N

(( M EUROfusion

/
\

EUROFUSION WPJET1-CP(16) 15005

M Goniche et al.

lon Cyclotron Resonance Heating for
tungsten control in various JET H-mode
scenarios

Preprint of Paper to be submitted for publication in
Proceedings of 26th IAEA Fusion Energy Conference

This work has been carried out within the framework of the EUROfusion Con-
sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked




1 EX/P6-16

lon Cyclotron Resonance Heating for tungsten control in JET H-
mode scenarios

M.Goniché, R.J.Dumont V.BobkoV?, P.Buratti, S.Brezinsek C.Challis, L.Colas,
A.Czarneck P.Drewelow, N.Fedorczak J.Garcia, C.Giroud, M.Graham, J.P.Graves,
J.Hobirk, P.Jacquét E.Lerch& P.Manticd, I.MonakhoV, P.Monier-Garbét M.F.F. Navé®,
C.Noble, I.Nuneg®, T.Putterich, F.Rimin?, M.Sertol?, M.Valisa?!, D. Van Eestérand JET
Contributors*

EUROfusion Consortium, JET, Culham Science CeAtsesygdon, OX14 3DB, UK

'CEA, IRFM, F-13108 Saint-Paul-lez-Durance, France.

“Max-Planck-Institut fiir Plasmaphysik, Boltzmann&{r85748 Garching, Germany

3ENEA, C.R. Frascati, Via E. Fermi 45 00044 Fras¢giM), Italy

4Forschungszentrum Jilich GmbH, 52425 Jilich, Gegman

®CCFE, Culham Science Centre, Abingdon, OX14 3DB, UK

SIPPLM, Hery 23, 01-497 Warsaw, Poland

"Ecole Polytechnique Fédérale de Lausanne (EPFL)51Gusanne, Switzerland
81LPP-ERM/KMS, EUROfusion Consortium Member - Teilat Euregio Cluster, Brussels, Belgium
%Istituto di Fisica del Plasma ‘P.Caldirola’, Consig Nazionale delle Ricerche, Milano, Italy
YInstituto de Plasmas e Fus&o Nuclear, IST, Unidae de Lisboa, Portugal

YConsorzio RFX, Consiglio Nazionale delle Ricerd¢redova, Italy

* See the author list of ‘Overview of the JET résiuh support to ITER’ by X. Litaudon et al.
to be published in Nuclear Fusion Special issueraew and summary reports from the 26th
Fusion Energy Conference (Kyoto, Japan, 17-22 Gut@016

e-mail contact of main authomarc.goniche@cea.fr

Abstract. lon Cyclotron Resonance Heating (ICRH) in the hgdm minority scheme provides central ion
heating and acts favorably on the core tungsterspart. Full wave modeling shows that, at mediunvgrdevel
(4MW), after collisional redistribution, the ratiof power transferred to the electrons in the cafa<Q.25)
decreases by ~40% when the minority (hydrogen) eatnation p/n, increases from 3% to 10%. At the same
time, the high-Z impurity screening provided by fhst ions temperature increases by a factor ~2.

The power radiated by tungsten in the core of BB H-mode discharges has been analyzed on a latgbabke
covering the 2013-2014 campaign. In the baselimmato with moderate plasma current=08.5MA) ICRH
modifies efficiently tungsten transport to avoisl #ccumulation in the plasma centre and, whenGRHI power

is increased, the tungsten radiation peaking egohgepredicted by the neo-classical theory. At drghurrent
(3-4MA), tungsten accumulation can be only avoiséth 5SMW of ICRH power with high gas injection rate
For discharges in the hybrid scenario, the stramial peaking of the density leads to strong ttegs
accumulation.. MHD activity plays a key role in gsten transport and modulation of the tungstenatiafi
during a sawtooth cycle is often correlated toftblgbone activity triggered by the fast ion pressgradient

1. Introduction

In order to prepare the ITER plasma scenariosdibertor and first wall of the JET
tokamak has been changed in 2011. The main chapiEna 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 perémce if this impurity concentration in
the core is too high. Neoclassical theory predacisnward pinch leading to an accumulation
of high Z impurities in the very core of the plasriréa<0.2). Moreover, strong plasma
rotation occurs in neutral beam heated plasmaghancesulting centrifugal force is the cause
of poloidal asymmetry enhancing the radiation anltw field side of the plasma [1,2].



2 EX/P6-16

This deleterious effect is mitigated by temperatseeeening and the sign of convection can
be reversed when the ion temperature gradientfigisatly large with respect of the ion
density gradient. Under some assumptions [1,2],wtihe poloidal asymmetries are not
considered the tungsten flux can be expressed as

Fw ~ nTivinZw(R/Ln — 0.5R/L5i) ~ nTi Y2Zw(R/Ly — 0.5R/Ly)

where Ly is the inverse of the logarithmic gradient d[loyj(dR. However these poloidal
asymmetries, arising from the centrifugal forces anportant for heavy impurities and an
additional term with a positive sign (inward fluxas to be added fow.

lon cyclotron resonance heating (ICRH) can berdficiaffect the tungsten transport for
several reasons. Firstly a large part of wave gneag be transferred to the bulk ions either
by Coulomb collisions with the fast minority ions loy direct damping on the majority ions
[3,4]. Secondly, the fast ion tail, characterized btemperature {J can contribute to the
impurity screening [2] as the screening scalesi88"/(R/Lt) and very local deposition of
ICRH leads to normalized gradient R/Lwhich can exceed 5. Thirdly, the poloidal
asymmetry of tungsten radiation, due to the cergaf force in strongly rotating plasmas with
NBI heating, is reduced by the temperature anipgtd the minority species [5]. In addition
to the neo-classical effects, turbulent transpar be enhanced by core electron heating
provided by ICRH waves. Finally, MHD activity andrgicularly core (1,1) modes can allow
a flushing of the tungsten from the core of thekizssge [6].

The drawback of using ICRH in metallic environmentelated to enhanced high Z material
sputtering arising from ions accelerated by the m@€tified potential [7, 8]. Therefore the
main issue when using ICRH is whether or not theebeial effect on high Z impurities
transport overcomes the detrimental increase dfuihgsten source.

In this paper, tungsten radiation from ICRH-heghabmas (Rry<6MW) is analyzed on a
large database covering the JET baseline scendhagplasma current in the 2.5-4MA range
(Bt=2.7-3.8T) and the hybrid scenario at 2.5MA (BST).

Radiation and concentration of tungsten in the cdrthe discharge are derived from the soft
X-ray (SXR) diagnostic, providing a poloidal maptb&se quantities [9]. For the calculation
of the radiated power and tungsten concentratiois, assumed that all the radiation is only
from tungsten. From the poloidal asymmetry of tRSadiation, the toroidal rotation was
calculated and compared to the measurements fr@amcltlarge exchange spectroscopy
diagnostic. A very good agreement was found focldisges performed from the beginning to
the end of the 2014 campaign and we conclude igfatel metal impurities (Mo and Ni) do
not contribute significantly to the SXR radiatiam the plasma core (r/a<0.5). As a rule of
thumb a power volume density of 0.1MW/prresponds to a tungsten concentration df 10
which is usually considered as the upper limit tmntain high performance. In the following
of this paper we define the tungsten peaking fastolefined as the ratio of the flux surface-
averaged radiation power densitieg RBFPa+-W(r/a=0)/ Rag W(r/a=0.3).

The ion temperature in the very core of the disghafr/a<0.3) is not measured for the
discharges analyzed here and the following proxy lva used for the tungsten flux in the
corel'w ~ R/Lhe— 0.5R/Lyc that is to sayrknne and T=krTe.

2. Modelling of the | CRH damping and temper atur e screening by thefast ions

In order to investigate the mechanism of ICRH podegrosition when the hydrogen minority
concentration gne is varied, the EVE/AQL code [4] was run for a higbwer discharge
(Pnei=24MW, Rcrp=4MW) with ny/ne varying between 0.25% and 15% while keeping the
electron and bulk ion temperature profile identiC&a(0)=7.5keV and [0)=7.5 keV). When
the minority concentration is increased, wave eyndag]transferred from the deuterium
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(majority 2'% harmonic heating scheme) to the hydrogen (minatityharmonic heating
scheme) whereas the fraction damped directly orelibetrons does not vary much. The fast
ion tail does not extend beyond the normalizedusdia=0.35 and the hydrogen temperature
out of this limit is the temperature of the backgrd ions. The temperature anisotropy
Toerd Ty also decreases from 4.5 at low concentratigingrl%) to 1.2 at high concentration
(Nu/Ne=15%).
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FIG. 1 a) Fraction of RF power transferred to tHeatrons and ions after collisional redistribution.
Pne=24MW, Rcri=4MW. b) Temperature screening factdf normalized to the case of a pure D
plasma/+, for fast H and thermal D ions.

Collisional redistribution of the absorbed powetthe D ions increases whep/n. increases
from 4% to 12% and then levels off for larger carication. This mostly results from the
increasing thermal contribution to the total hydrgon energy as the minority concentration
increases. As a consequence, the total power aabdrp the electrons in the core plasma
(r/a<0.25) decreases from 1.6MW (40% of the towaver) to 1.0MW (25% of the total
power) when the H concentration is increased frén t8 10% (Figure 1a). Experiments
carried out with hydrogen minority concentratiomyiag between 2% and 23% [10, 11] show
that when p/ne is increased from 2% to 15%, the central edectemperature decreases by
20% when the ion temperature, deduced from theromsitrate, decreases by only 12%,
indicating a relative increase of the power dampedthe deuterium ions at high H
concentration but this power does not increase thih concentration as a result of weaker
absorption of the wave. In the experiments, the grofsraction going to the electrons is
significantly more important than expected from mibidg at low concentration (ine=2-
3%). This could be the result of the additionat#&len heating provided by the fast deuterium
population which is not taken into account in tinedelling. The observed slight increase of
W peaking when the minority concentration is insezhis therefore qualitatively correlated
to the decrease of electron and ion temperatures.

From the modelled fast ion temperature profile, teeperature screening factofTn
Y2(RIL+) was computed and compared to the temperaturersore factor provided by the
thermal deuterium ions. This screening factor ismfibto be the highest at r/a~0.28 for the low
range of hydrogen concentration (3%#m<10%) and the maximum moves inwards for
higher concentrations (figure 1-b). For the usuates of ICRH with wne <10%, the
screening provided by the fast H ions is much lo(@eteast a factor 3) than that provided by
the thermal D ions. The screening by fast ionstaedmal ions, with g/ne=9%, was found of
the same order in a previous work [2]. Taking iafount, the large uncertainty on the
temperature gradient ¢d@iR for the calculation of the screening factoe #treening factor
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has an error bar of at leasB0% but surely this factor increases with/ne although the
temperature of the fast ions sharply decreases.eMeny experimentally the peaking of
tungsten concentration is observed to be the lofeesty/n-~2% when the screening factor
by the fast ions is the lowest and we concludegsbegening of W by the ICRH fast ions plays
a minor role in these experiments.

3.1CRH in JET Baseline scenario

3.1 Medium plasma current experiments

ICRH power varying between 0 and 6MW was couple@.@@/2.5MA discharges with total
power close to 20MW at a frequency of 42.5MHz pdawy central heating with the IC
resonance layer located about 5cm from the magariscon the high field side in most cases.
The first series was performed with the outer stploint on the tile 5 of the bottom divertor
(Rosp~2.73m) and gas rate in the range of 0.9-1.2%&l0's . This allows to be well above the
L-H transition and to get type | ELMs with frequé&xin the 30-45 Hz range. For the same
total power (19-20MW), when the ICRH power is iresed from 0 to 6MW, a strong
decrease of the tungsten radiation in the very @dae0) from 0.2MW/mi to 0.07MW/nT is
observed and the W radiation peaking decreasesspandingly from ~10 to ~1.6.(Fig. 2-a).
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FIG. 2 a) Tungsten peaking. b) Asymmetry of the &Xation in the mid-plane at r/a=0.3. Data
collected at least 2seconds after the start othilge power phase

The LFS/HFS asymmetry of the SXR radiation can stemated from the ratio of the raw
signals given by the lines of sight tangent to $amme magnetic surface (r/a=0.3) (Fig. 2-b).
This asymmetry decreases from 3.5-¢gR=0) to 1.8 (Rry~4.5MW) for the low gas rate
case. This effect could the result of the reducedidal rotation when adding ICRH (the NBI
power is reduced by 20-30% to keep the total pawestant) but the impact of ICRH on the
asymmetry is too strong to be only caused by tlamgé of toroidal rotation and the stronger
temperature anisotropy of the hydrogen when theHG® increased is also the cause of
reduced radiation asymmetry. As an effect of tlaeiced contamination of the plasma core by
high-Z impurities, the energy confinement, evalddtem the Hgy »factor, slightly increases
from ~0.72 to ~0.77, when correction for the ICR&ktfion contribution to the plasma
diamagnetic energy was applied. At low gas rate 5007 el./s), the ELM frequency
decreases to 15-20Hz and the core tungsten radistgoeases strongly. However the SXR
radiation asymmetry decreases linearly with poweomf ~4 (R.ry=0) to ~1.8
(Picrv=4.6MW). When the outer strike point is moved ctoge the pumping duct
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(Rosp-2.92m), with higher gas dosing (1.7%¥i@l./s), high ELM frequency (~100Hz) is
combined with low radiation (RPwor~20%, R W(0)~0.06MW/nf) and similar confinement
(Hes,~0.85) to that of the low gas dosing case with ppunping (Rsp~2.75m) is obtained.

For all gas dosing and pumping cases, the norntalizgarithmic gradient of the electron
temperature R (dJdR)/Te=R/Lte, increases from ~2 to ~5 when the ICRH power ases
from 0 to 6MW). The equivalent quantity for the dim, R/L,, decreases with the ICRH
power from ~1.5 to ~0.5 for the low pumping casethe case of high pumping and high gas
dosing, the central density is significantly low@e(0)~6x13° m®) compared to the low
pumping case (0)~7x103° m™) with 4MW of ICRH power and the normalized loghritic
gradient is higher (R{=2).

The tungsten radiation peaking was estimated ftarge data base including pulses with
various Ry (15-20MW), Rcru (0-6MW), minority hydrogen concentration X[H] (2“2). A
good correlation between R{l— 0.5R/lyeand the tungsten peaking which is varying between
1 and 14 (Fig. 3) is found. The beneficial effett@RH on the gradients is clearly observed
and the sign of convection is inverted from inwaydutward for an ICRH power exceeding
3MW for most cases.

However, a significant difference is Picrr(MW)
observed between low gas rate/low [
pumping pulses (+ symbols of Fig. 3) and
high gas rate/high pumping pulses (x
symbols): although they have almost the
same R/ke — 0.5R/lye value, higher
peaking of the tungsten radiation is
observed for the low gas rate puldesthat
case we may expect a net higher tungsten oPe
influx from the edge resulting from the QB
lower ELM frequency [12] but also 3 ‘* x 0
possibly from the higher RF rectified O35 4 05 o o5 °
sheath, caused by the higher antenna RIL - 0.5RIL_ (/a=0.2)

electric field (the antenna coupling  FIG.3. Tungsten radiation peaking (from SXR
resistance is lower by 20-25% in this case) measurements) as a function of R/IL-
[13, 14]. Consistently, the core tungsten 0.5R/l.. Low gas rate/low pumping (+) and
radiation is about 10 times higher when high gas rate/high pumping (x) cases are
compared to the high gas rate cases. highlighted
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3.2High 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 4.0MWe keeping ¢ close to 3 (B=2.7-
3.7T) [15]. The outer strike point was close to fhenping duct (Bsp-2.92m) and the gas
injection rate was increased with respect of theefoplasma experiments (2-5%1l./s).
The total power was varied between 15MW and 30MW e ICRH power was in the 2-
5MW range. The position of the IC resonance lagecanstrained by the scenario and the
available bands of frequency of the ICRH generatassa consequence the position of the IC
resonance layer was varied such as@g,ag<0.40m.

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, 3 sesocafter the start of the ICRH power
(Pcre=4.5MW). The W radiation peaking reaches a maximt#@0ms before the sawtooth
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crash and then decays, this change in charactecidoig with a change in MHD activity
[16]. The peaking phase is accompanied by two ieddent (1,1) modes: low amplitude,
fast-cycling (< 5 ms) fishbones (chirping in freqog range 11-17 kHz) and a lower
frequency (~9 kHz) bursting (1,1) mode. In the sec@hase when the radiation profile
flattens, the lower frequency, bursting mode hasppeared, while the fishbones have gained
strength and their cycles are much slower (> 10ms).

a) JET #87023 b) JET # 87380
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FIG. 4. Time traces of 3MA/2.9T discharge @).R.0.10m, X[H] =5%) b) Rc.Rnag0.39m, X[H]
=7%.

When the IC resonance is moved out of the g=1 serfBc-Rmag=0.39m), although
the gas rate is strongly increased (~5%M./s) and maintaining the same ELM frequency
(~100Hz), peaking of the tungsten radiation incega® very high values (10-20) until the
sawtooth crashes (Fig.4-b). No fishbone activitydetected in that case. For these two
discharges the R/iL— 0.5R/lye parameter is lower for central heating (~-1) thanthe off-
axis heating (~0) when the average tungsten peakiregaged over 1s, varies between 2 and
3 for the first case and 6 and 7 for the second ®hese data (peaking vs Rél= 0.5R/ly¢)
fit those obtained at 2.5MA with low gas rate /lpumping (+ symbols of Fig.3).

When the current is further increased to 3.5MA vgjthite low gas injection (~2 x¥Pel./s)
and low ELM frequency (~40Hz), the maximum tungsperaking increases during the 3-
second high power phase up to ~10. The maximum o&dation peaking is now observed
only ~100ms after the sawtooth crasii4600ms) with central hating. The R{l= 0.5R/lye
quantity is unchanged (~-1). This is roughly cotesis with the W radiation peaking, which
increases only from ~2 (2.5MA) to ~3 (3MA), 1.54eafthe start of the ICRH power.
Beneficial effect of ICRH above 3-4MW on tungstezaking is confirmed (Fig.5). However,
at moderate gas injection (1-2%¥%@l./s, closed symbols), there is a significantéase of the
tungsten peaking at high plasma currept310-4.0MA)with respect of the peaking obtained
at lower current (F2.5MA).

A rather flat tungsten profile (peaking ~1.5) cam drhieved at 3-3.5MA with high ICRH
power (Rcri~5MW) and high gas rate (~3>%Cel./s at 3MA, ~4x1% el./s at 3.5MA, open
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symbols) at the expense of the global energy cenfent (Hs~0.75) of these low
triangularity plasmas.

Gas
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FIG. 5. Tungsten radiation peaking versus FIG. 6. Normalized gradients and Tungsten
ICRH powers. Data, averaged on 1s, are taken radiation peaking for two time slices dt after
2s after the start of the high power phase. the start of the high power phase.

4.1CRH in JET Hybrid scenario

Experiments with the hybrid scenario (flat q prefwith g~1) were conducted on JET with
the ILW at ,)=2.5MA and B=2.9T [17]. This scenario allows ICRH in the hydeagminority
heating scheme with [BRmag~0.08-0.20m (LFS), depending on the normalized rpéas
pressure. In the reported experiments, the totalepas in the 22-27MW range, the ICRH
power in the 2.8-5.0MW range. The gas injectiore ré.9-1.5x18%el./s) is reduced with
respect of the baseline scenario aiming at achgeliigh confinement regime ¢gj>1). The
hybrid scenario is characterized by a more pealeedity profile the baseline scenario. This
is the generally the result of the lower collisitityeof these plasmas [18, 17]. In order to get
the required g-profile, the high power phase isegally started earlier in the discharge,
typically at t=5.5s for NBI and ICRH when NBI (red@RH) is started at t=7.s (resp.7.5s) in
the case of the baseline scenario. For these dgehahe normalized density gradient R/L
measured 1s after the start of the high power phases between 2 and 3 when it is in the 1-
1.5 range for 3.0-3.5MA baseline discharges indamme range of total injected power (20-
26MW).

When the NBI and ICRH powers are applied, the dgrssarts peaking 2-2.5s after the start
of this high power phase and tungsten accumulateshé plasma core. The central
temperature decreases but the normalized gifadient is sometimes maintained high
(R/Lte>4). The resulting RA-— 0.5R/lye parameter is positive (Fig.6). No beneficial effet
the ICRH power between 3and 5SMW on the core ramhafr/a<0.3) is observed. Although
scans of IC resonance position have shown weak bengficial) effect of this parameter
when the resonance is moved away on the LFS framntagnetic center on the tungsten
radiation peaking, there is still an uncertaintytba effect of very central ICRH (r/a<0.1) in
the hybrid scenario.

In one case, when the start of the high power phasedelayed by 0.5s{&=6s) and slightly
more injected gas (1.3x%l./s), the low initial density peaking is main@ihand even
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decreases during the high power phase {RAcreases from 1.6 to 0.7). For this discharge,
the tungsten radiation profile is maintained hollevith very low radiation in the core
(<0.02MW/n? at r/a=0) for 3s. A similar discharge with earliining has a strong 3/2 mode.
This NTM is a strong player in accelerating the umty accumulation as previously observed
[6]. However, the good confinement of the low tuegscore radiation discharge ggjt1.1,
Bn~1.9) is not sustained beyonddat=3s as the current profile evolves and the fiastteoth

is triggered at t-st;,=2.5s.

5. Conclusions.

Modelling of lon Cyclotron Resonance Heating in thagrogen minority scheme indicates
that the ion heating of the plasma core (r/a<0i@B)eases significantly (+50%) when the
hydrogen concentration increases to the 10-15%erangd, at the same time, the temperature
screening from fast ions increases. However thesefitial effects of high gine are very
likely impeded by the weaker absorption of the watvkigh concentration.

Central ICRH in the 4-6 MW range has clearly bemafieffect on tungsten transport in the
baseline scenario, but at high plasma current higbleH power is required to access to very
low W peaking factor (Pfz<1.5). In the hybrid scenario, although very lowcdhcentration

in the core has been achieved in a unique puls&dpthe efficiency of higher power (7-
8MW) for avoiding tungsten accumulation is stillegtionable.
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