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Abstract. To extend the knowledge on the performance of the iomizgd resonance frequency (ICRF) heating
schemes in the non-activated haff{hase of ITER, a detailed assessment of the fundaht¢raad the e
harmonic®He ICRF heating scenarios in majority Hydrogen plasmwas undertaken. The numerical studies
were performed using the 1D TOMCAT [1] and the 2D CYRANKDdodes adopting the equilibrium profiles
computed for the initial operation phase of ITER [3]. Bodnan experimental backing of the computations, the
nominal ITER half-field of 2.65T and the ICRF frequencies those heating scenarios (f=42MHz for
fundamental H and f=53MHz for"2harmonic®He heating) were closely reproduced in dedicated experiments
performed in the JET tokamak [4].

1. Introduction

The non-active phase of ITER will start with Hydroggasmas at reduced magnetic field. At
the nominal half-field of B=2.65T and with the auxiliary power currently foreseen ¢o b
available in this phase, 16.5MW off-axis neutral beam figac(NBI), 15MW off-axis
electron cyclotron resonance (ECRF) heating and 10MVéxis-Hon cyclotron resonance
(ICRF) heating, the discharges are expected to be imdemand typical central densities of
n=3.3x10%m* and central temperatures of approximately8keV and F=10keV were
estimated [3]. In these calculations, it was envisagatl tABMW of ICRF power would be
sufficient for raising the ion and electron temperaurem T=T=5keV to T=8keV and
T~10keV, respectively, if central ICRF heating with equak@osharing between electrons
and ions is considered. This seems a rather optimigtiersent and assumes that all the
power launched by the ICRF antenna is absorbed in tlkeoéthe plasma. Unlike fdiHe (or

D) plasmas, for which standard H minority ICRF heatingld be used, in H plasmas and for
the designed frequency range of the ICRF heating systefmBR [(f=40-55MHz), only
fundamental ion cyclotron heating of H majority icatst=42MHz (referred here as N=1 H
heating) and ¥ harmonic ion cyclotron heating e ions at #53MHz (referred here as

" See the Appendix of F. Romanelli et gigper OV/1-3, this conference
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N=2 *He heating) are possible scenarios for central &atihg at the nominal half-field of
Bo=2.65T. However, both are characterized by poor ion absarplihe N=1 H majority
scenario suffers from the adverse polarization of Rftefields close to the ion cyclotron
resonance layer of the majority H ions (‘screeningotffevhereas the N=2He heating
scheme requires a relatively large fraction of ‘mitydions to become efficient. Results of
recent JET experiments [4] and preliminary numericaluitions of the ICRF heating
scenarios for ITER’s half-field phase in H plasmadidgate that relatively low single-pass RF
power absorption with dominant fast wave electron hgatvill take place, and that high
heating efficiencies (as those typically observeduimdamental ICRF minority heating) will
be unlikely. Given the fact that ITER will rely heavibn every MW of auxiliary heating
power that can be injected into the plasma, numeaicdlexperimental investigations aiming
at testing and optimizing the ICRF heating performaridbese scenarios are very important
for a successful operation of ITER in its early Hygko phase.

2. Summary of JET experiments

The ICRF parameters of the half-field phase of ITERewdosely reproduced in recent
JET experiments [4]: The N=1 H heating scenario was etiuali f=42.5MHz / B=2.65T and
the N=23He heating experiments were done at f=51.5MHz52B55T. In these conditions,
the fundamental ion cyclotron resonance layer of théons and the @ harmonic ion
cyclotron resonance of th#le ions are both located near the plasma centre.aftenna
phasing was dipole (k6.5ni%) in both cases and up to 5.5MW of ICRF power was coupled
to the plasma. Aside from the different ICRF settiagd the dilution of the H plasmas with
®He in the N=2He heating pulses (ritie was injected in the N=1 H heating discharges), the
plasmas were similar in the two sessions. Both exparis were performed in L-mode and
adopted a plasma geometry that favours the ICRF antemualing, with antenna strap -
plasma separatrix distances around 9.5-11.0cm. Typicabtelensities of gr3x10*m® and
central temperatures ranging from Te=2-4keV, depending en NBI power applied
(O<Rsi<8MW), were obtained in the discharges. Although therakdensities of the JET
experiments are comparable to those expected in ti phase of ITER, both electron and
ion temperatures are well below leading to a differetlis@mnal regime that the one expected
in ITER.

The experimental ICRF heating efficiencigs< power transferred to the bulk plasma /
coupled power) for electrons and H ions obtained by amayzespectively, the ECE and
charge-exchange signal responses to fast variatiortbeinapplied ICRF power [5] are
depicted in Fig.1 for the fundamental H majority experits (left) and for the"2 harmonic
®He heating experiments (right). The prompt responseeoélgctron temperature to the ICRF
power variations confirm that in both scenarios the mdecabsorption is mainly due to direct
fast wave Landau damping (ELD) and Transit Time Magnetimping (TTMP) and not to
collisional slowing-down of ICRF accelerated ions,isasisually the case in minority ICRF
heating schemes. For the H majority case, the elestabsorb typically twice as much RF
power as the ions and both absorptivities increase thihcentral plasma temperature,
reaching a total heating efficiencyp#0.4 at T=2.5keV. The slope of the heating efficiency
of the ions is somewhat steeper than the one ofiéo&re@ns, indicating that the ion cyclotron
absorption of the H ions is more privileged than thetedacabsorption when increasing the
bulk plasma temperature within the studied range. Fo\th2 ®He heating scenario, the
dependence of the heating efficiency with the temperatwas minor, but a clear
enhancement of the ICRF absorption for highe concentrations was observed. Note that it
is the ion heating that is mainly improved at higfide concentrations and that the total
heating efficiency reached at 3{e]=20%, where the ion absorption exceeds that of the
electrons, is similar to the one obtained for thentdjority case r{=0.3-0.4). The ion
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absorption at low XdHe] (as currently proposed for ITER) is very small &mel total heating
efficiency is only about)=0.2 in these conditions.

0,057 undamental H majority ICRH 0.30 ET Pulse No: 79359 N = 2 °He ICRH
Pulse No’s: ' o Electrons
079331 A lons
079332 5 O N
079334 D T 0.251- A
079335 Electrons o---
0.20- Q- o o
R e © 0.201-
3 3 A
o |
o //A‘ o OO O o O O O
A A 0.15(- o A 4 O
0.151 lons _.AxT A A
A A
A otor
A~ g A 3
0.10 \ \ \ g 0.05 A ! ! g
18 2.0 2.2 2.4 2.6 5 10 15 20 25
Teo (keV) 3He conc (%)

FIG. 1. (Left) lon (triangles) and electron (circles) heatingogfficies as function of the central
plasma temperature for a series of discharges of the N=1 H maj@R¥ scenario; (Right) lon
(triangles) and electron (circles) heating efficiencies as functibtthe *He concentration for a
discharge of the N=2He ICRF scenario, in which a ramp-up of thég] from 7-25% was imposed.

As mentioned, the experimental RF heating efficienabtined in both scenarios
(compared to typical heating efficiencies @pf 0.8 observed in minority ICRF heating
schemes) were anticipated to be low: Fundamental maJ&@RF heating suffers from the
near-vanishing values of the left-hand polarized RF etefitld component close to the ion
cyclotron resonance layer whilst second harmonic gatcenarios typically require large
fractions of the minority species to be efficient.spige the low efficiencies of these heating
schemes, fast H ions up to 50keV and fa$¢ ions up to 200keV were detected by the
Neutral Particle Analyser (NPA) diagnostics in thelNH and in the N=ZHe heating
experiments, respectively, when 5MW of RF power was eppli

An important consequence of the low ICRF absorptivitihete heating scenarios is the
enhancement of plasma-wall interactions leading tativelg large impurity content and
considerable radiation losses. This is depicted in Kigf, where the total radiated power is
shown as function of the ICRF power applied for the Mt{circles) and for the N=2He
(triangles) heating experiments. The data correspor@l4® time averaged values sampled
throughout the pulses. The density, temperature and NBI pede&MW) were similar in all
the time intervals considered.
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FIG. 2. Total radiated power (left) and intensity of Be lingl{t) 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 throughout the discharges with similar densitigsetatures and NBI power.
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The fact that the radiation losses for a given IGRer level are higher for the N=2
®He case than for the fundamental H majority cas®ionly due to the presence of relatively
large fractions ofHe in the plasma (highere#, but is also related to a stronger RF-induced
plasma-wall interaction observed in this case, leatiing higher impurity content in the
plasma. This is depicted in Fig.2 (right), where the kEmission intensity of Beryllium
measured by visible spectroscopy is shown as functiothefICRF power for the two
scenarios. The same time intervals as on theitpftd were considered. A similar study for
the C® and C* spectroscopy measurements (not shown) supported by 2D diefom
tomography indicates that most of the additional rémtiabbserved in the N=2He case
comes from the plasma edge rather than from the bakm@. The fact that the impurity
content is higher for this case than for the fundaalgntmajority case despite the similar
ICRF heating efficiencies (and similar antenna couplmggddions) is believed not only to be
related to the different RF sheath rectification @Beat the two distinct operation frequencies
but also to the different fast ion losses observetthentwo cases. As a matter of fact, when
more than 5MW of NBI was applied together with the ICB&wer in the N=2°He
discharges, ICRF accelerated D-beam ions in the Mayerédetected witly-spectroscopy)
were observed [6]. These ions accelerated to high endegidsto enhanced fast ion losses
when compared to the fundamental H majority heatisg,cahere the parasitic D absorption
was practically negligible.

3. Preliminary numerical simulations for ITER

The numerical simulations of the fundamental H migjoand the N=2°He heating
schemes proposed for ITER’s initial Hydrogen phase weeeformed at B=2.65T
(I=7.5MA) with f=42MHz and f=53MHz, respectively. The equiiibm profiles computed
for 41.5MW of NBI+ECRF+ICRF auxiliary power ¢n3.3x13°m?®, Ti=8keV, T=10keV)
were adopted in the calculations and parametric scandasma density, temperaturele
concentration and antenna phasing were done to assesmffait on the ICRF absorptivity.

In Fig. 3, the power absorption profiles obtained foe N=1 H (left) and for the N=2
®He (right) heating schemes with the 1D TOMCAT code [lhgithe plasma parameters
mentioned above are depicted. The dominant toroidal mag&4h of the ITER antenna
spectrum in @m0 phasing was adopted and 4%°de (with a density profile similar to the

one used for the H majority) was considered in the fi#e2heating simulations.
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FIG. 3. Power absorption profiles computed for the N=1 H (left) amdHe N=2°He (right) heating
scenarios for the initial ITER H plasmas at Bo=2.65T. For theeta##%°He was considered in the
plasma. The absorbed power fractions are indicated in the legends.

It is clear that in both cases direct fast-wavecteten heating is the dominant absorption
process and that the minority species in the Ri4@ heating scheme only absorbs a very
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small amount of the total power at these low concéats (by increasing XHe] the ion
absorption is gradually enhanced as will be shown la#dsh note that parasitic absorption
of H ions is possible at the high-field side in this scen particularly if high energy H-
beams would be used. In the conditions depicted in Fige3single-pass absorption of the
ICRF power, defined here as= (launched power — reflected power) / launched power, is
only aboutp=0.3 for the N=1 H heating scheme and aho®.25 for the N=2He heating
scenario. Possible means of enhancing these low absaegtiy changing some of the
plasma parameters will be presented next.

In Fig.4 the single-pass absorptions of the individuakmla species in the N=1 H
majority heating scenario obtained as function ofHhemperature (left) and of the plasma
central density (right) are illustrated. By increasing Hhtemperature, the ion absorption is
strongly enhanced due to the Doppler-shift broadening of tbgcldtron resonance layer. At
Tw=20keV, the ion absorption becomes dominant (the eleotropdrature was kept constant
at Te=8keV in these simulations). The increase in the plassntral density leads to a strong
enhancement of the total single-pass absorption, mainlytaumeore efficient (fast wave)
electron heating. Nevertheless, if operating at highsites, the collisional energy
equipartition between electrons and ions is also reffieient and the fact that most of the
ICRF power goes into the electron channel rather diraatly into the ion channel may be of

secondary importance.
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FIG. 4. Dependence of the single-pass absorptivities of the plasm@éss@ec function of the
Hydrogen temperature (left) and the plasma density (right) for the fundalhié¢majority heating
scenario in ITER’s half-field phase.

In Fig.5 the variation of the single-pass absorptionthefplasma species in the N=2
®He heating scheme as function of the concentration (left) and as function of the plasm
central density (right) is illustrated. As expected bypde theory (and as suggested in the
JET experiments), th#He absorption is gradually increased when the fractiottefions is
larger in the plasma while the electron absorption i$uaily insensitive to the’He
concentration. However, for the ITER conditions (véhéhe fast wave electron absorption
always plays a considerable role in the ICRF powernialp the*He power absorption is
practically negligible at low concentrations and or@ulst need as much as 3{el=30% in
the plasma to achieve dominant ion heating. The depenad¢nbe ICRF power absorption
with the plasma density is similar to the one obtailoedhe N=1 H heating case, showing a
strong increase when the central density is augmentedainly due to enhanced electron
heating (the absorption by tfkle ions being practically negligible in these conditjof®r
the N=2 *He heating scenario, the dependence of the ICRF almorptith the *He
temperature is weak: effective temperatures of approxiynatflkeV are needed to achieve
dominant ion heating at Xfle]=4%. It is important to mention that in both cagbst



THW/P2-03

particularly in the N=He ICRF heating case), the formation of RF-inducedtiiis may

considerably influence the heating performance and tRFI@ower partition amongst the
various species. This non-linear effect requires coupéeee / Fokker-Planck simulations and
has not been considered in the present study (see Jday. i example of such calculations).

0.50 o s 08 s
—— Total ng =3.3x10"/m — Total X("He) = 4%
--- Electrons 0.7+ --- Electrons
| —— He3 — He3
040 . Hydrogen 06k Hydrogen
c c
S S
s I3 L
S 030} g 0®
| ]
§ § 0.4
- N [ &
& 020 o 2 03F
=) s 2
< s s
@ - 02F
010f -
- -3
T 2 01F 2
0 —— T L i L I I S oY e i 4T*"_1:
0 0.05 0.10 0.15 0.20 0.25 0 2 4 9 3 6 8 10
X[*He] n, (10"%/m?

FIG. 5. Dependence of the single-pass absorptivities ofH@eoncentration (left) and on the plasma
density (right) for the N=3He heating scenario in ITER’s half-field phase.

The influence of the antenna spectrum on the ICRF palbsorption for the N=1 H
majority (left) and for the N=3He (centre and right) heating schemes is depictedgr®.Fi
For the latter, the centre and right figures corredptm X[’He]=4% and X{He]=30%
respectively. The considered plasma density and tempesaieee p=3.3x13%m® and
Ti=8keV / T=10keV in the three cases. The various points correspotwlitifferent antenna
phasings (indicated in the left figure) were obtained by cluwg the relative power
absorptions obtained in individual toroidal mode number sitiomg with the various antenna
spectra calculated by the ANTITER Il code [8] for the FCBntenna being designed for
ITER. The abscissae represent the dominant parallemanber k=n/R (where g is the
toroidal mode number and R is the antenna major radfuglecantenna spectrum launched
for each phasing configuration.
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FIG.6. Influence of the antenna phasing (indicated in the left figure) onl|@RF power
absorptivities: (left) N=1 H majority heating scheme; (centrey2N°He heating scheme with

X[*He]=4%: (right) N=2 *He heating scheme with %¥{e]=30%.

For the N=1 H majority heating scheme, it is cleat thzerating at antenna phasings
with higher lg values (e.g. dipole) privileges the overall ICRF powesoghtion, but the
power sharing between ions and electrons is roughlyasifioir the various phasings. For the
low concentratiorfHe heating scheme, the power absorption also stranglgases with k
but the scenario is completely dominated by electronrpbien independent of the antenna
phasing. The most interesting case is perhaps the higlextation N=?He scenario (right),
for which the total absorption is not as sensitive,tblk the power sharing between ions and
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electrons is strongly influenced by the antenna phagkigow k; ion heating is clearly
dominant whilst at high kelectron absorption becomes more important. At nmégliate k
both species absorb approximately the same fractitineoiCRF power injected. Therefore,
for the®He heating scenario with large minorities, operatingQait (or Orm0) phasing would
be preferred to operating in dipole(@1) to achieve effective bulk ion heating.

From the simulations presented it is clear thatweeheating scenarios available for the
half-field ITER operation in Hydrogen have marginal matefficiencies, in particular
because the plasma density and the plasma temperaturelaively modest in this phase.
Moreover, because of ITER's large volume (and the higlte of He), the *He
concentrations considered for its operation should be tkeptlatively small levels (<5%).
This limited operational domain obviously restricts theange for optimizing the ICRF
heating schemes and further investigation and/or searditéonative scenarios are essential
for a successful performance of the ITER H plasmas. gassibility that was not mentioned
so far is the effect of the plasma dilution (with amotlon species) on the heating efficiency
of the N=1 H majority heating scheme via modificatiofshe RF field polarization near the
cyclotron resonance layer. Preliminary simulations ssigtf&t this effect is relatively weak
for low concentrations of the second ion species beitettperimental results of the N=1 H
majority heating scenario in JET have shown indicetiof a considerable increase in the
ICRF heating efficiency when ~5% &fle is present in the H plasmas with respect to pure H
discharges [4]. Another interesting alternative fdiceint ICRF heating of the ITER H
plasmas would be to operate at 1/3 of the nominal migfietd (B¢=1.8T), where ¥
harmonic H majority ICRF heating at33MHz can be used [9]. Preliminary simulations
show that this heating scheme is characterized bysfalile-pass absorptionu£l) with
dominant bulk ion heating, as depicted in Fig.7, wherepthwer absorption profiles of the
N=2 H heating scheme computed by the TOMCAT code withhééfield equilibrium
parameters for ITER are illustrated (left). Note thersy decrease of the.Eomponent of the
RF electric field (right) near the ion cyclotron seance layer of the H ions indicating the
efficient absorption of the ICRF power in this regitinthe confinement properties of the H
plasmas at 1.8T are not much degraded with respect tméseab 2.65T, then this scenario
could be a potential alternative for efficient plasmatimg and for efficient commissioning of
the ICRF system in the early operation phase of ITER.

0.04 - 267 0.04
— Electrons o) N =2 H (53MHz) — Re
- Hydrogen (72%) I 0.03-~~ Im !
’I LIl
S 0.03- H 0.02 [
< [ |
- [ ke) I
S R 2 o001 ‘
§ | ! 2 [
o L ! = ,
2 0.02 [ § 0
o Fo o,
[} | \ w -0.01
0.01- by -0.02
I
\

-0.031-

% -1 0 1 ~0.04; = 6 ‘
p(m) p(m)
FIG. 7. (left)Power absorption profiles for the N=2 H majorigRF heating scenario in ITER at

Bo=1.8T and f=53MHz; (right) Corresponding left-hand polarized)(EF electric field component.

n JG10.283-7a
no JG10.283-7b

-y

4., Summary

The ICRF heating schemes proposed for ITER's half-fieldlrétyen phase were
examined. Unlike the standard H minority ICRF heating agerforeseen for the operation in
“*He plasmas [10] (which has high single-pass absorptinitlythus is expected to yield good
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heating performance), it was found - both via simulatems experimentally in JET - that the
heating schemes available for the H plasma oper&twe poor heating efficiency for the
typical plasma parameters expected in the initial ITiRse. The simulations have shown
that direct fast wave electron heating will dominateaith the fundamental H majority and in
the 29 harmonic®He ICRF heating schemes, particularly at the rathedesibdensities and
temperatures expected in ITER’s initial operation phdde power absorptivity of both
scenarios is small, because of the adverse polamnzatithe RF fields in the fundamental H
majority ICRF heating case and because of the low nitynoconcentrations foreseen in the
ITER plasmas for the N=2He heating case. Increased plasma density and tempebathre
help to enhance the ICRF power absorption but in geataetron rather than ion damping is
primarily improved. For the fundamental H majority hegtcase, the ion temperature plays a
major role on the scenario’s performance but ion teneas of about 20keV are necessary
to achieve dominant ion heating (with a total single-@dssorption of1=0.4). For the N=2
®He ICRF heating case, the ion temperature has a wedkemce and théHe concentration
is the main actuator on the heating performance. Howéwersimulations suggest that high
concentrations (X¥He]z30%) are needed to achieve prevailing ion heating, witbtal t
single-pass absorption @f=0.45. The absorptivity is only about=0.25 for the typical
X[®He]=4% value originally proposed for ITER. Whilst for tNel H majority heating case
and for the N=2He heating scheme with low 3He] operating at high,kantenna phasing
(e.g. dipole) leads to larger RF absorptivities, lowpkasing (e.g. @rm0) would be preferred
in the N=2°He heating scenario with large3¢e] for privileging ion heating.

Given the relatively poor performance of the ICRF imgascenarios in the ITER half-
field Hydrogen phase, it is important to search for mseaf enhancing their efficiency. One
possibility that is being investigated (and for which theegenindications in the experiments
performed in JET) is the dilution of the H plasmas witbecond ion species (e*gle), which
- via a change in the RF field structure in the plasie@id crank up the heating efficiency of
the fundamental H majority ICRF heating scenarideratively, by operating at a further
reduced magnetic field (1/3 of the nominal field), secondnbaic heating of the H majority
plasmas becomes accessible. Numerical simulatiodgate that this heating scenario
features high single-pass absorption with dominant ionrfgeand thus could yield to large
heating efficiencies if the confinement properties of thplasmas at this reduced field are
not too poor. Experimental investigations of this scenasiavell as further optimization of
the N=1 H majority and the N=He ICRF heating schemes are planned in future.
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