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Introduction

Interpreting ion cyclotron resonance frequency (ICRF) experiments in Wendelstein 7-X
(W7-X) requires connecting the fields launched by the antenna to the conditions of a
specific discharge. This is particularly demanding because the magnetic field, plasma
boundary, antenna and close-fitting structures are three-dimensional, while the density
and RF excitation must be assembled from several diagnostics and measurement systems.
A useful full-wave model must preserve this device-specific complexity and maintain a
traceable link to the experiment [1, 2].

Petra-M addresses this need by solving frequency-domain Maxwell equations in realistic
3-D geometry [3, 4]. This paper presents an experiment-informed workflow for full-wave
ICRF modeling in W7-X with Petra-M, integrating antenna and vessel geometry, VMEC
equilibria, reconstructed plasma densities and measured RF boundary conditions. The
workflow is demonstrated for two W7-X discharges with different heating scenarios and
strap phasing.

Experiment-informed Petra-M model

Geometry and electromagnetic problem. The vessel inner wall and plasma bound-
ary were supplied as 751 cylindrical cross-sections and connected into surfaces. A simplified
antenna CAD model permits tetrahedral meshing. The model distinguishes antenna-side
vacuum (dark blue), cold-plasma core (purple) and lower-density edge regions (light blue)
(Fig. 1). Metallic surfaces are perfect conductors; interfaces impose continuity of the tan-
gential electromagnetic fields, while RF ports (red) and capacitor ports (orange) represent
the feed and matching circuit.

For angular frequency ω, the complex electric field is obtained from the frequency-
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Figure 1: Inputs to the W7-X Petra-M model: antenna/vessel mesh, combined plasma-
density map, and VMEC-derived magnetic field.

domain curl–curl equation

∇×µ−1
r ∇× E − k2

0εr(x)E = iωµ0Jsrc, k0 = ω/c. (1)

where the cold-plasma dielectric tensor depends on local density, composition and mag-
netic field. The present simulations use finite-element order 3, 1.5 million elements, and
MUMPS. Collisional damping is included in the cold-plasma response through complex
resonant denominators, with the damping inflated relative to physical collision rates to
regularize the antenna-coupling problem and act as an absorption/radiative-boundary
proxy. The resulting damping should therefore not be interpreted as a kinetic calculation
of Landau or cyclotron heating.

Magnetic equilibrium and plasma profiles. VMEC represents nested 3-D flux
surfaces by Fourier coefficients [5]. Geometry and field components are synthesized on
angular grids, transformed to Bx, By, Bz, and interpolated onto a regular (R, Z, ϕ) grid.
The field amplitude is rescaled to the experimental axis value, with the sign conven-
tion checked against the experimental coordinate convention. Extended surfaces cover the
LCFS exterior; a separate island equilibrium is restored with five-fold symmetry. The
magnetic configurations for shots 20241017.38 and 20250515.45 are KJM008+2520 and
EIM000+2520.

The core fit is ne(ρ) = ∆ne(1 − ρa)b + ne1, where ∆ne = ne0 − ne1 and ρ = reff/rLCFS

is the normalized effective minor radius. Its parameters are obtained from Thomson-
scattering data and assigned to VMEC surfaces. The SOL fit is ne(d) = nf + (ne,LCFS −

nf )e−(d/λ)p , where d is the distance from the LCFS along the profile-mapping direction. It
is based on ICRH-side reflectometer data; nf is the far-SOL density floor and the LCFS
value is fixed by the core fit. A Gaussian fit to the Alkali-beam density bump supplies



(a) shot 20241017.38 (b) shot 20250515.45 (c) preliminary capacitor fit

Figure 2: Experimental context and RF reconstruction: (a) minority-heating discharge
traces; (b) modulated power and fast-ion-loss-detector signals for the three-ion discharge;
(c) capacitor-fit error surface. The port-convention ambiguity remains unresolved.

the island contribution. For each discharge, the reconstruction workflow converts these
fits and temperature profiles into Petra-M fields.

RF boundary conditions. Measured active reflection coefficients are translated to
the antenna plane and compared with the Petra-M four-port S-matrix terminated by trial
capacitances. Two fitted capacitors reduce it to an effective two-port system (Fig. 2c). A
port-function interchange is presently needed to obtain a measurement-consistent mini-
mum; its origin is unresolved, so this is a preliminary boundary reconstruction.

Preliminary application to two W7-X discharges

Two discharges were selected to exercise the workflow under distinct experimental con-
ditions. Shot 20241017.38 (minority heating scenario) used a 6 s, 400 kW pulse at 25 MHz
in hydrogen with about 2% 3He and dipole strap phasing. Shot 20250515.45 (three-ion
heating scenario) used modulated 400 kW ICRF in hydrogen with about 15% 4He and
at most 1% 3He. Only one strap in monopole phasing was used for this experiment for
technical reasons, although it is not the preferred phasing for heating. In the second case,
fast-ion-loss-detector signals are synchronized with the ICRF modulation (Fig. 2b).

Figure 3 shows 3-D electric-field structure near the antenna and in the plasma.
The patterns differ, but a quantitative coupling comparison is still premature. The

displayed field patterns alone do not establish damping, absorption or heating efficiency.
The present result is therefore the demonstrated assembly and execution of an experiment-
informed W7-X full-wave model.
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Figure 3: Preliminary Petra-M full-wave ICRF simulation results for (a) shot 20241017.38
and (b) shot 20250515.45, using a cold-plasma model with core and edge density, normal-
ized to unit port excitation.

Conclusions and outlook

A W7-X Petra-M workflow links realistic geometry, VMEC equilibria, diagnostic pro-
files and RF matching to a 3-D cold-plasma solve. It gives preliminary fields for minority-
and three-ion-heating discharges. Next work will quantify loading, mode content and un-
certainty sensitivity. Because the collisional damping is inflated mainly as a radiative
boundary, anti-Hermitian dielectric power proxies are not physical heating predictions;
quantitative core absorption and fast-ion predictions require kinetic follow-up with as-
sumed k∥ and cold-plasma k⊥.
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