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Abstract. The ITER-relevant Lower Hybrid Current Drive (LHEDauncher, based on the Passive Active
Multijunction (PAM) concept, was brought into opéoat on the Tore Supra tokamak in autumn 2009. The
PAM launcher concept was designed in view of ITERltow efficient cooling of the waveguides, as regdir
for long pulse operation. In addition, it offers Iqwewer reflection close to the cut-off density, whishan
attractive feature for ITER, where the large diseahetween the plasma and the wall may bring the tyeinsi
front of the launcher to low values. The experimenith the PAM on Tore Supra have shown extremely
encouraging results in terms of reflected power lewel power handling. Power reflection coefficier2% is
obtained at low density in front of the launchee, iclose to the cut-off density, and very good agesgm
between the experimental results and the coupling poddiction is obtained. Long pulse operation atRTE
relevant power density has been demonstrated. Thémma power and energy reached so far is 2.7MW
during 78s, corresponding to a power density of 25KfVi.e. its design value at f = 3.7GHz. In addition,
2.7MW has been coupled at a plasma-launcher distan&8con, with a power reflection coefficient < 2%.
Finally, full non-inductive discharges of 50s haverbeastained with the PAM.

1. Introduction

Lower Hybrid Current Drive (LHCD) is a well-provenethod of non-inductive current drive
in tokamaks and has successfully been used foemiudrive, volt-seconds saving and current
profile shaping [1, 2] since its start in the eat§80s [3, 4]. Lower hybrid waves have the
property of damping efficiently at high parallelgse velocity (y) relative to the electron
thermal speed [5], which makes them suitable fovimy a current far off-axis, where the
electron temperature is lower. LHCD is thereforasidered a candidate for providing far-off
axis current drive in ITER, which will be requiréa sustain the steady-state scenario [6, 7].
One of the challenges of an LHCD system in ITER&development of a launcher that can
withstand the heat load environment in ITER undergl pulses. At present, the foreseen
design is based on the Passive Active Multijunc(iBAM) concept, originally proposed in
[8], and further detailed in the conceptual dessian LHCD system for ITER [9, 10]. The
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first experimental test of a PAM module was cared in the FTU tokamak [11, 12]. Those
experiments clearly demonstrated the possibilitpperate at high power density, albeit in
short pulses (< 1s). Following this, a PAM launcthes designed and constructed for Tore
Supra [13, 14] within the framework of the Tore BuRIMES project [15]. The Tore Supra
PAM launcher is designed to inject 2.7MW for 100@kjch corresponds to a power density
of 25MW/nf at f = 3.7GHz and which is equivalent to the desiglue of 33MW/ri at f =
5GHz, foreseen for an LHCD system in ITER [10]. Stpaper will present the first
experimental results obtained with this new ITERvant PAM launcher in Tore Supra.

2. Brief description of the PAM launcher

The Passive Active Multijunction (PAM) launcherTiore Supra (Fig. 1) consists of 16 PAM
modules, mounted in two rows and eight columns.hEBAM module itself has three
waveguide rows, each with two active and two passiaveguides (Fig. 2), the passive
waveguides having a depth of a quarter wavelengthl(@]. The dimensions of the active
waveguides are 14.65mr76mm, resulting in an active area of the laundhart equal to
0.11nf. The PAM design allows mechanical strength to stihd disruptions and enables to
put cooling channels close to the launcher frohie Tore Supra PAM launcher is actively
cooled in order to be able to operate in pulsetle@f up to 1000s, once the upgraded
generator capability becomes available [16, 17}. the first experiments, the launcher was
fed by eight old generation klystrons, each witoaver capability of ~400kW, resulting in a
total power capability of ~3MW injected to the ptes Furthermore, the PAM design offers
low reflected power level when the density in frohthe launcher is low, i.e. close to the cut-
off density (R, = 1.7x10"'m™® at f = 3.7GHz). This is a very attractive featimeview of
ITER, where the large distance between the plasmdatize wall may bring the density in
front of the launcher to low values.

The main goals of the first experimental
campaign with the PAM in Tore Supra
were to: i) compare the power reflection
coefficient on the PAM launcher against the
coupling code predictions, ii) demonstrate
reliable power coupling during edge [T =
perturbations mimicking ELMs and iii)
achieve ITER-relevant power density, i.e.
25MW/n¥ at f = 3.7GHz, in pulse lengths
exceeding several seconds.

Actively cooled
' CFC 5|de limiters .

.‘r-—.

FIG. 1. Tore Supra PAM Iauncher (frontview).  FIG. 2. The PAM launcher after mstallatlon in
Tore Supra.




3. Coupling characteristics
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FIG. 4. Comparison ofeflection coefficient ¢
the PAM and on the two FAMunchers, use

the launcher mouth. in Tore Supra.

The power reflection coefficient on the PAM launcheas studied in dedicated coupling
experiments carried out at low power (200kW, i 2M/m?) in order to avoid possible non-
linear effects that can occur at high power [18]e Density at the launcher mouth was varied
from 0.5<10''m™ to 8x10''m™ by varying the position of the last closed fluxfaoe (LCFS)
during the pulse. The electron density at the laenéront was deduced from fixed Langmuir
probes, mounted on the launcher. Fig. 3 shows thasuored reflection coefficient (RC),
averaged over the 16 modules, versus the electosity at the launcher mouth. The phasing
between active waveguides was 1,8@iving peak parallel refractive indey & 1.72. Low
reflection coefficient (RC < 2%) is obtained in thieinity of the cut-off density. The two
lines in Fig. 3 correspond to calculations from limear coupling code ALOHA [19]. This
code takes into account realistic 3D antenna gegnaatd can cope with double electron
density decay length3\{) in the scrape-off layer (SOL). The first dendayer \n,1 ~ mm)
describes the private SOL between the side proteston the launcher, while the second
density layer X, ~ cm) describes the main SOL. As can be seen inJigood agreement
between experiment and modelling is obtained.

Fig. 4 shows the comparison of the reflection dowfht obtained on the PAM launcher and

on the Fully Active Multijunction (FAM) launchersrgviously used in Tore Supra, under

similar experimental conditions. The figure cleastyows that the PAM has lower reflection

coefficient than both FAM launchers, even though plasma-launcher distance is larger and
the electron density is lower.

4. Coupling during edge perturbations

Any additional heating system to be used in ITERsimhe able to maintain reliable power
injection during ELMs. LHCD experiments were cadrigut with the PAM launcher in order
to assess the reflection coefficient behaviour padier handling in the presence of edge
perturbations. Since H-modes plasmas are not peabuncTore Supra, the edge perturbations
were simulated by using supersonic molecular begettion (SMBI). During each SMBI,
the electron density in front of the launcher imses from ~210m™ to ~10x10m® and
the average reflection coefficient (RC) increasemf1.5% to 7% (Fig. 5).
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Detailed investigation of the RC behaviour duringdB8 and ALOHA modelling show that
the density decay length in the SOL increases dusiMBI [20], which is also in agreement
with edge measurements on Tore Supra. At leashtatmediate power level (1.5MW,
13MW/nY), the applied power remained constant during SMilicating the possibility to
couple during edge perturbations, such as ELMshduld be noted that the present PAM
launcher design for ITER [21] will give smaller i&tion in RC during an increase in density,
making it a more ELM-resilient system.

In these experiments, the evolution of the harda)X-emission (< 200keV) from the non-
thermal electrons was studied during SMBI, as waslversus LHCD power,rand electron
density. During each SMBI, the hard X-ray signdisfabut the slow response of the hard X-
ray emission suggests that it is due to the peatiob of the bulk density. As demonstrated in
Fig. 6, the hard X-ray emission profile remains siagne before and during, or immediately
after SMBI, which indicates that the edge pertudraitself does not cause a redistribution of
the fast electron profile [22].

5. High power operation

During the experimental campaign between autumrd28@d spring 2010, the PAM has
performed ~500 pulses on plasma. The maximum pawerenergy achieved on the PAM so
far is 2.7MW during 78s flat-top, which resultsan injected energy in a single discharge of
220MJ (Fig. 7). This record discharge was obtaiafter approximately 400 pulses on
plasma, while the first goal of 2.7MW for shortariges (17s) was obtained after only 240
pulses on plasma. This power level corresponds poveer density of 25MW/f At the
present stage, the limitation is partly due to lawk generator power, partly due to
conditioning of the waveguides. The launcher friace protection, based on the CuXIX-line
emission and infrared thermography, detected venydrcs at the launcher mouth during all
the experiments with the PAM. The infrared thernagiyy shows that the apparent
temperature of the waveguides and the side protes;tiwhich are actively cooled, remains
below 270C throughout #45472 (Fig. 8).
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Fig. 7 also demonstrates that high power can bpledwat large plasma-launcher distance. In
#45472, the gap between the last closed flux sarfe€FS) and the launcher was increased
to 10cm during the pulse. The reflection coeffitidacreases slightly (from 2% to 1.5%) as

the distance is increased. It has to be noted, Wenyéhat the density in front of the launcher

was still above the cut-off density in these cands, since the plasma scenario used was
characterized by long SOL density decay length~(4cm). This particular plasma scenario

may therefore not be considered as representdtive plasma edge conditions that would be
obtained during H-mode operation in ITER.

In the high power experiments, measurements witttaading field analyzer [23] were made
in order to obtain a detailed radial-poloidal maygpof the fast electron beam in front of the
waveguide rows. This fast electron beam is causeg@dvasitic absorption in front of the

launcher and known to be responsible for hot spotglasma facing components. Preliminary
results indicate that the electron beam currelgsis intense with the PAM launcher than with
a FAM launcher under similar experimental condsiofhis result remains however to be
confirmed in experiments with the PAM and FAM labacon the same plasma target.

6. Non-inductive current drive experiments

Full non-inductive pulses lasting up to 50s (Fig.ave been performed with the PAM

launcher, using real-time control loops to maintdie plasma current constant by adjusting
the LHCD power and to maintain the primary flux somption at zero by acting on the

central solenoid voltage  fp = 2.2MW was required to maintain+ 0.51MA and Voop= 0

at n, = 1.45%10"°m*. The peak value of the parallel refractive indeaswy = 1.72, which

corresponds to the optimum value, i.e. giving hgjhgower directivity on the PAM. The
value of the current drive efficiency (i.8., =N.R,l .5 /Pep » Where &p is the current driven
by LHCD and Rp is the coupled LHCD power) for the discharge ig.B was approximately
0.75x10"*°m?A/W, taking into account a bootstrap current fractof 10% (i.e.dp = 0.9Ip).
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loop on the central solenoid voltage.

Simulations of the LH driven current profile and Lpbwer deposition profile using the
CRONOS suite of codes [24] and the code CP30O/LURE pre shown in Fig. 10. The
CRONOS simulations uses the measured hard X-ragsémni profile as input for the LH
power deposition profile and reconstructs the phasparameters, such as the flux
consumption and internal inductance. The ray-tgacode CP30 and 3D relativistic Fokker-
Planck code LUKE on the other hand uses the rigali$t wave spectrum computed by the
ALOHA code as input. The ray-tracing calculatioresi86 rays to describe the launchgd n
spectrum: six poloidal launch locations (correspogdo six waveguide rows, see Fig. 2) and
six ny-values for each poloidal location (correspondingthe six largest peaks of the
computed ALOHA p-spectrum). Good agreement between CRONOS and CRB®
simulations, both in terms of profile and in terafigiriven LH current, is obtained.

In these full non-inductive discharges at low dgnghe current drive efficiency on the PAM
launcher was found to decrease by < 10% when theitgein front of the launcher was
increased by a factor of two, i.e. from>I®''m>to ~6x10''m™. This is in agreement with
the ALOHA code calculations, that predict that goaver directivity of the pspectrum drops
from 68% to 62% when the density in front of therleher increases fromx30''m™ to
6x10''m™. In this edge density range, the current drivécieficy with the PAM is found to
be comparable to that obtained with the FAM launshehen using the same peak value of
the n-spectrum, as for example in the GJ-discharges [26]

Finally, experiments have also been conducted ne Boipra with the aim to study the current
drive efficiency of the lower hybrid waves at higlectron density (up ta, = 6x10"°m?),
comparing gas fuelling and pellet fuelling. Alth¢uéull non-inductive current drive could
not be obtained, the evolution of the hard X-rayission from the non-thermal electrons
produced by LHCD was studied. The hard X-ray eraissvas found to decrease with volume
average electron density, as ﬁe’Lzﬂ, but with an even stronger decrease in gas fuelled

discharges fon,above 5x10"m*[27].
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7. Summary and outlook

The first experiments with the ITER-relevant Passictive Multijunction (PAM) LHCD
launcher in Tore Supra have shown extremely engiugaresults in terms of reflection
coefficient behaviour and power handling. Low refézl power level is obtained at low
density in front of the launcher, i.e. close to t-off density. Very good agreement between
the experimental reflection coefficient and the AL® code calculation is obtained. Long
pulse operation at ITER-relevant power density basn demonstrated. So far, 25MW¥/m
(i.e. 2.7MW) has been obtained over pulse lengthtou/8s. High power (2.7MW) has been
coupled at a plasma-launcher distance of 10cm avigbwer reflection coefficient lower than
2%. The current drive efficiency is comparable hattof the Fully Active Multijunction
(FAM) launchers, at least in conditions with lownd#y in front of the launcher. These
results give good confidence for the design of BER LHCD launcher. The completion of
the Tore Supra CIMES project, consisting of theragg of the LH generator plant to high
power CW klystrons [16, 17], will allow to accesgimes of zero loop voltage conditions at
higher current and density than before and to perfong pulse operation up to 1000s.
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