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ITER’s Ion Cyclotron Range of Frequencies (ICRF) system [Lamalle et al., Fusion Eng. Des. 88,

517–520 (2013)] comprises two antenna launchers designed by CYCLE (a consortium of European

associations listed in the author affiliations above) on behalf of ITER Organisation (IO), each inserted

as a Port Plug (PP) into one of ITER’s Vacuum Vessel (VV) ports. Each launcher is an array of 4

toroidal by 6 poloidal RF current straps specified to couple up to 20 MW in total to the plasma in the

frequency range of 40 to 55 MHz but limited to a maximum system voltage of 45 kV and limits on RF

electric fields depending on their location and direction with respect to, respectively, the torus vacuum

and the toroidal magnetic field. A crucial aspect of coupling ICRF power to plasmas is the knowledge

of the plasma density profiles in the Scrape-Off Layer (SOL) and the location of the RF current straps

with respect to the SOL. The launcher layout and details were optimized and its performance estimated

for a worst case SOL provided by the IO. The paper summarizes the estimated performance obtained

within the operational parameter space specified by IO. Aspects of the RF grounding of the whole

antenna PP to the VV port and the effect of the voids between the PP and the Blanket Shielding

Modules (BSM) surrounding the antenna front are discussed. These blanket modules, whose

dimensions are of the order of the ICRF wavelengths, together with the clearance gaps between them

will constitute a corrugated structure which will interact with the electromagnetic waves launched by

ICRF antennas. The conditions in which the grooves constituted by the clearance gaps between the

blanket modules can become resonant are studied. Simple analytical models and numerical simulations

show that mushroom type structures (with larger gaps at the back than at the front) can bring down the

resonance frequencies, which could lead to large voltages in the gaps between the blanket modules and

perturb the RF properties of the antenna if they are in the ICRF operating range. The effect on the wave

propagation along the wall structure, which is acting as a spatially periodic (toroidally and poloidally)

corrugated structure, and hence constitutes a slow wave structure modifying the wall boundary

condition, is examined. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884379]

I. INTRODUCTION

The design of the ITER Ion Cyclotron Range of

Frequencies (ICRF)1 launcher is supported by the results

obtained with the ITER-Like Antenna on JET in 2008–2009

(Ref. 2) which validate the TOPICA3,4 coupling estimations;

demonstrate that there were no unforeseen difficulties in oper-

ating up to 42 kV (which was not a limit); achieved power den-

sities in the range required by ITER in terms of reliability and

did not result in excessive ICRF impurity production.

Additional confirmation of the proposed matching and

its load resilient operation were also demonstrated on ELMy

plasmas on JET’s A2 ICRF antennas.5,6

Fig. 1 shows a poloidal section of 1 of 8 similar

sub-assemblies arranged in a 2 poloidal by 4 toroidal array

making up the whole array and its CST Microwave Studio

(CST-MWS)7 3D RF model where the outer conductors have

been left out.

II. RF OPTIMIZATION AND ESTIMATED
PERFORMANCE

ITER ICRF antenna’s capability to couple power to

plasma is determined by: the plasma Scrape-Off Layer

(SOL) location and profiles;8 the shaping of the front strap

array, organized as a 6 poloidal by 4 toroidal array of short

straps; the overall layout of the feed network and the detailed

design of its RF components. The first two factors are taken

into account in the strap array 24x24 scattering matrix, S24,

or impedance matrix, Z24, calculated by TOPICA by import-

ing a CAD model of front face of the antenna and using

a)Electronic mail: frederic.durodie@rma.ac.be
b)CYCLE consortium of research institutes listed in the affiliations above

including “Association Euratom-CEA, CEA, IRFM, 13108 St Paul lez

Durance, France.”
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plasma SOL profiles given by ITER Organization (IO)9

depending on the physics assumptions used for modelling

ITER’s SOL. The “Low density SOL” case results in lower

coupling than pre-project assumptions10 while the “High

density SOL” case is particularly favourable to couple ICRH

power but may not be feasible due to the heat loads on

ITER’s First Wall (FW).

The S24/Z24 matrix data are coupled to a RF circuit

model of the circuit feeding the straps of which the compo-

nents are represented by either S or Z matrices estimated

with CST-MWS,7 such as the 4 Port Junction (4PJ) feeding 3

poloidally adjacent straps, or simple Transmission Line (TL)

sections for the rest of the Removable Vacuum Transmission

Line (RVTL) which include the Service Stub tee (SS-T) and

Vacuum Ceramic Windows (VCW). It was verified that the

joining of the separate strap array matrix obtained from

TOPICA to the S-matrix of the RF model of the 4PJ did not

introduce errors due to the possible presence of non-TEM

modes at the reference plane between the TOPICA strap

array model and the 4PJ model.

The circuit components inside the port plug (PP) are

optimized to maximize the power coupled to the plasma for

the various phasings considered for operation taking into

account geometrical constraints, assembly requirements and

RF quantities specified by IO: E-field less than 2 kV/mm par-

allel to the magnetic field in the torus vacuum areas and

magnitude less than 3 kV/mm everywhere and voltages less

than 45 kV. Additionally, the CYCLE team has specified,

subject to a successful outcome of related R&D,11 currents

less than 2 kA through RF contact with the highest current

density (5 kA/m) between RVTL and 4PJ inner conductors.

The arrows indicating the positions Gmin,k on Fig. 1 (lower)

delimit the various sections where the circuit simulator veri-

fies that the aforementioned electrical limits are not

exceeded (formally Gmin,k refers to the minimum conduct-

ance and the power launched for 1 triplet is given by PRF;k

¼ 0:5� Gmin;k � V2
max;k for maximum voltage Vmax,k on an

extended homogeneous TL longer than half wavelength

feeding the respective section k,10,12 where k¼ 1: antenna

strap feeders, 2: 4PJ to the SS-tee, 3: SS-tee to the feeding

MTL excluding 2nd VCW, 4: feeding MTL past the 2nd

VCW). However, the circuit solver further takes into account

(a) an estimate of the voltage distribution on the 4PJ, (b) that

the maximum voltages do not always appear on the sections

that are shorter than half a wavelength (allowing the trans-

mitted power to increase if not limited elsewhere), (c) that

the current density in the RF contact between 4PJ and RVTL

inner conductor, Ict, and (d) the electric field at the inward

FIG. 1. (Upper) Section through of 1 of the 8 triplets of straps and their feed-

ing RVTL: (1) Faraday Screen, (2) RF current straps, (3) 4PJ, (4) RVTL RF

contacts (a and b) respectively, inner and outer conductors for assembly and

shimming, (c) outer conductor for thermal expansion, (5) RF contacts (a)

FHM-PP grounding for assembly and shimming, (b) deployable PP-VV

grounding contact, (6) FHM, (7) direct line of sight neutron shield for 1st

VCW, (8) front VCW, (9) SS-T, (10) RVTL, (11) SS, (12) PP, (13) rear

VCW. (Lower) Schematic CST-MWS RF model layout showing the inner

conductors of 1 of 8 similar triplets, 4PJ, VCWs (ceramics shown in orange),

SS and RVTL assemblies with the parameters used for optimizing the

performance.

FIG. 2. (Upper) Estimated limits in coupled power for the allowable RF

quantities in the various sections/locations of the strap feeding circuit

(lower) resulting estimate of coupled power for the various toroidal phasings

for the reference poloidal phasing (0, �p/2).

061512-2 Durodi�e et al. Phys. Plasmas 21, 061512 (2014)
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fold of the SS, Ef remain within allowed limits. Fig. 2 (upper)

shows how the power coupled to the plasma is limited by the

RF quantities in the various sections and locations for the toroi-

dal phasing of (0, p, 0, p) and the reference poloidal phasing

(0, �p/2). The resulting overall performance curve for this

phasing is then the minimum over all curves and is shown in

Fig. 2 (lower) together with similar curves for other toroidal

phasings (the line style showing the nature of the limitation).

The maximum E-field on the components is limited by

shaping their surface such that the design limits are not

exceeded either at the maximum system voltage of 45 kV

(4PJ, RVTL, VCW, SS) or at the maximum expected voltage

(SS fold region): Fig. 3 (upper) shows the total and parallel

(to BT) electric fields on the 4PJ inner conductors.

The optimisation is most sensitive to the length of the

4PJ (LJ) for which an accuracy of <10 mm must be

achieved: Fig. 3 (lower) illustrates that if the 4PJ is too long,

the cliff-edge like limitation due to the RF contact current

shifts downwards from the high frequency side and if it is

too short the performance at the low frequencies is further

degraded. For the other dimensional parameters, the sensitiv-

ity is not as severe.

The optimisation of the layout in terms of the parame-

ters shown in Fig. 1 (lower) is not unique:13 the solution pre-

sented in this paper uses two identical VCW assemblies with

a slightly higher average characteristic impedance (to depart

as little as possible of the optimal mechanical design of the

VCW14,15) than that of the RVTL (20 X) at the cost of a

slightly reduced performance at the high frequencies as well

as reduction by about 0.3 MHz of the margin to the cliff-

edge like limitations at high frequency.

The performance of the launcher is unsurprisingly very

sensitive to the location of the SOL plasma profile in front of

the antenna straps. Fig. 4 (upper) shows the power coupled to

the plasma for profiles shifted (in an ad hoc manner in the

input to the TOPICA coupling code) by 4 and 8 cm towards

the antenna with respect to the reference position. It has been

suggested by IO16 that it should be possible to shift the plasma

closer to the antenna while the heat load on the FW remains

acceptable. Recently, a consistent plasma equilibrium has been

received from IO17 that amounts to a shift of the SOL profile

towards the antenna by more than 10 cm. The compatibility

with respect to the FW still needs to be assessed.

Finally, the performance can be improved by about 20%

by feeding the array poloidally in (0, p) phasing rather than

(0, �p/2) as shown in Fig. 4 (lower). Note that because the

bottom triplets are installed upside down with respect to the

top ones, feeding the array with (0, p) phasing poloidally

actually means that the currents in the front face for the array

are in phase poloidally (see Fig. 1 where the upper part

FIG. 3. (Upper) Electric fields on the 4PJ inner conductor at maximum

voltage (53 MHz), color scale: Etotal 0–3 kV/mm, Ek 1.7� 2.1 kV/mm

(2 kV/mm¼ yellow) (lower) sensitivity of the performance to the length

dimension of the 4PJ (LJ).

FIG. 4. (Upper) Performance for the (0, p, 0, p) toroidal phasing and (0,�p/2)

poloidal phasing for SOL profiles shifted towards the antenna, (lower) coupled

power for the various toroidal phasings for a poloidal phasing of (0, p).

061512-3 Durodi�e et al. Phys. Plasmas 21, 061512 (2014)
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shows a top triplet and the lower part shows a bottom triplet).

A modification of the matching network to achieve this for

toroidal current drive phasings has been proposed.18 The

effect of the poloidal phasing of the array on the power spec-

trum has been investigated with ANTITER II.10 Fig. 5 shows

the spectral resistance, RA(kz) where PRF ¼
Ð

1
2

RAðkzÞIA
2 dkz

for an antenna current IA and wave number kz, for the posi-

tive current drive toroidal phasing for both poloidal phas-

ings: for the waves launched in the region where surface

waves could propagate this effect is modest and the overall

excitation of this part of the spectrum appears to be slightly

smaller for the �p/2 poloidal phasing. The gain of power

launched at the spectral part of interest for the (0, p) phasing

is clear.

Losses are highest at high frequency with a minimum at

mid-band frequency and amount to a maximum of 1.12 MW

for the whole launcher at 55 MHz.13

III. RF MEASUREMENTS AND CONTROL ASPECTS

Redundant RF measurements are necessary to control

the launched power spectrum, to operate the antenna within

prescribed limits with confidence and to protect the launcher

in case of arcs. Each RVTL asssembly is fitted with two pairs

of RF probes that each measure local voltage and current

simultaneously. Fig. 6 (upper, lower left) shows the location

of the 4 probes on the RVTL outer conductor while Fig. 6

(lower right) shows that each probe is a little loop aligned to

the axis of the RVTL and has 2 RF outputs, U1 and U2. Their

(complex) sum reproduces a signal proportional to the local

RF voltage and their difference one to the local RF current.

These probes can also been used for Arc Detection although

analysis shows that arcs located where the RF voltage of the

Voltage Standing Wave (VSW) is low are not detected.19

This a problem common to most arc detection techniques

based on RF signals so that other methods should be used

additionally.20,21

The estimates of performance shown assume that the

control of the RF power feeding the strap array will be done

using RF measurements of the amplitude and phase of the

RF voltages located at the average position of the voltage

anti-nodes on the 8 feeding main TLs.10 As illustrated in Fig.

7, the main effect is that even with error free measurements

the errors on the strap current amplitude and phases will be

substantially larger than for the ideal (but possibly not feasi-

ble) control which mathematically minimizes the strap cur-

rent amplitude and phase errors.22 Note that because there

are 24 straps and only 8 feeding TLs and the presence of

asymmetries due to, e.g., the non-reciprocity of the plasma,

the strap current amplitude and phase errors cannot be zeroed

even in the case of an ideal control. These errors become

larger when the coupling with the plasma is increased and

when the phasing (poloidal as well as toroidal) leads to RF

power transfers (p/2 phase differences between adjacent trip-

lets). These amplitude and phase errors may in turn increase

RF sheath losses on the Antenna’s Faraday Screen (FS) and

adjacent Blanket Shielding Modules (BSM). Although pro-

gress has been made in the modelling of the physics of RF

sheath in tokamak environments,23,24 the problem remains

computationally complex, still necessitating geometric as

well as physics simplifications such that a sufficiently accu-

rate quantification of the RF power dissipated in the RF

sheaths is still outstanding. In order to cope with these uncer-

tainties, the position of the launcher with respect to the

plasma can be varied during shutdowns: it can be moved

1 cm towards the plasma to improve the coupling should it

be too marginal and 2 cm away from the plasma should RF

sheaths and other heat loads on the FS bars exceed their ther-

mal capabilities.

IV. GROUNDING AND RF EXCITATION OF BSM
STRUCTURES

Theoretical and experimental25,26 efforts were spent to

understand the aspects of the grounding of the PP to the

Vacuum Vessel (VV) to avoid spurious resonances in the

24x24 strap impedance matrix27 as well as the presence of

high electric fields in the nominal 20 mm gap between the PP

and VV28 as well as to experimentally validate the proposed

FIG. 5. Spectrum of the coupled power at 53 MHz (k0¼ 1.11 m�1) for the

positive current drive toroidal phasing. The shaded area shows the part of

the spectrum where kz< k0. The plain lines are for the (0, p) poloidal phas-

ing and the dashed lines are for the (0, �p/2) one.

FIG. 6. (Upper) location of RF probes on the RVTL (lower left) pairs of

probes at the same location on the RVTL (lower right) details of RF probes.
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grounding solution between the VV-BSM structure and the

PP.

Fig. 8 shows the effectiveness of the proposed ground-

ing to reduce electric fields in these areas: without the addi-

tional grounding towards the front of the PP the fields can

even exceed these on the high power components of the

launcher.29

The possible appearance of resonances on the coupled

power vs. frequency curves is due to the presence of gaps of

varying widths between the front of the launcher and the sur-

rounding BSM.27 Fig. 9 (upper) shows the effect of the ab-

sence of adequate grounding on the power coupled vs.

frequency curves. Fig. 9 (lower) identifies the various

resonances appearing in the case of the toroidal monopole

phasing and clearly shows that these resonances are

adequately suppressed by the proposed grounding.25 It is

expected that these resonances, which are quite narrow,

when appearing at or near the operating frequency are affect-

ing the launched power spectrum while if the resonance is

further away the power spectrum will not be affected

significantly. However, at present, there are no tools avail-

able to analyse this in a detailed quantitative manner.

In ITER, the blanket modules covering the first wall,

whose dimensions are of the order of the ICRF wavelengths,

together with the clearance gaps between them constitute a

corrugated wall structure which will interact with the electro-

magnetic waves launched by the ICRF antennas. The condi-

tions in which the grooves constituted by the clearance gaps

between two neighbouring blanket modules can become res-

onant, i.e., present infinite input impedance, are being stud-

ied using two approximate analytical models: a groove

shorted at both ends (shorted rectangular waveguide) and a

groove closed on itself (shorted coaxial waveguide). The

waveguide excitation is provoked by the tangential RF mag-

netic field produced by the antenna array on its surrounding

wall. The amount of excitation depends on the way this exci-

tation matches the field distribution of the waveguide mode

at its aperture. In case of resonant conditions, a mode can be

FIG. 8. (Upper) E-fields between the PP and VV when the PP is only

grounded by the main port flange. For comparison one of 8 triplets fed from

a simplified 4PJ is shown with the electric fields at system voltage of 45 kV

at 47.9 MHz with a 00pp toroidal and 0p poloidal excitation. (Lower) The

electric fields for the same excitation but with the proposed grounding

located at approx. 1 m from the front of the launcher using discrete flexible

contact strips between PP and VV.

FIG. 7. Amplitude and phase errors with respect to an ideal distribution of

RF current on the 24 straps of the array for the various toroidal phasings (h)

and poloidal phasings ð/Þ (upper) using a theoretical Least Square Fit on the

8 complex forward power waves feeding the array (lower) using amplitude

and phase control of the 8 RF voltages at the average location of the voltage

anti-node in the feeding MTLs.
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excited in the shorted waveguide potentially leading to large

electric field between the waveguide walls and coupling to

the antenna excitation. A similar approach was used analyz-

ing the effect of the clearance gap around the antenna and

led to the definition28 and test25 of a grounding solution for

the ITER ICRF antenna as well as the analysis of a reso-

nance appearing in the ITER frequency band in the model-

ling when using simplified blanket geometry around the

antenna.27 The analysis is performed here for gaps around

blanket modules. We finally examine the effect of the first

wall structure, which is acting as a spatially periodic (toroi-

dally and poloidally) corrugated structure, on the wave prop-

agation along it.

A. Shorted rectangular waveguide

The groove constituted by the clearance gap between

two neighboring blanket modules is first approximated by a

lossless rectangular waveguide. The geometry of such a

waveguide is shown in Fig. 10(a), where a is the blanket

module’s length and b is the width of the clearance gap, with

typically b� a. The waveguide has a length d, being shorted

at the back at the vessel wall (z¼ 0) and opened at the front

by the clearance gap (z¼ d). The boundary conditions are

that the tangential electric field components are zero on the

walls of the waveguide, meaning Ex¼ 0 at y¼ 0, b, Ey¼ 0 at

x¼ 0, a and Ex¼Ey¼ 0 at z¼ 0. The derivative of the tan-

gential electric field is in first approximation taken as zero at

the mouth of the waveguide, i.e., at z¼ d. TE and TM modes

can be excited in a rectangular waveguide. The resonance

frequencies of these modes can be found in the same way as

the ones of a resonant cavity30 replacing the short circuit

boundary condition by an open circuit boundary condition at

z¼ d. Cutoff frequencies for the TEmn and TMmn modes and

resonance frequencies for the TEmnp and TMmnp where

bd¼ pp/2, p¼ 1, 3, 5,… are then given by

fc;mn ¼
c

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mp
a

� �2

þ np
b

� �2
s

fres;mnp ¼
c

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mp
a

� �2

þ np
b

� �2

þ pp
2d

� �2
s

m; n ¼ 0; 1; 2;…; p ¼ 1; 3; 5;… (1)

The TE10 mode has the lowest cutoff and is the domi-

nant mode. TM11 is the first TM mode. As b� a, the TM

modes typically have cutoff frequencies in the GHz range

and hence will not be excited in the ICRF frequency band.

The dominant resonant mode is the TE101 mode, correspond-

ing to the TE10 dominant waveguide mode in a guide of

length kg/4¼ 2p/b10, where b10 is the propagation constant

of the dominant mode. Its cutoff frequency (only dependent

on a), corresponding cutoff wavelength and propagation con-

stant are given by

fc ¼
c

2a
; kc ¼ 2a; b ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� fc

f

� �2
s

; (2)

FIG. 9. (Upper) Experimental measurement on the low power mock-up of

the effect of the (absence of) adequate grounding on the power coupled vs.

frequency for the various toroidal phasings. (Lower) The gap voltage vs. fre-

quency normalized to average strap voltages for the toroidal monopole phas-

ing (0, 0, 0, 0) and (0, p) poloidal phasing with and without grounding

identifying the various types of resonance modes.

FIG. 10. Geometry of the waveguides (a) rectangular (b) circular coaxial (c)

rectangular of the mushroom type.
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where k0¼ 2pf/c. The field components and wave impedance

are given by (forward and backward waves):

Ey ¼ Eþe�jbz þ E�ejbz
� �

sin
px

a

¼ E0 sin
px

a
sin

ppz

2d

Hx ¼ �j
E0

ZTE
sin

px

a
sin

ppz

2d
; ZTE ¼ g

4d

pk
(3)

where g ¼
ffiffiffiffiffiffiffiffiffiffiffi
l0=�0

p
� 377X is the vacuum intrinsic imped-

ance and E0¼Vgap/b, where Vgap¼V (x¼ a/2, z¼ d).

B. Shorted coaxial waveguide

The clearance gap all around a blanket module can be

approximated by a shorted circular coaxial waveguide of

equivalent inner radius ri and outer radius ro with h¼ ro� ri

� ri, shorted at z¼ 0 and open at z¼ d (Fig. 10(b)). A partic-

ular case was already treated in the case of the clearance gap

surrounding the ITER antenna,27,28 for which an adequate

grounding solution was proposed and experimentally vali-

dated on a reduced-scale mock-up.25 In the case of a coaxial

structure, TEM modes, in addition to TE and TM modes, can

be excited. The dominant modes are the TEM, which has no

cutoff, and the TE10 modes. Equations (1) and (2) expressing

the cutoff and resonance frequencies, the cutoff wavelength

and propagation constant remain valid with m, n¼ 0, 1, 2, 3,

… for TEmnp and TMmnp modes, m, n¼ 0 for TEMp modes

and p¼ 1, 3, 5 … provided the following replacements are

performed: a/p ! aeq¼ (roþ ri)/2 and b ! h¼ ro� ri with

h� ri.
31 Expressions for the fields for the coaxial waveguide

are given in Refs. 28 and 31.

C. Mushroom type waveguides

Let us now consider a mushroom-type rectangular

waveguide, i.e., a rectangular waveguide presenting a height

transition as shown in Fig. 10(c) (section cut). The wave-

guide has a total depth d¼ d1þ d2 and let us define d2¼ ad
and d1¼ (1� a)d with 0< a< 1. The height is changing

from b¼ h1 to b¼ h2 and the height ratio is given by

j¼ h2/h1. The input impedance seen from region 1 looking

towards region 2 is the one of a shorted transmission line of

characteristic impedance Z02 and with a propagation con-

stant b, i.e.,

Zin1 ¼ jZ02 tan bd2½ � ¼ jZ02 tan badð Þ

Z02 ¼
V

I
¼ p

2

h2

a

Ey

Hx
¼ p

2

h2

a
ZTE; (4)

where Z02 is the rectangular waveguide’s characteristic im-

pedance based on the maximum V.32 In this case, we also

have j¼ h2/h1¼ Z02/Z01 as the wave impedance ZTE is inde-

pendent of the waveguide geometry. The input impedance

seen looking towards the rectangular mushroom-type shorted

waveguide is

Zin ¼ Z01

Zin1 þ jZ01tan bð1� aÞdð Þ
Z01 � jZin1tan bð1� aÞdð Þ

¼ jZ01

j tan bad½ � þ tan bð1� aÞdð Þ
1� j tan bad½ �tan bð1� aÞdð Þ : (5)

The waveguide is resonant for the frequencies for which

Zin ! 1. An example of resonant frequencies (for p¼ 1) in

function of a for different values of j is given in Fig. 11

(top) for a waveguide with typical values for ITER: a¼ 1 m,

b¼ 0.02 m, and d¼ 0.4 m. Excellent agreement is found

between the values from the analytical model and those from

a numerical eigenmode solver.

Experimental gap voltage measurement at the aperture of

a rectangular shorted mushroom waveguide placed on the first

wall of the ITER ICRF reduced-scale antenna mock-up25 fur-

ther supports the result (see Fig. 11 (bottom), monopole phas-

ing case): resonance frequencies are decreasing when j is

increasing for given a and d. Resonances are measured around

222 MHz for j¼ 54 and 275 MHz for j¼ 17 on the mock-up

(model predicts, respectively, 212 MHz and 295 MHz). For a

given operation frequency, there is no resonance if

j< jmin¼ 1/tan2(bd/2), a single value of a leading to reso-

nance for j¼jmin(a¼ 0.5) and 2 values of a leading to reso-

nance for j> jmin. The same procedure can be applied to

study the effect of a mushroom-type circular coaxial wave-

guide. Equation (5) remains valid in first approximation (for

aeq� h, j¼ [aeq1h2]/[aeq2h1] � h2/h1). The resonance fre-

quencies in function of a and j for the TEM for a coaxial

waveguide with aeq¼ 4� 1/2p¼ 0.64 m, h¼ 0.02 m and

d¼ 0.4 m is shown in Fig. 11 (middle). In this case, b¼ k0 and

the result is independent of aeq. One can see that the resonant

frequency can substantially decrease, potentially towards the

operation frequency range (40–55 MHz in the case of ITER),

when the waveguide exhibits a transition towards a larger

height waveguide. The resonant frequency for a constant

height waveguide (j¼ 1) is in agreement with the value given

by Eq. (1). No resonance effect is expected for a constant width

groove of length d¼ 0.4 m in the ITER ICRF frequency range.

D. Effect of a corrugated wall structure

A corrugated wall acts as a slow wave structure31

(vphase< c) with spatial period L Fig. 12 (left). The propaga-

tion constant linked with the fundamental wave (higher order

Fourier components are linked with its spatial harmonics)

can be derived by matching the average value of the

surface impedance of the corrugated wall, which is different

from zero (as it would be for a flat metallic wall),

hZsi ¼ �jgh=L tanðk0dÞ, to the surface wave impedance

Zs,w¼�Ey/Hz. In the case of high density plasma facing a

corrugated wall and kz¼ 0 (or @@/@z¼ 0) one can show that

we have

hZsi ¼ �j
xl0

k0

h

L
tanðk0dÞ

¼ �jxl0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b0

2 � k0
2

p
tanh a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b0

2 � k0
2

p� �
k0

2
¼ Zs;w:

(6)
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An example of the effect of the distance to the plasma a
and of the groove width h on the propagation constant is

given in Fig. 12 (right) for an ITER-relevant case with

f¼ 55 MHz, L¼ 1 m, and d¼ 0.4 m (high density plasma

approximation). The coaxial modes dispersion is conse-

quently extended towards a larger ky, kz domain (jky;zj < b0

instead of jky;zj < k0). For a doubly corrugated wall, the

toroidal and poloidal grooves have a wave surface imped-

ance Zs,w,tor¼�(Ey/Hz)tor and Zs,w,pol¼�(Ez/Hy)pol excited,

respectively, by the Hz and Hy radiated field components.

The antenna exciting mainly a TE/z field the poloidal

grooves will be less excited but can produce a coupling

between TE/z and TM/z waves.

However, it is stretching present day computational

capabilities to model the RF fields surrounding the real ge-

ometry of the objects and gaps in the vicinity of the front of

the antenna such as cooling pipes ELM stabilization coils

with their detailed grounding and attachments to the VV in

order to exclude the presence of similar resonances appear-

ing in the frequency band of interest. The CYCLE team has

proposed to develop and test on scaled mock-ups of the

launcher12 low power measurement procedures on the in-

stalled port plug to detect possible resonances and avoid

operating at these frequencies if detected.

V. CONCLUSIONS

The proposed layout for the ITER ICRF launcher has

been optimized to maximize the coupled power on the worst

case plasma SOL profile provided by IO. It is expected that

at least 10 MW/launcher can be coupled to the plasma at fre-

quencies above the mid-band frequency for all toroidal phas-

ings and a poloidal phasing of (0, �p/2). The location of the

plasma SOL is a very sensitive parameter and it is very likely

that the situation can be improved substantially. The sensi-

tivity of the optimisation to the dimensional parameters

appears to be mechanically reasonable and on the order of

about 10 mm for the most sensitive component.

Particular attention has been given to the RF grounding

aspects of the launcher to avoid spurious resonances and

high electric fields in the gap between the PP and the VV

port. Simple analytical models allow analyzing the possible

wave perturbation in the ICRF operating band by the grooves

between the blanket modules. Conditions for resonance are

given and it is shown that no resonance is expected in the

case of constant-width grooves of sufficiently small length as

is the case in ITER. Mushroom-type structures (larger gap at

the shorted side) however can bring down the resonance fre-

quencies and one should take care to avoid bringing them in

the ICRF operation domain. The wall corrugation grating

acts as a slow wave structure which could modify the wall

boundary condition and hence the wave propagation along it.

FIG. 11. Resonant frequencies in function of a (depth ratio) and j (height ra-

tio) for (top) the TE101 mode in a rectangular mushroom type waveguide

with a¼ 1 m, h1¼ 0.02 m and d¼ 0.4 m (middle) the TEM1 mode in a mush-

room type circular coaxial waveguide with aeq1¼ 4� 1/2p¼ 0.64 m,

h1¼ 0.02 m and d¼ 0.4 m. (Bottom) Experimental measurement of gap volt-

age normalized to strap voltages on ITER ICRF antenna reduced-scale

mock-up; resonances of the rectangular mushroom type shorted waveguide

(a¼ 0.95 m, h1¼ 1.5 or 5 mm, h2¼ 79.8 mmþ h1, d1¼ 29.9 mm,

d2¼ 68.8 mm) occur around 222 MHz and 275 MHz.

FIG. 12. Corrugated wall structure (left) geometry (right) effect on the prop-

agation constant.
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This perturbation should remain negligible if the groove

width stays constant along its depth but otherwise could

modify the coaxial modes dispersion and extend it in a larger

ky, kz domain. It is consequently advised to avoid as much as

possible mushroom-shaped blanket modules and avoid

antenna array phasing with significant low kz (i.e., (jkzj � k0)

excitation.
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September 2012.
28F. Louche, A. Messiaen, P. Dumortier, F. Durodi�e, R. Koch, and P.

Lamalle, “Eigenmode analysis of the iter icrf antenna plug and electrical

solution to the grounding of the antenna,” Nucl. Fusion 49, 065025 (2009).
29F. Louche and V. Kyrytsya, “CIA report on coupling and grounding,” pri-

vate communication (ITER organization IDM report, 2012).
30S. Ramo, J. R. Whinnery, and T. Van Duzer, Fields and Waves in

Communication Electronics (John Wiley & Sons, NY, 1965).
31F. E. Borgnis and C. H. Papas, Handbuch der Physik (Springer, Berlin,

Heidelberg, NY, 1958), Vol. Electromagnetic Waves.
32S. A. Schelkunoff, Handbuch der Physik (Van Nostrand, New York,

1943), Vol. Electromagnetic Waves, Chap. 8.

061512-10 Durodi�e et al. Phys. Plasmas 21, 061512 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

194.81.223.66 On: Tue, 16 Sep 2014 10:30:50

http://dx.doi.org/10.1016/j.fusengdes.2013.01.005
http://dx.doi.org/10.1016/j.fusengdes.2013.02.089
http://dx.doi.org/10.1016/j.fusengdes.2013.02.089
http://dx.doi.org/10.1016/j.fusengdes.2013.01.011
http://dx.doi.org/10.1088/0029-5515/49/6/065025

	AIPCITATION.pdf (p.1)
	PHYSICSOFPLASMASvol21p061512.PDF (p.2-12)

