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This work plan for design, R&D, procurement and 
installation of a 20MW LHCD system on ITER 
follows the ITER Scientific and Technical Advisory 
Committee (STAC) T13-05 task instructions. It 
gives more details on the various scientific and 
technical implications of the system, without 
presuming on any work or procurement sharing 
amongst the possible ITER partners. This 
document does not commit the Institutions or 
Domestic Agencies of the various authors in 
that respect.
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� Initially was due to be commissioned / used 
for the second mission of ITER (Q=5 steady 
state target )

�� Not in day-1 procurement packages
� Under consideration for an earlier delivery (for 
commissioning during the non-active phase)
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� T13-05 Task report:
Providing outline plan, cost and schedule for:

� deploying a full LHCD system (20MW/ full 
PAM/5GHz) for “1st D-T plasma”

� possibility of a two-step modular approach 
(1/4 prototype, 5MW / PAM / 5GHz, then 
completion to full system)

� ITER STAC recommendation: ‘necessary to 
initiate the LH program during the 
construction phase ’
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� A 20 MW / 5 GHz / CW/ PAM system is 
technically confirmed; costs ~70 kIUA (100 
M€) and requires ~ 9 years .

� “Day1” [5 MW / 5GHz / one fourth of the final 
PAM], costs ~ 29 kIUA (~ 40M€), and 
requires ~ 7 years

� Two-step modular approach, complementing 
“Day1” to full system, would cost ~ 77 kIUA
(~110 M€); no volume concession) and needs 
~ 12 years
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LHCD is able to fulfil several tasks on ITER 
(Based on experimental results, various 
simulations)

� Sustaining steady state scenarios

� Extending the duration of Hybrid mode 
plasmas

� Saving Volt-seconds
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PHYSICS DESIGN
Mission of LHCD in ITER
� Advanced Tokamak scenario and 

Steady-state target
� Hybrid mode of operation
� Flux saving and ramp-up assist for 

scenarios 2 & 5 (new request)



9

��� ���� 0��0��������E��
���0�������������C�D�

� LH waves launched @ N// >1.8 are damped 
in the outer half of the plasma beyond the 
ITER pedestal upper bound , typically @ r/a @@@@
0.6 – 0.8
[Bonoli 21st IAEA FEC ]

using various relevant code packages: 
CQL3D/GENRAY [Harvey 1992, Smirnov 1995], 
C3PO/LUKE [Peysson 2007, Decker 2008].
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C3PO/LUKE 

ITER Steady-state scenario (#4)
R0 = 6.35m, a = 1.85m
B0 = 5.3 T, Ip = 9.0 MA, bN = 2.57 (%-m-T/MA) 
ksep = 1.97, dsep = 0.58, 
Te(0) = 24 keV,  Ti(0) = 25.2 keV (D,T,Be4)
ne(0) = 7.25 ´ 1019 m-3,   Zeff = 2.23 (constant) 
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nped=1x1020 m-3

Tped ~ 5keV
N//=2

Absorption could be beyond 
the pedestal (C3PO/LUKE)
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Steady-state  Q ~7 / 3000s could be achieved 
with RF-only H/CD.

� ECCD triggers and locks ITB position @ r/a 
~ 0.5
� LHCD provides NI current @ 0.6-0.8 
necessary for SS
� Central CD degrades/destroys ITB

[Garcia, PRL 2008]
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Q ~7

�( +��$	 �E
�� �����	 +������ �0�������

[Garcia PRL 08]

� EC+IC+LH 21+20+12 MW
� Quasi-non-inductive ~97%



14

Far off-axis LHCD could extend the Hybrid regime
up to 1000s (maintaining q0 above 1)

[Kessel 21st IAEA FEC]
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Early application of LHCD in the current ramp-up 
phase: 
� saving up to 45Wb (20MW, in scenario 2), 
mainly resistive saving 

� ~ 500s of burn duration.
� decreasing plasma inductance, |Dli| � 0.3

� beneficial for vertical stability control
� but increases PF coil currents. PF6 current 
could hit its limit; problem related to all the 
H&CD techniques

,1	��#� ������B�I�$� +��#���� ������



16

��
� +������������0 +�0�����#������ C�D

� � p~ 0.11
� li from 1.05 -> 0.71

� Reversed q-profile
� Flux consumption
-124Wb  -> -81Wb

DINA-CH&CRONOS simulator [KIM 08]
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All coil currents 
appear to be well 
within their limits
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DINA-CH&CRONOS simulator [KIM 08]

Thick dashed line: coil current limit
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38 Wb

38 Wb

� V-s saving is preserved to the end of burn
� li is slightly lower than the flattop value

TSC [Kessel 08]
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From >10 CRONOS runs with varying Zeff, LH 
waveform, and transport model reproducing JET 
discharges [Parail, IAEA 08 submitted to Nucl Fus], 
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Source frequency must be sufficiently high for:
� Minimizing LH wave damping on a particles. 

� Studies in [Barbato 2004]: 5GHz is a minimum value to 
keep parasitic a-absorption < 10%

� SPOT simulations [Schneider 2006]: frequency < 5GHz 
could be acceptable;

� Avoiding parametric decay instabilities of the LH 
pump wave @ the highest density envisaged for CD.

� a great margin of operation with 5GHz.
� 3.7GHz is acceptable for all the scenarios, except the H 

phase (LHCD is not necessary)

� Increasing the power coupling capability
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[Schneider 06]

Combining DELPHINE 
(LHCD) and SPOT (orbit 
following Monte Carlo code)

• TF ripple effect
• anomalous transport 

Large margin with 5GHz, <0.3% with Da=1m2/s
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LH power coupling is constrained by
� the density in front of the launcher

� long distance coupling required in ITER
Successful remote coupling @ JET (ELMs), 
JT60U/Tore Supra (L-plasmas)

� the power density (µ source frequency)
� Coupling 20MW requires 33MW/m2

FTU 8GHz/PAM operated @ ~73 MW/m2

� magnetic connexions PAM - PFCs, e.g. IC 
antenna (poloidally density inhomogeneity from 
ExB convection) 
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LCFS-poloidal limiter 
Launcher-poloidal limiter 

[Ekedahl 05, Rantamäki 06]

� LH Antenna-plasma distance of 15cm
� ELMy plasmas having ITER-like shape
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TECHNICAL DESIGN
� Source
� Launcher
� R&D and Modeling needs
� Schedule & Costing
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� 48 klystrons (4x12);
500 kW / 5GHz / CW / VSWR=1.4 units
Prototype 300 kW / CW or 500 kW / 0.5s; VSWR=1
(for KSTAR)
Fallback:

� 4.6GHz: 250kW / 4.6GHz / CW used
In C-MOD, not high enough for ITER
� 3.7GHz: 670 kW / CW / VSWR=1.4, ongoing 
fabrication in series for Tore Supra

� The frequency choice is one of the first 
important technical milestones, as it 
conditions the R&D .
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500kW/5GHz (JPN) 670kW/3.7GHz (EU)
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� Passive-Active Multijunction (PAM), CW fully 
cooled, N//=2, modular (4 quarters)
� 20 MW / 5GHz (fallback >16MW / 3.7GHz)
� Power density of 33 MW/m2

[Bibet 2003]
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[Pericoli 05]

� Coupling 250 kW / 75MWm-2 (short pulse <1s)
� Reflection coefficient <  2.5%, low sensitivity to 
edge plasma
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J ,�2����1 �����#��������

H�&���������������,�2



30

�����������#1���$��C':2=��	����������#�D



31

� 5GHz klystron 
� Validation under the condition 500kW/CW
(could be reached within 2 years).

� Transmission lines and RF windows 
� RF elements must be adapted to ITER
� Minimizing the number of T-lines

� The PAM front end 
� Material facing the plasma must be specified 
together with ITER IO and then dedicated R&D (e.g. 
brazing method) is needed to plug such a front end 
onto a conventional PAM structure.
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Need to characterize the PAM design in DDD 2001

� Launcher
Optimizing the power density, coupling, directivity, 
including the RAMI constraint (reliability, availability, 
maintainability, and inspectability)
� Thermo-mechanical analysis

(disruptions/hallo forces/torque)
� Propagation / absorption in expected ITER 
scenarios, taking into account the combination with 
other HCD methods 
(Integrated modeling requirement)
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100 M€ without cooling/pumping systems, CODAC

• HVPS 30 M€
• Klystrons and auxiliaries 30 M€
• Launcher: 25 M€
• Transmission lines: ~ 10 M€ (possible extra cost 
depending to the complex geometry due to ITER 
environment, detailed design needed)
• Test bed: ~ 5 M€


