integrated W-I brightness I (o1, com-
puted from STRIPE is provided in Table 1. The total mod-
eled brightness agrees with experimental values within 5%
in the ohmic phase and within 30% during ICRH with RF
sheath, supporting STRIPE’s predictive fidelity and con-
firming the dominant role of O%* and O”* in RF-enhanced
sputtering. Contributions from D* are negligible in all
cases.

(a) ICRH Case w/RF Sheath (Left Limiter)
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Figure 12. Comparison of STRIPE-simulated and experimental
brightness profiles I, w_; during ICRH with RF sheath. STRIPE
predicts upper-limiter localization and L-dominant asymmetry,
while the experiment shows midplane peaking and stronger
brightness on the R side.

4 Discussion and Summary

This study applies the STRIPE framework to model
impurity-driven W erosion at the WEST ICRH antenna
during both ICRH and ohmic phases. STRIPE integrates
2D SolEdge3x plasma backgrounds, full-wave RF sheath
potentials from COMSOL, charge-resolved ion transport
via GITR, and sputtering yields from RustBCA.

As noted in Section 2, simulations interpreting the
WEST ICRH discharge #57877 assume a 1% oxygen con-
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Figure 13. Comparison of STRIPE-simulated and experimental
brightness profiles I,w_; during the ohmic phase. Both model
and experiment show vertically uniform emission and toroidal
symmetry.

centration as a proxy for light impurities. This choice, mo-
tivated by prior spectroscopic studies and edge modeling
from previous WEST campaigns [9, 18], provides reason-
able agreement with observed edge power balance and im-
purity fluxes despite the lack of charge-resolved measure-
ments for this specific discharge. In reality, the impurity
mix in WEST typically includes boron, nitrogen, carbon,
and W itself in addition to oxygen. These species will be
incorporated in future modeling to refine predictions of ra-
diative losses and sputtering behavior.

Simulations reveal that rectified RF sheath potentials
substantially amplify gross W erosion, increasing I'gross,w
by more than an order of magnitude compared to ther-
mal sheaths and by over 30X relative to the ohmic case.
This enhancement is driven by elevated sheath voltages
(up to 300 V) that energize high-charge-state oxygen ions
(0% —0%"), which dominate the sputtering response. D*
contributes negligibly.

Erosion is poloidally localized near the upper limiter
region, in line with the modeled distribution of RF sheath
potentials and impurity fluxes. Toroidally, STRIPE pre-
dicts relatively symmetric erosion due to the assumed ax-
isymmetric plasma background. However, experimental
W-I brightness during ICRH shows stronger emission on
the R limiter and a peak near the midplane, highlighting
a discrepancy in both toroidal and poloidal behavior. In
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Table 1. Simulated charge-resolved W photon brightness 1, [photons/s] and comparison with experiment.
Case o% o” o 0 D* Total I,y  Experiment
RF (ICRH) 226x 10  1.68x 10" 4.02x 10" 1.11x10™ 9.67x10™° 435x10™ 3.38 x 10™°
Thermal ICRH)  1.93x 10"  1.10x 105 2.58 x 10* 8.95x 10'3 0 3.29 x 101 -
Thermal (Ohmic) 8.05x 10'* 4.86x 10* 6.45x 10" 2.66 x 1013 0 1.39 x 10" 1.32x 10

contrast, during the ohmic phase, both model and experi-
ment exhibit vertically symmetric brightness profiles with
peaks near z ~ 0.18 m, showing agreement within a fac-
tor of two—supporting the validity of STRIPE in non-RF
conditions.

Our current STRIPE modeling does not include cross-
field E x B convection. However, COMSOL-derived RF
sheath potentials (Fig. 6) exhibit strong poloidal gradi-
ents, particularly in the upper limiter region (z > 0), with
peak voltages exceeding 250 V. These gradients can gen-
erate radial electric fields and drive E x B flows toward
the midplane (z = 0), potentially enhancing local plasma
density and impurity fluxes [25]. This mechanism may
contribute to the midplane erosion peak observed exper-
imentally, which is not reproduced by the STRIPE mod-
eling. Including this physics in future STRIPE versions
could improve agreement with experiment and better re-
solve poloidal asymmetries in impurity dynamics.

The mismatch in toroidal asymmetry during ICRH
may also stem from unmodeled 3D plasma features, RF
sheath model limitations, or line-of-sight diagnostic ef-
fects. A slight radial misalignment between limiters due
to mechanical tolerances could also contribute. Addition-
ally, optical modeling [26] suggests that W-I brightness
measurements may be inflated by reflections from metal-
lic PFCs, contributing up to 95% of the signal—potentially
explaining the brightness excess observed experimentally.

Nonetheless, the upper-limiter erosion enhancement
predicted by STRIPE aligns with recent WEST dis-
charges [27] and AUG ICRH observations [28], reaffirm-
ing RF sheath rectification as a primary driver of localized
erosion.

Although the simulations and diagnostics presented
here primarily emphasize localized erosion at the antenna,
Figure 3 also provides information on global W sourcing.
In particular, Fig. 3(a) shows that the radiated power frac-
tion Pp,q/Pji, remains nearly constant between the ohmic
and ICRH phases. However, Fig. 3(b) reveals that antenna
W-I brightness rises by over 25x during ICRH—closely
matching the ~ 30X increase in erosion predicted by
STRIPE—while emission from the inner divertor vanishes
(consistent with detachment) and the outer divertor shows
only a transient peak before decaying. The sustained an-
tenna signal underscores the role of RF sheath-driven ero-
sion, while the reduction of divertor sources is consistent
with recent WEST studies [17] showing that ICRF ap-
plication can redistribute W sourcing. As a result, main
chamber sources, especially near the antenna, can domi-
nate the W balance.

These opposing source trends may cancel in their ra-
diative signature, explaining why Py.q/Pj, remains flat de-
spite large local variations. Moreover, recent WEST ex-

10

periments indicate that main chamber contributions dom-
inate the core W balance under ICRF conditions. There-
fore, Pr.q/P;iy 18 not a reliable indicator of RF-induced W
erosion. Taken together, these results highlight the impor-
tance of spatially resolved diagnostics and global impu-
rity transport simulations to capture W sourcing, redistri-
bution, and accumulation across the W-PFC environment.

Furthermore, the present study highlights that the
magnitude of ICRH-driven W erosion is highly sensi-
tive to the concentration of light impurities (O, B, N, C,
etc.), whose high charge states drive efficient sputtering.
Achieving cleaner plasma conditions with reduced levels
of these species is therefore expected to significantly miti-
gate antenna-related tungsten sources in WEST and other
toroidal fusion devices.

Overall, STRIPE provides a validated and extensible
platform for analyzing RF-induced plasma—material inter-
actions in reactor-relevant scenarios. Future developments
will address net erosion, re-deposition, and whole-device
impurity transport. Planned validation activities include
benchmarking COMSOL-predicted sheath potentials with
emissive probe measurements, simulating D I line emis-
sion to better constrain input n, and T,, and modeling
mixed light impurity species.

In addition to global impurity transport and E X B con-
vection, methodological upgrades will also include incor-
poration of DC plasma conductivity into the rectification
model. These advances will be supported by coupling
3D SolEdge3x with COMSOL, together with GITRm for
global impurity transport, enabling self-consistent model-
ing of RF sheath dynamics and whole-device impurity be-
havior.
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