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Abstract. The design of the WEST (Tungsten-W Environmenttea8y-state Tokamak) lon cyclotron resonance hgatin
antennas is based on a previously tested conjdg&esonant Double Loops prototype equipped withrirel vacuum
matching capacitors. The design and constructiothefe new WEST ICRH antennas are being carriediroatose
collaboration with ASIPP, within the framework dfet Associated Laboratory in the fusion field betwdé®FM and
ASIPP. The coupling performance to the plasma aeddad-tolerance have been improved, while ad@agtinuous
Wave operation capability by introducing water @oglin the entire antenna. On the generator shiepperation class
of the high power tetrodes is changed from AB tonBrder to allow high power operation (up to 3 MW antenna)
under higher VSWR (up to 2:1). Reliability of thergerators is also improved by increasing the cavigakdown
voltage. The control and data acquisition systeralss® upgraded in order to resolve and react onefeents, such as
ELMs. A new optical arc detection system comesinforcement of the YW and SHAD systems.

INTRODUCTION

The mission of WEST (Tungsten-W Environment in 8yestate Tokamak) is to mitigate the risks assediat
with the procurement of the ITER divertor and gagntime for its operation [1]. It consists of testian ITER like
actively cooled tungsten divertor with realistid®R load case conditions, i.e. with heat flux ofM®/m2 for up to
thousand seconds. To fulfil these aims, the Togr&tokamak is transformed into an X-point divederice with
the capability to run long pulses in H-mode. Two IRfating and current drive systems are availabWWHST: lon
cyclotron resonance heating (ICRH) and Lower HykEigrrent Drive [2]. The main scenario allowing &each
ITER relevant heat fluxes relies on three ICRH angés, designed to operate for the first plasmadyidrogen
minority heating scheme up to 3 MW each for 308 #ren at 1 MW each for 1000 s, and two LHCD lauwmsh
coupling up to 7 MW CW. Edge Localized Modes (ELMs)uced by H-mode operations are expected in WEST.
ELMs induce strong and fast quasi-periodic plasdgealensity variations, resulting in load variasidor the ICRH
antenna. ELM resilient system has to be employedriter to reduce the impact of these variationsttomn



generators. Moreover, long pulses requires Contislwwave (CW) RF systems. The WEST ICRH system is bo
ELMs resilient and CW, two challenging issues tiabther ICRH system before ITER has faced simattasly so
far, moreover in a fully metallic environment.

This paper gives an overview of ICRH system upgsadée first section details the generator plamgrages.
The second section reviews the antennas RF desidntree trades-off made in order to increase theremat
coupling efficiency, while ensuring its impedancatohing capabilities and CW operations in metaheironment.
The third section lists the auxiliary system arafydiostic upgrades.

GENERATOR PLANT UPGRADES

The ICRH plant is made of three modules (one perara) of two generators each (one per half-anjefitnee
six generators are identical and consist of a feqy synthesizer, a modulator, a solid-state widdtzanplifier and
a three-stage Thales Electron Devices tetrode &erpliThe plant can operate in the 40-78 MHz fretpyerange.
The nominal operating frequencies are 53 + 2 MHd &B.5 + 2 MHzin order to allow some flexibility in the
localization of the resonance layer. Considerirf8p & pulse, the high power target per generatardoad power of
1 MW with a VSWR below 1.5:1. The high power lintitm comes from the maximum anode dissipation er th
maximum allowed anode voltage, which are specificeach tube. The generators can operate during 4Go
500 kw, almost independently of the VSWR. The CWeplimitation comes from the RF losses in thelfstage
of the tetrode. It has to be noted that the 9 inc@@Ohm transmission lines are not cooled and aheidimited to
800 kW CW each in order to keep the inner condutgorperature below 100°C. Limitations also existhvthe
antenna vacuum feedthroughs in CW (500 kW) or bigiver (1.75 MW/50 s).

The anode decoupling capacitors of all the genesafmal stage have been upgraded following TED
specifications in order to increase the cavity kdeavn voltage limit and thus the reliability durihggh power fast
VSWR variations. The modification consists in donglthe distance between the anode and the scnégn g
decoupling capacitors.

Even with a load resilient system (3 dB couplefaad-tolerant electrical scheme), generators dectald by
ELM fronts which are typically faster (<100 ps) thgenerator power regulation response time, regpiti unstable
power during ELMs. In order to insure additional rgias with respect to ELMy plasma load variatiotise
operation class of the generators are being chafngedAB to B, in order to allow more power frometigenerator
at a given VSWR-value, at the expense of a sligrejuced gain. In addition, the electronic regalathas been
upgraded with FPGA-based system to improve theoresptime and reduce the number of disjunctions.

LOAD-RESILIENT CW ANTENNAS

Three new identical ELM-resilient and CW power ICRHtennas have been designed for WEST. The ELM
resilience property is obtained through an intermijugate-T electrical scheme [3] with series cépes. The
antenna design is based on a previously testedtppat at 48 MHz [4,5]. In the frame of the Assoetht.aboratory
in the fusion field between IRFM and ASIPP, theigieshas been upgraded in order to: i) improve the/qr
capabilities ii) increase the nominal frequencygeo 55 MHz [6] iii) allow CW operation with acély cooled
components [7]. This latter aspect led to iteratdwieen RF and mechanical design, with generallyosipe
constraints and necessary compromises. In additiatall be noted that a compromise has been otguired
between the increase of the straps coupling resistan the one hand and the decrease of theirareacibon the
other hand [6].

A specific attention has been paid to the antenorat face. The coupling characteristics have bedcutated in
COMSOL® using approximate 2D and 3D parametrizede®of the prototype antenna front face, facirepla-
plasma surface or volume with appropriate boundargnditions [8]. The optimization process has hmenformed
with reference reflectometry electron density gesfimeasured in 2007 during the Tore Supra pul8&74 In this
pulse, an L-mode plasma has been moved horizorda#ly 5 cm in front of the load-resilient antenmatptype to
assess its coupling properties at 48 MHz. The tatioms have been performed for 8 profiles in orttemake
relative comparisons of the coupling resistance.n2ilel runs in few minutes while 3D models typigakquire
ten to twenty hours depending on their complexitg ¢he distance to the cut-off density on a deskimmputer.
These parametrized models allowed us to assesldwant geometrical parameters (strap thicknegithyand
distances to the plasma cut-off and antenna bdegtaig the coupling resistance.



In order to optimize the coupling resistance inotépconfiguration, the thickness of the strap hasnbkept as
low as possible (between 13 and 15 mm) while engusufficient stiffness, since they are water cddferough
70°C/30 bars inner channels. As an example, at BZ Nhcreasing the strap thickness by 15 mm deetkbése
coupling resistance by 25% for the same plasmangadhe coupling resistance of the new antennasblean in
particular by reducing the distance between thapsénd the Faraday screen bars from 52 mm to 34amirby
supressing a vertical septum which was maskingtiopoof the straps in the prototype.

Each antenna is equipped with four internal COMHETU®eable vacuum capacitors, with capacitances mgngi
from 15 pF to 150 pF and specifically upgraded@W operation in tokamak environment. In order terape the
antenna at a higher frequency, 55 MHz compared thigh48 MHz of the prototype, with the same capaci¢
range, the straps electrical length has been reldunoerder to decrease their reactance. Howevagibg closer the
strap and its feeder leads to reduce the coupksgtance (-23% decrease of the coupling resistEmc®0 mm
distance reduction). Increasing the toroidal widttihe straps led to reduce the strap reactancelbotto decrease
the coupling resistance (-50% decrease of the owupésistance for +40 mm width increase). It hasrbkept to
130 mm, the same value as for the prototype. Asléisggn of the antenna progressed, the couplifigwommilestone
CAD 3D models has been calculated with the TOPIGdAec[9] with the same plasma scenarios to assesmiact
of mechanical design evolutions on the couplindqgrarances.

The T-junction, the capacitor and the strap houserg also actively cooled, similarly to the ITE&Nn [10].
The length of the T-junction section (or “bridgéids been increased by 50 mm in comparison to thetgpe, in
order to increase the available space for the wapers and the diagnostic cables. A two-stage guaravelength
and water cooled impedance transformer is connefrtad the T-junction to the vacuum feedthrough. The
impedance transformer dimensions have been optimfae a 3Q T-junction impedance and a 8D feeder
characteristic impedance at 50 MHz. The final disrsshave been afterwards adjusted to match pipmeter
standards with a slight compromise with the RFqrentince [6].

RF circuit optimizations have been first conducteda single conjugate-T with uncoupled straps |dagih
impedances. Thereafter, full-wave models of theidcfion, impedance transformer and vacuum feedtftrdiave
been taken into account in ANSYS Designer®. Thilevad pushing realistic RF excitations into the fukve
ANSYS HFSS® model in order to deduce the heat fhypologies over the devices, which then can belyeasi
imported in ANSYS Mechanical® for thermal modellir@apacitors have been modelled using equivalectits.
Finally, an electric circuit of the full antennaing TOPICA impedance matrices has been simulatieid. model has
been used to deduce the realistic capacitor satsert and voltage values to be expected for varipkasma
scenarios. A full-wave modelling of the capacitasialso been performed and integrated into a REitsolver to
confirm the approach [11].

Expected electron density profiles for WEST H-m@tissmas have also been used to load the antennal.rod
set of profiles have been calculated for 3 differéme average densities. Since the plasma volum@/EST is
smaller than in Tore Supra, the antennas are ldcdtser to the centre of the machine to keep éimeesgap from
the antenna to the plasma. Three radial locatibtBeoantenna have been used (R=3, 2.975 and 2.96 model
the coupling in TOPICA with these profiles, withetlioroidal curvature of the plasma adjusted acogidito the
WEST magnetic ripple. As no data were availableHenode temperature profile, L-mode profile hasrbesed. It
has to be noted than the private plasma locateglelegt the antenna limiters has not been includedanrOPICA
models.

Using the coupling resistance definition from éf. and the maximum capacitors currents and vog§é0 A
and 54 kV peak respectively) the maximum coupledigrohas been calculated. In order to balance theatwl
bottom strap current magnitudes, one can allowldhachers input impedances to have an additionabinary
part. It might increase the VSWR but still allowihggher coupled power: an unbalanced current digion can
lead to currents/voltages exceeding the maximuntdiat one strap while they are by far respectimglimits for
the other one. FIGUREL illustrates the maximum éedipower achievable for the three antennas wiheet to
capacitors current and voltage limitations, for tmatching strategies (VSWR=1:1 or VSWR<1.7:1).His tcurve,
the antennas have been matched for each coupbigjarece point.

AUXILIARY SYSTEMSAND DIAGNOSTICS

The antenna control and data acquisition systemD@&C) sampling period is reduced from 1 ms to 4 ps i
order to resolve and react on fast events, su¢i_L®ds. An FPGA-based system acquires the antenndentand
reflected powers, voltage magnitudes and phasesisaimdl charge of safety power feedback controlaw@lr



acquisition systems (~1 ms) are devoted to therabof antenna radial position, capacitors contmotl matching
algorithms, generator plant settings and vacuuerlmtks. The capacitors internal vacuum is alsoitooed on a
regular daily basis (without magnetic field).

A new optical arc detection system comes in regdgorent to the voltage ratios (V;) and Sub-Harmonic Arc
Detection (SHAD) systems. This system relies onp8cal fibres per antenna associated to fast plettotors
(<10 ps), looking into the low impedance regiorsuad the T-junction where the/V; monitoris known to be not
reliable [4,12,13].

Three pairs of edge reflectometry WR-28 waveguitgege been integrated into each antenna, at itbtufmm
and equatorial plane. Gas puffing pipes have alenbadded to each antenna sides, located behini@téral
limiters.
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FIGUREL. Maximum coupled power versus coupling resistancevi@ matching strategies calculated from the dircu
model. Curves correspond to points best fit.
CONCLUSION

The WEST ICRH system is upgraded in order to allbeth steady-state and ELM-resilience operation
simultaneously. The goal is to allow the couplirfgup to 9 MW total for 30 s and 3 MW total for 1080 The
generator plant is modified in order to toleratemgpion at higher VSWR (< 2:1). The final stage dendecoupling
capacitors have been upgraded to increase theydabkdown voltage limit and thus the reliabilityring high
power fast VSWR variations. Three new CW and laddrant antennas have been designed and are being
manufactured in collaboration with ASIPP. A newioalt arc detection system has been added to tren@as in
order to complement the N; and SHAD systems. A new CODAC system with a fashging rate allows
detecting fast events such as ELMs and actingrte tu protect the antennas and generator plant.
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