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Cryostat cylinders in

7 Context




Heatingc&LCUrrent DriveiSystems=ms

Tokamak is a toroidal transformer: Induced
V Context plasma current heats plasma (joule effect)

Transformer

8,

Loop voRtage

Resistivity (and power) drops with
temperature

A P,..becomes progressivelgss and
lessefficient in heating the plasma

A Alpha (fusion) power increase with e
temperature

atoms

ICRH

antenna

transmission line

wave guide

: mai  EGRH
FREQUENCY
l—— “Ignition" = HEATING
o e [~ Additional plasma current
Heating OHMIC HEATING
Electrical . o
e it F20% fusion power) highenergetc  — """ ager """ NB
. HEATING BY
femperat . Y eutralise BRERN_ 2" NEUTRAL
ion  BEAM
i iti i \"?“‘ souree |INJECTION
Gap filled by additional heating power | _ . '
; \gszentrum Jalich

Steadystatetokamakreactorrequiresauxiliary Heating& CurrentDrive systemgelectromagnetie- othersuchasNeutralBeamInjectors)

{ e 7
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plus &

U 40 MW EC heating power (3 Upper + 1 Equatorial Launchers)
i 10 MW of ICWC & ICH
U Boronization system (Glow Discharge Cleaning + dropper) i Al 1 SRO systems
U Fullin-vessel coil system (ELM control and VS) i 60 MW EC heating power (3 Upper + 2 Equatorial Launchers)
U 4 Pellet injectors (fueling + ELM control) i 33 MW Neutral Beam (NB) heating power
U W divertor (water cool.) + inertially cooled W wall in key areas i 10 A 20 MW IC heating (depending on SRO test results)
RO D Q 010
Int. Comm. | 1t part Start of Research Post-SRO Int.
Int. Comm. | 2" part Operations Assembly Comm. Il FPO-1 EPO5

i

Be to W A Changes in both the heating power requirement and the heating mix.
Some uncertainty on ICRH-specific sputtering in a full W environment:
\% Reduced ICRH power (10 MW) for Start of Research Operation (SRO) for ICWC and tests of ICRH.
\Y, Based on experimental results, possible upgrade to 20MW system in DT-1.
ECRH:
V 40 MW for SRO (compensates for reduced ICRH power).
\% 60-67 MW for Q=10 in DT-1 (gives total of 100 MW of heating power, as requested by ITER Research
Plan, together with NBI).

15" ITER International School Chengdu 2624 July 2026
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AIDT-1 systems, plus
Possible upgrade to 50 MW NB heating
Possible upgrade to 67 MW EC heating

Other upgrades required to meet DT-2
goals (e.g. increased shielding, etc.)

é
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Heatingamixiandpowenadaptatiomfon SR, BTO, DT-1 &DiT-2

Research Plan Objectives H&CD features

SRO DT-1 DT-2

" Reduced ICH at 10MW
in SRO for Heating &
Wall Conditioning

Replacement of Beryllium with Tungsten
for First Wall

40 MW ECH in SRO,
from 4 launchers

-

33 MW HNB in DT-1

Limited neutron fluence
until DT-1

60 MW ECH in DT-1
" Possible upgrades -

Q=10in DT-1,
H-mode exp.

steady-state
for DT-2

T T T Ty o —————

Enable Q=5 HNB3 16.5MW f
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Heatingcmixiand powenadaptationafon SRO, BTO, DT-1 & DiT-2

2016 Baseline 2024 Baseline

HNB installed
power of 33MW

ECRH upgrade
up to 67MW

»

power of 60MW
in DT-1

ECH Power in MW

FP PFP@ PFP@ FPO SRO DTF1  DT2

2

é ECRH installed
: ICRH installed power of 40MW
1 in SRO

O

power of 10MW

ICRH upgrade
to 20 MW

NB Power in MW

-
FP PFP@ PFP@ FPO SRO DT1 DF2

15" ITER International School Chengdu 2624 July 2026 Page6



Scenanoodevelopment pathwayim SROSAnd D

Use of W wall favours B; values that provide effective central heating.
A Scenario development at 2.65 and 5.3 T.

SRO DT-1
265T 265T
ECRF 40 MW X2 in L-mode, O2 in H- 60-67 X2 in L-mode, O2 in H-mode.

mode. MW
5.30T 530T
O1. O1.
265T 265T
A InD at~42 MHz: A InDandDT at ~42 MHz:
H minority (N=1), or, H minority (N=1), or,
D majority (N=2). D majority (N=2).
A InH: in H:

ICRF 10 MW No efficient scheme. 10-20 No efficient scheme.
530 T MW 530 T
A InDorH at~53 MHz: A InDorH at~53 MHz:
3He minority (N=1). 3He minority (N=1).
Assess coupling & ICRF- '3& In. DT_at ~5_3 MHz:
specific sputterin He minority (N=1),

b P 9. T majority (N=2).
NBI 33 MW Up to 0.87 MeV H beams.
Up to 1.00 MeV D beams.

15" ITER International School Chengdu 2624 July 2026
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Commuonchalléngeses

In-kind procurement

First of a Kind for many components

Diﬁeren|t levels of maturity between the ITER systems and
between sub-systems

u Assumptions taken for the interfaces definition

u Adaptations made following the developments

Pushing beyond limits a wide spectrum of engineering
and physics technology

Nuclear environment with stringent safety requirements

15" ITER International School Chengdu 2624 July 2026 Page8
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OvemnewobhNB!I Systemsiat TER ER

2+1 Heating Neutral Beams (HNBs) + 1 Diagnostic Neutral Beam (DNB)
Diagnosing He ash content (CXRS)

C 33 (50) MW of Power

Building 37 HV Power

Injected (NB-HVPS) e
C Also provide current drive,
rotation. Building 11
C Mostly procured In -kind, via Sl
PAs with Europe, Japan | [
(HNBs) and India (DNB) vacuum ' Soppies

(HNB#2)

Parameter
Injected power (MW)
Beam energy (MeV)
Accelerated current (A)
Beamlet divergences (mrad)
Pulse length/duty cycle (s)

16.5/beamline
0.87/1
46/40

<7
3600/25%

1.7
0.1
60
<7
3 s ON, 20 s OFF or
0.1s ON 1.4s OFF

> Transmission line High Voltage Deck 1 MV Insulation
OB (HNB #1) (HNB #1) Transformer (HNB #1)

15" ITER International School Chengdu 2624 July 2026 Pagel0



OvenviewobHHNBI SySteneat ITERTER

Based on production and neutralization of negative ions.
High Voltage, large heat fluxes;

High Vacuum;

Compensation of ITER B field,;

Nuclear Confinement,

RH

< <K<K <LKKL

A >10 large FOAK components involved; large extrapolation from existing NBI A NBTF

High
Voltage
Front End Components Bushing

Building 37
(NB-HVPS)

PMS
ACC

Drift  ywps Absolute Fast colls

Duct  box Valve Shutter Transmission

tne Building 11
(Tokamak)

Connecting
Duct Liner Duct

ITER
Vacuum

ITER NB Only

ITER NB & NBTF Exit Scraper )

Calorimeter Residual  Neytralizer
ion Dump

\ﬁ—/ Beam

Beam Line Components Source Vessel

CAD view of HNB#1. DNB has a similar configuration, and almost
identical components

- Transmission line High Voltage Deck
HNB #1
DNB ( ) (HNB #1)

15" ITER International School Chengdu 2624 July 2026 Pagell



NUCLEAR ENVIRONMENTT

A Nuclear environment at ITER has a strong impact on design choices for the operation and

maintenance . .
A Compliance with Nuclear

regulation (Confinement
Functions, redundancy, ¢

A Electronic, will not survive in NB cell.
Reliable operation requires neutron
flux <100 n/cm ?/s

Meution s (n.ome-2.3-1)

lm |
=

Report ITER IDM 2RLM3G

A Careful design of radiation protections
allowed to keep the Shutdown dose rate* in
the NB cell to<100 T S/k where human
access is required.

A Radiation levels in the NB cell will preclude
any extensive manned interventions

A Most Operation can only be done by Remote
handling

*Any maintenance in ITER only allowed after 2 week time. The Radiation dose after this period is called
shutdown dose rate Credits: E. Polunovskiy, 10

Pagel2
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NUCLEAR ENVIRONMENT! REMOTE-HANDLRING G

A In the Design of NB cell, accessibility for all the RH tools shall be granted.
A Activated components need to be transferred to the hot cell building for storage/disposal
A Pillars in NB cell preclude the use of a standard bridge crane A monorail crane

A All Components have to be designed to be compatible with monorail transport (mass, gravity

s

center, &) al so in accidental scenari os__
A Automatic cutting and welding devices A Need space =
reservation

A Substitution of Cs oven is the only maintenance operation
presently planned

A Test in the RH 0Rea\fdmid-20%t |\ f
useful to develop custom solutions for NB RH) -\

15" ITER International School Chengdu 2624 July 2026 ‘ Pagel3



1. Generation of required negative ion densities at ITER relevant parameters
while simultaneously keeping the co extracted electron currents to
acceptable levels.

2. High voltage holding, up to 1MV in the accelerator, TL and vessel.

The program, designed to address these challenges is broken down as
follows :

1. lon source development program

2. HV development program

Devel opment of a dedicated test
leading to MITICA a full scale HNB Prototype

15" ITER International School Chengdu 2624 July 2026 Pagel4



ELISE 400 kW SPIDER, MITICA beam sources
800 kW

Starts with Elise in 2012, half size ITER type source with beam extraction.

Creation of a dedicated test bed to host 2 experiments SPIDER & MITICA.

Reference schedule

FIr >

| 2018: SPIDER| | 2027: MITICA |

Integration & Operation Integration & Operation HNBs to inject into DT -1 plasma

HV development program

MITICA\

e ARy Tests /

Accelerator physics studies to 1MV to enhance
understanding and benchmarking of the codes.

The schedule outlined provides a full 1 MV prototype injector operational
experience of several years prior to HNB/DNB operation at ITER during DT-1.
MITICA will operate in double shift with single shift of SPIDER in parallel.
Sufficient time to ensure the confidence in the:

Design

Technology

Beam Characterization

Performance & modulation and power variation

Component Lifetime

o T T Do I

15" ITER International School Chengdu 2624 July 2026 Pagel5



LELELEHE o ——

SPIDER (H/D)

Full scale negative ion source,
Rated for 56A deuterium

beams (70AinH)at j of ITER
NBI beam energy

J=355/285 A/m2 *

E=0.1 MeV

P=0.3 Pa

Ele/lon< 0.5/1

Uniformity +10%

Beam on time=1000/3600s

*DNB Relevant

15" ITER International School Chengdu 2624 July 202¢

MITICA (H/D)
Full scale Neutral Beam Injector.
Rated for 40A deuterium beam

at full energy:1MeV
(46 A at 0.87 MeV in H)

Divergence <7mrad




NBTF experimentsirequirements:forsi TERINBI

SPIDER (HNB/DNB source)  MITICA (full HNB prototype)

Beam energy (keV) 100 100 Beam energy (keV) 870
xtracted current dens. >330/355 >285 |:>Accelerated current (A) 46
A/m?)
Max. beam source pressure 0.3 0.3 I(\I/I:)aaI);. S SR (e 0.3
(Pa)
niformity (%) +10 +10 Beamlet divergence (mrad) <7
Beam-on time (s) 3600 3600 R g ) L4
Co-ext. electron fraction <0.5 <1 TG Gl ICTEE ks

[1] SRD-53-PR;:MI,-MP,-SI;SP3 NBTF System Requirements Document

These 4 major challenges will be described in the next slides, including the recent results and progresses associated.

1000

40

0.3

<7

3600

<1

The NBTF will test all aspects of the HNB system, except the components downstream of the NB vessel (beamline exit scraper, f

shutter, absolute valve and duct liner). Most aspects of the beam source for the DNB will also be tested in the SPIDER test b

15" ITER International School Chengdu 2624 July 2026
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350

C Scalingof extractedcurrent with RF
V Demonstrated in Y2 size prototype source:
ELISEt IPPaomsfor shortpulses90%for longpulses)

C Scalingat full beam size to be demonstrated in
SPIDERStatus Scalingat perveancematch up to
70kW/driver In line with IPP results (considerin
singlesegmentoperation)

< 300

m

250

200

=
(o)
o

ted current density (A/

C Upgradesforeseenfor next campaign

A Replacementof tetrodes with solidstate amplifiersg 100
(FATpasseddeliveredto NBTF)

A SPIDERVacuum EnhancementModule ready for 50
installation

A Targetingfull power operation (>90kW/driver) mid duly

Ex

0

[1] Fantz et al. (2024), Nuclear Fusion, Vol. 64, No. 8, p. 086063
[2] Sartori et al. (2022), Nuclear Fusion, Vol. 62, No. 8, p. 086022
[3] SPIDER 2024 single segment campaign SO -2 (preliminary data)

ELISE
@ ELISE w/ rods
O SPIDER SO-1
& SPIDER SO-2

(] -
o @ !
, 9
Range of tetrodes generators Rangejof new SSRFAs
20 40 60 80 100

RF power (kW/driver)

15" ITER International School Chengdu 2624 July 2026
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Nom-umifoomityts < +10%P

A Requirement driven by heat loads

A Beam uniformity Depends on negative ions uniformity ( plasma+Cs )

4 )
10.0 .
. - - 100%
E 9.0 «4— lLosses \ - 95% ‘e.? <] —
Eg0 on AGs T Lo g ( )E ) ..
n osses o 1<} .y
Z 7.0 onEG | 85% @ ‘ i
n g ‘ . e -
2 - 80% @ L i Z
2 6.0 g | b p
2 ‘;\R\O_G_o T Lol L
g 5.0 L 70% 8 - :'
° @ : fi
o 4.0 -— - 65%
= +10%
30 T T T T - 600/6 "
200 250 300 350 400 B e
Current Density (A/m2) \_ i Y,
Perveance . .
—_— Plasma Uniform Cesium
uniformity distribution

Heat -loads Beam uniformity
on grids (pmp
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Nom-umiformityts < +10%P

A Requirement driven by heat loads

A Beam uniformity Depends on H

A Active area of research in giant ion sources for fusion

A Improvements achieved recently on both

- uniformity ( A plasma uniformity and Cs distribution )

plasma uniformity and Cs distribution.

Examples:
[ " AYAN . AYd — N
Use of additional electrodes Tuning of RF power in each Improved Cs distribution with tuning
in the plasma can stabilize pair of driver, compensate of nozzles and calibrated emissions.
the co -extracted electron the plasma E x B drift Dedicated 3D models, and Test
Current (Ilke rOdS In ELISE) (a) Power profile STRIKE outer profile normahzed(b) Stand (CATS)
RF drivers 800 800 | El-ﬁ
B =l { g“‘ ) i
% 200 % zz 31.2 PRSI B N B .
': 0 T oof g1 /,::’%»"’
g -200 Tz 200 | E’O.B » “ ! \{
§ -400 § -400 | é— 0.6
- i e ] o
N ¢ Original nozzles (equal evaporation scenario)
-1000 -1000 © 0.2 ¢ New nozzles (equal evaporation scenario)
0 10 20 30 40 03 -02 01 0 01 02 03 g New nozzles (optimized evaporation scenario)
RF per driver (kw) J/<1>1 ' g 90_8 -O‘_G -0‘_4 -d_2 ) 6 ._012 0‘.4 0‘.6 0.‘8
D. Wiinderlich et al., J. Phys.: Conf. Ser. Increase of the heat -load of the co  -ext. LAS vertical position [m]
\_ 2743012026 (2024) J \L electrons to be expected Yy, k )

15" ITER International School Chengdu 2624 July 2026
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Beam aptics:sdivergencei<e/

Beam Power=l-d cd N oT@ Tl
vaccAcceleration Voltage =1 MV
Tr=Reionization Losses=4.8%

I,ccAccelerated current =40 A
Yy=Neutraliz Yield=56%

Ts= Ts(divergence aiming, tilting)
Beam Power

O L.O®77B %MW

To assurethe required injected power to be injected in ITERthe HNB

requiresdivergence</ mrad

(mMI'I
,g - 4/I SPIDER (S@ @ 50keV) |
@ MmNt
B |-
z Y I
DN ¢t '"‘-o-___
\@ ¢ " === == é
< np S * *
oL oL . [eRnGdz
oL . [ORAME dz
fl 1 1 1 1
n HAn nnn cnn ynn Mnr

SIY 9d SNEHe

on

Transmissionfracti

0.9
0.8

e
~

0.6
0.5
04
0.3
0.2
0.1

mnad

16.5MW @ 78% transmission

Vertical tilting=0mrad
Horizontaltilting=0mrad

10 15 20 25

Beamlet divergence (mrad)

20

15

10

Power to ITER (MW)

Divergencalependson the electrostaticlensand on the initial transversal

velocityyv of the H-/D-

Thetemperaturedependentterm scaleswith X

—

The HNB target of <7 mrad is expectedto be reachedin MITICAfor

(o) C TAQ®

15" ITER International School Chengdu 2624 July 2026
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NBTF experimentsireguirements:forsl TERINBI 1

SPIDER (HNB/DNB source)  MITICA (full HNB prototype)

Beam energy (keV) 870 1000

N
>y

15" ITER International School Chengdu 2624 July 2026 Page22



bayoutdm I TERTER

Tokamak DUIIdln

= “l r lﬁa

AGPS CS

—— AGPS MV AGPS  AGPS

Dummy load  Insulating DC Filter DCG
Ii| transformer II| |I|
©

Main challenges:
U  The mega volt generation and
maintainability for 3600s the
ramp up in 80ms.
U  The SF6 management.

15" ITER International School Chengdu 2624 July 2026 Page23



Schematic obthe'SE6rgas coalen!er

SF6 Gas pressure
Maximum operating gas
pressure

Minimum guarented gas
pressure

SF6 gas cooler shall be
installed

SF6 Temperature rise in the
Diode tanks

SF6 Temperature in the DC
Filter and TLs

DC -1MV insulation
Transformer

High Voltage
Deck 1

High Voltage \

0.6 MPa (abs)

0.75 MPa (abs) (for
pressure design)

0.55 MPa (abs) (for electric
field design)

30kW, 8m3/min Generators

SF6 gas cooler
(type 1, 30kW)

SF6 gas cooler
(type 2, 10kW)

Average 73/C (upper limit
80/C)

150AC Max.

Beam Source -

U The Sggas coolers are used for cooling of §&s filled in the DC generators, DC filter,
Transmission line 1&2, transmission line 3 and High voltage deck 2.
U There are two types of $Bas cooler depend on the heat exchange capabilities (30kW and 10kV

15" ITER International School Chengdu 2624 July 2026 Page24



HeatingcNeutral BeamaRowenSupplyp(MiT (MDTmNedsnaHMUm(miylua (Italy) byy JADAA

AGPS-DCG

Main characteristics

A Input section: 6.5 kV
150 Hz

A Output section:
200kV, 400kV, 600kV,
800kV and 1MV DC.

The Heating Neutral Beam : = = = III

injector are supplied at ultra high
DC voltage (-1MV dc) to fixe the
potential of the RF ion source
and for the acceleration grid.

AGPS DCG, 200kV step up
transformer

The qualification and tests will
be performed at the, Neutral
Beam Test Facility, Prima site in
Padua (Italy)

MITICA PS CAD model

The Installation at ITER site is
on-going.

1MV DC Transmission Line EI
Supply the electrical power

the accelerator and the RF ion
source

Main characteristics

A Insulation: 1 MV dc \
A 2.5 m diameters The HV-Deck &

A Filled with 6 bar of SF6 The -1MV dc Transmission Line The -1MV insulating transformer

15" ITER International School Chengdu 2624 July 2026 Page25



Highhveltage; holding no

C ExistingHVbeamsourcesely on gasinsulation(Sk) A not possiblein ITERIueto RadiationinducedConduction
Extrapolationgrom old experimentssuggested-1m insulationdistance,in caseof vacuuminsulation(MITICAHNBS)

LaterExperimentgHVBtestsin QSTand 1/5th mockup) showthe beneficialeffect of intermediateshields,

A seriesof testscouldbe conductedin 2024 (JADANBTFeollaboration)
A Fullscalebeamsourcemockup tested usinga TestingPowerSupply(-IMV, 10mA)with voltagedivider

Twoconfigurationgested full ion sourcewithout shield andwith a-600kV intermediateshield

.

> > >

p>

o TS — Ve
Cooling Y gbell o N HVB tests in QST
' Sl 1My ESshield :

pipes
1 —
/ ) p/s limit
0.8 With shields
g 06 p=1-10*[Pa]
% 04 Without shields
=
]
> 02
0 b
0e 0.2 MV
0 20 40 60 80 100 2R
Operational time [h]  [4] -0.4MV 0.6 M
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C HVtest experiments
U No-shieldcampaign420kV maximumvoltageover5 stagesp additionalshieldisnecessary
U Scatteringof datadue to the reliability of vacuumsparkgaps

=
o
o
o

870kV ¢ DT-1 target

©
o
o

~

o o

o O
T

600 r
500
400
300
200

@ w/o shield 5 stages
100 ¢

0 1 1 1 1 1
0 200 400 600 800 1000 1200

Breakdown number #

Breakdown voltage (kV)
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C HVtest experiments

U No-shieldcampaign420kV maximumvoltageover5 stagesp additionalshieldisnecessary
U Scatteringof datadue to the reliability of vacuumsparkgaps
V -600kV shieldcampaign200-400-600kV stagespolarized,800-100(kV stagesshort-circuitedto 600kV stage
V Goodindicationsin terms of operatingproceduresn view of the first MITICAcampaign

V 546V on 3 stageswith HNBrelevantpressureand

1000

©
o
o

800
700
600
500
400
300
200
100

Breakdown voltage (kV)

870kV ¢ DT-1 target

®w/o shield 5 stages @ vacuum
®\/ shield 3 stages O HNB relevant pressure
!

200

400 600 800
Breakdown number #

1000 1200

-o.2M'

-0.4MV .0.6 MV l9.g8MV

-1 MV

N.B. The intermediate shield fully
separates the vessel in two
electrostatically independent regions. Its
voltage holding toward vessel was the
most difficult to hold (600 kV vs 400 kV)

15" ITER International School Chengdu 2624 July 2026
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C HVtest experiments

U No-shieldcampaign420kV maximumvoltageover5 stagesp additionalshieldisnecessary
U Scatteringof datadue to the reliability of vacuumsparkgaps

V -600kV shieldcampaign200-400-600kV stagespolarized,800-100(kV stagesshort-circuitedto 600kV stage
V Goodindicationsin terms of operatingproceduresn view of the first MITICAcampaign
V 91V equivalentvoltagewith HNBrelevantpressureand

1000 910KV equiv.
< 900 p TDTOTIE_ _ oo - oz K@, _ _ _
< 800 r
o 700kV 6 MO -1 target S
Q700 = e - - - - —— i o D = 2m A
@©
£ 600 | ? 2
o
> 500 | e
=
3 400 J
< 300 - Y
© ®w/o shield %ta@s @ Vacuum
o 200 ®w/ shield 3 stages O HNB relevant pressure @ _
an 100 © w/ shield 3 stages (projected to 5) ® - . . . B
0 * . . . . . N.B. The intermediate shield fully

separates the vessel in two
electrostatically independent regions. Its
1MVl yoltage holding toward vessel was the
most difficult to hold (600 kV vs 400 kV)

0 200 400 600 800 1000 1200
Breakdown number #

-o.2M'

-0.4MV .0.6 MV l9.g8MV
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FOR NBTF

CHALLENGE

A Current density and Beam divergence doesndt [seem HNB DNB
prohibitive .

A The target of the beam is likely more Current density S S
challenging. Active research, including “oas® | eas”
collaboration with other laboratories is underway to Beam divergence -‘5?/':- :ﬁ?ﬁ;
address it. —— — -

is also a key aspect. Recent tests at Uniformity sve | 5YE
MITICA hav_e yielded encouraging resullts, supporting Voltage holding ;320
the expectation that a single 600 kV shield shall s @

assure full 1 MV insulation

NBI system is clearly highly complex, and achievement of required performance pose
many challenges. Nevertheless, no risk has been identified as a true showstopper
The planned research at NBTF represents the most credible mitigation strategy to achieve

the expected results.

15" ITER International School Chengdu 2624 July 2026 Page31



\%

ITERICRH
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ITER ICRH{systemm

8+1 RF sources
and their HVPS _

2016 baseline

@ MEf-ndiaf s

|

T R Y,

2 antennas

@ ITER-India

4 RF sources and their HVPS
S ’4 3.0 MW @ VSWR 1.5:1, 485 MHz, CW

i'tBl' 4 Transmission Lines

ICWC/ICRH with 10MW for SRO:

o No technical requirements modified
for the individual components of the
ICRH system.

o New location for the RF sources &
HVPS (B15N allocated to ECRH).

o 1 antenna (instead of 2, second port
allocated to ECRH).

0 The system is compatible with ICWC
(needing 2-2.5 MW coupled to
plasma A 5 MW installed). 10 MW
installed power relaxes constraints
on ICWC and allows proper testing
of ICRH.

o0 The system is upgradable to 20 MW.

15" ITER International School Chengdu 2624 July 2026
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CW highhpowerR R Systemeand harsh multipbhysiescs comstraints

C High vacuum(104-10° Pa)& hightemperatur¢~2504C) environment
C Largeforces& torqueg10° N & 10° N.min 10%s, ex plasmaransients)
C LargeE-fields (10° V/m) + needfor protectionssuchasarcdetection

C Large heatfluxes outgoingfrom the plasma(10° W/m?, ex. plasmaradiation,
chargeexchangeetc) & high neutronfluxes (10" W/m?3) A Active cooling

C Nuclearsafetyconstraints

C HV 40-50kV. [Helou, et al. CWRF2018]

[ITER_D_46WNQW v1.1]
[Load Specification for the IC H&CD Antenna (ITER_D_33CETP v6.1]
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Maimchallenges=s

C RF sources: 3 MW CW each between 40 and 55 MHz
u 3MW test facility with mismatched load condition

C Moadification of the antenna environment constraints:
A Reduction in port volume
A Reduction in the port plug dimensions

A Technical issues to be solved
o Difficulty in manufacturing a SIC1 window with both structural and safety functions: Manufacturing o
windows / vacuum TL design (Power tests to be done)
o The structural behaviour of the antenmaparticularthe front face.
o Faraday screen (coating)
o Reconciliation RF design and manufacturing tolerance (prototyping)

U Several steps in antenna design (prototyping phase at present)
U Now optimization of the design
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RF sourcessdevelopmentnt

4 RF sources each 3 MW CW between 40 and 55 MHz

One source is composed of 2 parallel amplifier chains with a combiner circuit

A R&D program performed by IN-DA to demonstrate ITER grade performance for one chain:
1.7 MW/3600s, 36 MHz with VSWR up to 1.5; full RF source will be developed with supplier
Combiner circuit tested up to 1.5 MW/2000s under splitter configuration, 35-65 MHz

RF detection using direct sampling advanced techniques developed by 10; test facility based on 10kW
amplifier implemented in CEA to perform tests on RF control loops

AIR & WATER COOLING

A

A

IN-DA test facility

Thales Diacrode
TH 628

@ 7MW/36MH2/3600s shot
Forward Power (kW)
£ 100
s RF Pulse

me {Sec)

Measured BW at SSMHz/1.5MW

5550 SSI73N 56100

quanq (MM;]

w=Overall BW =@=HPA2 BW =a=HPA3 BW

5425

5450 5475 55,00

Performance test on single chain: 1.7 MW/3600s
and +/- 1IMHz bandwidth
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RF souncessassperbaseliner(e (i.e:. 10 MW/ antenna)a )

RF source Iavout Validation tests for ¥2 source chain @ TER-India
LCU Cabinet 2000 24
1900 T
1800 | 22
1700
1600 "HPA3 FP (kW, Ref: Y1 Axis)" 20
1500 18
HPA 3 1400 HPA3 Anode current (A, Ref: Y1 Axis)
1300 16 .2
Upper frame 1200 SG_currnet (A, Ref: ¥2 Axis) 14 é
1100
1000 HPA3 RP (kW, Ref: Y2 Axis) 12 &
900 N
800 HPA3 Anode Voltage (kV, Ref: Y2§axisy 10 i
» 00 8 1
Combiner / ' : : Electrical :_E ggg RF Pulse .
7 distribution box — 400
> 300 4
Auxillary power supply "} 200 2
. 100
PLC enclosure ] 0 0
' 0.00 1000.00 2000.00 3000.00 4000.00 5000.00
------ >Time(Sec)
1.5MW / 2000s / 3%5 MHz on matched Demonstrated at 36 MHz, 45 MHz, 55
load including 1dB BW test MHz & 65 MHz
Motor drive unit [Mukherjee, et al., IAEA FEC 2016
[ITER_D_ZLPWUT V4.2] Design capability test at 1.7MW/3600s on | Performed at 36 MHz

matched load

[ITER_D_5ELB22 v1.0]

1.5MW/2000s at 65 MHz on mismatched | Demonstrated at 0, 45, 90, 135 & 180

. load at 5 phase angles degrees
CO m bl ner: Max. output harmonic level: 20dBc Achieved
h ~50% - 60% 55%- 65%

Emergency power ciff response: <1£»s Achieved
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CW high power RF system and harsh

multiphysics constraints

C Fastwaveis typically below cut-off at

theantennanouth

C Compactphasedarrays of electrically
small loops (or straps) Zg,,7R+]X =

R+j¥L with ¥L/R>>1

A Sensitivematching,in particulardueto

oA

I : DCO

. ne:n co
presencef strongmutualcouplings
[Jacquet, et al., NF 52 (2012) 042002! AUG #25634 7
o In antennadesignphase straps B
optimizationto R (& R/X? ) ol [u N — /\
& optimize antenna feeding A TN T\
circuitA V. ,1 &P i [ e |on _
0 Scenariooptimizations plasma A e o g
- o (QC) 1
position,plasmashape)ocal gas o £ (T,
injection,etctoR & P ool W = “%"“1
Time (s)
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