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Abstract. A 20 MW/5GHz Lower Hybrid Current Drive (LHCD) siem was initially due to be commissioned
and used for the second mission of ITER, i.e. th® &eady state target. Though not part of culygritinned
procurement phase, it is now under consideratianafo earlier delivery. In this paper, both physasd
technology conceptual designs are reviewed. Furtber, an appropriate work plan is also developdds T
work plan for design, R&D, procurement and inst&dla of a 20MW LHCD system on ITER follows the ITER
Scientific and Technical Advisory Committee (STAT)3-05 task instructions. It gives more detailstba
various scientific and technical implications oktlystem, without presuming on any work or procngm
sharing amongst the possible ITER parthefis document does not commit the InstitutionsDmmestic
Agencies of the various authors in that respect.

1. Introduction

Lower Hybrid Current Drive has been one of the faell proven heating and current drive
(H&CD) systems (Neutral Beam Injection (NBI), lonycotron Resonance Frequency
(ICRF), Electron Cyclotron Resonance Frequency (EZRN tokamaks for years. It is the
key element of all the present devices addresdirgldng pulse issues, as it exhibits the
highest current drive efficiency in present devj@dl is fundamental for their inductive flux
saving needs. In particular existing supercondgctwkamaks (Tore Supra, HT-7, EAST,
KSTAR, SST1) all have or plan LHCD capability. Sinthe emergence of the close link
between the current profile and the turbulent fpanisproperties, a strong renewed interest
was found for LHCD in Advanced Tokamak (AT) reséams. LHCD is extensively exploited
in a large number of experiments (Alcator C-MOD,UFTHT-7, JET, JT-60U and Tore

! The LHCD system of ITER is not part of the initéalst sharing
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Supra) and has proven to be very effective at aifgignt level of power in ITER relevant
conditions. It is often instrumental in providirttetrequired off-axis current drive for both AT
researches towards steady-state regimes, as whill astermediate so-called Hybrid mode
[1]. Thus, in ITER, LHCD in combination with otheti&CD methods would be a key tool: i)
to sustain AT steady-state plasmas; ii) to extéredplasmas duration in the intermediate so-
called Hybrid mode operation; iii) to save volt-geds in the current ramp-up phase, low
beta;

In this paper, an LHCD system capable of fulfillisgveral important tasks on ITER is
presented. Based on experimental results, seviemalagions of ITER scenarios with LHCD

in combination with other heating schemes have beemormed, including volt-second
saving (saving of 45 Wb), sustaining Hybrid (udl@®0s) and steady state scenarios (Q ~ 7 at
1,=8.5MA for 3000s). The main technical issues: kiystdevelopment, power supplies,
launcher design, transmission lines are discuddede critical issues such as the frequency
choice and the coupling issues are presented ie netails. Finally a work plan allowing the
installation of 20MW, 5GHz / one antenna systenthie “second phase” of ITER operation,
i.e. in time for the Advanced Mode Operation (Qstgady-state), at the horizon 2020-2025 is
presented.

2. Physics issues

2.1. Current drive aspects

LH waves have the attractive property of dampimgragly, via electron Landau damping, on
relatively fast tail electrons at;\> (2.5 — 3Xvre, Where v = (2Tdmo)*? is the electron
thermal speed. The relatively high phase veloditywe for driving current quite efficiently
and also minimizes deleterious effects due to gartirapping [2]. This unique feature
explains why LHCD has the best efficiency overadher external current drive systems. In
particular it is well-suited to driving current wigeor when the electron temperature is lower,
such as during the start up phase of ITER or féaxis current profile control in the steady
state and hybrid scenarios.

The choice of the parallel index of the launchedega N-peak (No), is a trade-off between
current drive efficiency, power accessibility anHl labsorption, and depends upon detailed
plasma conditions. A launched spectrum g N2 is a good compromise for ITER. Indeed,
recent numerical simulations, regarding the LH wpuapagation across the ITER H-mode
pedestal, indicate that for N/ > 1.8 the accebsitand the Landau damping conditions do
not prevent the wave to be damped beyond the dgser bound @r 6x10° m? in the
ITER scenario 4) (Fig 1). Figure 1 also shows timt$ in the density-temperature plang, (n
Te) for propagating LH waves. It can be seen thatLEnhwave with initial No= 2 can
propagate undamped across strong pedestatsIx 17° m™ and T < 8 keV). Thus, typical
ITER pedestal parameters of 71 0.6x 16° m® and & < 5 keV are located well inside the
propagating region for = 2.

Propagation and absorption issues have been stusliegl various relevant 3D Fokker Planck
/ ray tracing code packages such as CQL3D/GENRAM][&nd C3PO/LUKE [5,6].
Benchmarking of these codes has been done regattngpplication of LHCD to ITER
relevant regimes [7]. For example, simulations grened for the ITER scenario 4 [8],
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indicate that LH waves drive current in the outelf tof the plasma; r/al 0.6 — 0.8 at a
density of 7.25¢< 10" m™. Figure 2 displays the wave propagation and thecutient profile
computed with LUKE, with 20 MW of LH power at 5GHnd various launched N//

As far as the physics aspects are concerned, teerandesign should aim at:
- Increasing the power directivity typically above?g0
- Increasing the flexibility of varying the values Nf, without compromising the power
directivity and the antenna performance.
- Reducing the fraction of power launched in the Higkpart of the spectrum in view
of minimising the electrostatic acceleration of thermal electrons in the vicinity of
the antenna (hot spot formation).

2.2.Hybrid mode and steady-state operations

Off-axis LHCD has already been shown to be an &¥fedool for optimizing the current
profile for access to AT operating modes in maniteng devices, in particular JET [9] and
JT-60U [10]. In the framework of the InternationBbkamak Physics Activities on the
Steady-State Operation (ITPA-SSO), predictive ITéRulations have been performed using
various code packages, including ASTRA, CRONOS, OWB, TSC/TRANSP, TOPICS.
The main conclusion is that LHCD is the unique CBtimod providing the non-inductive
current far off-axis at normalized radius r/a =-0.8, necessary for sustaining both the
Hybrid and steady-state plasmas. The simulatiomg)UGRONOS indicated that the duration
of a Hybrid pulse sustained by 20MW of ICRF and 3UNf NBI could be extended from
400s to 1000s when adding 20 MW of LHCD [11]. Aswh in Fig. 3a, the central safety,
g(0), is maintained above and close to the unitye(of the main features of the Hybride
mode) for 1000s thanks to the off-axis LH curr@dalted at r/a = 0.7 (Fig. 3b), while without
LHCD q(0) drops rapidly below 1 after 400s. Simigdas in Ref [12] have also showed that
operating long pulse Hybrid mode using EC curreivied LHCD and NBI is possible (Q > 5,
pulse duration> 3000 s at+ 9 MA).

Recently, CRONOS simulations also showed that gtetate plasmas could be achieved
when using LHCD combined with other H&CD schemesafy-state plasma with Q ~ 7, at
1,=8.5MA and Greenwald fraction of 0.8, can be sust@iby 20 MW of LHCD, 16.5 MW of
ICRF, and ~ 6 MW of NBI. Fully RF steady-state Qat@smas lasting 3000s (non-inductive
fraction ~ 97 %, resistive loop voltage ~ 2 mV) ateo expected, using 21 MW of ECRF
power, 20 MW of ICRF power and 12MW of LH powerdF#) [13]. In this scenario, LHCD
plays an essential role of providing the requirdidagis current at r/a= 0.6-0.8, while EC
waves are used in current drive scheme to cortiektrrent profile for triggering and lock
the Internal Transport Barrier position at r/a 5.0.

2.3.Volt-second saving issue

LHCD-assisted start-up reduces flux consumptioninduicurrent ramp-up, resulting in a
longer flat top or burn time. Efficient poloidaluit saving using LHCD has been
experimentally demonstrated at a number of fagditifor example, ALCATOR-C, PBX-M,
PLT in US; HT-7 in China; JT60-U in Japan; and FT;U, Petula-B, Tore Supra, WEGA-
Grenoble in Europe. Simulations of current ramppigase of 100s assisted by 20MW of
LHCD, for the designed scenario 2, have been padr using various codes, such as
CRONOS [14] (transport and current diffusion suitdé codes), package DINA-
CH&CRONOS (free boundary simulation) [15], and T8®]. The main finding is that a
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volt-second saving of up to 45Wb could be achietkedugh accompanied by a decrease of
plasma inductance ;XI An example of DINA-CH &CRONOS simulation of thdER
reference scenario 2 ramp-up assisted by LHCD asvshin Fig. 3a. In this simulation, a
scaling based transport model benchmarked on Jgé@riexents was used [17]. As shown in
Figure 5a, an early application of 20MW LHCD durithg plasma current ramp-up phase of
the ITER reference scenario 2 is effective to gheeflux consumption. Note that the saved
flux of 43 Wb is equivalent to about 500sec of &iddal burn duration. In addition, the
internal inductance drops from 1.05 to 0.71, whishbeneficial for the vertical stability
through the poloidal field (PF) coil currents. Exeve CRONOS simulations - by varying,N

ne, LH power waveform, etc- indicate that applying W of LHCD in the early current
ramp-up phase could save 45 Wb; and a decreasewsthl respect to the ohmic value,
|Ali|<0.3 is expected (Fig. 5b). The drop péhould impact the PF system; in particular, it
should affect the PF6 coil capacity. However, iwigrth noting that the PF capacity issue is
related to all the H/CD techniques used for vottes®l saving, L-H transition, and ITB
formation (e.g., reversal magnetic shear scenditig;is due to a large change of the plasma
profiles which make the shape evolution deviatenfrine reference scenario. This critical
issue needs to be studied experimentally in thstiegi devices. More integrated simulations
taking into account realistic transport models thearticle, impurity) benchmarked on a
large number of experiments are also required.

2.4. Other possible issues

An intriguing application of far off-axis LHCD ishé modification of the current density in
the pedestal so as to affect the edge stabilitynremde the ELM behaviour. This aspect could
be further modelled and/or investigated in existiegices if needed, though relevant pedestal
conditions would be difficult to reproduce.

The use of LHCD for breakdown and discharge indgrahas been performed successfully in
the past [18], although reproducibility has gergraken difficult in other tokamaks. Further
input on this topic from existing facilities withHHCD capability would be useful.

3. Technology conceptual design

3.1.Klystrons

Fusion research has triggered the developmentvefraeklystrons in the required frequency
range, most notably at 3.7, 4.6 and 5 GHz. Thegde&irget and achieved performance of
these klystrons are summarized in Table 1. No Bggmt R&D is required on the power
sources, since these klystrons are either in tied ftage of development (5 GHz) or already
produced in series (3.7 GHz) (Fig. 6). The exist®@/4.6GHz tube, presently used in
Alcator C-MQOD, is able to provide 250 kW which istrhigh enough regarding the ITER LH
system specification. The 3.7 GHz tube has dematestrgood reliability in JET and Tore
Supra for more than 20 years. The 500 kW tubesised on Tore Supra to sustain long pulse
operation (plasma lasting up to 6 minutes). At enésthe CW 5GHz klystron is not yet
validated at its required specification (500kW/CV8WR=1.4). The validation of this
prototype could be reached within 1-2 years.
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Table T CW Kklystron development for Fusion Devices

Klystron Design Target | Achieved Performance of Comments
Prototypes

5 GHz 500kW/ CW 303 kW / CW (VSWR=1) Ongoing development

(Toshiba) | VSWR 1.4 508 kW / 0.5s (VSWR=1) For KSTAR

4.6 GHz 250 KW/CW Used in Alcator C-MOD Ongoing production

(CPI) For EAST

3.7 GHz 700kW / CW 767kW/CW (VSWR=1) Ongoing production in

(TED) 670kW/CW (VSWR= 1.4) serie for Tore Supra

For both 5GHz and 3.7GHz klystrons (gain of 48dd &0 dB for respectively 5GHz and 3.7
GHz tubes), an input RF power less than 10 W isired, which is easily achievable from a
solid state amplifier. The RF output is made thtotwgo BeO windows, thus a recombiner is
required to provide a single output. It is worthting that some R&D of the recombiner is
required for the 5 GHz system.

For the 3.7 GHz system, there is no R&D requirenmg@nte a recombiner operating at
3.7GHz already exists and has been validated foroupb0 kW to provide a single output
with the standard waveguide WR 284.

3.2.Launcher

Several antenna designs have been used in tha)paassical grill (CG) with independently
fed waveguides and with RF windows located neapthsma (C-MOD, FTU, KSTAR, PLT,
SST1); i) multijunction (JET, Tore Supra, JT60,Vljdand more recently Passive Active
Multijunction (PAM); iii) Quasi Optical Grill; iv)Slit waveguides array. From these studies,
the actively cooled PAM (Passive Active Multijurant) launcher is found, despite having a
somewhat lower directivity when compared to a fudbtive grill, to be the best concept for
ITER. It satisfies simultaneously three conditio)sgood coupling properties near the cut-
offf density; ii) capability to operate in steadyt®; iii) simplicity inherent to a low number of
components and control actuators.

The conceptual design of the 5 GHz launcher wasiqusly studied in Ref 19 and Ref 20
(Fig. 7). This includes all the components of ttensmission line (mode converters, tapers,
hybrid junctions, windows). This PAM design has #uvantage to require wider waveguides
than a conventional multijunction for a given Malue. As a consequence, it is not foreseen
further manufacturing difficulties for a 5GHz PAMittv respect of what had been achieved
for a 3.7GHz conventional Multijunction [21]. Toishconcern, it is worth noting that an
actively cooled 3.7 GHz PAM launcher is under festion for Tore Supra (experiments are
expected in 2010), and a PAM launcher has beeadsasiccessfully at 8GHz in FTU [22]. A
detailed design of PAM launcher operating at 3.7@&MZET has also been proposed [23].

3.3. Power supply

It would require one High Voltage Power Supply (F8jPcapable of supplying the beam
voltage to power four parallel klystrons, typicaB@kV/100A (for 500kW klystrons at 5GHz
or for 700 kW Klystrons at 3.7GHz). This choice Iwihply a set of 12 HVPS for the
complete 24 MW LH system, according to the ITER-DDLhis configuration allows

providing a flexible LH system in term of availabjl of power. HVPS can be a modular
pulsed switching module (PSM) based Regulator Nighage Power Suppl{RHVPS) that

does not need a crowbar protection owing to its kiwed energy and fast switch-off
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capability. This type of HVPS has versatile cordroh voltage rise time, programmability of
HV pulses, etc. A conventional HVPS on the otharchi less efficient (efficiency of about
90%) and needs additional crowbar system to lingifault energy. All other auxiliary power
supplies needed for klystron operation would beariventional type.

3.4. Transmission lines

The main transmission line for the LH system cadssi$ the following four sections:
- The cryostat section, running from the vacuum Jeskxsure plate to the cryostat
closure plate.
- The first mode converter (MC) section, running fréime cryostat wall to the circular
transmission line.
- The circular transmission line section, runningazstn the MC at the two ends.
- The second mode converter section, running froncitoellar transmission line section
to the Kklystron.

4. Critical issues

4.1.Frequency choice

Five GHz is the frequency chosen in the ITER DethiDesign Document (DDD) in 2001.
The choice of source frequency is governed by tmgoirtant physics issues. Firstly, the wave
frequency must be sufficiently high to avoid cyobot damping on plasma ions. In particular,
fusion-born alpha particles can absorb the waveggneven at very high harmonics (up to
100). Previous study of LH-alpha interaction, foe i TER-FEAT scenarios at Q = 5 and 10,
indicated that 5GHz is a minimum frequency requitedkeep parasitic. absorption under
10% [24]. Since then, more accurate and consisiemilations have been performed. This
simulation work has been done [25] using an orblibwving Monte Carlo code (SPOT) to
assess the effect of transport induced by tordigdd (TF) coil ripple and the effect of
anomalous ion transport on the spatial profileast falpha-particles for the steady state ITER
Scenario 4 and for the Elmy H-mode Scenario 2. Témults of these simulations are
summarized in Fig. 8. For 3.7 GHz, the LH poweragdrcally damped to the alpha-particles
was found to be ~ 8%, a value smaller than injtitlought even when taking into account
both anomalous alpha transport (D =?shand diffusion induced by TF field ripple. The
contribution of the latter to the alpha absorptisrvery weak (~ 0.01%). Furthermore, the
maximum local alpha particle losses were foundemégligible (of the order of a few tens of
kW/m?). These results suggest that the use of a 3.7@Hze is also acceptable for ITER
with respect to the alpha absorption issue.

High frequency is then also required to avoid patan decay instabilities (PDI) of the LH
pump wave at the highest density envisaged foreatirdrive. PDI has been found in all
LHCD experiments, where fast electron tail and Cliieats disappear above a density
threshold [26]. This threshold correspondfto:fiy = 2, wherefy is the source frequency and
fin = foi / [1 + (e /fcd®]% Obviously, working at 5GHz would give a great margif
operation. Note that the source frequency of 3.7z @Halso acceptable for all scenarios of
interest. Indeed, the value fgf/ f 4 is estimated to be in the range of 3-3.5 for thgetine (@

=1 x 10°° m*®) and AT (r = 0.7x 10°° m®) scenarios, when operating in D or D-T (50/50)
plasmas. For the flat-top high density Hydrogensehaf ITER operation, in which LHCD is
not expected to play a role, the PDI threshold fiwaad to be marginalfG/ fiy ~ 2).
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Coupling aspects also constrain the frequency ehaicreasing the working frequency
improves the power coupling capability. The 20MWER specification for a single
equatorial port requires the capability for theesamia to operate at a power density of 33
MW/m?. The present baseline system in DDD consistswfBAM antenna blocks in view of
satisfying this specification, using the consematalculations. Based on the design value of
the Tore Supra 3.7GHz/PAM launcher (expected toraipereliably at the level of
25MW/n7), the choice of the 3.7GHz fallback solution womean a typical 25% reduction
of the overall coupled power capability of the am® However, from the scaling based
including short LH pulses (< 1s) on the 8GHz/PAMenmental results on FTU [27], higher
power handling capability could be achieved fornbeGHz and 3.7GHz systems. This needs
to be confirmed by Tore Supra experiments whenaipey in steady-state with its 3.7 GHz /
PAM launcher.

4.2.Coupling issue

LH power coupling is constrained by the densityfront of the launcher and by the power
density which depends on the working frequency. DHi@ave been used in long pulse L-
mode operation: i) on Tore Supra, LH waves (f=3.Z{Hre routinely coupled with two
multijunction antennae at multi-Mega-Watt levelslong duration discharges lasting up to 6
minutes [28] with low reflection coefficients%%) at power density of 13MW/nftypically
20MW/n¥ in one-minute discharges); ii) one hour plasmaasmesd by LHCD has been
achieved in TRIAM-1M [29]. Long distance couplingpre of crucial issues for ITER - has
been demonstrated in L-mode plasmas at JT60-UdB88]Tore Supra [31]. More recently,
success in remote coupling LH power in JET ELMyspias having ITER-like shape, with
the antenna-plasma distance of 15cm [32, 33], resovajor concerns on the possibility of
using LH on ITER. The technique used at JET cosigistising a gas pipe to inject deuterium
to control the edge density (Fig. 9).

LH coupling is also constrained by magnetic conaesgibetween the LH launcher and plasma
facing components. Poloidal density inhomogeneftyekpected fromExB convection
resulting from differential biasing of flux tubesagsing nearby the ICRH antenna.
Experimental results from JET and Tore Supra hawawved a modification in the LH
coupling when applying simultaneous ICRH, due te thagnetic connexion between the
antennae [34]. Solutions to this problem exist FDER. Therefore, the choice of the LH
antenna port in ITER, minimizing the interactiorntiwthe ICRH antennae, must be taken at
the present stage.

5. Tentative work plan

Following the detailed studies conducted duringlffteR design review process in 2007, the
first conclusions that can be drawn concerningdiy@oyment of the ITER LHCD system are
the following.

= The 20 MW / 5 GHz / CW solution using one Passiwdiv® Multijunction (PAM)
launcher in ITER is technically confirmed and thestcestimate is ~ 100M€ (~69 KIUA,
compared to the FDR costing 61 kKIUA). About 9 years necessary between the decision
point by stakeholders and the start of the commigsg phase on ITER.

= A two step approach, consisting of a “Dayl” 5 MWHEGCW system powering one
fourth of the final PAM, is possible. It would iratly cost ~ 40M€ (28kIUA), and requires 7
years (Fig. 10). The initial cost includes sevari@ments of the final system (e.g. half the
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high voltage power supply or all the transmissiored) as well as extra elements like a
dedicated port plug. Completing the 5 MW to thd 80 MW system would cost an extra ~
65-70 M€ (45-50kIUA) and require additionally 5 yedassuming a test phase is performed
on ITER with the Dayl system excluding any overlap)
In both cases, the LHCD system has to be includethé ITER design and work plan
immediately, in particular to guarantee the neagssdrastructure for its final installation
(buildings, port, cooling, pumping, and dedicates gjection valve for power coupling). Not
taking these aspects into account at once wouldrevimpact on the future feasibility and
cost effectiveness.
= A dedicated modelling effort is also necessaryedjuires ~ 2 - 3 years. The initial DDD
design must be updated, that includes:
- RF analysis (using for example ALOHA, FELICE, GRRD, HFSS, TOPLHA),
regarding various issues such as the power degsityling, directivity.
- Ny spectrum flexibility should also be reviewed. Timitial design in the DDD
document is based on af MNa= 2+ 0.1. Increasing the flexibility of varyingNeaxWwill
allow operating in various scenarios; for exampbger N peax (typically ~1.8) would
be required for the low density and/of ghases such as the current ramp-up phase for
V-s saving.
- thermo-mechanical analysis, regarding various sssich as neutrons damping,
disruptions/hallo, forces/torque.
These analyses must include the propagation andrmlms aspects in various ITER
scenarios.

In parallel, it should be necessary to initiate tiesign of a 3.7GHz PAM with respect to
ITER environment, for the fallback solution. Thetalked designs are already available for
JET and Tore Supra.
= The required ITER specific R&D activity concentrsaten three main topics:
- The 500kW/5GHz klystron unit itself. The presenbicke of the 5GHz frequency is
motivated by the specification on the coupled pofs@n a single port (20MW) and the
minimisation of the power coupled to alpha parsciuring the high-beta burning
phases. At present, the Toshiba prototype klystnas not yet been validated at
500kW/CW but the required level of confidence canréached within about 2 years,
provided a clear sign of interest from ITER is givé&lote that the 700kW/3.7GHz/CW
back-up solution is fully available, with an accdge compromise on the two aspects
mentioned above.
- The transmission lines and RF windows. These Rirahs must be adapted to ITER,
in terms of minimisation of the number of transnuedines and development and tests
of RF windows at 5GHz exposed to the ITER environime
- The PAM front end. The material constituting theyiont end of the ITER launcher
must be specified together with ITER IO and thedickted R&D is needed to plug
such a front end to a conventional PAM structure.
Choosing the 3.7GHz fallback solution would suppté® risk on the klystron and reduce the
R&D effort in time (1-2 years).
= The specific situation of a “non yet agreed” prauent package requires a
supplementary dedicated negotiation time, presastiynated at about 1 year.
= With such considerations in mind and the presedetstanding of the various operation
phases of ITER, three scenarios can be envisagdtidanstallation of the ITER LHCD
system:
- Scenario 1LHCD is installed and commissioned for the Q=&asly-state phase of
ITER, as presently planned in the DDD.



9 IT/P7-1

- Scenario 2 LHCD is installed and commissioned for the fi3geuterium-Tritium

plasmas of ITER (H-mode or Hybrid mode, Q=10 taspet

- Scenario 3LHCD is installed and commissioned for the Hydroghase of ITER.
A straightforward risk analysis clearly shows tBaenario 3 is already out of reach with the
above mentioned assumptions. The “Dayl” solutiorestigated during the ITER Design
Review (one fourth of the final 20MW system) rensamarginally accessible but is hardly
attractive with regard to the Volt-second savingcsfications, that require full LHCD power.
Scenario 1 is obviously still accessible, with cortdble time margins, but does not solve any
of the three issues motivating the present stuthallly, Scenario 2 (at full power) represents
a good compromise that allows the initial DT phaSEER to benefit from the highest Volt-
second saving and current profile shaping capgpilius significantly improving the Q=10
discharges in duration and quality through a progem-up phase optimisation. Selecting this
scenario gives the properly timed signal to theolugommunity and to the related industrial
partners to carry on with ITER-specific LHCD devyateents.

Conclusion

LHCD is a mature H&CD system in a large number udidn devices. As the main flux
saving system, it has been present on all the patge tokamak plasmas, and thus holds the
injected energy world record > 1GJ (early applmatof 20MW LHCD during the ITER
ramp-up baseline scenario2 could save 45Wb). Th€DHxperience in terms of CW
operation is indisputable. Furthermore, it is noaréasingly admitted that LH waves have a
unique capability to drive the current efficientyr off-axis as required in ITER steady state
scenarios (steady-state plasma, Q ~ 7,=8.5MA over 3000s, could be achieved with 20
MW of LHCD).

Several fusion research institutes are likely towsd adapted in terms of competences to
participate in the elaboration of the ITER LHCD tgys. Most of them have been connected
to the present document, but not exclusively. Thiesgnt situation with industry is
satisfactory on the klystron production side (saveroviders amongst several partners,
though only Toshiba has initiated a developmengjam of the 5GHz klystron at present), as
well as on the antenna manufacturing side. Thiduis to the fact that LHCD developments
for EAST, KSTAR, SST1 and Tore Supra are preseutigierway. As pointed out in the
document, the fragility comes from the extreme Hjity of (high frequency/long pulse)
LHCD, that deserves a careful attention, as thenetag fusion community is the only
customer for most of the techniques in use. Sevasan devices around the world could
also be used, if needed, for prototyping and tgstai components (CW klystrons,
transmission lines, RF windows, antenna modulgs ...

The present situation with LHCD on ITER involveg ihstallation of a 20MW / one antenna
system in the “second phase” of ITER operatiorhathtorizon 2020-2025. The LHCD fusion
community, as well as the industry, is seriouslgamned by such a long term objective that
requires continuity. The necessary R&D activity,eded to adapt the present LHCD
technology to the ITER environment, requires a ltergn effort and dedicated resources that
will not be allocated satisfactorily in such a fanif a decision is not taken rapidly, LHCD
know-how will rapidly disappear from both the fusitaboratories and the industry. The
subsequent revival of LHCD will then represent ayJarge effort from the community with
the corresponding associated risks.
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Figure * Accessibility and damping conditions for LH wavasfrequency of 5 GHz; these
calculations are performed with the ITER parame(BsAT). This graph is obtained from
simple expressions that are validated by extensiwmerical simulation. The shaded area
corresponds to plasma conditions - in the T) plane - for which no LH wave can propagate
because N, > Njq. In the non-shaded area, it is possible to findlae of N, such that Iy, <

N, < Nyg. An LH wave with such value of Ncan propagate. Conversely, for a given value of
N//, drawing the corresponding horizontal and waitiines from the top and right axes gives
the domain in the @ Te) plane for which the corresponding LH wave canppgate. This
domain is the south-west region delimited by tHases.
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Figure2 LH deposition in the ITER scenario 4
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N;: (a) wave propagation: (b) radial profile of the
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electric field effect).

4 t=1200s
_ :
-g 21 — jbs ||
Q 4 ] — jnbi
"; — jec
5 1.5} — jh
i T
- With LHCD £
o 27
I | et S S LHCD
) -
S W/o LHCD osl @rla~0.7
o . . . . .
0 200 400 600 800 1000 1200 \
time (s) s : 7 \_
a) % 0.5 1
P
b)

Figure 3 CRONOS simulation of ITER Hybrid plasma usingngsport model GLF23 based
on first principle. A Hybrid mode is sustained ou€00s by 20MW of ICRF and 30MW of
NBI and 20MW of LHCD: (a) Central safety factor):(iCurrent profile at t = 1200s [11].
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b) Decrease of plasma inductance versus V-s savimgpated with CRONOS. Dashed
lines correspond to various waveforms of LH power.
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Figure 7 ITER 5GHz PAM Launcher concept
[19].

Figure 6 Prototypes of 5GHz (a) and
3.7GHz (b) klystrons.
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Figure 8 Parasitic LH power absorption by alpha partictEsnputed with an orbit following
Monte Carlo code (SPOT), for two source frequen&Hz and 3.7GHz) [25].
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Figure 9 Figure: lllustration of long distance LH couplimxperiment, in a case with only
GIM6 injection during the H-mode phase. The couplis degraded over the whole launcher
when no gas is injected (4-6s). Shown are as fomodf time: NBI and ICRH powers,
coupled LHCD power, total gas flow and near gas ffoom GIM6, the [ signal showing
the ELM activity, the positions of the LCFS relaito the poloidal limiter (ROG) and the LH
launcher relative to the poloidal limiter (LPOShdathe average reflection coefficient on the

LH launcher [33].
ID [Task 1 [Year1 |vear2 [vear® |vear4 |[vear5 |vear6 [vear7 |vear® |veard |vear
Hz [H1 [H2 [H1 [H2 [H1 [H2 [H1 [H2 [H1 [H2 [H1 [H2 [H1 [H2 [H1 [H2 [H1 [H2 [H1 ]
1 HVPS {for generator) =
2| Procurement
3 | mtegration & Testing
|4 |Kiystron L v
| 5 | Prototype validation L
3] Procurement {
7 | meegration &testing :
g |Test bed Facility for RF components L
@ | Design
10 | Procurement {incl. 2 klystrons)
11 |Transmission L : v
12 | R&DRFwindows : : ]
13 | R&D wave guides , RF components E E
14| Conceptual design ]
15 | Detailed design & Test —i
16 | Procurement
17 Integration & Testing
18 [Launcher & o
EER R&D launcher (front materials...)
20 | Conceptual design
21 Detailed design
|22 | Procurement
23 | Integration & Testing
24 |CODAC and specific diagnostics & )
25 | Specification definition
|26 | Procurement
27 Integration & Testing
TMO(IeIinu

Figure 10 Tentative work plan allowing the installation 20MW, 5GHz / one antenna
system in the “second phase” of ITER operation.
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