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Abstract

lon Cyclotron Resonance Heating (ICRH) in the hgeio minority scheme provides central
ion heating and acts favorably on the core tungdtansport. Full wave modeling shows
that, at medium power level (4MW), after collisibmedistribution, the ratio of power
transferred to the ions and the electrons varylelitvith the minority (hydrogen)
concentration p/ne but the high-Z impurity screening provided by thst ions temperature
increases with the concentration.

The power radiated by tungsten in the core of & discharges has been analyzed on a
large database covering the 2013-2014 campaigrthénbaseline scenario with moderate
plasma current (Ip=2.5MA) ICRH modifies efficienttyngsten transport to avoid its

accumulation in the plasma centre and, when theH@Rwer is increased, the tungsten
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radiation peaking evolves as predicted by the Haesical theory. At higher current (3-
4MA), tungsten accumulation can be only avoideth WKW of ICRH power with high gas
injection rate. For discharges in the hybrid scepathe strong initial peaking of the density
leads to strong tungsten accumulation. When thigirdensity peaking is slightly reduced,
with an ICRH power in excess of 4AMW,very low tuemgsbncentration in the core (~3)is
maintained for 3 secondsViIHD activity plays a key role in tungsten transpamd
modulation of the tungsten radiation during a savttocycle is correlated to the fishbone
activity triggered by the fast ion pressure gradien

1. Introduction

In order to prepare the ITER plasma scenariosdivertor and first wall of the JET
tokamak has been changed in 2011. The main chaohmana facing components are made
of beryllium, and the divertor is made of eitheaipltungsten tiles or tungsten-coated tiles
(ITER-like wall, ILW). Tungsten like all high Z ames, has a very high radiation capability
which leads to a detrimental effect on plasma parémce if this impurity concentration in
the core is too high. It is generally admitted ttret concentration has to be kept below 10
[Kallenbach 2005]. Neoclassical theory predictsravard pinch leading to an accumulation
of high Z impurities in the very core of the plasifita<0.2). Moreover, strong plasma
rotation occurs in neutral beam heated plasmastl@mdesulting centrifugal force is the
cause of poloidal asymmetry enhancing the radiatiorthe low field side of the plasma.
[Angioni 2009, Angioni 2014, Casson 2014].

This deleterious effect is mitigated by tempemtwcreening and the sign of
convection can be reversed when the ion temperatadient is sufficiently large with
respect of the ion density gradient. Under some&maptons which can be found in ref.
[Angioni 2014, Casson 2014], when the poloidal asytries are not considered the
tungsten, like all high Z impurities, flux can bepeessed as
Fw ~ nTiviwZw(R/Lni — 0.5R/L5i) ~ nTi ¥2Zw(R/Ly — 0.5R /L)
where Ly is the inverse of the logarithmic gradient d[lo}j(¥R. However these poloidal
asymmetries, arising from the centrifugal forces smportant for heavy impurities and an
additional term with a positive sign (inward flukas to be added to the expression of the

tungsten flux.



In addition turbulent transport can contribute in@purity transport, although for
heavy impurities such as tungsten, modelling combimeoclassical and gyrokinetic codes
indicates that neoclassical transport dominategidyulent transport in the very core of the
discharge [Angioni 14].

lon cyclotron resonance heating (ICRH) can beralcaffect the tungsten transport
for several reasons. Firstly, depending on theildetdthe minority heating scheme (mainly
the minority species and concentration) and thenpégparameters (mainly the electron and
ion temperatures), a large part of wave energybeatransferred to the bulk ions either by
Coulomb collisions with the fast minority ions oy birect damping on the majority ions
[Mantsinen 99, Dumont 13, Mantsinen 15]. Seconthy, fast ion tail, characterized by a
temperature I can contribute to the impurity screening [Cas20id4]| as the screening

scales asqfii; 2

(R/Lts) and very local deposition of ICRH leads to nonzed gradient R/
which can exceed 5. Thirdly, the poloidal asymmaedfytungsten radiation, due to the
centrifugal force in strongly rotating plasmas wiNBI heating, is reduced by the
temperature anisotropy of the minority speciesd®il14]. In addition to the neo-classical
effects, turbulent transport can be enhanced bg etectron heating provided by ICRH
waves. This effect is very likely a major playerAadex Upgrade low-collisionality plasmas
where a moderate ECRH power on top of the NBI poallaws a control of the core
tungsten concentration [Puterrich 13]. Finally, MHativity and particularly core (1,1)
modes with poloidal number m=1 and toroidal numbel, can allow a flushing of the
tungsten from the core of the discharge [Hender 16]

The drawback of using ICRH in metallic environmentelated to enhanced high Z
material sputtering arising from ions acceleratgdhe DC rectified potential [Jacquet 14,
Bobkov 14, Czarnecka 14]. This potential can excé@dV and light impurities, such as
beryllium for the ILW case, are accelerated in thetified sheath above the sputtering
threshold of tungsten. Therefore the main issuenwigng ICRH is whether or not the
beneficial effect on high Z impurities transporteocsomes the detrimental increase of the
tungsten source.

The effect of ICRH on transport of metallic impigg has been studied on JET with
the carbon wall by an injection of nickel and malgbhum performed by a laser blow-off
technique [Valisa 2011]. For L-mode discharges quared at rather low plasma current

(1,=1.5-2.3MA), it was found that the convection wasarsed from inward to outward when
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the ICRH power exceeded 3MW in the H or’Hieinority heating scheme. With the ILW,
beneficial effect of ICRH power for avoiding tungstaccumulation in the plasma core has
been reported at low to moderate plasma currgg?.8MA) [Goniche 14, Cassonl4,
Giroud15, Lerche 14]. In the hybrid scenario, ca@ntf€CRH heating mitigates the tungsten
accumulation at least in the early time of the tpglwver phase [Mantica 15].

In this paper, tungsten radiation from ICRH-hegbasmas is analyzed on a large
database covering the JET baseline scenario wabkn@ current in the 2.5-4MA range
(Bt=2.7-3.8T) and the hybrid scenario at 2.5MA (BST). ICRH power up to 6MW could
be applied in these plasmas, thanks to the beakéffect of deuterium as injection from the
main chamber valves located either in the mid-planat the top of the vacuum vessel
[Lerche 14b, Jacquet 16]. However the RF power da¢exceed 20% of the total injected
power, mainly provided by neutral beams injectiNiBI).

Radiation and concentration of tungsten in the afrthe discharge are derived from
the soft X-ray (SXR) diagnostic following the ingen procedure detailed elsewhere
[Putterich 12], providing a poloidal map of theseanqtities as long as the electron
temperature exceeds 1.5keV which is the case iarthg/zed discharge at least in the inner
half of the plasma (r&0.5) and in most cases in even a wider volumeth®rcalculation of
the radiated power and tungsten concentratiors @&ssumed that all the radiation is from
tungsten. From the poloidal asymmetry of the SXRiaton, the toroidal rotation was
calculated and compared to the measurements fr@mchiarge exchange spectroscopy
diagnostic. A very good agreement was found focldisges performed from the beginning
to the end of the 2014 campaign and we concluddititaer metal impurities (Mo and Ni)
do not contribute significantly to the SXR radiation the plasma core (r/a<0.5). VUV
spectroscopy also indicates that tungsten is tha lmgh-Z impurity. As a rule of thumb a
power volume density of 0.1MW/htorresponds to a tungsten concentration &f dhich
is usually considered as the upper limit to mamtasigh performance. In the following of
this paper we define the tungsten peaking factalefsned as the ratio of the flux surface-
averaged radiation power densitiesy BF PagrW(r/a=0)/ RagW(r/a=0.3) and P§s= Pag
W(r/a=0)/ Rag W(r/a=0.5).

The ion temperature in the very core of the disgpddr/a<0.3) is not measured for

the discharges analyzed here and the followingypmi¥ be used for the tungsten flux in



the corel'w ~ R/L,e — 0.5R/Ly¢ that is to say igne. and T=T,, although these identities are
not strictly necessary but only homothetic profigsk,n. and T=k;T.in the core region.
Section 2 presents full wave modeling of the IC&bsorption for different minority

species concentration and redistribution of the growith the Coulomb collisions. The
tungsten screening by the fast ion tails is estohathe effect of the ion cyclotron resonance
position on the experimental tungsten peaking amtDMactivity during the sawtooth cycle
are analyzed in section 3. In the two next sectioves present the experimental tungsten
radiation in the plasma core on a large data bagering the whole 2013-14 JET campaign
for discharges in the baseline scenario (secticemd)the hybrid scenario (section 5). These

results are discussed and some conclusions drathie iast section.

2. Modédlling of the | CRH damping and temper atur e screening by the fast ions

In order to investigate the mechanism of ICRH poweposition when the hydrogen
minority concentration gine is varied, the EVE/AQL code [Dumont 2009, DumoftL3]
was run for a high power dischargeP24MW, Rcry=4MW) with ny/nevarying between
0.25% and 15% while keeping the electron and buolk temperature profile identical
(T«(0)=7.5keV and T0)=7.5 keV). When the minority concentration icreased, wave
energy is transferred from the deuterium (majo# harmonic heating scheme) to the
hydrogen (minority ¥ harmonic heating scheme) whereas the fraction ddndrectly on
the electrons does not vary much (Figure 1-a). fHsé ion distribution is centered on a
normalized radius r/a~0.15, corresponding in tlasecto the position of the ion cyclotron
resonance layer, with an effective temperaturg=(T,+2T,e)/3) strongly decreasing with
increasing pa/ne (figure 1-b). The fast ion tail does not extend drey the normalized radius
r/a=0.35 and the hydrogen temperature out of ilm# Is the temperature of the background
ions. The temperature anisotropyeJT, also decreases from 4.5 at low concentration
(nu/ne=1%) to 1.2 at high concentrationy(ne=15%) (Figure 2-a).
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Figure 1 a) Wave power damping on the differentcigse b) Radial profile of the effective
temperature  (F=(T/+2Tper)/3). Pue=24MW, Rcri=4MW, ny(0)=6.5x10"m° T,(0)=7.5keV,
Ti(0)=7.5keV (parameters identical to those of therluypulse 87253, B2.9T, |,=2.5MA).

Collisional redistribution of the absorbed powethe D ions increases whep/n. increases
from 4% to 12% and then levels off for larger cartcation. This mostly results from the
increasing thermal contribution to the total hydrogion energy as the minority
concentration increases. As a consequence, theptmiger absorbed by the electrons in the
core plasma (r/a<0.25) decreases from 1.6MW (40%hetotal power) to 1.0MW (25% of
the total power) when the H concentration is inseelafrom 3% to 10% (Figure 2b). The
ratio of the power transferred to the electronghim whole plasma varies in a more limited
range (45-55%). Experiments carried out with hye@rogninority concentration varying
between 2% and 23% (Van Eester 14, Lerchel4) shatwthen p/ne is increased from 2%
to 15%, the central electron temperature decrebge20% when the ion temperature,
deduced from the neutrons rate, decreases by @8ty thdicating a relative increase of the
power damped on the deuterium ions at high H cdrnaon but this power does not
increase with this concentration as a result ofkeeabsorption of the wave. In the
experiments, the power fraction going to the etawris significantly more important than
expected from modelling at low concentration/(g=2-3%). This could be the result of the
additional electron heating provided by the fasitdeum population which is not taken into
account in this modelling. The observed slight @ase of W peaking when the minority
concentration is increased is therefore qualititicerrelated to the decrease of electron and

ion temperatures.
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Figure 2 a) Energy in the perpendicular and parbtiegrees of freedom of the hydrogen ions b)
Fraction of RF power transferred to the electrongdaons after collisional redistribution (solid
lines) and fraction of the power transferred frone thydrogen to the as a function of the minority
concentration p/ne. Pyg=24MW, Reri=4MW, n(0)=6.5x10"m*, T(0)=7.5keV, T0)=7.5keV.

From the modelled fast ion temperature profile, tmperature screening factofTin
Y2(R/Lts) was computed and compared to the temperaturersoefactor provided by the
thermal deuterium ions. This screening factor isnfbto be the highest at r/a~0.28 for the
low range of hydrogen concentration (3%#4R<10%) and the maximum moves inwards for
higher concentrations (figure 3). For the usualesasf ICRH with p/ne <10%, the
screening provided by the fast H ions is much lofa¢rdeast a factor 3) than that provided
by the thermal D ions. The screening by fast iomd #hermal ions, with yine=9%, was
found of the same order in a previous work [Casadi5]. Taking into account, the large
uncertainty on the temperature gradienddR for the calculation of the screening factoe th
screening factor has an error bar of at |e86% but surely this factor increases witfine
although the temperature of the fast ions sharplgrehses. However, experimentally the
peaking of tungsten concentration is observed tahieelowest for p/ne~2% when the
screening factor by the fast ions is the lowest wedconclude that screening of W by the

ICRH fast ions plays a minor role in these experntae
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Figure 3. Temperature screening factornormalized to the case of a pure D plasfmg for fast H

and thermal D ions (same plasma parameters thamdi@).

3. Effect of theion cyclotron resonance position and MHD activity.

In order to optimize the heating scenario, the dgalotron resonance position (R
was varied either by ramping the toroidal fieldcahstant current (Ip=2.5MA) [Lerche 14]
or by ramping both the toroidal field and the plaseurrent at constant safety factor
(gos=3.5) [Graves 15]. The ICRH power was in the 3@vBN range when the total injected
power (NBI+ICRH) lied between 19MW and 22MW. Thedhggen concentration was
relatively high for the Ip-constant discharges (¥§#9%) and low for the g-constant
discharges (X[H]=3-5%).

Central electron temperature, measured before dalhaosth crash, increases from
~4keV to ~5.5keV when the IC resonance layer is edofrom the high field side (&
Rmag=-0.15m) to the low field side (®Rmag0.20m). For the highest temperature
(Te>5keV), a 1.3s long sawtooth-free period is obtaifEig.4-a). In the case of the g-
constant discharges, the IC resonance positiosasngd on the low-field side fromdR
Rmag=0.35m to R-Rmag=0.10m, except for pulse 85084 which has stationagsma
parameters. Central temperature is found to be mmami for Rc-Rmag = 0.05-0.2m,
depending on the scenario. For the same dischatgesormalized logarithmic gradient of
the temperature Rk, measured at r/a=0.2, is also maximum fFRnag= 0.10-0.20m and
falls off very rapidly when the resonance layer fisther out (Fig.4-b). Within the
uncertainty on the magnetic reconstruction, thapdrould be related to the point where the
8



ICRH resonance crosses the gq=1 surface. The iopaeture gradient Rf{, measured at
r/a~0.35, also increases from ~2 to ~4 whegRRag increases from -0.15m to +0.20m.
Surprisingly, the normalized logarithmic gradienf t¢he density R/kL, increases
monotonically from ~0.5 to ~1.5 when the IC resa®ais moved from the HFS to the LFS.

The sawtooth-free discharge has a slightly higleaisdy gradient.
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Figure 4 a) Central electron temperature b) Normati density and temperature gradients as a
function of the IC resonance layer position. Elentrtemperature (large symbols) and ion
temperature gradients (small symbols, dashed lines)measured at r/a=0.2 and 0.35, respectively.
The normalized gradients are obtained from proféegraged on 1-second time slices. The close
symbols are for the 1.3s long sawtooth-free peridte =1 surface on the low field side is located
at a distance from the magnetic axigRRnag=0.26m. Pulses 85080 and 85081 have constant safety
factor (l,=2.5-2.8MA, B=2.75-3.1T), 85376 and 85377 have constgi(t,+2.5MA, B=2.6-2.9T),

pulse 85084 4/ symbols) constant;&nd |.( 1,=2.6MA, B=2.9T), Rcr=3.2-3.9MW.
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Figure 5 a) Fraction of the input power radiatedthre main chamber (frombolometry) b) Peaking of
the radiated power density as a function of thed€bnance position (from SXRhe close symbols

are for the 1.3s long sawtooth-free discharge. fillee 850844 symbols) has constant/B.

The fraction of radiated power in the main cham{®y-Bulk/Py) and the peaking
of the tungsten radiation (PEPag-w (1/a=0)/Raq-w (r/a=0.3) are both minimized when the
IC resonance position is such that-Rmaglies between 0 and 0.20m (figure 5). The absolute
value of tungsten radiation at r/a=0 is also thveelst for this range of IC resonance position
(0.05-0.1MW/ni). After the sawtooth crash, the tungsten peakirgpsi to ~0.7 hollow
profile) for any resonance position (dashed lindigf 5-b). It is noticeable that despite a
significant peaking of the density, the sawtootkefdischarge has low radiation and low
tungsten peaking (~1.5). These quantities do notvevsignificantly during this 1.3s long
phase of the discharge and are kept close to themmm. Using the proxy for neoclassical
flux (section 1, page 9), this could be interpretedthe lack of sawteeth and the slight
density peaking are counterbalanced by the higlp¢eature peaking (Rfk. = 5 at r/a=0.2,
R/Lti~4 at r/a=0.35) to flush out the tungsten. Sawtdode discharge has also been
obtained by reducing the hydrogen minority conadmin to ~2% and, although the core
radiation increases very slightly, the core tungsiencentration is maintained below“for
3.5s [Van Eesterl4, Goniche 14].

It should be noted that, at mid-radius (r/a=0.6hgsten concentration is observed to
vary by no more that25% for these pulses, as nickel concentrationyddrirom the VUV
NiXXV line intensity [Czarnecka 14].

It appears that by setting the resonance layehetoiwv field side, inside but near the
g=1 surface, the tungsten accumulation can be ndeoin the baseline scenario. This is a
quite favorable situation as sawtooth control rezplialso off-axis heating [Lennholm 15,
Graves 15].

In addition to the sawtooth instability, other MHBodes are expected to act on the
tungsten transport [Nave 2003, Putterich 2013, amgP014]. When the large sawtooth
(ATe=1.5keV) occurs after the 1.3s long sawtooth fpeeiod (#85376), a (m=3, n=2)
neoclassical tearing mode (NTM) is destabilizedtfe rest of the discharge (f=9-10kHz)
whereas a m=1, n=1 internal kink mode (f=8-9kHz)present during the other pulses
(#85377 &85081). The NTM does not seem to fostergsten accumulation (tungsten
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peaking just increases transiently from ~1.3 to7)-when for the same IC resonance
position, the tungsten peaking of the pulse with(th 1) mode (#85377) has indeed a higher
tungsten peaking. Whereas NTM modes often acceléhat W accumulation (Angioni 14,
Hender 16], here the weak effect of the mode isrédsailt of the weak off-axis tungsten
concentration (<16). In both cases, fishbone modes with quite a l&reguency span (f= 5-
9kHz for 85376, f=7-11kHz for 85377, f=8-13kHz 185081) are destabilized when the IC
position is on the LFS, close to the magnetic €4Rc-Rmag<0.15m) (figure 6).

. JET #85377 -2.7T/2.5MA - P, . =15MW
T,0 (keV) ' ' '

W r/a=0.3
rad r/a=0.5

(o)

Peaking P T_©) (keV)

iN

QO =2 N W M@

Frequency (kHz)

”"‘*jwnl.tl‘ s

11.2 11.4 11.6 11.8 12
time (s)

Figure 6. Central temperature, tungsten radiatiopaRing Raq(r/a=0)/P,4(r/a=0.3) (red line),
Prad(r/a=0)/P.4(r/a=0.5) (blue line), tungsten radiation &R(r/a=0) (10°W/n?, black solid line),
Paa(r/a=0.5) (10Wi/n?, black dotted line), spectrogram (from magnetiopls). Magnetic field is
ramped up during this discharge. cRRn&0 at t=11.0s and R-Rnag0.13m at t=12.5s
(Picrv=3.8MW). Fishbone activity can be seen at t=11.254%, 11.5-11.6, 11.85-12.0.

This fishbone activity, which appears in the forhrapid chirps between about 13 kHz and
about 8 kHz and does not last more than 100-15@itesnate with a continuous mode at
about 8kHz. This evolution should be the resulaofodulation of the fast ion pressure
gradient from high values (shortly after the sawhocrash) to lower value which gives an
internal kink gap mode [Breizman 2011]. In thasesacore tungsten radiation has actually a
3-step cycle. Starting from the sawtooth crashrethe a fast and short flattening of the
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radiation profile, followed by peaking lasting 1200ms and finally the core profile flattens
again for 200-300ms until the next sawtooth créigiuie 6).

4. 1CRH in JET Basdine scenario

4.1 Medium plasma current experiments

ICRH power varying between 0 and 6MW was coupte@.7T/2.5MA discharges

with total power close to 20MW at a frequency ofsA2Hz providing central heating with

the IC resonance layer located about 5cm from thgmetic axis on the high field side in

Mmost cases.

12

The first series was performed with the outer stploint on the tile 5 of the
bottom divertor (Rsp~2.73m) and gas rate in the range of 0.9-1.2%&0/s . This
allows to be well above the L-H transition and & type | ELMs with frequencies in
the 30-45 Hz range. For the same total power (IYX), when the ICRH power is
increased from 0 to 6MW, a strong decrease ofutthggten radiation in the very core
(r/a~0) from 0.2MW/m to 0.07MW/nf is observed and the W radiation peaking
decreases correspondingly from ~10 to ~1.5 (figiw&). A weaker decrease is
observed further out in the plasma volume andaatr45, radiation per unit volume
starts increasing and decreases when the ICRH pewesmeds 4-5MW. The same
trend is observed for the nickel concentration Bordhe total radiated power from
bolometry. The LFS/HFS asymmetry of the SXR radiattan be estimated from the
ratio of the raw signals given by the lines of sitggngent to the same magnetic
surface. This was done at r/a=0.3 and interpoldtiom the 2 nearest lines of sight
was carried out for better accuracy (figure 7-thisTasymmetry decreases from 3.5-4
(Picry=0) to 1.8 (R.rn~4.5MW) for the low gas rate case. This effect dahk result
of the reduced toroidal rotation when adding ICRh€ (NBI power is reduced by 20-
30% to keep the total power constant) but the imp&d¢CRH on the asymmetry is
too strong to be only caused by the change of dafaiotation and the stronger
temperature anisotropy of the hydrogen when theH@Rwer is increased is very
likely also the cause of reducing the radiatiomasyetry. As an effect of the reduced
contamination of the plasma core by high-Z impestithe energy confinement,

evaluated from the ¢y, factor, slightly increases from ~0.72 to ~0.77, whe



correction for the ICRH fast ion contribution teetplasma diamagnetic energy was

applied.
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Figure 7 a) Radiated powers (total from the bulkred plasma and from tungsten at different radii,
flux surface-averaged). b) asymmetry of the SXRatiad in the mid-plane at r/a=0.3. Nearest
tangent line-of —sight is chord 13 (HFS) and 23 $).)FData collected at least 2seconds after the

start of the high power phase

At low gas rate (~0.5xF8el./s), the ELM frequency decreases to 15-20Hzbantd the total
radiation and core tungsten radiation increasengtyo Rag+bulk/Py is still above 45% and
P+ W(r/a=0) above 0.4MW/mwith 4.6MW of ICRH power. However the SXR radiatio
asymmetry decreases linearly with power from ~4r(R0) to ~1.8 (Rrr=4.6MW) (figure
7-b).

Comparing, the evolution of a 4-s long high poweage with low (0.5x1 el./s, #84492)
and medium (1.1x¥8 el./s, #85379) gas rate and same ICRH power (~W§Mhese
discharges have same sawtooth period (~380ms) hglitlys higher central electron
temperature (due to higher NBI power) for the madigas dosing case (Figure 8). The
tungsten is expelled from the core (r/a<0.2) dutimg sawtooth crash and a quasi-periodic
regime is established for the tungsten radiatiotin wb trend of further increase on a long
time scale. It should be noted that, although @ral radiation is higher by a factor ~6 and
the total radiation by a factor 2.5 for the low g#ssing discharge, the confinement is
improved and the H-factor increases from ~0.79 @85, thanks to the higher pedestal

pressure.
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When the outer strike point is moved closer toghmping duct (Bsp-2.92m), with higher
gas dosing (1.7xZdel./s), high ELM frequency (~100Hz) is combinedhmiow radiation
(PradProt~20%, F.?ad-W(O)~0.06MW/m°’) and similar confinement dd,~0.85) to that of the

low gas dosing case with low pumpingo@dr-2.75m) is obtained.
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Figure 8. Effect of gas rate on ELMs frequencyQ)Tand tungsten radiation (from SXR diagnostic).
B=2.7T, [;=2.5MA, n(0)=7.1x10" m°.
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For all gas dosing and pumping cases, the norntalzgarithmic gradient of the electron
temperature R (ddR)/Te=R/Lye, increases from ~2 to ~5 when the ICRH power iases
from 0 to 6MW (figure 9). The equivalent quantity the density, R/\, decreases with the
ICRH power from ~1.5 to ~0.5 for the low pumpingealn the case of high pumping and
high gas dosing, the central density is signifialawer (n(0)~6x13° m®) compared to the
low pumping case (0)~7x13° m®) with 4MW of ICRH power and the normalized
logarithmic gradient is higher (R{t2).
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Figure 9. Normalized gradient lengths at r/a~0.2 ¥arious gas rates (0.6, 1.1 and 1.7%1el./s),
and strike point positions on the outer divertor7@m and 2.91m).Total power is in the 18-20MW
range. The ELM frequency is 15-20, 30-45, 90-10€Mz respectively, the 0.6, 1.1, 1.7X1€l./s

cases.

When comparing the low density/low gas dosing disgl (circle symbols of figure 9) to
the high gas dosing discharge (diamond symbolg) thié¢ same ICRH power (4AMW), R/L

— 0.5R/lye is negative, close to -1, for the former and cltwse0.5 for the latter. However,
the tungsten peaking evaluated fromy P found to be quite high (BE2-7), for the low
gas rate case and low (=1.3-2) for the high gas rate case.

The tungsten radiation peaking was estimated ftarge data base including pulses with
various Ry (15-20MW), Reru (0-6MW), minority hydrogen concentration X[H] (2<2). A
good correlation between R/ — 0.5R/lye and the tungsten peaking which is varying
between 1 and 14 (figure 10) is found. The beredfieffect of ICRH on the gradients is
clearly observed and the sign of convection is fitetefrom inward to outward for an ICRH
power exceeding 3MW for most cases. However, agdiorexd in the previous paragraph, a
significant difference is observed between low gde/low pumping pulses (+ symbols of
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figure 10) and high gas rate/high pumping pulsesybols of figure 10): although they
have almost the same R{l—- 0.5R/lLye value, higher peaking of the tungsten radiation is
observed for the low gas rate pulses. In that easeay expect a net higher tungsten influx
from the edge resulting from the lower ELM frequgnden Harder 16] but also possibly
from the higher RF rectified sheath, caused byhigber antenna electric field (the antenna
coupling resistance is lower by 20-25% in this #€elas 06, Jacquet 13]. Consistently, the
core tungsten radiation is about 10 times highezrmdompared to the high gas rate cases.
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Figure 10. Tungsten radiation peaking (from SXR soeaments) as a function of R/ 0.5R/k..
Electron densities are provided by the LIDAR diagjity the electron temperature by the ECE
diagnostic. Low gas rate/low pumping (+) and higisgate/high pumping (%) cases of figure 7 are
highlighted. Data are averaged on a 1-second tinmaew, at least 1 second after the start of the
ICRH power. B=2.7T, |,=2.5MA.

4.2 High Plasma current experiments

During the recent development of the baseline segna preparation of the D-T campaign,
the plasma current was increased from 2.5 to 4.0&Me keeping ¢ close to 3 (B=2.7-
3.7T) [Nunes 2014]. The outer strike point was eltasthe pumping duct g2~2.92m) and
the gas injection rate was increased with respiettteolower plasma experiments (2-5%40
el./s). The total power was varied between 15MW 3@8W and the ICRH power was in
the 2-5MW range. The position of the IC resonaagel is constrained by the scenario and
the available bands of frequency of the ICRH geonesaAs a consequence the position of

the IC resonance layer was varied such asd@RR3<0.40m.
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At 3.0MA with medium gas injection (~3x1Del./s), leading to a high ELM frequency
(~100Hz), the maximum core tungsten peaking ine@gasgularly from one sawtooth cycle
to the next one (figure 11-a), exceeding 4, at®sds after the start of the ICRH power
(Pcru=4.5MW). The W peaking (and the absolute radiated/gy at the center) is also
strongly modulated with the sawtooth period but fila¢ tungsten profile (peaking =1) is
achieved now just before the sawtooth crash: idstéshe 3-step cycle described for 2.5MA
discharges (see section 2), tungsten in the plasmizr exhibits now a 2-step cycle. In this
case the peaking increases with after the sawtooth crash and decreases, untihéxe
sawtooth crash, when.Ts stationary or even slightly decreasing as oleskbetween t=9.7
(resp. 10.25s) and 10.1s (resp.10.65s). The peaRkorgase is accompanied by fishbone
activity with low amplitude and a large frequengas (between 10 and 15kHz). This is
followed, during the W radiation flattening phabg,fishbones with smaller frequency span
and large amplitude. The (1,1) kink mode alterrmptimth the fishbones is growing in
amplitude until the next sawtooth. For a pulse qrened with the same conditions
(including same IC resonance position) but withheig magnetic field @=3.6), the
amplitude of the fishbones is smaller and thedtatig of the tungsten radiation profile is
weaker (figure 11b).
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Figure 11. Time traces of 3MA discharge a) 87023=8}0) b) 86942 (g=3.65). For both pulses:

Pnei=20MW, Rorp=4.5MW, Re.Rnag=0.10m, X[H] =5%. A blow-up of the tungsten radiation

between two sawtooth crashes and the corresporgfiagtrogram from a magnetic pick-up coil are

displayed in the bottom of the figures. The scalbb® spectrogram of discharge 86942 is reduced by

a factor 10.

An example where the IC resonance is moved outhefd=1 surface (B-Rmag
=0.39m) is shown in figure 12. Although the ga® it strongly increased (~5xl./s),
while maintaining the same ELM frequency (~100Hz@aking of the tungsten radiation
now increases to very high values (10-20) until siaatooth crashes, then the radiation
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profile gets flat with a peaking close to 1. Ndfisne activity, but a strong continuous (1,1)
mode, is triggered by ICRH fast ions as the trapped are now mostly out of g=1 surface.

It should be noted that, when comparing dischargéls same ¢ but resonance
inside (#87023) and outside (#87380) the g=1 sarftlee tungsten radiation at the center
(r/a~0) just increases from ~0.1MWAto ~0.15MW/ni when this quantity is averaged on a
sawtooth period. The total powers radiated fromkhkk plasma are also very similar with
Pra-Bulk/Po~0.16-0.18, which are lower ratios than those olethiat 2.5MA for which B+
Bulk/P~0.18-0.21 The density normalized gradients arey \@milar for these pulses
(R/L,~1) but the temperature gradient is higher whenréisenance is central (Rik4 vs
2.5). lon temperature, measured at r/a~0.4, is alsch higher (factor ~1.4), in rough
agreement with the neutron yield (factor ~1.6),tfe central heating case. It results a,R/L
— 0.5R/Lye value lower for central heating (~-1) than for akis heating (~0) when the
average tungsten peaking varies between 2 andtBddirst case and 6 and 7 for the second
one. These data (peaking vs R/ 0.5R/ly) fit those obtained at 2.5MA with low gas rate
/low pumping (+ symbols of figure 10).

When the current is further increased to 3.5MAhwguite low gas injection (~2
x10% el./s) and low ELM frequency (~40Hz), the radiafEmiver increases strongly £
Bulk/P~0.4-0.45) and the maximum tungsten peaking inesedsiring the 3-second high
power phase up to ~10. At the same time the cargsten radiation exceeds 0.7MW/m
The maximum of W radiation peaking (and the maximzore radiation) is now observed
only ~100ms after the sawtooth crash600ms). Off-axis ICRH heating (R
Rmag=0.40m), with higher gas injection (~3.5 %1@l./s) and slightly higher ELM frequency
(~50Hz) leads to a strongly peaked tungsten profilth a peaking factor exceeding 10, just
before the sawtooth crash as observed at a plasment of 3MA. The normalized density
and temperature gradient lengths, averaged oveserund, both flatten weakly when going
from 3.0MA to 3.5MA and the Rfle — 0.5R/lye quantity is unchanged (~-1) for the central
ICRH heating scenario. This is roughly consisteithwhe W radiation peaking, averaged
over one second, which increases only from ~2 tdl-5 after the start of the ICRH power.
In the case of the off-axis ICRH, RA— 0.5R/ly¢ ~0 for the two values of plasma current
when the averaged W radiation peaking is ~9 at 34 ~5 at 3.5MA, 2s after the start of
the ICRH power.
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Figure 12 Time traces of 3MA/2.95T discharge 87@86=3.0) with Rz =20MW, Rcrp=4MW, Rc.
Rnag=0.39m, X[H] =7%.

As a conclusion, when the current is increased f2dMA to 3.5MA with gs~3, the
maximum of tungsten peaking increases after 2-8rsc of high power phase {P24-
27MW) with central ICRH heating (fku~4MW), from ~2 to ~10 (~4 at 3MA). At the same
time, core (r/a~0) tungsten radiation increasesnfred.1IMW/n? (nyw~10%) to ~1MW/n?
(nw~10°%). At high plasma current &3-3.5MA), tungsten peaking and core tungsten
radiation are the highest 100-300ms after the saWwtorash and decrease later until the next
sawtooth crash. This increase and decrease oftemgegaking is correlated with fishbone
activity as follows. In the peaking phase, modeth whirping frequency typical of fishbone
activity when the fast ion pressure gradient igdéaaire detected [Breizman 2011]. During the
flattening phase, this fishbone activity gets weakecontinuous frequency (~10kHz) mode,

identified as the (1,1) internal kink , alternatimgth the weak fishbones, grows and
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eventually the fishbone activity vanishes. Thip gaode is typical of a low fast ion pressure
gradient. When the IC resonance is moved out ofjttie surface on the low field side, the
amplitude of the sawtooth activity is reduced, flshbone activity is suppressed, but a
strong (1,1) mode accompanies the strong increfdbeotungsten peaking which now
exceeds 10 very shortly after the start of the Ipigiver phase.

Beneficial effect of ICRH above 3-4MW on tungstesaking is confirmed. However, at
moderate gas injection (1-2X%@l./s), there is a significant increase of theyaian peaking
at high plasma current (Ip=3.0-4.0MAjth respect of the peaking obtained at lower aurre
(Ip=2.5MA)(figure 13).
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Figure 13. Tungsten radiation peaking at variouagoha currents and ICRH powers. Closes symbols
are for low to medium gas rate discharges (1-2%H)./s, open symbols for high gas rate discharges
(2.3-5x10? el./s). Low pumping discharges (see figure 7)iadécated with a circle symbol. Off-axis
ICRH cases (B-Rnag~0.40m) are highlighted. Radiation data ate fluxface averaged and time-

averaged £t=1s).

A flat tungsten profile (peaking ~1.5) can be achgat 3-3.5MA with high ICRH power
(Pcr~5MW) and high gas rate (~3>%0el./s at 3MA, ~4x1% el./s at 3.5MA) at the
expense of the global energy confinement (H98y~0of3hese low triangularity plasmas
[Beurskens 14]. More generally, a rather good d¢atign is found between the tungsten core
radiation and the normalized confinement time (fgu4). At low plasma current (2.5MA),
high H factor (H98y>0.9) is achieved with a tungspeaking lower than 2, even with high
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gas injection. At higher plasma current (3-4MA) ttonfinement is clearly affected by both
the level of gas rate and the effect of tungstasueilation. However for a given gas rate
(see color code of figure 14), the deleteriousaeftd W accumulation can be identified. It
should be noted that in one of these dischargeg,steong tungsten radiation outside of the
r/a=0.5 surface (‘tungsten event’) occurs with aakvencrease of the core radiation
(~0.05MW/n?) and the core tungsten peaking increases from lortty 1.5 only.
Consistently, the Rile — 0.5R/ly¢ factor is kept negative. At a plasma current edcee
2.8MA, the tungsten peaking factor always excead@the H factor is lower than 0.85.
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o 2.5MA 5.5
v 2.8MA
4 3.0MA 5
1 O = 3.5MA
°© 40MA| | 145
0.9f O A
v
> A A 35
o 0.8- A [ |
I
m A
A B
0.7+ - m
m > 3
0.6
0'5 L L L L ]
0 2 4 6 8 10

Pra d—W (r/a=0)/Pra d—W (r/a=0.3)

Figure 14. Normalized energy confinement as a fanaif the tungsten radiation peaking factor for
various plasma currents for discharges with highmping (Rs=2.91m) and low safety factor
(0es=2.9-3.1). The color code is for the gas rate (03°&l./s). Data are averaged on a 1 second time

slice.

4.3 N2-seeded discharges

ICRH was added to discharges/(§-2.7T/2.5MA) where nitrogen was used as a radiator
aiming at reducing the heat load on the divertat @mmproving plasma energy confinement
[Giroud 15]. These discharges have been performt#dtine outer strike point either on the
horizontal plate far from the pumping duciodr=2.75-2.82m) or on the vertical plate with a

higher pumping speed. In the first case, ICRiEK0-4.5MW) is applied 1 second after
22



the NBI start (R=18-23MW) whereas in the second case ICR[r{R0-4MW) is delayed
with respect of NBI (B=18-21MW) by 4 seconds. Central IC heating-{Rmag~-0.07m) is
applied for all pulses. Deuterium and nitrogen gass are in the range of 2.5-7%%0./s
and 1.5-4x18el./s, respectively.

For both plasma scenarios, when no ICRH is appledyng tungsten accumulation
(PR.3~10) occurs with strong density peaking (R/2.5) which leads to a central
temperature collapses (R&0). With ICRH, quasi-stationary discharges areaitatd with
normalized density and temperature gradients dutetical to those obtained in non-seeded
discharges. It results in slightly negative valoéshe R/L, — 0.5R/Ly. parameter for Rru
exceeding 3MW (figure 15-a). Consistently, the &teg peaking factor Bgdecreases from
~7 (peak value) with no ICRH to ~1.7 (averagedwa sawtooth periods) with 4.5MW of
RF power (figure 15-b). The main difference betwdenunseeded and seeded discharges is
related to the fraction of power radiated in theim@lasma. For the unseeded casgs P
Bulk/Py is quite low in NBI-only heated discharges (13%)exceeds 55% for the N2-
seeded case. With 4.5MW of ICRH;sfBulk/Py: is reduced to 30% close to the value
obtained in the unseeded discharge. This ICRH-Hedischarges has an H factor of 0.83,
slightly larger than for the unseeded case (H98§50with quite similar ELM frequency
(50Hz vs. 40Hz).
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Figure 15. a) Normalized gradients R)i#Ptot and Tungsten radiation peaking as a functibthe
ICRH power. R=18-23MW, k,=6-7x10%l./s, R=3-4x10%el./s, early (circles) and late (large
diamonds) after the start of the ICRH power.

Similar results are obtained with the outer styiant on the vertical plate, closer to the
pumping duct and tungsten peaking, averaged os&s8ooth periods, is below 2 when the
ICRH power is exceeding 3.5MW. In this case witghhiCRH power (>3MW), the total
(resp. N2) gas rate was varied between 2.7 andl8%t./s (resp. 1.5 and 3.2x%8l./s).
The mean tungsten peaking in stationary condit{@n3s after the start of the ICRH power,
6-7s after the start of the NBI power) decreasesf+2.7 to ~1.8 with increasing gas rate
(figure 16). At the same time the normalized dgngradient R/l decreases from ~1.2 to
~0.4 and R/|-0.5R/Lye from ~0 to ~-1.5. However the H-factor is foundi® the highest
(Heg,~0.9) for the low gas rate case, thanks to thedsgkLM frequency (and lower ELM

amplitude) providing a lower impurity source.
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indicated for the 4 discharges. b) Time tracestfar low gas rate case (2.7x%8l./s). W Peaking
PFo.3(red line), PFy 5 (blue line) and central W concentration (in MW)rare shown in the lower

part of the figure. NBI starts at t=9seconds.

5.1CRH in JET Hybrid scenario

Experiments with the hybrid scenario (flat q pefiiith g~1) were conducted on JET with
the ILW at })=2.5MA and B=2.9T [Challis 2015]. This scenario allows ICRH the
hydrogen minority heating scheme withedRmag=0.08-0.20m (LFS), depending on the
normalized plasma pressui,) In the reported experiments, the total powenithe 22-
27MW range, the ICRH power in the 2.8-5.0MW rangke gas injection rate is reduced
with respect of the baseline scenario (F=0.9-1.5%l@s) aiming at achieving high
confinement regime (H98y>1). However, with thisrsmeo, the ELM frequency varies in a
wide range: for F=0.9-1.2x3tel./s, the ELM frequency is low (<30Hz) whereas for
F>1.3x1G%l./s, the ELM frequency generally exceeds 70Hhwit evidence of ordering
with the total input power.

The hybrid scenario is characterized by a more geaensity profile the baseline scenario.
This is the generally the result of the lower cdtinality of these plasmas [Angioni 2009,
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Beurskens 14, Challis 15]. More particle fueling the baseline scenario tends also to
increase the density shoulder.

In order to get the required g-profile, the higlweo phase is generally started earlier in the
discharge, typically at t=5.5s for NBl and ICRH whi&BI (resp. ICRH) is started at t=7.s
(resp.7.5s) in the case of the baseline scenasoa Bonsequence of this early timing, the
initial density profile (measured just before oR4 after the start of the high power phase) is
more peaked for discharges in the hybrid scenaaie.cthe normalized density gradient
R/L,, measured 1s after the start of the high powerspph@nd before the tungsten
accumulates), varies between 2 and 3 when it thenl-1.5 range for 3.0-3.5MA baseline
discharges in the same range of total injected p(2e26MW).

When the NBI and ICRH powers are applied, the derssarts peaking 2-2.5s after the start
of this high power phase and tungsten accumulatethe plasma core. The central
temperature decreases but the normalized Te gtadsersometimes maintained high
(R/Lye>4). The resulting RiA.— 0.5R/ly. parameter is positive (figure 17-a). No beneficial
effect of the ICRH power between 3and 5MW on thee gadiation (r/a<0.3) is observed but
the total radiated power in the main plasma deeseatrongly with the additional ICRH
power: R,rBulk/Py: decreases from ~70% to 20% by just increasing @RH power by
2MW (figure 17-b). Tungsten and nickel radiatiomsred-radius, derived from the NiXXIll
line intensity, decrease identically to the totadliation. Although scans of IC resonance
position have shown weak effect (and beneficialjhad parameter when the resonance is
moved away on the LFS from the magnetic centerhentingsten radiation peaking (see
section 3), there is still an uncertainty on thiedf of very central ICRH (r/a<0.1) in the

hybrid scenario.
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Figure 17) Normalized gradients b).pBulk/P.and tungsten radiation peaking as a function of the
ICRH power for two time slices after the start lné high power phase, dt=2-3s (squares), dt=3-4s
(diamonds). B2.9T, |,=2.5MA, R,=22-27MW, F,=1.0-1.5x1G%l./s. Baseline discharges
(2.7T/2.5MA) are indicated with close circles.

In one case, when the start of the high power phease delayed by 0.5ss{=6s) and
slightly more injected gas (1.3x%8l./s), the low initial density peaking is maintihand
even decreases during the high power phase,(Bcreases from 1.6 to 0.7). For this
discharge, the tungsten radiation profile is mam&a hollow with very low radiation in the
core (<0.02MW/m at r/a=0) for 3s. This discharge has chirpingHistes and a 1/1 mode
with increasing amplitude. Similar discharge witrlier timing has a strong 3/2 mode. This
NTM is a strong player in accelerating the impuatycumulation as previously observed
[Hender 16]. However, the good confinement of tw tungsten core radiation discharge
(Hogy~1.1,Bn~1.9) is not sustained beyond dait=3s as the current profile evolves and the

first sawtooth is triggered at tyt=2.5s.

6. Discussion and conclusions.

Modelling of lon Cyclotron Resonance Heating in th@lrogen minority scheme indicates
that both thermal deuterium and electrons are Heat@ET plasmas with a ratio which does
not depart from equipartition by very much aftellismnal redistribution in a wide range of

hydrogen concentration. This is the result of th#eglow RF power density on JET. ICRH
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modelling also indicates that temperature screeffiitogn fast hydrogen ions could be
roughly of the same magnitude than the one proviethe thermal deuterium ions, but the
uncertainty is large due to the dependency on #nvative of the fast ion profile q/tp.
The screening is expected to be more effectivegt lnydrogen concentration, although the
fast ion temperature decreases witmg but experiments do not show a beneficial efééct
high hydrogen concentration on tungsten concentrati the plasma core. That could be the
result of weaker absorption of the wave at highceaitration.

Tungsten radiation in the plasma core, derived fitbm soft X-ray diagnostic, has been
analyzed on a large data base covering the basaamario (=2.5-4.0MA) and the hybrid
scenario (j=2.5MA) with various gas injection rates.

For the baseline scenario, central ICRH is cleatfficient for reducing the tungsten
accumulation in the plasma core. Peaking of thgdten radiation is closely related to the
peaking of the electron temperature peaking irctive (r/a~0.2) and is very likely related to
the ion temperature peaking (see figure 4). Thengtst electron heating (and less peaked
tungsten profile) is provided by setting the ICam&nce right at the center or slightly on the
low field side and the minority concentration l1o2+3%).

Using as a criteria for tungsten accumulation torof W radiation at r/a=0 to
r/a=0.3, spatially flux-surface averaged and teralhpraveraged on a sawtooth period at
least 2.5 seconds after the start of the high p@iase, flat or modestly peaked tungsten
radiation (R.e-W(r/a=0)/RarW(r/a=0.3)<1.8) profiles are achieved with ~5SMWRF power
either at low plasma current,¥2.5MA) or at higher plasma current,¥BMA) but with
higher gas rate. For these H-mode discharges,lti@lgconfinement, which is the result of
a complex combination of central high Z impurityntent in the core and gas injection
acting on the pedestal pressure but also bendfiaalthe tungsten source (by increasing the
ELM frequency), is the highest ¢k1~0.95) only for the 2.5MA discharges.

In the case of discharges carried out in the frafrtee hybrid scenario, with,dky in the 4-
5MW range, strong tungsten accumulation occurg affeseconds. This is correlated with
the high initial peaking of the density inherentttis scenario. When this initial density
peaking is slightly reduced, a very low tungstenaamtration is observed and least peaked
tungsten profile is provided for 3seconds afterdtagt of the high power phase.

Beneficial effect of the fast ion population can $®en from the evolution of tungsten

transport during a sawtooth cycle and the resulfisigbone activity grows in amplitude
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when the tungsten radiation profile flattens (figurl). Similarly, when the IC resonance
position is moved, the tungsten peaking is minimhiaghen the fishbone activity is
maximized (figure 6). However, in the analyzed hybpulses for which neo-classical
inward pinch is strong (resulting from peaked dgngrofile) and/or the tungsten source is
high, fishbones do not always prevent from tungsisumulation.

The tungsten radiation peaking factor is consistatit the parameter RiL-0.5R/Lye which

iIs used as a proxy for the neo-classical convectelocity which may drive impurity
accumulation of heavy impurities, when the poloidalymmetry arising from toroidal
rotation is neglected The amplitude of this par&amist consistent with the W peaking factor
for the various scenarios. In the baseline scenar@n ICRH is applied from the start of
the high power phase, density peaking does notvevny much when the ICRH power is
increased from 3MW to 6MW and the improvement igsea by the increase of the R/T
factor. In the hybrid scenario, the initial nornaakl density gradient RfL, before the high
power phase, is typically 2-3 times larger thanthe baseline scenario case and ICRH
power, up to 5MW, is not efficient to reverse thgnsof the neo-classical transport
parameter (R/L-0.5R/Lte >0). It is striking that by changing slightly thiening of the high
power phase, increasing the gas rate by ~20% anlCRH power by ~10%, the initial R{L

is decreased by only ~10% and the density peakinidpdr decreases steadily during the
discharge to lower values than obtained for mosthef pulses in the baseline scenario
(R/L,~0.7).

JET is preparing the D-T pulses which will be perfed at higher power {235MW).
With the addition of the ILA antenna [Durodié 12ajdafurther optimization of the ICRH
system, 8-9MW could be achievable with a gas ratele1G%l./s. We can expect further
improvement for controlling the tungsten concemrain the plasma core for the baseline
scenario. The effect of ICRH for the hybrid scemasi more speculative, but sensitivity of
the density peaking to the details of the sceneold be an opportunity for the effective

control of tungsten accumulation while keeping geadrgy confinement for 5 seconds.
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