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Abstract.  
The antennas presently developed for ICRF heating of the ITER plasma consist of a tightly packed array of a 
large number of radiating straps, in order to deliver a high power density without exceeding radio-frequency 
voltage standoffs. Recently developed commercial software has enabled important progress in the coupling 
analysis and optimisation of such demanding systems. Approximations allowing to convincingly include a 
realistic plasma description in these codes are discussed. Application of the resulting numerical tools is illustrated 
by simulation of the existing JET A2 ICRF array, with the goal to validate simulations for future antennas. 
Advances in the design of realistic test bed conditions, using salted water as a means of creating plasma-relevant 
antenna loading, and the appropriate scaling of a mockup are also presented. 
 
1. Introduction 
 
The antenna systems presently developed for ion cyclotron resonance frequency (ICRF) 
heating of the ITER plasma [1, 2] consist of an array of a large number of radiating straps, 16 
to 24 depending on design options. Such a large number is needed to deliver the high power 
density (~8MW/m2) required for the launcher without exceeding the radio-frequency (RF) 
voltage standoff of its straps. The straps will unavoidably be mutually coupled as they are 
radiating in the same medium. A proper prediction of the antenna coupling properties is an 
essential ingredient in estimating the performance of future ICRF antenna systems, such as the 
ITER and JET ITER-Like [3] ones. This is a notably complex problem, which demands the 
evaluation of both input resistance and reactance matrices of the antenna array. The reactance 
matrix requires detailed calculation of near fields and self-consistent surface currents on 
complex metallic structures. The resistance matrix sensitively depends on the distance 
between the plasma edge and the antenna and on the detailed plasma density profile, with a 
high sensitivity to pedestal, scrape-off and far scrape-off parameters. There is considerable 
uncertainty on the latter parameters for ITER, and its ICRF antenna design calculations must 
accommodate worst case assumptions. Progress has recently been made in this modelling [4, 
5, 6] by application of modern three-dimensional (3D) electromagnetic simulation tools [7, 8], 
which have become quite powerful and user-friendly since the last generation of antennas 
were designed. A successful comparison between the simulated reactance matrix of the JET 
A2 antenna [9] radiating in vacuum and earlier low power measurements on an antenna 
prototype [10] has recently been carried out [6]. Such simulations in the absence of plasma 
provide important information on RF surface current and electric field distributions as well as 
useful code benchmarking. However they do not at all represent the radiation properties of the 
antenna in presence of plasma. Although the commercial electromagnetic codes [7, 8] include 
the description of anisotropic dielectrics and of some frequency dispersive media including 
ferrites, they do not allow the direct modelling of a magnetized plasma, which requires a 
gyrotropic dielectric permittivity tensor. We have developed a remedy to this limitation, valid 
within the scope of designing ICRF antennas – i.e. well suited for computing their equivalent 
input parameters and estimating RF fields and currents on their conductors. 



2                           FT/P7-18 

Indeed, we show in Section 2 that a dielectric slab with large dielectric constant facing an 
ICRF antenna in vacuum can adequately simulate a plasma with steep edge such as occurs in 
ELMy H Mode, the standard mode of operation foreseen for ITER. The large discontinuity in 
dielectric constant at the dielectric boundary captures the essential features of wave reflection 
and refraction in the plasma edge. More refined representations of the edge can be obtained 
with a multi-layered dielectric. In practice the equivalent dielectric permittivity is determined 
by comparison of its spectral Green function with that of a plasma in the BRACC coupling 
code [11], which uses a simple strip line approximation of the antenna straps. The resulting 
dielectric is implemented in the detailed 3D model of the antenna. This approach is applied in 
an ongoing three-dimensional study of the JET A2 antenna [6] with the CST MICROWAVE 
STUDIO® (MWS) software [7], presented in Section 3. The other important practical 
application of the equivalent dielectric medium, presented in Section 4, is the ability to test 
the complete antenna system on a mockup, where the plasma loading can be simulated in very 
simple and cost-effective fashion by a salted water tank [12]. 
 
2. Use of dielectric or electrolyte to simulate the plasma loading of ICRH antennas 
 
Antenna modelling used for the comparison plasma-dielectric. The JET-EP and ITER 
antenna arrays are made of sections of strip lines (or straps) short-circuited to a background 
plane. The induced e.m.f. method [13, 14, 15] is used to compute the input impedance of the 
radiating straps in the ANTITER [16] and BRACC [11, 17] codes. It consists of assuming that 
the antenna current is known and to compute the radiated complex power P from the work 
done on this antenna current by the induced electric field. The plane geometry model 
describing a pair of radiating straps is shown in Fig. 1 together with the notations used for 
their geometry. The straps can be displaced in the the z (toroidal) and y (poloidal) directions 
and are situated at a distance d of the metal wall and at a distance a of the plasma or dielectric 
boundary. Following an exp(-iωt+ikzz+ikyy) Fourier analysis, the radiated power P can be 
expressed by the sum of its TE|z and TM|z components, given by the following expressions  
[13, 14, 15]: 2PTE=-(ωµ0/4π2)∫∫Ψdkzdky ;             2PTM=-(ωε04π2)-1∫∫Χdkzdky (1) 

The spectral functions ψ≅f1(ξ1)f2(Jx,Jy) and Χ=f3(ξ2)f4(Jx,Jy) are functions of the surface 
current distributions Jy along the straps and Jx along their feeders and of the surface 
impedances at the plasma or dielectric boundary: ξ1=Ey/(ωBz)|x=-a and ξ2=Ez/(ωBy)|x=-s are 
respectively the ky, kz spectra of the surface impedance for the TE|z and TM|z waves. If the 
periodicity along the y and z directions with respectively periods 2πr and 2πR is taken into 
account the Fourier integrals are replaced by Fourier series for kz=m/R and ky=n/r [16]. The 
antenna straps are considered as lossy strip lines. Their distributed resistance RA, inductance 
LA, conductance GA and capacitance CA can be obtained from the energy conservation in a 
transmission line: 
 2PTE + 2PTM = (RA-iωLA) ∫02wy|I(y)|2dy + (GA-iωCA)-1 ∫02wy|dI(y)/dy|2dy (2) 

It is shown in [16] that RA and LA are derived from PTE and GA and CA from PTM. In presence 
of an electrostatic screen in front of the straps only the TE waves are coupled to the plasma (or 
dielectric) and the TM power is purely reactive (GA=0). The TE wave is excited by the current 
I(y) flowing along the strap whereas the TM wave by its derivative i.e. by the voltage on the 
strap. It results that the TM waves are not significantly excited in short-circuited straps of 
length 2wy<<λ0=2πc/ω even if there is no electrostatic screen. From the knowledge of RA, LA, 
GA, CA the input impedance ZA of the strap is computed by the transmission line relations. In 
what follows we consider the loading due to the TE wave launched into the plasma or 
dielectric medium under single pass absorption conditions. 
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Wave dispersion in a uniform plasma or dielectric. If the medium x<-a is uniform and semi-
infinite the wave Fourier components propagate in it with the spatial dependence 
exp(-iρx+ikzz+ikyy). The radial wavenumber ρ has the following expressions (see Fig. 2): (i) 
For the fast magnetosonic wave excited by a TE|z wave in a magnetised plasma ρp=(k⊥

2-ky
2)1/2 

where k⊥
2 is a function of kz, the plasma density n, the steady magnetic field B assumed and 

the angular frequency ω=2πf. For ky=0 the wave will propagate in the domains where k⊥
2 >0. 

A typical locus of propagating waves in the kz, ky plane is shown in Fig. 2. This domain 
shrinks when ky≠0. In the figure βi=ωci/ω where ωci is the ion cyclotron frequency. If kz

2=k0
2 

then k⊥=ω/VA where VA=cωci/ωpi is the Alfvén velocity. (ii) If the region x<-a is vacuum then 
ρv=(k0

2-kz
2-ky

2)1/2 with k0=ω/c. The corresponding wave propagation domain in the kz, ky 
plane is much smaller. (iii) If the region x<-a is filled with a dielectric then ρD=(k0

2KD-kz
2-

ky
2)1/2 where KD is its dielectric constant. When KD is large (which is the case with water) the 

propagation domain in the kz, ky plane also becomes much larger than for vacuum and, for 
well chosen KD, can be made similar to the propagation domain of the plasma. 
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FIG. 1.  Layout of the strip line antenna 
model facing the plasma or dielectric 
medium. 
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FIG. 2. Wave cutoffs in the |kz|, ky plane 
(ω/2π=47.5MHz) for (i) the fast magnetosonic wave in 
a uniform plasma (n=0.7 1019m-3, ω=2ωcD,), (ii) 
vacuum, (iii) pure water (KD=81). The domains of 
propagation are inside the indicated boundaries. 

 
Antenna loading by plasma and dielectric with sharp edge. They are qualitatively similar 
and can even be made close quantitatively if the value of KD is well chosen. Indeed, the main 
effect of the plasma is to provide a jump in the perpendicular propagation constant at x=-a. 
The same effect is also obtained by replacing the plasma by a large |KD| medium: the waves 
inside the dielectric will propagate for kz

2+ky
2<Re(KD k0

2). The increase of KD (or the ratio 
c/VA for the plasma case) allows to expand the range of kz and ky spectrum excited by the 
current distribution on the straps that can be coupled to the dielectric or plasma half-space. 
This results in an increase of the antenna loading. The effect of coupling increase by raising 
KD is nevertheless counteracted by (i) the tunnelling effect of the waves with kz

2+ky
2> k0

2 
which are more and more attenuated in the space between the straps and the dielectric surface 
at x=-a when kz

2+ky
2 increases; (ii) the reflection at the jump of perpendicular propagation 

constant at x=-a. For instance in the case of a plane wave with ky=kz=0 impinging the 
transition layer at x=-a, the field reflection coefficient is (ηD-η0)/(ηD+η0) where η is the 
intrinsic impedance of the medium. This reflection also allows the excitation of “coaxial 
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modes” [18] which propagate between the metal wall (at x=d) and the dielectric or the plasma 
surface, or even of a surface wave [17] along the low density edge of a non uniform plasma. 
Fig. 3a shows a typical TE power spectrum for the case of water (KD=81). One sees the 
contributions of wave propagation therein for kz

2+ky
2<KD k0

2
 and the contribution of coaxial 

modes for kz
2+ky

2≅k0
2. The value of the total TE radiated power is indicated. For comparison 

the figure caption also gives the radiated powers PVAC [19] for vacuum (KD=1) an PCOAX for 
the coaxial modes when a metal wall or a dielectric medium with |KD|→∞ is placed at in x=-a. 
Fig. 3b shows that the spectrum shape and magnitude is similar for the plasma case. 
For the same range of kz

2+ky
2 the loading due to the plasma is slightly lower and there is a 

small asymmetry between the positive and negative values of ky due to the anisotropy of the 
plasma. This anisotropy effect is small at high densities. 
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FIG. 3. kz, ky spectrum of the real part of the function Ψ ∝Re PTE(kz,ky). (a) for water loading, (b) for 
plasma loading (case of a single strap). The corresponding values of PTE are given (values for 1A 
flowing in the strap). For comparison Re(2PTE)v=1.04W for radiation in vacuum (KD=1) and 
Re(2PTE)coax=3.56W for coaxial modes (metal wall at x=-a, a=0.15m). 
 
If losses inside the dielectric are introduced by the addition of an imaginary part KD”  in 
KD=KD’+iKD”  or by an equivalent conductivity KD”=σ/(ω ε0), a decrease of the antenna 
loading appears due to the larger reflection at the KD transition. The shape of the power 
spectrum is also modified: the propagation of damped waves extends in the domain 
kz

2+ky
2>k0

2KD’  but this does not compensate the loss of coupling due to higher reflection at 
the edge x=-a. This is shown in Fig. 4 
 
Description of the SOL by a multi-step dielectric susceptibility profile. Fig. 5 displays the 
contour of the square of the perpendicular propagation constant of the fast magnetosonic wave 
k⊥

2(|kz|,n) as a function of kz and of the distance δr from the last closed magnetic surface 
(LCMS). The plasma density profile in the SOL is given by n=nedgeexp(-ζ) with ζ=δr/lSOL. The 
LCMS density is n=nedge and lSOL is the density decay length in the SOL. Vacuum conditions 
for the wave propagation takes place at ∼7 scrape-off lengths of the LCMS for the conditions 
of Fig. 5. To excite waves into the plasma the electromagnetic field corresponding to ky=0 has 
to tunnel up to the cut-off for |kz|>k0 and between the cut- off and the resonance for |kz|<k0. 
The tunneling distance is larger if ky≠0. The plasma resonance appearing at low density only 
leads to weak absorption in the SOL [18]. 
The effect on the distributed plasma loading resistance RA (case of single strap) of the decay 
length lSOL with a constant distance between the antenna and the LCMS is shown in Fig. 6 for 
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FIG. 4. Effect of losses in the dielectric: kz 
spectrum of Re(2PTE) for KD” =40 and KD” =0. 
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FIG. 5. Contour of k⊥
2(|kz|, n) in the SOL for 

n=nedge exp(-ζ) with nedge=1019m-3 as a function of 
| kz | and ζ (or n). ζ=δr/lSOL where δr is the 
distance towards the wall starting from the LCMS 
and lSOL is the density decay length. 

ITER relevant conditions. The results neglecting coaxial modes are first given. They 
correspond to the direct coupling to the plasma through the waves tunnelling between the 
strap and the cut-off for |kz|>k0. The effect of increasing lSOL is to decrease this tunnelling 
distance for a part of the wave spectrum. This loading is well described by a single-step 
profile of plasma density if lSOL is sufficiently small with respect to the distance LCMS-
antenna. The excitation of coaxial modes and surface wave give an additional contribution to 
the loading which can become equal to or even larger than the one due to the direct coupling if 
the tunnelling distance becomes large for a large part of the wave spectrum. The magnitude of 
the coaxial mode contribution depends on the distance “a”  and on the density profile (see the 
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FIG. 6. a) Influence of the SOL decay length lSOL on the loading due to plasma for nedge=1020m-3 and 
distance LCMS-strap=0.15m. The loading due to direct coupling, to coaxial modes and to their sum 
is shown. Plain lines: Fourier integral evaluation of equation (1), multi-step density profile analysis. 
Open circles: BRACC results (integration through the exponential density profile and series 
calculation with R=6.2m and r=2.95m). b) Similar analysis for a dielectric, with multi-step profile of 
the susceptibility χ=KD-1. In the plasma bulk we take KD=4000+i500 and in the SOL χD proportional 
to the plasma density step function of a). 
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discussion in [18]). If a Fourier series is used instead of a Fourier integral to compute RA, its 
amplitude exhibits resonances versus the frequency which critically depend on the kz and ky 
steps of the Fourier series [16, 17]. The spectrum density becomes large for the large spatial 
periods of ITER. As these modes are coupled to each other by the toroidicity and are damped 
by their coupling to the plasma bulk the Fourier integral probably gives a more realistic 
estimate of coupling. On Fig. 6a are shown the contribution of the coaxial modes and the total 
loading resistance obtained from Fourier integral or Fourier series. 
 
The effect of the plasma profile in the SOL can also be taken into account by a multi-step 
plasma density profile which approximately follows the inhomogeneous plasma profile. On 
Fig. 6a the continuous curves are obtained from a multi-step density profile with 4 steps per 
lSOL, and 20 steps in total. At each step the density is decreased by a factor e-1/4 and after the 
last step (of density 6.74 1017m-3 ) the density is set to zero up to the strap. The circles are 
obtained from numerical integration through the inhomogeneous profile up to 3cm of the strap 
by the BRACC code. The total loading resistance is obtained from Fourier series by the 
BRACC code and by Fourier integral for the multi-step density profile: this explains the 
difference between both results which is larger at low values of lSOL . The loading due to 
inhomogeneous density profile can fairly be simulated by an inhomogeneous dielectric with a 
step function in the susceptibility χd=KD-1. Fig. 6b shows the results obtained with a step 
function in χd taken proportional to the density step function of Fig. 6a, such that the last step 
of the 20 describing the χd profile is characterised by KD=26.95+i3.37 before the KD=1 region 
up to the strap. The similarity between both results is striking. Even a small number of 
susceptibility steps can give a good description of the effect of the SOL on the coupling. 
 
3. Application to realistic 3D modelling of the JET A2 antenna with MWS 
 
Equivalent dielectric parameters approximating loading conditions to a typical JET ELMy H 
Mode plasma have been obtained from the above considerations. In a first application we use 
a single dielectric volume with KD=2000. This value of KD confirms an earlier ad-hoc choice 
[6] based on matching the magnetosonic wavelength. A curved dielectric block, shaped like a 
reference JET divertor discharge and at ≈9.5cm (midplane) from the front face of the straps, is 
used to load the 3D MWS model of the JET A2 antenna shown on Fig. 7. Power absorption in 
the plasma bulk is simulated by an outgoing wave condition at five boundaries of the 
simulation domain, which amounts to assuming effective central single pass absorption. The 
machine wall is represented by a conducting plane (not shown) at the back of the antenna. 
This simulation of one half of the array (straps #3 and 4), based on a time-domain analysis and 
Fourier transform of the results, covers the whole antenna frequency range (23 to 57MHz). 
Striking features of the results are (i) larger high-k// components in the radiation spectrum 
than assumed in early simulations; (ii) a significant fraction of the current flowing on the back 
side of the straps, i.e. 4.8cm behind the front side. This contributes to explain a lower 
radiation in the plasma than found with simpler (thin strap, uniform current, box-free) models. 
Additional details can be found in [6]. Fig. 8 shows the simulated input scattering parameters 
at the two 30Ω coaxial ports, to be included in a model of the ICRF transmission circuit, and 
Fig. 9 shows various field outputs. Beside comparison with experimental data, future work 
will address systematic scans of the antenna-dielectric distance, of the plasma boundary shape, 
investigation of multilayer  dielectric models, modelling the complete 4-strap array and 
introducing RF losses. Further improvement of the description of plasma loading could be 
obtained by (i) implementing a magnetized plasma in MWS; (ii) using the detailed MWS 
current patterns as sources in the available plasma coupling and heating codes. 
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FIG. 7. MWS model of half a JET A2 antenna. 
Left: strap #4 (‘outer’ ); right: strap #3 
(‘ inner’ ), fed by an in-vessel ‘crossover’  
conductor. Coaxial feed lines are at a common 
toroidal location behind strap 4. The 
homogeneous dielectric (KD=2000) is shown 
as a yellow wireframe. 

 

 
FIG. 8. Computed input scattering parameters 
vs frequency in MHz. Top: amplitude, bottom: 
phase in degree. (Port 1 feeds strap 4, port 2 
feeds strap 3.) NB S21=S12. 
 

 

 
FIG. 9. Vertical cut through strap #4. Left: RF electric field amplitude; centre: toroidal electric field 
component, mainly confined in the antenna box; right: toroidal RF magnetic field component showing 
wave propagation in the equivalent dielectric. Toroidal dipole phasing, 42.5MHz. Arbitrary units. 
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4. Application to testing an ICRH system with a scaled-down mock-up 
 
When decreasing all the lengths of the system and increasing the frequency by the same scale 
factor fMU, the loading resistance increases by the same factor but the impedance matrix is 
invariant because the ratio length/wavelength remains constant. There is no need for a large 
water layer to simulate single pass absorption: addition of salt in the water can easily provide 
large wave absorption over a short distance [12]. It is also easily possible to vary the loading 
by changing the distance water tank-antenna “a”  and therefore to measure the effects of 
mutual coupling between the straps and e.g. to test the load resilience of an array of straps 
connected in several “conjugate T”  circuits [20]. As an example the mock-up of the ITER 
antenna with external matching [2] has been constructed with a scale factor fMU=5. All lengths 
altogether with the distance strap-dielectric are reduced by this factor whereas the frequency is 
multiplied by it (f=5 × 40-55MHz=200-275MHz) [21]. 
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