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Abstract. Monitoring powered Ion Cyclotron Resonance Frequency (ICRF) antennas in 
magnetic fusion devices has revealed localized modifications of the plasma edge in the antenna 
shadow, most of them probably related to an enhanced polarization of the Scrape-Off Layer 
(SOL) through Radio-Frequency (RF) sheath rectification [1,2,3]. Although tolerable on present 
short RF pulses, sheaths should be minimized, as they may hinder proper operation of steady-
state antennas and other subsystems connected magnetically to them, such as lower hybrid grills 
[3]. As a first step towards mitigating RF sheaths in the design of future antennas, the present 
paper analyses the spatial structure of sheath potential maps in their vicinity, in relation with the 
3D topology of RF near fields and the geometry of antenna front faces. Various combinations of 
poloidal radiating straps are first considered, and results are confronted to those inferred from 
transmission line theory. The dependence of sheath potentials on RF voltages or RF currents is 
studied. The role of RF near-field symmetries along tilted field lines is stressed to interpret such 
effects as that of strap phasing. A generalization of the “dipole effect” is proposed. With similar 
arguments, the behavior of Faraday screen corners, where hot spots concentrate on Tore Supra 
(TS), is then studied. The merits of aligning the antenna structure with the tilted magnetic field 
are thus discussed. The effect of switching from TS (high RF voltage near corners) to ITER-like 
[6] electrical configurations of the straps (high voltage near equatorial plane) is also analyzed. 

SIMULATION TOOLS 

This study relies on self-consistent 3D RF field and current computations in 
realistic plasma and antenna geometry with ICANT [4]. Maxwell’s equations are 
solved in a vacuum shell between the metallic chamber wall and a plasma frontier. At 
this boundary, E// is supposed to vanish, while propagation and damping of the fast 
wave in the target plasma are accounted for by a surface impedance matrix 
representative of a characteristic TS ICRF scenario. To resolve near field 
characteristic lengths, which are much smaller than the tokamak size, 1300 toroidal 
and 300 poloidal harmonics were introduced. ICANT was modified to accommodate a 
pitch angle α of the magnetic field with respect to the toroidal direction [7]. 
Parallelogram-shaped current elements were also created to build antennas structures 
aligned with tilted field lines. RF fields were mapped in 16 radial planes in the 
vacuum shell, normalized to 1MW coupled power and integrated along straight tilted 
field lines, consistently with the pitch angle in ICANT, to yield ∫ ′= zdEVsheath //

. It 

was verified with a remarkable precision that Vsheath vanished at the plasma boundary, 
and that self-consistent field calculations were essential to yield reliable results.  



ARRAYS OF POLOIDAL RADIATING STRAPS 

Figure 1 maps Im(E//) in front of a 
finite size poloidal strap radiating 1MW 
into a TS plasma. The pattern shows 
qualitative similarity with the Transverse 
Electromagnetic Mode (TEM) in strip 
lines : the RF field topology is similar in 
each poloidal section y=const. From one 
section to the other the field amplitude 
scales with VRF(y), the RF voltage profile 
of strip line theory, which in the case of 
TS Resonant Double Loops (RDL) is 
zero at the strap center and maximal at 
the ends. 

Integrating such a RF field only on 
one side of the strap yields huge Vsheath 
scaling as VRF(y) along the strip line. 
Yet, since E// changes signs from one  

 
FIGURE 1.  Mapping of Im( E//) in a radial plane 
x=2cm in front of a TS like RDL strap. Plasma at 
x=0, strap at x=a=5.5cm, wall at x=a+d=11cm, 
α=14°. Unit is kV/m for 1MW coupled to plasma. 

side of the strap to the other, some compensation occurs when it is integrated from -∞ 
to +∞. Compensation is however partial : E// is not purely transverse to the strap,  the 
integration path is tilted by α and VRF depends on y. Vsheath  then scales as 
∂VRF/∂y∝IRF(y), the RF current profile along the strap. In the framework of ICANT, 
and assuming that the radial dimensions in the vacuum shell are small compared to the 
poloidal characteristic lengths, Vsheath in the shell can be approximated by 
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where z’ is the (tilted) parallel direction ; x, a and a+d are respectively the radial 
distances between the plasma boundary and the field line, the straps and the metallic 
back wall ; y’ is orthogonal to x and z’ ; ω0 is the wave pulsation, and jy is the RF 
current density in the poloidal straps. 

Formula (1) suggests simple design options for sheath mitigation. First the straps 
should be orthogonal to the local magnetic field, or as close as possible to this 
orientation. Moreover, if the field line crosses RF currents of opposite signs, a second 
compensation occurs upon integration. Particularly for two straps phased in dipole, it 
can be shown from equation (1) that |Vsheath|∝tanα*|tanα-tanγ|*∂IRF/∂y, where γ is the 
pitch angle of a line containing the two strap geometric centers. This demonstrates that 
the “generalized dipole effect” is all the more effective as the strap geometric centers 
are aligned on the same field line. Incidentally Vsheath in dipole scales again as VRF(y).  

Figures 2 and 3 show poloidal profiles of the rigorous Vsheath  computed from 
ICANT, for the cases of two straps phased in monopole and dipole respectively. The 
main trends of formula (1) are recovered : poloidal and radial variations of Vsheath, the 
reduction of Vsheath in dipole phasing. Some discrepancy is however observed near the 
straps ends, where large poloidal gradients arise and simplifying assumptions fail. 



FIGURE 2.  Vsheath poloidal profiles for two straps 
with monopole phasing, at various radial locations 
in front of the straps. Dashed : IRF(y) profiles. 

FIGURE 3.  Vsheath  poloidal profiles for two straps 
with dipole phasing, at various radial locations in 
front of the straps. Dashed VRF(y) profiles. 

SPECIFIC EFFECTS AT ANTENNA BOX CORNERS. 

Realistic antennas cannot be completely reduced to sets of poloidal straps. This is 
illustrated in the present section, which investigates specific effects arising in antenna 
box corners, where hot spots have been observed on several machines [2,5].  

 

FIGURE 4.  Mapping of E// in front of a two-strap 
antenna with present TS electrical circuit. 

 

FIGURE 5.  Mapping of E// in front of a four-strap 
antenna with ITER-like electrical circuit. 

Figures 4 and 5 sketch the metallic structures simulated, together with the radiated 
Im(E//). For simplicity, Faraday Shields (FS) were removed, results are qualitatively 
similar with FS. Figure 4 includes two TS RDL phased in dipole, put in a thick box 
with a thick septum. Figure 5 features a new TS antenna, designed with an ITER-like 
matching circuit [6].  Each RDL is replaced by two straps of half length and maximal 
RF voltages are displaced to the equatorial plane. Toroidal phasing is dipole. In front 
of the main straps, the lateral parts of the box and the septum behave as passive 



poloidal straps and a TEM-like RF field structure is preserved. Near corners, part of 
the RF current flows toroidally from the lateral parts to the top and bottom parts of the 
box, breaking the symmetries of  E// on both sides of  the (passive) straps in figure 1.  

FIGURE 6.  Vsheath poloidal profiles for 4 antenna 
geometries. 

Figure 6 shows poloidal profiles of 
Vsheath with such antenna structures. 
Four cases were envisaged : TS or 
ITER-like matching circuit, rectangular 
box or parallelogram aligned with the 
field line direction (α=7°). All cases 
have similar coupling resistance within 
10%. In front of the straps the profiles 
are consistent with section 2, i.e. 
Vsheath∝VRF(y). Near antenna corners 
peaks of sheath potential arise, that are 
attributed to the symmetry breaking in 
RF field maps. Simulations suggest that 
displacing the maximum of VRF(y) does 
not remove the peaks, while lining up 

the antenna on the local magnetic field seems beneficial. 

SUMMARY AND PROSPECTS 

In front of the radiating straps, ICRF antenna can be approximated by a set of 
poloidal straps. The structure of the RF field transverse to the straps is close to a TEM 
mode. Sheath potentials could be evaluated by a simple formula, suggesting several 
options for sheath reduction. As far as possible, the straps should be perpendicular to 
the local magnetic field, and their geometric centers should be aligned on a field line. 
Dipole phasing is beneficial. Depending on the integration boundaries and the strap 
phasing, Vsheath  varies poloidally as the RF voltages or as the RF currents. 

Near antenna box corners this simple picture fails and large peaks of sheath 
potential arise. This is attributed to RF current flowing toroidally on the box frame, 
breaking some symmetries of E// mappings. Simulations with ICANT suggest that 
changing the poloidal profile VRF(y) does not remove the corner effects, while 
designing a parallelogram shaped antenna box aligned with the field lines is beneficial.  

More insight is needed to cast the corner effects into a simple model and refine the 
antenna description. However reducing the toroidal RF currents seems desirable. 
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