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Abstract

This paper reports on ITER-rdevant ICRF physics investigated on JET in 2003 and early 2004.
Minority hesting of helium three in hydrogen plasmas - (*He)H - was systematicaly explored by
varying the *He concentration and the toroidal phasing of the antenna arrays. The best hedting
performance (a maximum eectron temperature of 6.2keV with 5SMW of |CRF power) was obtained
with a preferentid wave launch in the direction of the plasma current. A clear experimenta
demongtration was made of the sharp and reproducible transtion to the mode converson heating
regime when the *He concentration increases above ~2%. In the latter regime the best hesting
performance (a maximum electron temperature of 8keV with SMW of ICRF power) was achieved
with dipole array phasing, i.e. a symmetric antenna power spectrum. Minority heeting of deuteriumin
hydrogen plasmas - (D)H - was as0 investigated but was found inaccessible, because this scenario
is too sengitive to impurity ionswith Z/A=1/2 such as C**, smal amounts of which directly lead into
the mode converson regime. Minority heating of up to 3% of tritium in deuterium plasmas was
systematicaly investigated during the JET Trace Tritium experimental campaign (TTE). This required
operating JET at its highest possble magnetic fidd (3.9 to 4T) and the ICRF system &t its lowest
frequency (23MHz). The interest of this scenario for ICRF heeting at these low concentrations and
its efficiency at boogting the supratherma neutron yield were confirmed, and the measured neutron
and gammay ray spectra permit interesting comparisons with advanced |CRF code smulations.
Investigations of finite Larmor radius effects on the RF-induced high-energy tals during second
harmonic (w=2 w,) hedting of a hydrogen minority in D plasmas clearly demonstrated a strong

decrease of the RF diffuson coefficient a proton energies ~1IMeV, in agreement with theoretica



expectations. Fast wave heating and current drive experiments in deuterium plasmas showed
effective direct dectron heating with dipole phasing of the antennas, but only smal changes of the
centra plasma current density were observed with the directive phasings, in particular a low sngle
pass damping. New investigations of the heating efficdency of ICRF antennas confirmed its strong
dependence on the paradld wavenumber spectrum. Advances n topics of a more technologica
nature are dso summarized: ELM sudies usng fast RF measurements, the successful experimenta
demondration of a new ELM-tolerant antenna matching scheme, and technicd enhancements

planned on the JET ICRF system for 2006, themselves equaly strongly driven by the preparation for

ITER.



1. Introduction

The size and capability of the Joint European Torus (JET?, [1]) to confine very energetic particles,
together with its versatile ion cyclotron resonance frequency (ICRF) system, provide a unique
environment to develop ICRF techniques rdevant to the forthcoming International Tokamak
Experimenta Reactor ITER [2]. During the ET experimental campaigns of 2003 and early 2004, in
addition to further development of ICRF as a tool for the experimenta programme, severd heating
and current drive scenarios have been investigated, contributing to the physics understanding and
operational expertise required for successful use of ICRF on ITER. The following sections focus on
these advances. Three hitherto scarcaly documented ‘inverted’ minority heating scenarios, in which
the minority ions have a amdler charge to mass ratio than the mgority ones, have recelved specia
atention: section 2 reports on experiments on | CRF hesting of hdium three (*He) and deuterium (D)
in hydrogen (H) plasmas, which are the scenarios planned for the start-up phase of ITER, and section
3 on minority heating of tritium (T), which would be an attractive scenario when ITER sarts usng T.
Investigations of finite Larmor radius effects on the RF-induced high-energy tails are summarized in
section 4, fast wave heating and current drive experimentsin section 5 and new results on the hegting
efficdency of ICRF antenna arrays in section 6. The remainder d the paper reports progress and
achievements on topics of amore technica nature: sudies of the ELMs using fast RF measurements,

experimentd  demondration of a new ELM-tolerant antenna matching scheme, and the technicd

1 Major radius Ry»3m, horizontal plasma minor radius » 1m, maximum plasma éongation »2, ITER-
relevant plasma triangularities, maximum toroidd fidd 4T a the magnetic axis, maximum current

5MA in the present divertor configuration.



enhancements under implementation on the JET ICRF system, themsalves likewise srongly driven by

the preparation for ITER.

2. |CRF heating in hydrogen plasmas

In the start-up phase of ITER, activation will a first be minimized by operating in H plasmas. The
two reference |CRF scenarios, known as ((He)H and (D)H, rely on hesting minority *He or D ions
a thar fundamenta cyclotron frequency. In the past very few experiments have been dedicated to
these scenarios [3] in which an ion-ion hybrid resonance/cut-off pair of the fast magnetosonic wave
is located between the minority cyclotron layer and the antennas. The heating of *He in H has now
been explored in a sequence of JET discharges at magnetic fidds between 3.3 and 3.6T and a
plasma current of 2VIA. The ICRF power was applied at 37 MHz, which pogtions the cyclotron
resonance layer w=wgye in the vidnity of the plasma magnetic axis. The experiments sysematicaly
used |CRF power modulation at a frequency of 20 Hz at the beginning and the end of the RF power
flat-top (see Fg. 1), allowing evaduation of the radid profiles of wave absorption by the eectrons by
means of Fast Fourier Trandform (FFT) and break-in-dope (BIS) andysis [4, 5] of the eectron
temperature response. The *He concentration [°He] = naue / Ne Was varied from below 1% up to
10%. The expertise developed at JET to estimate and control [*He] in red time [5] was put to full
use and leves as low as 1.8% were successfully controlled for the first time. Lower [*He] vaues
were obtained by *He gas puffing before the ICRF heating phase.

The minority heeting (MH) regime was observed at low concentrations (up to ~2%). Presence of a

fast *He ion population was detected by (i) its contribution to the neutron rate through the nuclear



resction °Be(*Hen)"'C; (i) gamma-ray spectrometry [6] based on nuclear reactions between
energetic *He, “Be and **C impurities, and (jii) low- and high-energy neutra particle andysis (NPA)
[7]. Fg. 1 shows three discharges with [*He]<1% and SMW of ICRF, each of them using a different
toroida phasing of the JET antenna arrays. The desgn of these four four-strap ICRF antennas,
known as“A2’, isdescribed in detall in reference [8]. In dipole (OpOp) phasing of the Strap currents
they launch waves with a symmetric toroidal spectrum and dominant peak at toroidal modes n»+27,
which corresponds to dominant toroidal wavenumbers k; »+6.4 m* a the antennas. In*+90% and *-
90° progressive phaangs of the four straps the antennas launch waves propagating dominantly dong
(co-) and opposite (counter-) the plasma equilibrium current, respectively. The toroida gpectrum has
its dominant pesk at toroidal modes »+14 in +90° and n»-14 in -90° phasing, which respectively
correspond to dominant toroidal wavenumbersk; »+3.5 and -3.5 m* a the antennas. (Note thet the
desgn of the ITER ICRF aray offers the same flexibility of toroida phasing.) In the MH regime
illugrated FIG. 1 a maximum eectron temperature of 6.2 keV was reached with +90°. Higher
neutron rate, fast *He energy content, NPA flux and g-ray emissivity are obtained with +90° than
with matching discharges in the other phasings. Such behaviour can be explained in terms of an
inward fast ion orbit pinch produced by the co-current +90° wave spectrum [9, 10], for which
multiple evidence has previoudy been accumulated in phased ICRF experiments on JET [11, 12,
13].

As [*He] was increased above 246, a sudden transition was reproducibly observed to the mode
converson (MC) regime, in which the ICRF fast wave converts to a short wavelength mode at the
ion-ion hybrid layer, leading to efficient direct eectron heating. The firgt indication of a change in the
heating regime was the disappearance of the fast *He populaion. The related changes in g-ray

emission, for which the threshold *He energy is 0.9MeV, are shown on Fig. 2 for three discharges



differing only by their [*He]. In discharge #63319 with [PHe] <1.8% a high signd was collected
throughout. In #63320, as [°He] increased above 2% at »6.3s, the g-ray signal began to decrease
and findly dissppeared. In shot #63324, dmost no sgnad was collected. Moreover, & [*He]
increased, the temperature response to the ICRF power modulation gradudly changed, indicating a
change in power depostion This is wdl illustrated by the discharge shown FIG. 3, during which
[*He] was progressively increased from ~0.8 to 3.2% and the 20Hz power modulation applied
throughout the RF pulse. In the MH regime, eectron heeting takes place indirectly by colligonswith
fagt ions and the period of the ICRF power modulation (0.05 s) associated with an estimated fast
*He dowing- down time of about 0.2s prevented observation of a clearcut T, response (see left part
of the figure, t<8.39). In contrast, dectron heating in the MC regime takes place directly by wave

Landau damping and a prompter T, response was observed (see right part of the figure, t>8.39).

The trangtion to the MC regime was aso confirmed by the FFT and BIS analyses which showed the
apperance of a narrow eectron power deposition profile at the estimated location of the ion-ion
hybrid layer. Fig. 4 presents an overview of two discharges in the MC regime ([*He] ~ 3.5%) with
dipole and +90° phasing. In order to maximize the centra T, the toroidd field was lowered to 3.3T,
postioning the ion-ion hybrid layer a around R=2.8 m, dightly inboard of the magnetic axis
(Ro=2.96m). A maximum temperature of 8 keV was obtained with dipole phasing. A comparative
code anaysis of the two discharges is under way to confirm the difference in dominant k; as the

origin of the higher temperature obtained in dipole.

In strong contrast with *He, the use of D minority heating in hydrogen plasmas was not successful.
Thisis attributed to the C** impurity (and contributions from any other impurity with Z/A=1/2), which
has the same cyclotron layer as D and influences wave propagetion like a sxfold as high number

concentration of D. Presence of carbon at levels of 1 to 2% directly leads into the mode conversion



regime or can even expd the mode conversion layer from the plasma. This effect virtudly rules out
the (D)H scenario, leaving EHe)H as the only viable minority heating scenario for the non-active
phase of ITER in hydrogen plasmas. This negative result seems to contradict the conclusons of [3]
regarding the (D)H scenario on JET, for which a good absorption of power had been reported, on
the same level as with the (*He)H scenario. The principd difference between our (D)H experiments
and the 9ngle discharge presented in [3] is the equilibrium magnetic fied, which was respectively 3.9
and 3.5T, leading to deuterium fundamenta cyclotron resonance layers around R=3.1m and 2.85m,
respectivey. Two man factors can explain a better wave absorption and a sgnificantly higher
antenna loading in the configuration of [3]: (i) If (due to the C impurity effect described above) the
heeting regime of [3] was indeed mode converson instead of the assumed minority hegting, the mode
converson layer was closer to the magnetic axis than in our experiments, resulting in more efficient
Landaw/TTMP damping and better electron heating due to the higher local Te. (ii) In addition, the *He
cyclotron layer was located at R»3.75m in the (D)H discharge of [3], insde the plasma, wheress it
was at R»4.1m, just outsde the plasmain the 2004 experiments. Parasitic cyclotron absorption by
residua *He, which was carefully avoided in 2004 by operating at a higher magnetic fidd, is likdy to
have taken place in [3] a a sgnificant level, as njection of *He gas had been used in earlier
discharges on the same day of experiments. This re-interpretation of the discharge appears condstent

with the condusions from the more recent investigations drawn above.

A comprehensve account of the ICRF heating experiments in hydrogen plasmas summarized in this

section can be found in[14] and [15].
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3. Minority heating of tritium

Plasmas with low tritium concentration will occur when ITER gdarts usng T. In this mode of
operation, ICRF minority heating of T at its fundamenta cycdotron frequency (w=wqr), which directly
accelerates one of the fuson fud ions, would be a physicdly attractive heating scenario. On JET its
use is technically highly chdlenging as it requires the highest equilibrium magnetic fids (Bo=3.9 to
4T) and the lowest available generator frequency (~23MHz), at which only modest levels of ICRF
power ~1.5MW are available. These extreme parameter values yidd the most centrd T cyclotron
layer achievable on JET, located near R=2.5m, on the high fidd sde of the magnetic axis. The
scenario wasfirg very briefly investigated during the JET DTEL experimental campaign of 1997 [16,
17] with ~5% T and on TFTR [18] with up to 20% T. On ITER the scenario lies outsde the
planned RF system frequency range (currently 40 to 55MHZz) and would require its extenson at low
frequencies, down to ~27MHz Given the technica difficulties to desgn wide-band ICRF antennas,

such an extenson would have to be strongly motivated.

The JET Trace Tritium experimentd (TTE) campaign [19, 20, 21, 22] provided a rare opportunity
for an intensgve study of the T minority heating scenario at low concentrations in deuterium plasmas.
Tritium was introduced in the discharge by gas puffs resulting in concentrations up to ~3% (in a few
discharges neutra beam T injection was used ingtead). Energetic T tails of 80 to 120 keV were
deduced from the neutron emisson spectroscopy [23] and gammaray spectra [6] measurements.
The direct acceleration of tritons by |CRF at energies close to the maximum of the D-T reaction rate
boosted the DT neutron yield by some three orders of magnitude, and smultaneoudy provided
good bulk dectron hegating (Fig. 5). The moderate triton tail energies adso provide good ion hesting

(off-axisin the JET configuration). This confirms the scenario as an dtractive heeting scheme a low
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concentration. Its possible incorporation in the ITER ICRF desgn should be revigted after further
experiments a intermediate T concentrations, eg. during a full D-T campagn on JET. A
comprehensive account of the TFTR discharges cited above would be invauable for planning such

experiments, but does not seem to have been published.

Detailed interpretation and moddling of the ICRF experiments in TTE benefit from the neutron and
gamma ray emissvity data, which alow interesting code benchmarks and enhancements. Fig. 6
shows the good agreement found between the high-fidd-sde (HFS) peaking of the 2D neutron
emissvity profile and the corresponding fast triton midplane densty smulated with the SELFO code
[24]. The amulation shows thet the profile pesking is due to barely passing tritons; it dso correctly
edimates the experimenta neutron yield and T tail temperature. In this discharge the tritium fraction
Nt/Np was estimated on the order of 1.5 to 2.5% based on the ratio of D-T to D-D neutron
emissvities during diagnostic D neutrd beam blips following the ICRF pulse (9<t<9.6s). The
SELFO smulation corresponds to a vaue of Nr/Np =2% and assumes a 0.25% level of beryllium
impurity, which resultsin 48% of the RF power being absorbed by T, 36% by Be and the remainder
by the dectrons. Note that parasitic absorption by Be would be diminated on ITER by postioning

the T cydotron layer in the vicinity of the magnetic axis.

During the TTE a few discharges were dso dedicated to second cyclotron harmonic heating of
tritium (w = 2wer a 37MHz with Bi=3.7T). At higher T concentrations (50-50 D-T mix), thisis the
reference ITER scenario, investigated during the JET DTEL [17] and the TFTR DT campaign [25].
The god of the TTE discharges was to study the RF power depodtion in the low concentration
range (with Nt/Np up to ~3%). Fast tritons with energies above 700keV were observed, as
deduced from gamma ray spectra [6]. This scenario is more adapted to higher T concentrations,

harmonic cyclotron damping being a finite Larmor radius effect. Andyss of the discharges is not
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sraightforward due to the strongly competing fundamental cyclotron absorption by residua He.
Thar detalled interpretation and comparisons with numerical predictions remain to be completed and

will be reported in the future.

4. FiniteLarmor radius (FLR) effectson the |CRH minority ion tails at w=2wy,

Wave absorption at the second ion cyclotron harmonic (w=2w.) depends on the ratio of the particle
Lamor radius to the waveength | ». Theory predicts a maximum absorption when this ratio
increases to ~ 0.3, followed by a decrease to much smdler levels & higher ratios ~0.6. This
behaviour defines a characteristic particle energy E* a which the RF quasilinear diffuson coefficient
has a fird minimum. This absorption-free region acts as a barrier preventing particles from reaching
higher energies. At fixed magnetic field, E* | 2 is inversdy proportiona to the dendity. Minority
hydrogen ions were heated at their second cyclotron harmonic 2wy with 3 to 5SMW of ICRF
(51MHz, dipole phasing) in 1.65T, 1.65MA JET deuterium discharges with centra electron densities
between 3 and 4x10°m?® (i.e. different wavelengths). Fast hydrogen energy distributions were
measured with a high-energy neutra particle andyzer (NPA) [26], which detects protons with
energies between 0.28 and 1.1MeV. Note that the JET tokamak isidedly suited to perform this type
of experiment which requires confining and diagnosing protons in the MeV range (In the low
megnetic field discharges of the experiment the Larmor radius of 1IMeV protons was up to ~0.09m,
about 10% of the discharge horizonta minor radius.) Fig. 7 shows that, at Smilar heating powers per
particle, a higher plasma dengity (hence a lower E*) yields a less energetic H tail with alower loca

temperature. Moreover the low energy range (E. <0.4MeV) of the didribution function is barey
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affected by the change of dendty. This is conastent with the above theoreticd consderations and
provides clear evidence that FLR effects play an important role in determining the shagpe of the high
energy part of the didribution. The observations would indeed not be consstent with the assumption
of acongtant RF diffuson coefficient a high energy (such as found in the Stix theory of fundamenta
cyclotron heating [27]): if the diffuson coefficient were constant the high energy distribution function

would behave like exp(- E. /KT, ) where E, is the proton perpendicular energy and T, an
effective temperature scaling as Ty, | RTf’ ?I(n N.) (P. istheflux-surface-averaged ICRF power
absorbed by the protons and n, the density of resonant protons). The discharges presented on Fig.
7 have very smilar vaues of the parameter T, (they only differ by ~8%), which contradicts the

important differences between the measured didribution functions. FIDO [28] code smulations

induding the high energy FLR effects are in good agreement with the measurements [29].

5. Fast wave heating and current drive (FWHCD) experiments

FWHCD has been sudied in JET internd trangport barrier deuterium plasmas at B=3.4T and RF
power up to 6MW a f=37MHz This is the same f/B, ratio as planned for ITER, a which the
hydrogen and deuterium fundamenta cyclotron layers are both outside the plasma, respectively on
the low and high magnetic field Sdes of the discharge. This section only provides a brief summary of
the experiments, and we refer the reader to [30] for a comprehensive account. Traces of resdud
®He, which hasiits fundamenta cyclotron layer in the plasma in this configuration, absorbed significant

RF power, reducing the fraction avallable for FAVHCD via trandt time magnetic pumping (TTMP)
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and dectron Landau damping (ELD). On ITER smilar power diverson is expected from T
absorption at 2w.r. Despite low wave single pass damping (afew percent), effective direct dectron
heating was observed in dipole (OpOp) antenna phasng. In the FWCD experiments with £90°
antenna phasing the dectron heeting efficiency was typicaly ~50% of that for OpOp and only amdl
changes of centra current density were observed. Thisis attributed to the competition of parasiticion
absorption, the long current penetration time, and a large parasitic dsspation associated with RF
shesths, discussed in Section 6.

With the frequency range sdected for the ITER ICRF sysem (currently 40 to 55MHz) the
absorption by tritium at the second harmonic resonance (W=2w,r) cannot be avoided. However the
sangle pass damping by TTMP/ELD will be stronger on ITER and hence the competition of parasitic
wave absorption by ions less severe than on JET. The stronger sngle pass damping should aso
reduce the paraditic absorption a the RF sheaths. On the other hand the characteritic time for

changing the current will be even longer than on JET.

6. New investigations of the | CRF heating efficiency

In specific operating conditions substantia discrepancies are found between the power P. launched
by the A2 ICRF antennas and the plasma power balance. The power not accounted for in the bulk
plasma is neither detected in the measured radiation nor in divertor heat loss. A ‘core heating
effidency’ h can be defined accordingly as h = Pas/ P, where Ry isthe ICRF bulk power

absorption. h can be estimated in rdative terms by comparing discharges, and in absolute terms by
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power badance andyds and comparisons with code smulaions including the rdevant wave
calligonless damping mechanisms.

L-mode discharges at Br=2.7T, l,= 2 and 2.8 MA were compared D further investigate the
behaviour of h [31]. ICRF power ramps up to 8VI\W were performed using 42MHz (H)D minority
heeting and various antenna toroida phasings: OpOp (dipole), Opp0, 00pp and 0000 (monopoale),
with respective dominant toroidal wavenumbers 6.4, 4.2, 2.7 and 0 m* a the antennas. (Note that
the Opp O spectrum has an important secondary lobe near the main pesk of the dipole one.) The
andysis of these discharges confirmed earlier observations [32]: h ismaximum and typicadly >90% in
dipole (OpOp), but only about haf as much in monopole (0000) despite the much higher antenna
coupling ressance. Also h(Opp0) was ~ 10 to 20% less than h(OpOp), and h(00pp) was
somewhat closer to h(0000) than to h(OpOp). Note that a higher h is obtained with the phasing
with a higher wave single pass absorption (OpOp). Other experiments were carried out in which only
part of each A2 array was fed. Interestingly, antennas with only one or two active in-phase straps

had an h 50% higher than the standard 0000 with four active straps.

In the FWHCD experiments reported in Section 5 [30], h(OpOp) was smilar to that of hydrogen
minority heating in +90°. The heding efficdencies for +90° FWCD phasngs were
h(+90°)~0.6 h(0pOp) and h(-90°)~0.5 h(OpOp), with a difference atributed to *He orbit pinch
effects. Higher unaccounted power in £90° phasings was correlated with lower single pass wave
damping.

All the experiments confirm a strong dependence of the hegting efficiency h on the rediated pardlél
wavenumber spectrum; the observations are consistent with parasitic ICRF absorption by RF shegath
voltage rectification [33], smaler unaccounted power being associated with the phasing producing

the lowest rectified sheath potential. Note that if a weaker bulk power absorption Py results in
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stronger sheath disspation (due to the associated higher levd of wave field amplitude at the shegths),
the higher angle-pass wave absorption expected for monopole phasing on ITER might result in a
reduction of paraditic sheath disspation, hence in a better monopole hegting efficiency than on JET.

A stronger statement can unfortunately not be made on the basis of current knowledge.

The strong decrease of the heeting efficiency accompanying a decrease of dominant radiated parald
wavenumber should duly be taken into account in the design of the ITER ICRF launcher, which will
have amilar phaang flexibility as the JET system. Indeed its operation in dipole phasng, for which
one expects the maximum heating efficiency, is anticipated to have an insufficient or at best margind
antenna loading to ddiver the nomina 20MW power a experimentaly proven antenna maximum
voltages, such as ~33kV on JET. (Thisresults from the loading estimates givenin Fig. 2.1.3-3 of the
ITER reference document [34] in the operating range 40-55MHz. More recent studies such as [35]
have yet to be published; despite dightly higher loading predictions in dipole phasing they lead to the
same concluson regarding dipole operation.) Operation of the aray with lower dominant
wavenumbers such as in current drive (90°) or 00pp phasings may provide sufficient antenna
loading to ddiver nomind power, but the concomitant lower heeting efficiency should by no means
be overlooked. The ability to model RF shesath disspation phenomena is steadily improving @n
interesting review can be found in[36]), but has not yet reached a level where the heating efficiency
of anew antenna design could confidently be predicted. Therefore, in our opinion, the design of the
ITER ICRF launcher should accomodate the reliable ddivery of nomind power a maximum hegting
efficiency, i.e in dipole phasing, in addition to the other phasings for which loading is more
favourable but the heating efficiency reduced. For the estimated dipole loading, achieving this god
would require a strong reduction of the maximum antenna voltage, which could be done by

attributing a second ITER port to ICRH and indaling two antennas instead of the single one planned.
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This extenson would aso endow the system with wider operational margins, which is highly
desirable to maximize its generd reliability and the range of plasma equilibriato which it could ddiver

full power. However athorough discussion of this broad issue lies outside the scope of the paper.

7. Coupling studiesduring ELMs

The srong antenna loading perturbations associated with ELMs induce large transent power
reflection in the RF transmisson sysems, which triggers frequent protective RF power trips of the
generators and severdy limits the ICRF power ddivered to ELMy H mode plasmas. ELM -resolved
RF measurements on the antennas provide invduable data to estimate the performance of future
launchers [37]. Systematic observations of the perturbations of RF voltages associated with the rise
of type | ELMs have shown that these perturbations propagate in the counter-current direction (the
same direction as the eectron damagnetic drift), in agreement with the fast magnetic measurements.
Typicd toroidal velocities ~ 200 km/s (generdly between 50 and 1200 km/s) are observed,
corresponding to a toroidal period ~ 120us. The highest velocities were seen in low density
discharges. Therefore for most of the observed ELMs, the delays between antenna straps situated in
the same toroidal octant should have margind or negligible effect on the operaion of the

compensation networks of the ELM -resilient ICRF systems described in the next Sections.

8. ELM tolerant matching proof of principle
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A prototype ELM-tolerant |CRF antenna matching system has been successfully tested at JET [38].
The technique is based on the same “conjugate T (CT) matching circuit principle as proposed for
ITERIN[39, 40, 41] and under implementation inthe JET ITER-Like ICRF antenna (see section 9):
The radiating antenna straps are connected pairwise in parald through series matching dements. In
[39] and on the JET ITER-Like system the latter are in-vesse matching capacitors; in the present
proof of principle they are implemented as coaxid line stretchers located outside the tokamak
vacuum vess, like the dternative ITER ICRF design proposed in [40], [41]. At a basdine antenna
loading (in absence of ELMSs), the CT matching dements are adjusted to make the input reactive
admittances of their two circuit branches cancd and to set the totd input resistance to a low
reference level. Further impedance transformation to the main power transmisson line is achieved by
a conventiond variable stub and trombone tuner. Once the dircuit is set in this configuration, avery
low RF power reflection is naintained at its inputs during large increases of the antenna resdtive
loading such as occur during ELMs. More details on the characteristics and performances of CT
circuits can be found in the above referencesand in [42].

In the JET proof of principle under consideration here the experimenta setup involved one pair of
adjacent straps of the A2 antenna array powered by a single RF amplifier. The tests fully confirm the
feashility of the matching scheme. Clear evidence of high load tolerance was observed during plasma
sawtooth activity and ELMs, see Fig. 8. Rdiable peformance free of generator trips was
demonstrated from 32 to 51 MHz This approach appears a viable dternative to in-vessd matching
schemes and offers additional advantages such as exclusve reliance on well-established coaxid line
technology, managegble tuning accuracy requirements, separation of launching and matching sub-

systems, and capability to conjugate remote antenna straps.
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9. Forthcoming enhancementsto the JET ICRF system

A mgor JET enhancement is under way with the scheduled ingdlation of an additiond ITER-like
ICRF antennaiin 2006 [43], shown onFig. 9, which will be a key test of the ITER concept. It ams
a vaidating novd antenna design principles in conditions as relevant as possble to ITER by coupling
~7.2 MW to ELMy H-mode plasmas between 30 and 55 MHz. The high power densty
(»8MW/n¥) is maximized by using poloidally short straps, and the resilience to fast varying RF loads
by matching pairs of strgps (in-vessdl) in so-cdled conjugate-T dircuits as described in section 8
Thisis accompanied by the addition of 3dB hybrid couplersin the transmisson systems of two of the
four exiging A2 antennas, and a likely implementation of line stretcher conjugate T matching (see
section 8) on the remaining two antennas. Concurrent use of these enhancements will dlow a unique
comparison of their performance. They will provide additiona power for a wide range of conditions,
in particular at low frequency (minority hesting of *He, second harmonic heating of T, relevant to a
future D-T campaign), and in presence of ELMSs, further expanding the relevance of the JET ICRF

sysem for ITER.

10. Conclusons

Severd key ICRF physics issues rdlevant to a successful operation of ITER have been investigated
on JET in 2003 and early 2004. Minority heating of helium three in hydrogen plasmas - (He)H -

was systematically explored by varying the *He concentration and the toroidal phasing of the antenna
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arays. The best heating performance (a maximum eectron temperature of 6.2keV with SMW of

ICRF power) was obtained with a preferentid wave launch in the direction of the plasma current. A
clear experimenta demongtration was made of the sharp and reproducible trangition to the mode
conversion heating regime when the ®He concentration increases above ~2%. In the latter regime the
best heating performance (a maximum eectron temperature of 8keV with SMW of ICRF power)
was achieved with dipole array phasing, i.e. a toroiddly symmetric antenna power spectrum.
Minority heating of deuterium in hydrogen plasmas - (D)H - was dso investigated but was found
inaccessible, because this scenario is too sendtive to impurity ions with Z/A=1/2 such as C**, small
amounts of which directly lead into the mode converson regime. The detailed investigation of these
two ICRF scenarios in hydrogen plasmas seems to rule out usage of minority (D)H, but has
demongtrated (*He)H as a rdiable scenario for the heating of ITER plasmas during the low-activation
phase of operations in hydrogen plasmas.

Minority heeting of up to 3% of tritium in deuterium plaamas was systematicaly investigated during
the JET Trace Tritium experimental campaign. This required operating JET at its highest possible
magnetic field (3.9 to 4T) and its ICRF system at its lowest frequency (23MHz). The interest of this
scenario for ICRF hesting at these low concentrations and its efficiency a boosting the suprathermal

neutron yield were confirmed, and the measured neutron and gammay ray Spectra permit interesting
comparisons with advanced | CRF code smulations.

The invedtigation of finite Larmor radius effects on the RF-induced high-energy tails during second
harmonic (w=2 w,) heeting of a hydrogen minority in D plasmas has demonstrated a strong decrease
of the RF diffusion coefficient a proton energies ~1IMeV, in agreement with theoretica expectations.

Fast wave heating and current drive experiments in deuterium plasmas showed effective direct

electron heating with dipole phasng of the antennas, but only smal changes of the centrd plasma
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current dendty were observed with the directive phasngs. New investigations of the hesting
efficency of ICRF antennas confirmed its strong dependence on the parale wavenumber spectrum,
which should duly be taken into account when findizing the ITER ICRF system design.

Sgnificant advances have dso been made in topics of a more technologica nature, themsdves
equdly strongly diven by the preparation for ITER: A new “conjugate T" ELM-tolerant antenna
matching scheme, based on the same principle as proposed for the ITER ICRF system, has been
given a fird successful experimentd demondration. ELM sudies usng fas RF measurements
indicate that the time delays between the loading perturbations induced by the ELMs on the various
antenna drgps should not dgnificantly hamper operation of this matching scheme. The chnicd
enhancements planned on the JET ICRF system for 2006 should vaidate the concepts of high power

density short-strap antenna arrays and load-tolerant conjugate T matching planned for ITER.
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Figure captions

FIG. 1. (*HeH minority heating at PHe]<1% with dipole, +90° and -90° antenna phasings (resp.
blue, red and discontinuous black lines). Note the much higher neutron yidd R achieved with

+90°.

FIG. 2. Time evolution of the g-ray emissvity and *He concentration for three discharges,

demondtrating disappearance of the fast *He population as [*He] was increased above 2%.

FIG. 3. Response of the eectron temperature to a 20Hz modulation of the ICRF power in a
discharge in which the *He concentration, [°He], was progressively increased from ~0.8 to ~3.2%
and modulation gpplied throughout. Before t=8.3s and | eft inset: minority heating regime with indirect
electron heating and no clearcut T response; after t=8.3s and right inset: mode converson regime
with direct eectron heating and prompt Te response. The sharp trangtion between the two regimes

occurs around t=8.3s at [*He]»2%.

FIG. 4. Mode converson heating regime with 2<[*He]<4%, dipole (continuous line) and +90°

(broken line) antenna phasings. Theion-ion hybrid layer islocated at R»2.8m.

FIG. 5. Fundamentd ICRF heating of minority tritium introduced by ges puff (23MHz, 4T). The T
concentration is estimated ~3% during the neutral beam (NBI) diagnostic pulses at t>9s. Maximum

neutron yield 2.9 10"%/s, maximum coupled RF power 1.4MW.
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FIG. 6. (8)D-T neutron emissvity profile a t=7.7s for (T)D ICRF hegting (dipole phasing, 23MHz).
(b) fast (E>50keV) triton midplane dendity smulated with the SELFO code for the same discharge
(#61280), showing contributions from passing, trapped and non-standard orbits. The T cyclotron
layer isa R»2.5m. The mgority of D-T neutrons originate from passing tritons. Their higher densty
on the HFS of the magnetic axis is due to the longer ime spent there, and is in good agreement with

the observed neutron profile.

FIG. 7. Perpendicular proton energy distributions measured with the NPA. Discharges #58734 and
58738 respectively have Pre = 5 and 3MW, Ng = 4 and 3 x 10™ mi®, hydrogen concentrations of
order 3 and 4.5 %, E* ~1.03 and 1.37MeV, samilar absorbed powers per particle and smilar

fictitious effective tal temperatures T (See the discussion in the text).

FIG. 8. ICRF coupling to an ELMy plasma. The centrd diagram shows power P, delivered by one
of the sandard A2 antennas (the smoother curve isits time average over a moving 200ms window),
exhibiting numerous generator trips. The lower trace shows the very steady power P- ddivered by
an antenna hdf (i.e. a par of radiating straps) equipped with the prototype load reslient externd

conjugate T system.

FIG. 9. The JET ITER-like ICRF antenna.
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FIG. 1. (HeH minority heating at PHe]<1% with dipole, +90° and -90° antenna phasings (resp.
blue, red and discontinuous black lines). Note the much higher neutron yied R+ achieved with

+90°.
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FIG. 2. Time evolution of the g-ray emissvity and *He concentration for three discharges,

demondtrating disappearance of the fast *He population as [*He] was increased above 2%.
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FIG. 3. Response of the eectron temperature to a 20Hz modulation of the ICRF wer in a
discharge in which the *He concentration, [°He], was progressively increased from ~0.8 to ~3.2%
and modulation applied throughout. Before t=8.3s and Ieft inset: minority heating regime with indirect

electron heating and no clearcut T, response; after t=8.3s and right inset: mode converson regime
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with direct eectron heating and prompt Te response. The sharp trangtion between the two regimes

occurs around t=8.3s at [*He]»2%.
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FIG. 4. Mode converson hesting regime with 2<[*He]<4%, dipole (continuous line) and +90°

(broken line) antenna phasings. Theion-ion hybrid layer islocated at R»2.8m.
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FIG. 5. Fundamentd ICRF heating of minority tritium introduced by gas puff (23MHz, 4T). The T
concentration is estimated ~3% during the neutrd beam (NBI) diagnogtic pulses at t>9s. Maximum

neutron yield 2.9 10"%/s, maximum coupled RF power 1.4MW.
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FIG. 6. (@) D-T neutron emissvity profile a t=7.7sfor (T)D ICRF hegting (dipole phasing, 23MHz).
(b) fast (E>50keV) triton midplane dendty smulated with the SELFO code for the same discharge
(#61280), showing contributions from passing, trapped and nonstandard orbits. The T cyclotron
layer isat R»2.5m. The mgjority of D-T neutrons originate from passing tritons. Their higher dengity
on the HFS of the magnetic axisis due to the longer time spent there, and isin good agreement with

the observed neutron profile.
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FIG. 7. Perpendicular proton energy distributions measured with the NPA. Discharges #58734 and
58738 respectively have Pre = 5 and 3MW, Ng = 4 and 3 x 10" mi®, hydrogen concentrations of
order 3 and 4.5 %, E* ~1.03 and 1.37MeV, smilar absorbed powers per particle and smilar

fictitious effective tail temperatures T (See the discussion in the text).
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FIG. 8. ICRF coupling to an ELMy plasma. The centra diagram shows power P, ddivered by one
of the standard A2 antennas (the smoother curve is its time average over a moving 200ms window),
exhibiting numerous generator trips. The lower trace shows the very steady power Pc ddlivered by
an antenna haf (i.e. a par of radiating straps) equipped with the prototype load resilient externa

conjugate T system.
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FIG. 9. The JET ITER-like ICRF antenna.



