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WEST lon Cyclotron Resonance Heating System

» 3 New Antennas (ICRH Q1/Q2/Q4)
- 46 to 65 MHz
- Actively Water Cooled
- Load Resilient
- 2 x 2 straps Antenna
- W Antenna Limiters

Antenna
Protection
Limiter

» ICRH System Specifications
- 9MW/30s

- 6 MW/60 s
- 3 MW/1000 s
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cea WEST ICRH Antennas are the Result of an International Collaboration

Fruitful and efficient collaboration

» 2 years from project start to blueprints (>250 parts/ant, >130 remote meetings)

» 2.5 years from raw materials to plasma operation

- But also: new CODAC, Generator upgrades, etc...

WEST WEST WEST "
2 c3 c4 <

2014 2015 2016

3D Design 2D Drawings Manufacturing Assembly Plasma Operation

v

CEA/ASIPP

collaboration I v Q4 Antenna
Blank assembly ready
4 ) 28&3inAsipp  QlAntenna
ready
y 10/2013 1st antenna
A 4 :
International factory

PDR Review acceptance test v

Q2 Antenna
ready

Antenna tested on TITAN

7 O 2019
Blank assembly in ASIPP A" antennas On
WEST

CEA/ASIPP Collaboration K
Raw materials procurement
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E WEST ICRH Antenna Electrical Design and RF Model

» Load Resilience from Internals Conjugate-T with Matching Capacitors

» Antenna RF model combines full-wave and lumped elements circuits (deduced from full-wave)
- Front-face plasma coupling obtained from bespoke codes (TOPICA, Petra-M) or commercial software

- Built with open-source Python package scikit-rf and can be used interactively in live in the control room

top
Pruc P G Vi
fwds Tref | Transmission feedthrough . 7 i
,”, line L /h
@—( 30Q —( Zy; _Q—( Zy, (
= — = = = 17 R ) L
TV
Genl 2 quarter lines Al T 8
i impedance transformer _ e — =
Service p o V, "o \f
stub S ] l|I
bot <« : . Bl — v —wv —w
Front face s M
- Left side fop ol == P
Prs P — G, v | N
Transmission feedthrough J_ /al G 8 ————— ]
JL line = Iw = > ;vzsu — IV civanz) A
@—( 300 ( —( Z01 ()_( ZOZ (H . : 53.0 535 540 54.5 55.0 55.5 56.0 56.5 57.0
= _; _é_ _é_ _; _%_ IW Frequency [MHz]
Gen 2 2 quarter lines Al T S _— I
Service impedance transformer c V, o as EHo P
stub 4 TOPICA, Petra-M, cz 73 = +ca s =
L db°t Full-wave models
umped circuit, '-\\ e .
= Right side from full-wave .e.‘\v}" SCI k| t—rl:
Full-wave models model "‘y Object Oriented RF Engineering
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http://scikit-rf.org/
https://github.com/jhillairet/WEST_IC_antenna

WEST ICRH Antennas are Protected by Several Systems

A Combination of Protection Systems (10 to 50 ps response times)

1. Pref/Pde Generator Q1 Antenna Vacuum Conditionning
25 sg OO 00
2. P./PsqAntenna o ralH g o
= et
aﬂé In 15:33
. . — B e mmdmmmm—mmmmm e m o=
3. Sub-Harmonic Arc Detection (SHAD) 220 F Q0 o mEP® Oy g
'E' ‘M us1S
. & } s
4. Internal Pressure (outgassing) %15 i . i .-
= ‘s‘ v w
5. Voltage Probes c ¥ \ a8 E
o 10 8 0 v PP ©
- Voltages & Current limits (fast overshoots during disruption) = ; ';E ¢ g:g;a' 12:46
5 =
. . & i
- Toroidal and Poloidal Unbalance | = ’ B || Fressure 12:05
@ Nointerlock
. . 0 ‘ . .
6. New: Optical Arc Detectors (8 fibers/antenna) 10-3 10-2 10-1 10° 10!

Pulse Duration [s]

1) Pre

/P;wq (Generator)
P ei/Piwa (Antenna)

» All Systems can trigger during commissioning
and plasma operation...

» ...but not at the same time: different
locations & breakdown mechanisms

3) SHAD

4) Internal Pressure 6) Optical Arc Detectors
(Generator)

(low impedance sections) > Several.protectlons needed to detect as soon
as possible

= No significant damage observed on antenna
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E WEST ICRH Antenna Load Tolerance Demonstrated

Load-Tolerant Antenna Electrical Circuit (Internal Conjugate-T)

» Coupled Power is tolerant to important changes in plasma loading

» RF Model is in good agreement with experimental data 1+ /P /P;
SWR=—— .
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0.5 i 7
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cea Automatic Matching Demonstrated

Real-time Matching Feedback Control Demonstrated
» Similar Control Scheme to JET ILA

» Capacitors actuated to minimize difference between desired impedance Z;, and calculated Z;

Desired setpoint WEST #55629 - Q4 (left side)
ol Zrsp 58

r_\ S [ T — Ciop ==+ Chpot
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cea

RF-Induced Radiated Power and Impurity Production

» In Nominal Conditions (5-10% n,,/(n,+n,) for H-minority Heating Scenarios and Dipole Phasing)
- Radiated power measured in 2019 and 2020 scales with Total Power (Ohmic + RF)
- ...but central T, is generally lower with ICRH only than with LHCD only

» Gross Erosion Measured on W Antenna Limiter Increases when ICRH Antenna are used
- Especially if Toroidal Phase Departs from Dipole

» The Specific Role of ICRH on W-PFCs to the W Concentration in the Plasma Core Still Under Assessment

- Complex interplay between Source Locations, SOL Transport and Plasma Core Temperature and Density.
- New low-Z materials Antenna Lateral Limiters are under design and will be installed progressively for all antennas.
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cea Combined Operation ICRH+LHCD Possible but Tricky

» Simultaneous High Power LHCD + ICRH Operation Have been Achieved
- So far up to 7.8 MW RF Coupled Power for few seconds

» But Combined Operation often plagued with Interferences between System
- SOL Modifications that impact RF coupling, Hot Spots, ...
- Future work will focus on optimizing combined RF Power scenarios
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cea Conclusions

WEST ICRH System has been upgraded to allow long-pulse operation and load-resilience

» A unique combination
- That no ICRH system before ITER has had to deal with simultaneously

» 3 new ICRH antennas have been designed and manufactured

- In collaboration with European laboratories and ASIPP

» The 3 antennas have been successfully operated together on plasma in 2019 and 2020

- The load resilience capability has been demonstrated.
- The antenna feedback controls (phase, matching) successfully used.

» High confinement mode transitions identified on WEST obtained with both LHCD + ICRH

- Future work will concentrate on optimizing combined RF heating scenarios:
- Maximize Central Temperature and Minimize Radiated Power
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©) EUROfusion
Status of the WEST Travelling Wave Array antenna

design and results from the high power mock-up
(ENR-MFE19.L PP-ERM-KMS-03)

Riccardo Ragona

J. Hillairet, P. Mollard, F. Durand, T. Batal, F. Durodie,
C. Yu, Q. Yang, H. Xu, Z. Chen, A. Messiaen,

J.-M. Bernard, G. Lombard, J. Ongena, R. Dumont,
S. Agzaf, Y. Song, T. Hoang and M. Van Schoor

This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the
Euratom research and training programme 2014-2018 and
2019-2020 under grant agreement No 633053. The views
and opinions expressed herein do not necessarily reflect
those of the European Commission.




TWA on WEST (®)

Two rows separated poloidally:

Inside Vacuum

__________________________ e 7 straps
Outside Vacuum e 1.5MW-30s & 0.5MW-1000s
fesdthrough * resonant ring feeding
ECRH Q3B Movable Limiter Q3A

TWA Q4A

Generator Dummy Load

All elements are in E =
Stainless Steel =1 s

Water cooling for CW
operation
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TWA mock-up in TITAN (varch 2021) (®)

Trimmers Main support strap capacitor box tap

GRaee

current probes

2MW Load Input coaxial line

Lifting structure &
counterweight
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S11 [dB]

Preliminary results & next steps (®)
Response tuning Movable trimmers

0 —
Generator
S B K R “-- SWR15:1
a0 T initial
— final
best
_5':'40 45 50 55 60 65 Measured response during baking
frequency [MHz] ol
— 10 '
Wide band at low SWR Coax/strap S,
Oh —21/21°C =T Yy
Resilience to thermal and 8h —180/100 °C -0 — 2 /\7
mechanical deformation eq—220/220°C _40 eq
40 45 50 55 60 65
f [MHZ]
Next steps:
* RF conditioning * High power envelope (2 MW/10 s & 500 kW/120 s)
* Voltage stand-off » Differential deformations (RF losses)
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