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Abstract.

A variety of plasma wall interactions (PWIs) during opevatdf the so-called A2 ICRF anten-
nas is observed in JET with the ITER-like wall. Amongst effeaf the PWIs, thé?” content
increase is the most significant, especially at low plasnmesities. No increase dfi” source
from the main divertor and entrance of the outer divertomdutCRF compared to NBI phases
was found by means of spectroscopic &id (400.9 nm) imaging diagnostics. In contrary, the
W flux there is higher during NBI. Charge exchange neutraléddoe excluded as considerable
contributors to thél” source. The highi” content in ICRF heated limiter discharges suggests
the possibility of othe#l” sources than the divertor alone. Dependencies of PWIs taidul
ICRF antennas durings-scans, and intensification of those for th@°-phasing, indicate a link
between the PWIs and the antenna near-fields. The PWIs mbledt loads an&e sputtering
pattern on antenna limiters. Indications of some PWIs atoilter divertor entrance are ob-
served which do not result in high&r flux compared to the NBI phases, but are characterized
by small antenna-specific (up 2% with respect to ohmic phases) bipolar variationdi6f
emission. The first TOPICA calculations show a particwanit the A2 antennas compared to
the ITER antenna, due to the presence of long antenna lsrinehe RF image current loop
and thus high near-fields across the most part of the JET waler
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1 Introduction

Heating and current drive system using waves in the lon @yarfoRange of Frequencies
(ICRF) is an attractive candidate for future fusion devjde=cause of, among other reasons,
unique properties such as selectivity of the heated plageeies and of their energy distri-
bution functions. However, ICRF specific plasma wall intgiens (PWIs) which affect the
lifetime of plasma-facing components (PFCs) and lead e of impurities including high-
Z elements, need to be controlled. The JET tokamak with mgyneperated ITER-like wall
(ILW) provides the possibility to study these PWIs with PR@hfiguration similar to ITER.
The whole divertor and the divertor entrance as well as s@oessed PFCs on the inner and
the outer walls are covered by bulk tungstéri)(or 1//-coated tiles, whereas the first limiting

surfaces at the outer and the inner walls are pure beryllidey {iles.

It is known that ICRF operation can lead to deposition of addal heat loads due to RF sheath
effects, as has been observed with carbon wall in JET [1].H©Beration can also lead to
release ofBe and high-Z impurities such a4 [2] and nickel Ni. The latter was measurable,
but not critical in the carbon JET [3]. This paper presents first experimental results on
characterization of these issues using the so-called AZF1@Rennas in JET with the ILW.
The emphasis is made on impurity release during ICRF, irquaat 1/7. Some findings from
the dedicated papers on ICRF specific Be sputtering [4] amd loads [5], both being not
critical for JET operation, are discussed. A first assessofdhe near-fields of the A2 antenna,
a likely player in the interactions between the antennastiaadvall, is made at the end of the
paper. A dedicated comparison of the ICRF performance inioF to and with the ILW is

made elsewhere [6,7].

On one hand, the change of impurity content in plasma dui@®H can be attributed to an
increase of impurity sources at the walls, as in ASDEX Upgradh 1/ -coated ICRF antenna

limiters [2]. On the other hand, the impurity content is aféxl by changes of transport plasma



properties in the core, due to the heating and effects oragtefrticle population [8], or in the
scrape-off layer (SOL) by enhanced density convectionedrimainly by the RF sheaths [9].
Impurity sources can be driven by 3 main mechanisms: a)eypugtby ions; b) thermal (evap-
oration, melting); c) sputtering by fast particles incluglicharge exchange (CX) neutrals. The
sheath effects [9] are the most likely contributors to (aj év). In this respect, a special atten-
tion should be paid to the magnetic field line connectionsagdiom active ICRF antennas to
high-Z PFCs, where the RF sheaths are driven by high anterardields, in particular parallel

electric fieldE),.

2 ICRF system and diagnostics

Presently the JET ICRF system includes four 4-strap A2 aerfA, B, C, D, see Fig. 1),
with straps powered individually within an antenna. In tixperiments reported here, dipole
(07 0m)and-90 (0 -7/2 -7 -37/2) phasings were used, correspondingly with symmetric (dom-
inantk ~ 6.6 m~') and asymmetric (countercurrent, domin&pt=~ 3.3 m~') spectrum. An-
tennas A and B are connected via 3dB hybrid splitters and peeated simultaneously. Only
half of antennas A and B (A12 and B12) were used for this sthigdrogen () minority in
deuteriumD heating scheme gtcgrr = 42 MHz was utilized with a typicalH concentration

between 2 and 6 %.

The concentration dfi” in the plasmayy ¢ is estimated from quasicontinuum (QC) emission at
wavelengths around 5 nm [10], measured by a VUV spectroroataivertical line of sight. The
emission corresponds 1d” ionization stage$V' 27+ to W35+. These stages have maximum
abundance df, ~ 1.5 keV. Interpretation of the line radiation ®F42+ to W45+ near 6 nm

givescy 1, which accounts for a more central W contenfat= 2 to 3 keV.

Figure 1 presentd” source diagnostics. The visible divertor spectroscopiesy$l1] is used to
characterizéV I (400.9 nm) emission and th& source from the main divertor area. A camera
system [12] with a narrow-band (1 nm broad) filter and an isifear is used to characterize the
W I emission on a larger area of the outer divertor and its eo¢ramcluding the top of tile 8

and tile B (see Fig. 1), at which magnetic field connections exist tv@a¢CRF antennas. The



camera is installed at the outer wall in octant 1 close to theatorial plane of the torus and
provides a view of the divertor and the divertor entrancetiyi@s octant 2. The view includes
single tiles 8 and tile®? near antenna A and those near antenna B. The locations areated

to all ICRF antennas along magnetic field lines, due to thgelaize of the A2 antennas and
their limiters. To produce a profile across the outer diveitom the camera images, an array
of diagonally arranged 50 spots (200 pixels each) is used which covers tiles 8 and tibes
The data has to be treated with care, because of the emis=aornhelV [ (400.9 nm) spectral
line includes background plasma radiation, mainly due &rtsstrahlung, and reflections from

the metallic environment.

A spectroscopy system usually devoted to charge exchangsureaments was used to charac-
terize theBe sputtering with additional information from visible videameras [4]. The JET
infrared (IR) camera system [13] includes the cameras fapét antennas A and B which were

cross-calibrated against thermocouples and used for tegsktudies [5].

3 Experiments

The well-developed set of the JET diagnostics provides a ¢pasis for the primary character-

ization of the ICRF specific PWIs with the ILW.

3.1 Impurity content

Fig. 2 shows that application of ICRF power results in ragtigitower which is higher compared
with neutral beam injection (NBI) heating. This comparisemade at the same line average
density. In L-modes with ICRF heating close to central deoys values ofcyygc andey
indicate that the,, profile is hollow in the center. This is not the case with NBi ¥chich the
profile is peaked at low central density with low values:gf at the edge. Cases with off-axis

ICRF heating indicate &, profile close to flat.

From Fig. 2 it can be seen thHt is the main radiator during ICRF. Calculation of the power

radiated byl is based on flaty, = cwgc and is somewhat overestimated compared to the



measured core radiation, becausg, is lower thancyyoc. For the flatey, profiles during off-
axis heating one estimat@&g radiation fraction in the range 60% to 80%. A significant fiac
of the rest of the radiated power can be related to nickg) (vhich behaves similarly to the
previous campaigns at JET with carbon wall [3]. Thus botthwarbon wall and with the ILW,
increase of théVi concentration in JET during ICRF can be considered as hditttegeffect

on JET operation.

Interestingly, with the ILW, the high radiation during ICRIperation does not compromise the
energy stored in plasma in L-modes. However in the range mfities below the minimum in
the L-H threshold power dependence, such as in the case.i2 Rige higher radiation during

ICRF operation leads to higher power requirement to acces®ties compared to NBI [14].

Fig. 3 presents the dependence of the increasg gf on the line averaged edge density for dif-
ferent ICRF powers and confinement conditions. Indeed, th@llensity and the ICRF power
are the most relevant empirical parameters which influeme#t content in the plasma during
ICRF. In low density discharges with a toroidal magneticdfief B, = 2.55 T, the concen-
tration is measured at the normalized plasma radiys-6f0.5+0.1. The radius decreases to
0.3+0.05 for higher density and when the magnetic field is deeck&sB;, = 2.4 T. Although
this decrease of the measurement radius can contribute tettrease afy o when the den-
sity is increased, it cannot explain the steep dependespecmlly for theB;, = 2.4 T case
with off-axis heating. Higher edge density in L-mode meaighér D injection rate: in a low
triangularity ¢ = 0.27) an edge density of.7 - 10! m—2 corresponds to & injection rate of
about2-10%! el/s. For high powerRyg; > 14 MW, Piorr = 2M W) H-mode data from Fig. 3
cw often shows peaked behaviour, spgc represents th&l” content not completely. For this

H-mode data set, data with higher ICRF power are required.

A similar dependence of concentration on edge density cdoured for Ni. Such significant
decrease of high-Z concentrations has also been obserttedavbon wall in JET [3] and is in
line with a number of processes which happen during densityease: a) decrease of impurity
source at higheD density, in part due to decrease of concentrations of ligigturities; b)
change in the SOL density convection; ¢) change in centasipé transport properties towards

worse impurity confinement; d) direct dilution of impurgien the plasma.



3.2 W sources

The relation of central and edge valuescgf from Fig. 2 for the ICRF and the NBI phases
implies a larger number dfi” ions crossing the separatrix into the plasma core in the ICRF
case. One of the explanations to this could be an incredsesburce at PFCs, in particular
from the divertor, because it has the largBstarea interacting with the plasma. However, on
the contrary, Fig. 4 for #81852 demonstrates that deep irdivertor, emission at thél’ [
spectral line which represents tié source at the surfaces, prevails during the NBI phase over
that during the ICRF phase. The same also applies to the dwetor entrance including the
top of tile 8 and tileB. Both for Fig. 4a (V' I spectroscopy) and Fig. 4bi{/ imaging), thel' I
emission is averaged in time during the constant heatinggpon3.5 MW during the NBI and
the ICRF phases. Such picture is observed for all the NBI&GRH comparisons conducted so
far at low to medium densities, where tié/ imaging measurements can be applied. A rough
estimate using thél’I spectroscopy system for cross-calibration to estimaltté #ux from

the W1 emission (assuming constasit X B = 20 for simplicity, because uncertainties of the
W I imaging and of thde measurements at the divertor entrance are large), givesianma

W flux observed by théV I imaging on the top of tile 8 in #81852 of the order »f 1017

m~2. s~! during the NBI phase. Compared to the valug ofi0'®* m~2. s~! averaged over the
strike point region, théV influx from the tiles is considerable, because of a highetigar
penetration probability to the core plasma from tile 8 atedl compared to that from the main

divertor [16].

The measuredl/ ] intensity in the main divertor can be explained solely by ltfiesputtering

by light impurity ions, in particular byBe ions [15]. Measurements from the JET IR camera
system do not indicate any ICRF specific thermal releagé’ oft is worth to note that lower
surface temperatures in the divertor are measured dureiCiRF phases compared to the NBI

phases, supposedly due to higher radiated power during.ICRF

The somewhat lowell source during ICRF compared to the NBI phase in #81852 can be
attributed to a lower time-averaged electron temperédiuia the divertor during ICRF at the
same heating power and thus lowér sputtering [15]. Due to larger sawteeth during ICRF,

variations ofT, in the divertor are larger. Selecting the phases during |@Rirthe samé’, as



with NBI, the W source at strike points during ICRF is about 25% higher thahduring NBI.
One of the candidates to explain this is an increaBedontent in the plasma observed during
ICRF. Using thell/ sputtering data byBe [17] with the extended Bohdansky’s formula [18]
this implies a similar relative increase 8% concentration fofl, around 50 eV measured in
#81852 near strike points. Here, spectrosopic measursrakatv an increase of thge/ 1 line
intensity during the ICRF phase by a factor compared to theptiBse. Measurements &f
indicate about a factor of two highéte level in the central plasma in the ICRF phase as well.
This relative increase dBe level is more than required to explain the 25% highésputtering

at fixedT,, assuming that the high ionization staged3effollow the same trend. This adds to
the other indications [15] that changes of the measutedevel are not fully consistent with

changes of thé&l” sputtering yield, implying that other parameters may aksanfportant.

Although no additional” source is measured during ICRF phases, there are some-indica
tions of ICRF specific interactions at the entrance of theeodivertor. This can be seen in
the series of discharges with;-scan and modulated ICRF pulses of 1 MW from individual
antennas. Thél/' [ imaging measurements on the top of tile 8 near antéhiisee Fig. 1) are
summarized in Fig. 5 in terms of relative changed16f emission intensity during ICRF with
respect to the ohmic phasad gr/ I,nmi. at the samegs-value. The maximum observed value
Alpr/Inmic = 0.25 corresponds to a change df flux by ~ 10" m=2. s7!. Fig. 5 indicates
more complex interactions than just an increase ofitheource, especially in the case of the
—90° phasing (Fig. 5b) where thid’ I emission decreases at highgyt values. Individual re-
sponses to different antennas can be seen, less in the dgs®enith the higld plasma shape
(6 = 0.42) in Fig. 5c¢ for which the magnetic field lines starting at théemnas divert towards the
deeper regions of the divertor. The difference betweenitenaas are distinctive in Fig. 5a,b.
However, the shapes of tH& 1 emission dependencies qg, have some degree of similar-
ity between each other, making it difficult to distinguishasgible spatiall’ sputtering pattern
from consequences of a more global change of the SOL dureng4fscan. Thes&/ I imaging
measurements are well reproducible from discharge to digeh The issue of the background
plasma emission is likely not to play a significant role indbeases, because utilization of
an additional background subtraction, based on the irteimsthe gap between tile 8 and tile

B and the assumption on local behaviour of i@ emission near the PFCs, leads to similar



results, albeit with larger error bars. The influence of riftens can not be fully excluded.

Thus, although there is an increasd®fcontent when ICRF is switched on compared to pure
NBI phases, the measurementsigfl emission from the main divertor area and from the en-
trance of the outer divertor do not corroborate the pictdramoincreased? source from the
divertor at fixed heating power. A strong toroidal asymmetr\lCRF-specificlV sources which
would not be covered bi#’'I imaging camera during thgs-scan could in theory explain this
behaviour. Given the variety of the toroidal locations sehduring theyy;-scans, this would
imply a very strong and very localized™ source. Other wall components, not visible by the
diagnostics, are potentill’ sources. These include ti{e@ — a likely contributor, and a number
of outer and inner walll/-coated components — less likely contributors, becausée ofidlsem

are recessed behind the plasma limiting surfaces. So fanmgistent observation of significant
changes ofl/ content in the plasma exists for changes of the clearaneeebatthe plasma
and the outer wall. Interesting observations exist in Emdischarges. Even in limiter plasmas
the ICRF phases are characterized with highecompared to the NBI phases. The ICRF dis-
charges withP;crr = 2 MW are represented by filled black circles in Fig. 3. The valoé
cwoc are well within the ballpark of the divertor discharges & same line average edge den-
sity. Moreover, when in such a limiter discharge the plassnghifted upwards away from the
divertor, providing better magnetic isolation betweendhertor and the antennasy - does
not decrease. il sputtering by CX neutrals was excluded, this would sugdegit” sources

above the divertor can play a role.

3.3 Role of CX neutrals il sputtering

In fact, for the energy range of up to 30 keV, the fast partastalyzer data favors highéy
release by charge exchange particles in the case of NBlingediti this energy range most of
the fast particles are detected and tivesputtering yield is highest [18]. The ICRF phases
are characterized by significantly higher neutkalflux compared to NBI, whereas the NBI
phase are accompanied by significantly higheflux compared to ICRF. For #81852, where
the density is low and the detected CX neutral fluxes are lugh,estimates with the help of

the energy dependence of thié sputtering yield from [18], tha8.7 - 10! m=2.s ! WV flux



(integrated over the energy range) is due to neufrat the ICRF case, andl- 102 m—2.s7! of

W flux is due to neutraD in the NBI case. Even considering a large potentially affdcirea,
these numbers are too low to play a significant role forltheontent in the plasma, assuming
an isotropic distribution of the particles in the relevanery range up to 30 keV. However,
based on the data available, no statement can be made abestdluCX Be particles and their

effect onl¥/ sputtering and thus CX cannot be fully excluded.

3.4 Role of sheath effects

A variety of observations has been made in the experimentdwdepend on antenna phasing.
The —90° phasing of the ICRF antennas is generally characterizetteysified PWIs com-
pared to the dipole case. Fig. 6 shows this for tHecontent per MW of ICRF power. Other
observations during the90° phasing include increased heat loads at the antenna PF@sd5]

increasede sputtering at the antenna limiters [4].

The maximum heat load at the antenna PFCs increases abeatyinvith the product of the
near-antenna density and the ICRF power. This implies afisaton of density in front of
the antennas by ICRF power [5] which could be attributed toveotive cells [19,20]. The
spectroscopic observations of the increagkdsputtering at the limiters are consistent with
the spatial sputtering patterns moving in accordance walgmetic field connections to active
ICRF antennas. Thus the observations of the local heat kradltheBe sputtering patterns hint

directly to the enhanced sheath phenomena.

Apart from the phasing dependence from Fig. 6, the limitedeexnental data obtained so
far does not allow to pin down the sheath effects as resplenfibthe increasedil” content.
Nevertheless, at least for the studies of Bwesputtering and the heat loads [4,5], it is important
to assess the near fields of the A2 antenna which drive the &dtlsh This assessment should
also prove useful for thB’ studies in the future. A similar assessment for the ITERrarag22]

is taken as a reference.

Fig. 7 shows firstt calculations for the A2 antenna using TOPICA [23] (same caslesed
to model the ICRF antennas in ITER) with a 3D antenna modgbtadato flat geometry and



JET L-mode plasma density and temperature profiles. Scal¢BR relevant ICRF power,
E) absolute values for the A2 antenna are a factordt higher than the, values in front
of the ITER antenna for the high density reference profiled.[A distinctive feature off

at the A2 antenna is the distribution of the fields along thelatength of the long poloidal
limiters at JET. The long poloidal limiters are substangpiatts of the A2 antenna image RF
current loop in JET. This is because of limited other sudageailable for the RF currents to
flow, strengthened by the fact that the antenna PFCs are cimtht the antenna boxes via
narrow shorts close to the antenna-plasma interface. Ehusver almost the whole height of
the outer wall at JET starting down at the divertor entrabasign of such protruding antenna
has to be optimized. The design strategies include: a)asetRF conducting surfaces to short
circuit RF image currents; b) antenna strap arrangemergttericompensate the () phased
image current contributions. An example of such approadhasplanned 3-strap antenna in

ASDEX Upgrade [21].

The calculations indicate that the experience from JET lshmeitaken with a double care when
discussed in the context of the ITER ICRF system, becauseishiactive features of the near
fields of the A2 antenna are not representative of the ITERramat design. In ITER, the ICRF
antenna will not be protruding, which should give much loaeza affected byy than for the

A2 antenna, both on absolute and on relative spatial scale.

The TOPICA near-field calculations alone give only the fidga on how the antennas can be-
have in terms of sheath effects. To compare calculatiortsexgperiments, advanced approaches

for non-linear sheath modelling such as in [22,24] have ttubiber developed.

4 Summary

First experimental observations in JET with the ILW on theiactions between the ICRF
antennas and the ILW have been obtained. For JET operatiorgasedBe sputtering and
increased local heat loads at the antenna PFCs during ICRietdmave any impact, whereas

an increasedil” content has an influence at low densities, whentheontent is highest.

However the reasons for the incread&dcontent remain uncertain. No increaséd source
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during ICRF compared to NBI was found in the main divertoraaaad at the outer divertor
entrance from thél’ I (400.9 nm) emission measurements. Observations diltlieemission

at the outer divertor entrance show individual bipolar ceses to the power from particular
ICRF antennas, with more variations during ¢ phased operation. A highi/ content in

the limiter plasmas hints at other possiblé sources than the observable divertor area. The
charge-exchange hydrogen and deuterium neutrals coulddheded as strong contributors to
the W source, assuming their isotropic distribution for the gre=s below 30 keV. The same
could not be done so far fde neutrals. Phasing dependence of observationg oie and the
heat loads, with evidences of importance of magnetic field tonnection to active antennas,
points on the RF near field phenomena. However, neither teeten 1l source, nor the effect

of ICRF induced SOL changes o1 penetration inside the core plasma could be confirmed or

excluded.

First TOPICA runs with an adapted A2 antenna model showslligton of parallel RF electric
field alongside the whole height of the antenna limiters Wwidover most of the SOL starting
from the outer divertor entrance. This is different to th& R antenna design where the near
fields will be better contained within the antenna vicinityus the JET ICRF experimental
experience with the ILW can not be directly applied to the RTEERF antenna without fur-
ther studies. The studies will require more experimenttd lam JET with better diagnostic

coverage as well as advanced sheath modeling.
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Fig. 1. Arrangement of ICRF antennas arid source diagnostics in the divertor.

Fig. 2. Comparison of ICRF and NBI heating in #81852 with- = 2.55 T and f;crr =

42 MHz. Upper graph: solid lines without symbols - applied ICRRd NBI power, crosses

- radiated power estimated using ¢, dashed line - measured core radiation. Lower graph:
solid line with crossesey - measured gige = 0.6£0.1 during ICRF and apgc = 0.54+0.2
during NBI; solid line with triangles ey, measured agb;, = 0.25 + 0.1 during ICRF and at

pr = 0.2+ 0.1 during NBI.

Fig. 3. Dependence of change ofyoc during ICRF on line averaged edge density. Open
squares, diamonds and trianglét: = 2.55 T, I, = 2.5 MA, low ¢ shape; stars, filled squares,
diamonds and triangle®; = 2.4 T, I, = 2 MA, low dshape; open circledi; = 2.7 T, I, = 2.5 MA,
high ¢ shape; closed circledi; = 2.5 T, I, = 2 MA, limiter shape.

Fig. 4. WI emission at 400.8 nm from thi/ [ spectroscopy (a) and tH& [ imaging (b) in
#81852 for onmic only, ICRF and NBI heated phases (3.5 MW @éla3op of tile 8 is indicated,

which appears larger on th& 7 imaging system due to viewing geometry.

Fig. 5. Relative change of WI intensity at the top of tile 8 near angeB during 1 MW of ICRF
with respect to ohmic phases, deduced fromithé imaging: a) lowé with dipole; b) low§

with —90°; c) highd with dipole.
Fig. 6. Comparison oty ¢ in the dipole and the-90° ICRF (only A and B) powered L-modes.

Fig. 7. TOPICA calculations oft)| in front of (07 O 7) phased JET A2 antenna in L-mode,

normalized to 1 MW coupled to antenna.
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