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Abstract. Two ICRF heating schemes proposed for the half-field abiper phase of ITER in Hydrogen
plasmas - fundamental H majority anft2armonic®He ICRF heating - were recently investigated in the JE
tokamak. Although the same magnetic field and RF freqeen@=2.65T, f=42MHz and f=52MHz,
respectively) were used, the density and particuladyplasma temperature foreseen for the initial phase of
ITER could not be matched in JET. Modest heating effideen (<0.4) with typically dominant electron
heating were found for both scenarios and strong plaglainteraction manifested by large impurity
content and high radiation losses was observed. Thig &ffstonger for théHe ICRF heating case than for
the H majority heating case. It was verified thatamrtrations as high as 3{e}x20% are necessary to
observe significant ion heating in th& Barmonic®He ICRF heating scheme. ICRF accelerated ions up to
50keV in the fundamental H heating experiments and up tkeX0th the 2° harmonic®He ICRF heating
experiments were detected with NPA diagnostics. Whileshifitan increase in the heating efficiency as
function of the plasma temperature were observed it tnajority case, the Heoncentration was the main
‘handle’ for enhancing the heating efficiency in the&Harmonic®He heating scenario.

1. Introduction

The non-active phase of ITER [1] will start with Hydem (H) plasmas at reduced
magnetic field. In H plasmas and for the designed frequesmoge of the ICRF heating
system in ITER (f=40-55MHz), only fundamental ion-cyclotrbeating of H ions (at
f~40MHz) and second harmonic (N=2) ion-cyclotron heatintHefions (at£53MHz) are
feasible for central ion heating at the nominal higlidf value of B=2.65T. None of the
two ICRF scenarios cited above are high performanatngeschemes from the RF point
of view: The fundamental H majority scenario suffemsf the ‘adverse’ polarization of the
RF fields close to the ion-cyclotron layer of thejon#y H ions (‘screening effect’) [2]
whereas the N=2 harmonitHe heating scheme requires relatively large fractions of
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‘minority’ ions to become efficient. Given the fatiat the initial ITER operation relies on
every MW of auxiliary heating power that can be injecitr@d the plasma, experiments
aiming at assessing the ICRF heating performance offtBR lhalf-field scenarios in H
plasmas were recently performed in JET.

The ICRF parameters of the half-field phase of ITERewdosely reproduced in the
JET experiments: The fundamental Hydrogen heating scemasstudied at f=42.5MHz /
Bo=2.65T and the N=3He ICRH experiments were done at f=51.5MHz¢=R65T. In
these conditions, the fundamental ion-cyclotron rasoe layer of the H ions is located
around R=2.85m whereas the N=2 ion-cyclotron resonant¢kedHe ions is located at
approximately R=3.15m, respectively. Dipole phasing was usbdth experiments and up
to 5.5MW of ICRF power was coupled to the plasma. Asidenfthe different ICRF
parameters and the dilution of the H plasmas Wta in the N=2°He ICRH pulses, the
plasmas were similar in the two experiments. Both expats were performed in L-mode
and adopted a plasma geometry that favours the ICRF antaupling, with antenna
plasma distances varying between 9.5-11.0cm (ROG = 4.0-5Typikal central densities
of n=3x10"m® and central temperatures ranging from Te=2-4keV, dependiiigedXBI
power applied (O<fx<8MW), were obtained in the experiments.

Since there were no H beams available for the expatsn® beams were used both
for diagnostic purposes (charge-exchange, MSE) and tbgartethe plasma. The D NBI
injection angles and energies (mostly ~80keV) werefulyeselected to minimize the
harmonic ion-cyclotron absorption of the beam deuteron the two scenarios. The
fundamental H majority heating experiments were perarifirst and ndHe was injected
in the machine to avoid spuriotide absorption / acceleration near the plasma eddbeln
second harmonitHe heating experiments, the injection’se was controlled using a PID
(proportional—integral—-derivative) feedback control ba ¢jas valve actuation based on the
real-time measurements of line emission intensitiesaveral ion species by visible
spectroscopy [3]. TheHe concentration XHe], was varied from 5-25% in these
experiments.

2. Experimental results

The ICRF heating efficiencies) & absorbed power / coupled power) for electrons
and (bulk) ions obtained by analyzing, respectively, th& BGd charge-exchange signal
responses to fast variations in the applied ICRF powenid]depicted in Fig.1 for the
fundamental H majority experiments (left) and foe teecond harmoniéHe heating
experiments (right). In both scenarios the electiosogption is mainly due to fast wave
Landau damping and not to collisional damping with ICRF acatdd ions, as is usually
the case in minority ICRF heating schemes.

For the H majority case, the electrons absorb tylgitaice as much RF power as the
ions and both absorptivities increase with the bulkrpéasemperature, reaching a total
heating efficiency of=0.4 at T=2.5keV. The slope of the heating efficiency of the isns
somewhat steeper than the one for the electronscaimt that the ion-cyclotron
absorption of the H ions (rather than the electtosogption) is privileged when increasing
the bulk plasma temperature within the studied range. o't harmonic®He scenario,
the dependence of the heating efficiency with the temperawvas minor, but a clear
enhancement of the ICRF absorption for highte concentrations was observed. Note that
it is the ion absorption that is mainly improved atHeig®He concentrations and that the
total heating efficiency reached at’Mg]>20% is similar to the one obtained for the H
majority case 1{=0.4). The ion heating at low ¥fle] (as initially proposed for ITER) is
very small and the total heating efficiency is only athp=0.2 in these conditions.
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Figure 1: (left) Heating efficiencies obtained for eldcons (circles) and for ion (squares) by exponential
BIS analysis of the ECE and CXRS signals as function of ¢hplasma central temperature; (right)
Heating efficiencies for electrons (circles) and iongtriangles) obtained by the FFT analysis of the
central electron and ion temperature signals as functioof the *He concentration.

As mentioned, the low heating efficiencies obtainetbdth scenarios (compared to
typical heating efficiencies af > 0.8 observed in minority ICRF heating schemes) were
actually expected: Fundamental majority ICRF heatingesdifom the small values of the
left-hand polarized RF field component near the ionatyoh layer whereas second
harmonic heating scenarios typically require largetiivas of the minority species to be
efficient. Despite the low efficiencies of these tivega schemes, fast H ions up to 50keV
and fastHe ions up to 200keV were detected by the NPA diagnosti¢®ifltl H and in
the N=23He heating experiments, respectively, when 5SMW of RF growas applied.
When more than 5SMW of NBI was applied together with tBRF power in the N=3He
discharges, RF accelerated D-beam ions in the MeV r@@jected with/-spectroscopy)
accompanied by enhanced fast ion losses were observed.

An important consequence of the low ICRF absorptivitythese scenarios is the
enhancement of plasma-wall interactions leading katively large impurity content and
considerable radiation losses in the plasma. Thispgwel in Fig.2 (left), where the total
radiated power (bolometer) as function of the ICRwgoapplied is shown for the N=1 H
(circles) and the N=ZHe (triangles) experiments. The data correspond to des
averaged values sampled throughout the experiments. Théydéamperature and NBI
power were similar in all the time intervals consete
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Figure 2: Total radiated power (left) and intensity of Be527nm line (right) as function of the ICRF
power for the N=1 H (circles) and the N=2He (triangles) ICRF heating schemes. The data correspond
to 0.4s time averaged values with similar densities, temfagures and NBI power.
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The fact that the radiation losses for a given |GR®er are higher for the N=Ple
case than for the fundamental H majority case isonbt due to the presence of relatively
large fractions ofHe in the H plasma (higher.#, but is related to a stronger RF-induced
plasma-wall interaction observed in this case, leatbng higher impurity content in the
plasma. This is depicted in Fig.2 (right), where the éingssion intensity of the Beryllium
measured by visible spectroscopy is shown as functiomeoi@RF power for the two
scenarios. The same time intervals as on the tgftdiwere considered. A similar study for
the C® and C* spectroscopy measurements (not shown) indicates ntbat of the
additional radiation observed in the N¥2e case comes from the plasma edge rather than
from the bulk plasma, but a more detailed analysis base2D bolometer tomography is
still ongoing. The fact that the impurity content is Heg for this case than for the
fundamental H majority case despite of the similaRFCheating efficiencies (and similar
antenna coupling conditions) is believed not only to beel&d the different RF sheath
rectification effects at the two distinct operatimadguencies but also to the different fast
ion losses observed in the two cases. As a mattémotf in the N=2°He experiments,
considerable parasitic RF power absorption of NBI deate(with 2¢ and 3 harmonic
cyclotron resonances in the plasma) was observed wigge than 5SMW of NBI was
applied together with the ICRF power. These ions areleated to high energies leading
to an enhanced number of fast ion losses when compatbe fondamental H majority
heating case (where the parasitic D absorption waigally negligible). Additionally, the
fact that the transport / confinement properties of a pupasma and of a 10-209kle
diluted H plasma are different leading to distinct tenfjpeea/ density profiles can also
have a considerable influence on the radiation patterticydarly near the plasma edge.

3. Summary

Results of JET experiments aiming at studying two ICRFEifggagcenarios proposed
for the half-field phase of ITER in H plasmas (fundata€d majority heating and second-
harmonic *He heating) were presented. The heating efficienciesirenl for the
fundamental H majority heating scheme were arayn@d.3-0.4 with dominant fast wave
electron heating and hints of enhanced efficiency withemsing plasma temperature were
observed. For the"? harmonic®He heating scheme, the efficiency varied from below
n=0.2 (for low XPHe]) up ton=0.4 when X{He]>20% was reached. It was shown that the
increase in the heating efficiency with®Mf] is mainly due to enhancéde ion-cyclotron
absorption, which exceeds the electron absorption gt e concentrations. The low
ICRF heating efficiencies associated to the rather padfin®nent of the H plasmas in the
experimental conditions described here lead to relatstebng plasma wall interaction in
both scenarios.
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