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Abstract. Operation of tokamaks with W PFCs presents spedifiallenges for impurity control. In the
transition from stationary H-mode to L-mode, W gohtmay be particularly demanding due to unfavoleab
core W transport conditions. To assess W transpmitmethods for the mitigation of W core accumatatin

the H-mode termination phase a series of dedicaigtriments have been performed at JET includirg th
variation of the decrease of the power ramp rajas, fuelling and central ICRH, and applying actiseM
control by vertical kicks and pellets. The expernita results obtained demonstrate the key role aihtaining
ELM control with ICRH-assisted heating to contreétW concentration in the exit phase of H-mode# wsibow
(ITER-like) ramp-down of the NBI power in JET. Witht ELM control, W accumulation takes place evethwi
central ICRH (~1 MW). Modelling studies performedmJINTRAC have shown that the existing models may
appropriately reproduce the accumulation of W mtdrmination phase of JET H-modes. The lengtheoiribe
H-mode termination phase by maintaining a low leseNBI heating, which provides sizeable core mheati
sources and peaks the core density profile, redticedaveraged edge particle transport and incoe®génflux
without ELM control, ICRH heating and core W traodpenhancement due to plasma rotation caused Hy NB
were found to be the key to differences in W betsavfound in the experiment.

1. Introduction

Operation of tokamaks with tungsten (W) plasman@ccomponents in the H-mode
confinement regime presents specific challengesardigg the control of the impurity
concentration in the main plasma. Lack of impugtgntrol can lead to the loss of the H-
mode, the radiative collapse of plasmas by W actation and increased disruptivity, which
is detrimental to ITER operation. Control of W inribde plasmas requires, as a first step,
the control of W production and of its transpottoirthe core plasma through the SOL and
edge transport barrier. In addition, even whenctihrecentration of W at the pedestal is kept at
low levels, unfavourable core W transport can leadts uncontrolled accumulation and to
loss of the H-mode due increased radiation. Stegebave been developed in present
experiments to avoid W accumulation in stationatyages of H-mode discharges by
controlled ELM triggering to control the edge W diy and central RF heating to prevent
core accumulation. Such schemes are also expecteddffective in ITER, where strong core
W accumulation is not expected to occur due toldle particle source provided by the 1
MeV negative-NBI injection, which is in agreementiwH-mode experiments with low core
source [1]. On the other hand, the control of Wig@ort can be more challenging during the
confinement transient phases between L-mode andéerand in particular in the transition
from stationary H-mode to L-mode. During this phdke pedestal plasma density and
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temperature decrease as the input power is dedrease this can lead to long-ELM free
phases causing uncontrolled increase of the edgkengity and peaking of the core density
profile, which is favourable for W accumulation. Tavoid this, a frequently followed
approach in present experiments is to cause adfastransition and in this way increase the
W outflux from the core preventing its accumulatiofhis approach is, however, not
applicable to ITER high Q regimes both due to thmpassibility to suddenly stop alpha
heating and because the associated change in plEsengy would lead to direct contact of
the plasma with the inner wall [2] and a slow desee of the plasma energy in H-mode
termination is required, which is prone to W acclatian [3].

In order to address W control issues in the H-ntedaination phase a series of dedicated
experiments have been performed at JET and modeligd JINTRAC [4]. In these
experiments several H-mode termination scenarids wonstant plasma current have been
explored including variation of the decrease of plosver ramp rate, gas fuelling level and
central ICRH heating with and without active ELMntw! by vertical kicks and pellets. The
influence of certain aspects that were found tacheial to explain differences in core W
accumulation behaviour in the H-mode terminatioraggh such as ELM control, NBI
momentum and particle sources and ICRH is highdightind described in detail in
sections 3-6.

2. Simulation conditions

For the analysis of the H-mode termination expenitsefully predictive JINTRAC core
transport simulations (solving transport equatiforsqg, R, B, No, Nse, Nw, Vior) have been
carried out. Neoclassical transport is calculatgdNECLASS [5] including the dominant
correction terms for the consideration of poloidaiymmetry for high Z impurities at high
core rotation from [6], while anomalous transpatmodelled by GLF23 [7] in H-mode
(considering impurity specific anomalous transperedictions) and by the standard
Bohm/gyroBohm model [8] (including an inwards pirtelhm proportional to 0.5-gyg) in L-
mode. Impurity reaction cross-sections are evatlhtie ADAS, with W cooling rates being
calculated from recent ADAS datasets based on A9Jgradual increase of anomalous
transport in the ETB for R:= By - dWi/dt - Rag @approaching Py as described in [2] is taken
into account, applying a factor 0.7 to.Pfrom [10] that is specific for JET ILW discharges
[11]. ELM transport is modelled in a time-averagedy with the continuous ELM model
[12]. The Be and W core influx are feedback comglgainst the experimentalgZand Rag
resp.. Sawtooth reconnections are described byeRarmdel [13].

3. Effect of ELM control on W transport in H-mode termination

The experimental results obtained demonstrate égadde of maintaining ELM control to
avoid core W accumulation in stationary H-mode dfirconsidered scenarios (especially at
low gas puff rates) but even more so in the exdasehof H-modes with slow (ITER-like)
ramp-down of the NBI power in JET, as shown in HigWithout ELM control, the ELM
frequency is reduced, long ELM-free phases may et W accumulation takes place
despite the application of central ICRH heating #W), while a safe H-mode termination
with only modest W core contamination can be redliwith continued ELM control even
without ICRH. The required ELM frequency to avoidadtcumulation can be achieved at JET
through adjustment of the gas fuelling level (ualikto be effective in ITER) or by active
ELM control with pellets or kicks [14] at levels ghs fuelling for which W accumulation
occurs when pellets / kicks are not applied. Thiedascenario provides an integrated solution
regarding the control of W concentration and plagmeargy evolution in the termination of
H-modes that can be readily extrapolated to theesponding phase of 15 MA Q = 10
plasmas in ITER.
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Figure 1. JET H-mode plasma terminations with a slow NBI powamp-down at,l= 2 MA
simulating the slow decrease of the alpha heatmdTER. #90222: high gas fuelling, no kick
application, #90223: low gas fuelling, kick apptica until t = 11 s, #90224: low gas fuelling with
extended kick application until t = 14 s. LefttgAMW), Pcrn (MW), applied gas puff rat€p pu
(2-1G%s) and Ry (MW). Right: Be-Il photon flux near outer divertqa.u.), Wy (blue, MJ).
Terminations without W accumulation (correlatednwirge radiation levels) have been achieved with
high gas puffing levels or by extended active EL&htrol for lower gas fuelling levels.

Modelling results obtained for the H-mode termioatiphase in discharges with and
without continued ELM control by kick applicatio#90224 vs. #90223) suggest that the
reduction in ELM frequency without ELM control migimduce reduced time-averaged edge
particle vs. heat transport due to lower i the ETB in the ELM free phase and possibly
less convective natural ELMs. This would give rteethe formation of increased density
gradients in the ETB and less efficient temperatoeeening. As a consequence, a larger
amount of W is transported to the plasma core,itgatb W accumulation and increased
radiation near the magnetic axis, the appearancéotbw temperature profiles and a
radiative collapse associated with an early H-lnhgigon due to strongly enhanced core
radiation.

A comparison between measured and modelled timmedréor #90224 vs. #90223 is
shown in Figs. 2-5. The variation in the duratidnkitk application in the experiment is
translated in the simulations into a differencetted applied W influx at the separatrix and
reduced time-averaged (ELM induced) particle diffitg in the ETB in the phase without
ELM control in #90223. Otherwise, the two dischargare identical both in terms of
experimental and modelling conditions. Although timae for the appearance of hollow
temperature profiles and for the H-L transition mainbe exactly matched and the core W
concentration seems to be reduced more quickhenekperiment in the L-mode phase for
#90223, the main core plasma properties can reagonell be reproduced for the H-mode
termination phase in the simulations. These ressitengthen the hypothesis that the
probability for core W accumulation might increafe reduced ELM frequency due to
reduced neoclassical screening in the pedestaddiition, they might confirm the general
validity of the model assumptions applied for tmediction of the plasma evolution in the H-
mode termination phase, although dedicated vatidagtudies need to be pursued to make a
firm conclusion.
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Figure 2. Comparison of measured (magenta/cyan) vs. sintuléted/blue) time traces for the
H-mode termination phase in #90224 (magenta/red 480223 (cyan/blue). Left: total energy content
(top) and line-averaged electron density (bottaight: Z (top) and core radiation (bottom).
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Figure 3. Comparison of measured vs. simulated time traceshi® H-mode termination phase in
#90224 and #90223, same colour code as for Figef2. core electron temperature (top, evaluated at
Rmigout = 3.1 m) and edge electron temperature (bottomluated at Rq ot = 3.7 m), right: peaking

factor for electron (solid/dashed) and

ion tempemt (dotted),

evaluated as TfRu =

3.1 M)/T(Ruig.out= 3.75 M) (top) and edge electron density (bottevaluated at Ry oue= 3.75 m).

T, lkev]
by ow s o

T, lkeV]
b e a oo

#90223, #00224

n, [10°%m’

n, [10*m’

#90223, #90224

31 32 33 34
R o0 (M

35 36 37 38 39

w
BN 0o s oo

n, [10*%/m%

n,, [10*m’]
N s o o

uuuuuuu

Figure 4. Comparison of measured vs. simulatedril and ry profiles (from left to right) att = 10 s
(top) and t = 12.75 s (bottom) in #90224 and #902B8sidering a time shift for the modelled data to
match experimental H-L transition times, same cotmde as for Fig. 2.
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Figure 5. Simulated time traces for the H-mode terminatibage in #90224 (red) and #90223 (blue).
Left: Py (solid) vs. Py (dashed), right: W density peaking factQrdnwpes W density on axis and
net (smoothed) W core influx.

4. Effect of NBI momentum sources on W transport in H-mode ter mination

As mentioned in section 1, a prolonged heatingrseheeeds to be foreseen in the H-mode
termination phase for extrapolation to ITER. In theT experiments presented here, the
auxiliary heating is mainly provided by NBI, whieghassociated with particle and momentum
sources. Both sources have a significant impadtVamansport, which may deserve separate
investigation in view of extrapolation to ITER, tiese sources may be important at JET but
only marginal in ITER.
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Figure 6. Simulated time traces for the H-mode terminatioagghin #90223. From top to bottom:

W density peaking factoryu/nwpes W density on axis and W density in the outer gegon 0Onom

= 0.8). Left: comparison of results obtained withug) and without (green) consideration of rotation

driven poloidal asymmetry in W distribution affexdi neoclassical W transport, right: comparison of

results with anomalous core W transport beingieidify reduced by 100% (red), 50% (green) and

0% (blue).

As described in [15], neoclassical transport enbdnay poloidal asymmetries can be a
crucial mechanism responsible for tungsten accumoulain the central core region of
plasmas at high rotation. For the H-mode termimaiio#90223, this is confirmed by a test
simulation in which the neoclassical W transpos haen calculated assuming that there is no
rotation driven poloidal asymmetry in W distributidi.e. neglecting the correction terms
from [6]). As shown in Fig. 6 (left), W core acculation can be avoided in that case. One
can thus conclude that the toroidal rotation preduby NBI indeed seems to play an
essential role providing enhanced unfavourable idevairected neoclassical transport in the
central region where maximum rotation values arbiea®d, while outer regions with
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favourable outwards directed convective neoclaksiaasport due to temperature screening
are only marginally affected, as rotation is lowthe periphery.

In addition to neoclassical W transport, the netetiaveraged anomalous W transport to
the core also seems to be critical for core W acdation though as shown in Fig. 6 (right),
where simulations with and without artificially ieted anomalous core W transport are
compared. If [y and \y are reduced by >~ 50%, W does not accumulate theamagnetic
axis in #90223 despite rotation driven neoclassresisport enhancement.

5. Effect of NBI particle sourceson W transport in H-mode ter mination

In addition to the momentum source, the particlere® associated with NBI heating may
also affect core W transport. It increases the dersity gradient leading to a more inwards
directed neoclassical convective W velocity. Th@amance of this effect has been assessed
for the H-mode termination phase in #90223 by campa of JINTRAC simulations with
and without artificial removal of the NBI partickource as illustrated in Fig. 7. In line with
previous findings for the stationary phases of d/Bcenarios [16], it is shown that the NBI
particle source needs to be considered as an iamgodonstituent in the mechanism
responsible for core W accumulation in JET ILW Hesges.

For ITER, these results together with those from phevious sections may indicate that
the risk of W accumulation in the H-mode terminatghase with extended heating may be
less severe compared to direct extrapolations fi&m experiments due to low relative NBI
momentum and particle sources which would lead tedaiction in neoclassical W transport
to the core.

1 13 14 15 16
Time [s] Time [s]

Figure 7. Simulated time traces for the H-mode terminatioagehin #90223. Comparison of results
with (black) and without (blue) artificially remodeNBI particle source. Left: D density peaking
factor np a/Np pes iON temperature peaking factordTipeq line-averaged total convective W velocity
in the core region. Right: W density peaking factos./nw s W density on axis and W density in the
outer core regionpform = 0.8).

6. Effect of ICRH on W transport in H-mode ter mination

Although measurement results clearly indicate tbate W contamination control is
significantly improved with ICRH-assisted auxiliaheating especially in the late H-mode
termination phase (where a pronounced increaseome temperature gradients can be
observed), it was not possible to prevent W accatiar with ICRH without the active ELM
control, as the ICRH power available for this expent was ~1-2 MW due to limitations in
ICRH power coupling efficiency in ELMy condition€Compared to NBI heating, the
influence of ICRH in these discharges has therefm@en modest. To test the effect of
enhanced ICRH heating on W transport, simulati@mstie H-mode termination in #90223
have been repeated with artificially varied ICRHvgo. Results are presented in Fig. 8. The
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simulations confirm that neoclassical core W tramsproperties may be improved even for a
small increase in ICRH power of ~1-2 MW due to duaion in core ion density vs. ion

temperature gradients as described in [15,16],eMAll transport conditions deteriorate and
core W accumulation takes place at an earlier stagle reduced ICRH heating. The

modelling results suggest that it may be possibledsure core W contamination control
without ELM control at higher levels of ICRH poweompared to those applied in the
experiment. Compared to NBI heating, ICRH may delfabe advantageous for the

avoidance of core W accumulation due to the abs@fceore particle and momentum

sources.
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Figure 8. Simulated time traces for the H-mode terminatioagghin #90223. Scan in appliedds:
~1 MW (green), ~1.9 MW (blue, experimental value}, MW (red). Left: peaking factors;a/Np peq
and T./Tipes line-averaged total convective W velocity in tteee region. Right: W density peaking
factor ny,a/Nw,pes W density on axis and W density in the outer segton Pnom = 0.8).

7. Effect of continued heating in H-mode termination phase

Two JET discharges without ELM control and diffdr&eating schemes for the H-mode
termination phase (#84714 vs. #84716), one with eahiate removal of NBI heating and the
other with a more gradual reduction, have beenetuas well with IINTRAC. A comparison
between measurement data and simulation resudt®isn in Fig. 9.
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Figure9. Two JET H-mode plasma terminations with a difféfdg ramp-down waveform leading to
a fast H-L transition (#84714, magenta/red) ana fong low confinement H-mode before the H-L
transition (#84716, cyan/blue). W accumulationasrfd in #84716. Measured (magenta/cyan) vs.
simulated (red/blue) time traces are shown f@;, V., the line-averaged electron density and the D
signal (left, from top to bottom) as well as foetklectron density on axis, the W peaking factor
Nw.ad Nw(Prorm = 0.7) and the W density on axis (right, from togbottom).
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Again, satisfactory agreement is obtained, dematisyy the adequacy of the selected
model assumptions for the description of the timelwion of plasma properties in the H-
mode termination phase. The lengthening of the Kenermination phase by maintaining a
low level of NBI heating without ICRH, which prowad an extended phase at low or zero
ELM frequency at sizeable core particle and monmmargources is the key to the different W
behaviour found in the experiment as describetierprevious sections.

Conclusions and outlook

Dedicated experiments have been performed at JEfhdoassessment of W transport and
possible schemes for the mitigation of W core aadation in the H-mode termination phase
including (amongst others) scans in auxiliary heptschemes and active ELM control
methods. It could be demonstrated that the maintenaf ELM control with ICRH-assisted
heating may be crucial for the control of the W @amtration in the exit phase of H-modes
with slow (ITER-like) ramp-down of the NBI power JET. This may imply that active ELM
control may also need to be foreseen for the H-ntedrination phase in ITER, although W
core transport properties may be more favouraldestdue to the absence of significant NBI
momentum and particle sources.

Modelling of experimental results carried out wWitHNTRAC has highlighted the
importance of certain aspects such as the effeet.bf control on particle transport and edge
temperature screening, NBI momentum and particleces and ICRH-assisted heating for
the explanation of observed differences in core Mahdport properties in the H-mode
termination phase. In addition, it has shown thest éxisting core transport models may
appropriately reproduce the plasma evolution inega@inand the accumulation of W in
particular in the termination phase of JET H-modHse model assumptions may thus be
adequate for the prediction of the W transport beha in the H-mode termination phase in
ITER as presented in [2,17]. More detailed modglimvestigations involving SOL transport
are currently being pursued as a follow-up study.

Disclaimer: ITER is the Nuclear Facility INB no. 4.7The views and opinions expressed
herein do not necessarily reflect those of the IT&Banization. This work has been carried
out within the framework of the EUROfusion Consortiand has received funding from the
Euratom research and training programme 2014-20b8en grant agreement No 633053.
The views and opinions expressed herein do notseadéy reflect those of the European
Commission.
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