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First Experimentswith the | TER-Relevant LHCD Launcher in Tore Supra

A. Ekedah] L. Delpech, M. Goniche, D. Guilhem, J. Hillairst, Preynas, P.K. Sharrha
J. Achard, Y.S. Bde X. Baf, C. Balorin, Y. Barand' V. Basiuk, A. Bécoulet, J. Belp
G. Berger-By, S. Brémond, C. Castdid8. Ceccuz?jR. Cesarif, E. Corbel, X. Courtois,
J. Decker, E. Delm&sX. Ding?, D. Douai, C. Goletto, J.P. Gunn, P. Hertout, Gidang,
F. Imbeaux, J. Kifh) K.K. Kirov*, S. Leé, X. Litaudon, R. Magne, J. Maillo{ix
D. Mazon, F. MirizZi, P. Mollard, P. Moreau, T. Oosako, V. PetrZilka
Y. Peysson, S. Poli, M. Prou, F. Saint-LaurenS&maille, B. Saoutic

CEA, IRFM, 13108 Saint Paul-lez-Durance, France.
! permanent address: Institute for Plasma Resedblag, Gandhinagar, Gujarat, India.
2National Fusion Research Institute, Daejeon, S¢idtea.
3Southwestern Institute of Physics, Chengdu, P.RaCh
4 Euratom/CCFE Fusion Association, Culham Scienaeti@eAbingdon, OX14 3DB, UK.
®> Associacao Euratom-IST, Centro de Fusao Nucled®4@1 Lisboa, Portugal.
® Associazione Euratom-ENEA sulla Fusione, CR FriasBama, Italy.
" Present address: ITER Organization, 13067 Saintlfkzz-Durance, France.
8 Association Euratom-IPP.CR, Za Slovankou 3, 18Pha 8, Czech Republic.

Introduction. This paper presents the first experimental resolfimined with the ITER-
relevant lower hybrid current drive (LHCD) launcherTore Supra. The launcher is based on
the passive active multijunction (PAM) concept [[1-&hich is the design proposed for an
ITER LHCD system [4, 5]. The PAM design allows ei#int cooling of the waveguides, in
order to sustain the heat load during long pulbesddition, it offers low power reflection
close to the cut-off density {n= 1.710"'m™ at f = 3.7GHz), which is important in view of
ITER, where the large distance between the plasmlatlze wall may bring the density in
front of the launcher to low values. The main gazlshe first experimental campaign with
the PAM in Tore Supra were to: i) compare the porgéiection coefficient (RC) on the PAM
to the predictions from the ALOHA code [6], ii) denstrate reliable power coupling during
edge perturbations mimicking ELMs and iii) achieMeER-relevant power density, i.e.
25MW/n? at f = 3.7GHz [5], in pulse lengths of severalstari seconds. These goals were
achieved. In addition, full non-inductive dischasdasting 50s were performed.

Coupling characteristics. The power reflection coefficient (RC) on the PARUhcher has
been studied in dedicated coupling experimentsezhout at low power (200kW, ~2MWAn

in order to avoid possible non-linear effects tta occur at high power [7]. The density at
the launcher mouth was varied from18''m to 8<10''m™ by varying the plasma-launcher
distance during the pulse. Fig. 1 shows the medsR¢@, averaged over the 16 modules,
versus the electron density at the launcher maghmeasured by Langmuir probes on the

launcher. 180 phasing between active waveguides was used, gpeadx parallel refractive
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index ny, = 1.72. Good coupling, i.e. RC < 2%, is obtainadthe vicinity of the cut-off
density. The solid curves correspond to the ALOHe predictions, using different density
decay lengths in the scrape-off layer (SOL). Twaogity layers are usually required to
describe the experimental results satisfactorilge Tirst layer X,1 ~ mm) describes the
private SOL between the side protections on thadher, while the second layex.{~ cm)
describes the main SOL. Good agreement betweemiegre and modelling is obtained.
#44267 (1, = 1.0MA, B. = 3.8T)
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Fig. 1: Reflection coefficient on the PAM launcher  Fig. 2: RC behaviour during edge perturbations

versus electron density at the launcher mouth. Good produced by SMBI. RC increases in accordance
agreement with the ALOHA code results is obtained. with the coupling code prediction.

Coupling with edge perturbations. LHCD experiments were also carried out in the gnes
of edge perturbations, produced by supersonic ratdedeam injection (SMBI) to simulate
ELM-behaviour. During a SMBI, the electron densityfront of the launcher increases from
~2x10"m™ to ~10x10"'m™ and the RC increases from 1.5% to 7% (Fig. 2)adnordance
with the coupling code prediction. At least at intediate power level (1.5MW, 13MW#n
the applied power remained constant during SMRBliciating the possibility to couple during
edge perturbations, such as ELMs. Note that theepte TER PAM design [8] will give
smaller variation in RC during an increase in dgnsnaking it a more ELM-resilient system.
In these experiments, the evolution of the harda)X-emission (< 200keV) from the
suprathermal electrons was studied during SMBIwel as versus LHCD power,,rand
electron density. During each SMBI, the hard X-sgynal falls, but the slow response of the
hard X-ray emission suggests that it is due tq#réurbation of the bulk density. The hard X-
ray emission profile remains the same before amohg&MBI, which indicates that the edge
perturbation itself does not cause a redistributibtine fast electron profile [9].

High power operation. The maximum power and energy achieved on the P&Mdher so

far is 2.75MW during 78s (Fig. 3), obtained aftdi08 pulses on plasma. This corresponds to
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a power density of 25MW/fMm which is equivalent to the design value for aERTLHCD
system (33MW/rhat f = 5GHz) [5]. At the present stage, the liniga is partly due to lack
of generator power, partly due to conditioningatidition, 2.75MW was coupled at a plasma-
launcher distance of 10cm, with RC as low as 2%.(B). The density in front of the
launcher was still above the cut-off density instheconditions, since the plasma scenario
used was characterized by long SOL density decaythe, ~ 4cm). The launcher front face
protection, based on the CuXIX-line emission arfdamred thermography, detected very few
arcs at the launcher mouth during the experiméitis. temperature of the waveguides and
the side protections, which are actively coolethamed below 30T (Fig. 4).
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Fig. 3: Maximum power and energy achieved on pulse #45472. The waveguides and side protections,
the PAM launcher (2.75MW, 78s). The plasma- actively cooled, remain below 3%0.
launcher distance is ramped to 1C
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The intensity of the fast electron beam in fronttted waveguide rows (caused by parasitic
absorption at the launcher mouth and responsibledbspots on plasma facing components)
was investigated by detailed radial-poloidal mapgpirusing a retarding field analyser, as
described in [10]. The first results indicate ttra parasitic electron beam is less intense with
the PAM launcher, compared to what was previoushseoved with a full active
multijunction (FAM) launcher under similar experintal conditions [10]. This result remains
however to be confirmed in experiments with PAM &#M on the same plasma target.
Non-inductive current drive. Full non-inductive pulses lasting up to 50s hawerb
performed with the PAM launcher, using real-timentcol loops to maintain the plasma
current constant by adjusting the LH power and &ntain the primary flux consumption at
zero by acting on the central solenoid voltage, £ 2.2MW was required to maintaip *
0.5MA and Moo = 0 atn, = 1.45¢10"°m’>. Parallel refractive index,n= 1.72 was used,

which corresponds to the optimum value, i.e. giimghest power directivity on the PAM.
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The current drive efficiency is approximately ®18"°m?A/W, which is ~10% higher than in
the GJ-discharges in Tore Supra, carried out viithttvo FAM launchers, using, & 1.72
[11]. It should be noted that the power directiwtgs not maximized in the GJ-discharges,
since the FAM launchers have maximum power dirégtat n; = 1.83 and 2.03, respectively.
Further experiments will allow comparing the CDi@éncy for PAM and FAM.

Finally, experiments have also been conducted thi¢ghaim to study the CD efficiency at
high electron density (up to, = 6x10°m™). Although full non-inductive current drive could
not obtained at such high densities, the evoluticthe hard X-ray emission was studied [12].
Summary and outlook. The first experiments with the ITER-relevant LHEAM launcher

in Tore Supra have shown extremely encouragindteesuterms of coupling behaviour and
power handling. Good agreement between the expetaheeflection coefficient and the
ALOHA code prediction is obtained. The design vaiorethe power density (i.e. 25MW#An
has been obtained over pulse lengths up to 78$ pbgver (2.75MW) has been coupled at a
plasma-launcher distance of 10cm with a power cgéfia coefficient as low as 2%. These
results give confidence that the PAM concept isable design for an ITER LHCD system.
The completion of the Tore Supra CIMES project, ststing of an upgrade of the LH
transmitter plant with 700kW/CW Klystrons [13], Wllow to increase the available LHCD
power and to access regimes of zero loop voltagegaer current and density than before.
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