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a  b  s  t  r  a  c  t

The  ITER  Ion  Cyclotron  Range  of  Frequencies  (ICRF)  antenna’s  capacity  to couple  power  to  plasma  is
determined  by  the  plasma  Scrape-Off  Layer  (SOL)  profile,  shaping  of  the  front  strap  array,  layout  of  the
Port  Plug  (PP)  and  detailed  design  of  its  RF  components.  The  first  two  factors  are  taken  into  account
by  the  Torino  Polytechnic  Ion  Cyclotron  Antenna  (TOPICA)  calculated  strap  array  Scattering/Impedance
CRF
ntenna

TER

24-port  (S24  ×  24−/Z24  ×  24−) matrices,  while  this  paper  deals  with  the  optimisation  of  the  PP  layout  and
components.  The  RF modeling  techniques  are  explained  and  used  to  maximise  the  coupled  power  under
a set  of  constraints  on  RF  quantities  inside  the  PP.  The  total  PP  RF  surface  conductive  and  volumetric
dielectric  losses  are  calculated.  The  resulting  S-parameters  at the  rear  RF  PP  flanges  are  evaluated  as
input  for  the  design  of  the pre-match,  decoupling  and  matching  network  outside  the  PP. A  discussion  of
the  effect  of  errors  on  the  PP  excitation  on  the  coupled  power  is  also  included.
. Introduction

This paper assesses the RF performance of the present sta-
us (Section 2) of the design for the ITER ICRF antenna. Section

 describes the full antenna array and PP RF model used to opti-
ise the coupled power over the 40–55 MHz  frequency band under

 set of limitations on RF quantities inside the PP. The resulting
oupled power characteristic of Section 4 shows a sharp drop in
erformance at higher frequency as limited by the 4-port junction
4PJ see Fig. 1) contact current IJ and Service Stub (SS) voltage VSS.

 1 MHz  margin over 55 MHz  is provided for the triplet current
oloidal � = (0,−�/2) and � = (0,�,0,�) toroidal phasing as indicated

n Fig. 6. Section 5 shows the 3D evaluation of the 4PJ RF electric
elds. Section 6 evaluates the total PP RF surface conductive and
olumetric dielectric losses at 1.12 MW.  The evaluation of the PP RF

ange S8 × 8-parameters in Section 7 leads to a final discussion in
ection 8 on the accuracy required for the PP excitation realised by
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the decoupling- and matching network [1] to achieve the predicted
coupled power performance.

2. Status port plug RVTL layout

Fig. 1 shows a CAD cross section along a lower inner 4PJ and
Removable Vacuum Transmission Line (RVTL) central axis, with as
main parameters: the 4PJ length LJ, the distance from 4PJ back to
T-point LJT, the Service Stub (SS) length LSS, and the position of the
front and rear Vacuum Ceramic Windows (VCWs) L1T and LT2.  The
radial available length LA1 − (LJ + LJT) for fitting the SS is smaller than
the required ∼�midband/4, leading to an inward folded construction
of length Lfold. Modifications since [2] have followed the evolution
to the present strap array front face geometry. A neutron shield with
characteristic impedance 15 � was introduced to block a direct line
of sight from plasma along the 4PJ side to the front VCW ceramic.
The shape of the rear 4PJ creates an asymmetric current density
JS [A/m] which can cause overheating in the individual fingers of

the sliding RF contact, which is relocated inside a coaxial insert of
length linsert = 120 mm  to smoothen JS sufficiently. A double round-
off radius on the coax insert outer tip and shaping of 4PJ housing
were required for E-field control as shown in Fig. 5. Additional

hts reserved.
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Fig. 1. Cross section through lower inner (1/8) module of ITER ICRF Antenna with
4-port junction (4PJ), Removeable Vacuum Transmission Line (RVTL), Service Stub
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Fig. 3. The total coupled power by the antenna array is limited by RF quantities
SS), T-point (SS-T), front “25 �” VCW, zoom on proposed rear “20 �” VCW and phys-
cal  lengths LA1 = 2722, LA2 = 3086, LJ = 403, LJT = 1229, L1T = 609, LT2 = 1061, dv = 207,

 = 144, LSS = 1795, Lfold = 497 (all dimensions in [mm]).

odifications not affecting the overall layout are discussed in Sec-
ion 4.

. Full antenna array and port plug RF model

The total RF model is shown in Fig. 2. The TOPICA [3] S24 × 24
atrix takes into account the front strap array geometry and the

low density” plasma SOL profile provided by ITER Organisation
April 2010) [4]. The 4PJs are incorporated using MWS  [5] SU

4×4,
L
4×4 matrices (different ˛pol affecting feeder lengths lFi). The 8
dentical RVTLs are modeled with S2 × 2 matrices determined by a

ulti-section Transmission Line (TML) model, each section charac-
erised by an electrical length li = Li − �li, characteristic impedance
ci, and ratio of local phase velocity to speed of light vfi/c0 (exam-
le in Table 1), all determined by error minimisation between
-parameters of subcomponent 3D MWS  models and multi-section
ML  models. The circuit model is excited by the complex forward
oltages VF+

8 at the PP RF flanges, such that the voltage maxima Vmax
8

n the 20 � Main Transmission Lines (MTL), positioned near the
ecoupler- and matching network outputs A–H by the phase shifter

engths l8, have the ideal set of (�,�) phasings [1]. The pre-matching
etworks are assumed to be set identical.

ig. 2. Total port plug RF circuit, with antenna array S24 × 24, 4PJ S4 × 4 and RVTL S2 × 2

cattering matrices to obtain the PP RF flange S8 × 8, with electrical length corrections
lSS = 0.070, �LJT = �lTF = 0.004 applied around the SS T-point.
inside the PP (Vmax = 45 kV, ESS = 3 kV/mm, IJ = 2 kA) to the “lower envelope” of the
set  of curves shown. The VTF and VMTL limitations at the SS T-point Pc = 1/2Gmin 3V2

max
and at the PP rear flange Pc = 1/2Gmin 4V2

max are compared.

4. Optimisation of coupled power

For each frequency, (�,�) phasing, and set of RVTL layout param-
eters, the RF quantities on strap feeders, 4PJs and RVTLs are
calculated and limited to Vmax = 45 kV, ESS = 3 kV/mm (electric field
at SS fold) and 4PJ contact current IJ = 2.0 kA as shown in Fig. 3.
The “lower envelope” is the coupled power Pc if all limitations are
respected. The maximum installed generator power is 24 MW [6].
The shape of this graph and the position of the sharp fall off above
55 MHz  are controlled by choosing LJ, LJT and LSS. The dependence of
the coupled power level on the SOL profile is examined in [7] while
an increase of coupled power with a poloidal array phasing � = (0,�)
[2] is possible at the cost of increased complexity in the feed
network [8]. Fig. 3 compares the responses at the SS T-point connec-
tions to the straight lines (Pc = 1/2Gmin 3V2

max, front 25 � VCW and
20 � MTLs from T-point) and the PP flanges (Pc = 1/2Gmin 4V2

max,
front/rear 25 �/25 � VCWs), with Gmin the array effective min-
imum conductance at that position (see Fig. 1), a generalisation
of the 1-port relation Gmin = 1/ZC(1 − |S11|)/(1 + |S11|). When using
a 25 � rear VCW, it affects the standing wave pattern giving the
Gmin4 response of Fig. 4, potentially leading to 10% reduction (mid-
band 43–50 MHz) in coupled power. Although the main ITER ICRF
schemes are concentrated near the band edges (40–45, 50–55 MHz
[9]), two  sets of modifications are presently evaluated: 1. The rear
VCW cross section is modified as in Fig. 1 to bring the equivalent
impedance Zci closer to the ideal 20 � case (see Table 1). Fig. 4
shows that the midband performance recovery is not complete as
the improvement in impedance is limited by the electric field inside
the modified VCW. The high frequency margin is not affected. 2. Use
two  identical VCWs, make LSS = 1.735 m and modify Zc1 (between
front VCW and T-point, see Fig. 1) to 22 � (da = 127.5 m) instead of
Zc1 = 20 � (da = 132.5 mm,  db = 185.0 mm).  This recovers the mid-
band performance, but some loss on the coupling of the phasings
with highest coupling is observed. The high frequency margin of the
� = (0,�,0,�) phasing for the front/rear = 25 �/25 � case is 0.3 MHz
lower than the 56.4 MHz  for the other cases, still leaving a ∼1 MHz
design margin.
5. 4-Port junction electric field analysis

All RF surfaces were dimensioned to satisfy the |E//| < 2 kV/mm,
|E⊥| < 3 kV/mm torus and |E//| < 3 kV/mm,  |E⊥| < 3 kV/mm private
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Table 1
Equivalent TML  model parameters for original “25 �” and proposed modified “20 �” VCW.

“25 �” window VCW Modified “20 �” VCW

Section no. 0 1 2 3 1 2 3

Li [m] 0.035 0.031 0.031 

Zci [�] 20.00 26.44 25.37 

vfi/c0 1.00 0.765 0.781

Fig. 4. The total coupled power by the antenna array for (strap feeder) poloidal
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 = (0,−�/2) phasing as a function of frequency for different toroidal phasings,
omparing combinations of front/rear “25 �” and “20 �”  VCWs (see Table 1) and
ifferent LSS and Zc1.

acuum constraints [10]. Analytical formulas and the 2D
lanar/axi-symmetric electrostatic field solver FEMM [11] were
sed to dimension gaps and round-off radii. Subsequently, MWS
D RF analysis was used to verify the electric field levels, as in
ig. 5 for the 4PJ inner reaching 45 kV at 53 MHz (see Fig. 3). In
ig. 5(a), the total field is maximum on the top/bottom and back of
he 4PJ approaching 2.8 kV/mm.  In Fig. 5(b) the |E//|-field remains
2 kV/mm over most of the 4PJ inner, but reaches ∼2 kV/mm on
he top/bottom edges, due to an increase of the RF voltage over the
eight of the junction. Inaccuracies in the 3D E-field levels remain
ecause the voltage inside the MWS  4PJ is estimated assuming

 single TML  with Zci = 4.47 �,  the splitting of the model at strap

nd 4PJ feeders (see Fig. 2) (non-TEM fields), and the difference in
oading between a MWS  vacuum loaded single triplet and plasma
oaded full array TOPICA models.

ig. 5. (a) Total electric field |E| from 0–3.0 kV/mm and (b) parallel electric field |E//|
rom 1.7 to 2.1 kV/mm on inner 4PJ at 53 MHz.
0.031 0.031 0.031 0.031
24.82 24.57 20.76 20.14

0.788 0.789 0.775 0.786

6. RF resistive and dielectric loss evaluation

RF surface resistive losses for non-coaxial components are eval-
uated from 3D MWS  models (see Fig. 5) according to

PR,MWS = 1
2

∫
S

RS,metal(f, T) · |JS(f )|2 · dS (1)

with surface resistance RS,metal(f, T) =
√

��0	metal(T). The resis-
tivity 	metal for each metal (Be, CuCrZ, Cu, SS316L, In718) depends
on temperature T and irradiation damage (when data available [12])
and the surface current JS(f) is scaled to the correct frequency and
amplitude from the RF circuit model. Resistive losses for coaxial
components are evaluated from

PR,TML = 1
2

1
�di

∫
l

RS,metal(f, T) · |I(f, z)|2 · dz (2)

with inner and outer diameters da, db by integration of the stand-
ing current wave pattern I(f,z) from the RF circuit simulation. These
estimates rely on the low conductivity of pure electrodeposited
Cu, only achieved in reality with strict control over the plating pro-
cess [13]. Front and rear VCWvolume dielectric losses are evaluated
from 3D MWS  models as

PD,MWS = 1
2

∫
v


D(f ) · |ED(f, z)|2 · dV (3)

with the frequency dependent dielectric losses modeled as

D(f ) = 2� ∈ o ∈ r tan ı with εr = 9.95 and loss tangent tan ı = 3.0e−4
for a high purity (96.5–99%) irradiated Alumina at 300 ◦C [14]. The
MWS  field ED(f,z) inside the ceramic cones is scaled to the operat-
ing voltage in the standing wave pattern V(f,z) from the RF circuit
simulation. Table 2 gives an overview of losses at a discrete set of
frequencies per component, for one triplet and the full PP, resulting
in a maximum estimate of 1.12 MW at 55 MHz.

7. Rear port plug RF flange S-parameters

A given RVTL layout transforms the TOPICA S24 × 24 matrix into
the rear PP RF flange S8 × 8 matrix which is the starting point to
design the pre-match, decoupling and matching network. Fig. 6
shows that the frequencies where the magnitude of the diagonal
S-parameter elements are small correspond to the highest coupled
power in Fig. 3. Fig. 7 shows that the present RVTL optimisation
(Gmin4 case) also results in higher mutual coupling at the higher
edge of the frequency band, somewhat mitigated by the proposed
modifications of Section 4, relaxing the tunable element specifica-
tions in the decoupler- and matching network [8].

8. Sensitivity to feed network excitation errors

The effect of a finite precision on the excitations Vmax
8 , VF+

8 on
the coupled power curves is studied by adding absolute phase and
relative amplitude errors �ϕa, �Ar as
V ′
i = Vi(1 + (±1)Ai · �Ar) · exp(j(±1)ϕi · �ϕa) (4)

and iterating each calculated point Ne times with sets of randomly
generated signs (±1)Ai = 1,. . .,8, (±1)iϕ = 1,. . .,8 to achieve convergence
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Table 2
Summary of RF losses for a single triplet and the full PP at discrete set of frequencies and elevated temperature (200 ◦C/300 ◦C).

RF losses [kW] T [◦C] Loss frequency [MHz]

Component 40 43 47.5 53 55

Faraday screen
FS frames 300 3.4 3.9 4.4 4.4 4.0
FS  bars 300 9.4 11.0 12.3 12.1 11.1
FS  supports 300 3.0 3.5 4.0 4.0 3.7

Triplet straps
3xstrap 300 16.2 18.5 20.2 19.2 17.5

Triplet housing
Inner 200 4.0 4.5 4.7 4.2 3.7
Outer  200 1.1 1.6 1.5 1.8 1.9

4-Port junction
Inner 200 2.3 1.9 1.4 2.1 2.8
Outer  200 1.5 1.1 0.7 1.3 1.9

Removable Vacuum Transmission Line (4PJ back to PP flange)
Inners 200 38.0 36.3 27.8 47.5 53.3
Outers 200 28.6 26.8 19.9 35.2 39.6

VCW  dielectric losses
Front 200 0.65 0.67 0.46 0.24 0.04
Rear  200 0.09 0.14 0.69 0.80 0.51

(Sub)Total
1  triplet 108 110 98 133 140
8  triplets 866 878 783 1062 1121

F
3

t
�
e
p

F
m
p

ig. 6. Amplitude of diagonal elements of S8 × 8 (normalised to 20 �) over
5–60 MHz  at the SS T-points (Gmin3) and PP flanges (Gmin4).
o the worst possible combination of errors. Fig. 8 shows that for
ϕa = 2◦, �Ar = 5%, with small �ϕa and low mutual coupling, the

rror is dominated by �Ar and would result in a 10% shift in cou-
led power. The downward shift of the steep VSS limitation hardly

ig. 7. Amplitude of main poloidal and toroidal cross coupling S-parameters (nor-
alised to 20 �) over 35–60 MHz  as seen at the SS T-points (Gmin3) and PP flange

ositions (Gmin4).
Fig. 8. Investigation of (absolute) phase �ϕa and (relative) amplitude �Ar errors
on  the PP excitation voltages V F+

8 , Vmax
8 on coupled power performance (Pc =

1/2Gmin 3V2
max) and IJ and VSS limiting curves.

affects the high frequency margin, while the upward shift of the
IJ limitation needs special care as an IJ underestimate can result
in catastrophic damage to the RF sliding contact, while VJ, VSS
underestimates will manifest itself as arcing/generator tripping. As
experienced with the JET ITER-Like Antenna [15], a more accurate
direct control over the front strap array current spectrum could
be achieved by incorporating measurements closer to the straps
(V + I-probes behind 4PJ) into the control system.

9. Conclusions

The strap array and PP layout have been optimised to maximise
the coupled power for the 2010 “low density” plasma SOL profile,
considered a pessimistic case which might improve with future
SOL re-evaluations, or by moving the antenna (1 cm) forward. The
coupled power falls off sharply above 55 MHz with a margin of
∼1 MHz  to safeguard against uncertainty on the RF contact cur-
rent (IJ = 2.0 kA), the VCW characteristics (both proposed R&D) and

the accuracy of the PP excitation. Overall RF losses are estimated at
1.12 MW,  provided a high quality plating process can be achieved.
Another R&D proposal will verify strap, 4PJ and RVTL geometry
on a full scale ¼ antenna low power mock-up by S-parameter
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