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Abstract. Tokamak operation with W PFCs is associated with specific challenges for impurity control, which
may be particularly demanding in the transition from stationary H-mode to L-mode. To address W control issues
in this phase, dedicated experiments have been performed at JET including the variation of the decrease of the
power and current, gas fuelling and central 1on Cyclotron Heating (ICRH), and applying active ELM control by
vertical kicks. The experimental results obtained demonstrate the key role of maintaining ELM control to control
the W concentration in the exit phase of H-modes with slow (ITER-like) ramp-down of the Neutra Beam
Injection (NBI) power in JET.

For these experiments, integrated fully predictive core+edge+SOL transport modelling studies applying discrete
models for the description of transients such as sawteeth and ELMs have been performed for the first time with
the INTRAC suite of codes for the entire transition from stationary H-mode until the time when the plasma
would return to L-mode focusing on the W transport behaviour. Simulations have shown that the existing models
can appropriately reproduce the plasma profile evolution in the core, edge and SOL as well as W accumulation
trends in the termination phase of JET H-mode discharges as function of the applied ICRH and ELM control
schemes, substantiating the ambivalent effect of ELMs on W sputtering on one side and on edge transport
affecting core W accumulation on the other side. The sensitivity with respect to NB particle and momentum
sources has also been analysed and their impact on neoclassical W transport has been found to be crucia to
reproduce the observed W accumulation characteristicsin JET discharges.

In this paper the results of the JET experiments, the comparison with INTRAC modelling and the adequacy of
the models to reproduce the experimental results are described and conclusions are drawn regarding the
applicability of these models for the extrapolation of the applied W accumulation control techniquesto ITER.

1. Introduction

Operation of tokamaks with tungsten (W) plasma facing components (PFCs) in the H-
mode confinement regime presents specific challenges regarding the control of the impurity
concentration in the main plasma. Lack of impurity control can lead to the loss of the H-
mode, the radiative collapse of plasmas by W accumulation and increased disruptivity (cf. [de
la Luna 2017]), which is detrimental to ITER operation. Control of W in H-mode plasmas
requires, as afirst step, the control of W production and of its transport into the core plasma
through the SOL and edge transport barrier. In addition, even when the concentration of W at
the pedestal is kept at low levels, unfavourable core W transport can lead to its uncontrolled
accumulation and to loss of the H-mode due to increased radiation. Strategies have been
developed in present experiments to avoid W accumulation in stationary phases of H-mode
discharges by controlled ELM triggering to control the edge W density and central RF heating
to prevent core accumulation. Such schemes are also expected to be effective in ITER, where
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strong core W accumulation is not expected to occur due to the low particle source provided
by the 1 MeV negative-NBI injection, which is in agreement with H-mode experiments with
low core source [Loarte PoP 2015]. On the other hand, the control of W transport can be more
challenging during the confinement transient phases between L-mode and H-mode and in
particular in the transition from stationary H-mode to L-mode. During this phase the pedestal
plasma density and temperature decrease as the input power is decreased and this can lead to
reduced ELM frequencies and extended intermittent ELM-free phases causing uncontrolled
increase of the edge W density and peaking of the core density profile, which is favourable for
W accumulation. To avoid this, a frequently followed approach in present experiments is to
cause afast H-L transition and in this way increase the W outflux from the core preventing its
accumulation. This approach is, however, not applicable to ITER high Q regimes both due to
the impossibility to suddenly stop apha heating and because the associated change in plasma
energy would lead to direct contact of the plasma with the inner wall [Loarte NF 2014]. In
addition, a slow decrease of the plasma energy in the H-mode termination phase is required to
avoid excessive transient heat fluxes that may reduce the life-time of the PFCs. A slow
transition to L-mode in ITER can, however, be prone to W accumulation [Loarte EPS 2015].

In order to address W control issues in the H-mode termination phase, a series of dedicated
experiments have been performed at JET and modelled with the JINTRAC suite of codes
[Romanelli PRF 2014]. In these experiments several H-mode termination scenarios with
constant plasma current have been explored including the variation of the decrease of the
power ramp rate, gas fuelling level and central ICRH heating with and without active ELM
control. The required ELM frequency to avoid W accumulation can be achieved at JET
through adjustment of the gas fuelling level (unlikely to be effective in ITER) or by active
ELM control with pellets or kicks (fast vertical plasma motion at an adjustable frequency) [de
la Luna NF 2016] at levels of gas fuelling for which W accumulation occurs when pellets /
kicks are not applied. The latter scenario might provide an integrated solution regarding the
control of W concentration and plasma energy evolution in the termination of H-modes that
could be readily extrapolated to the corresponding phase of 15 MA Q = 10 plasmasin ITER.

The influence of certain aspects that were found to have a significant impact on the core W
accumulation behaviour in the H-mode termination phase in the experiment and in previous
modelling studies such as ELM control, NBI momentum and particle sources and ICRH have
been anaysed by means of integrated modelling attempts with JINTRAC. ELM control in
particular has been identified to be crucia for the mitigation or prevention of core W
accumulation in the H-mode termination phase in JET discharges in the modelling. There is
ample experimental evidence of the beneficia impact of increasing the ELM frequency to
avoid the development of enhanced W contamination of the core region, e.g. by means of gas
injection [Neu PoP 2013] or a variation in plasma geometry and divertor pumping efficiency
[Parail INM 2015]. ELMs can in principle be detrimental for the prevention of core W
accumulation, as they are responsible for a significant increase in W sputtering, and they can
enhance the transport of W located in the edge region towards the core of this increased W
influx. However, they can also have a positive effect for the maintenance of alow level of W
density in the edge region due to depletion of the total edget+core W content caused by the
particle expulsion and the subsequent modification of the pedestal density and temperature
profiles that determine the neoclassical W screening efficiency in the pedestal. The balance of
the possible effects of ELMs on W accumulation is, therefore, not trivial and this paper
focuses on providing an assessment of such effects by integrated modelling of JET discharges
in stationary H-mode conditions and in the H-mode exit phase.

This paper is structured as follows: The characteristics of the main JET experiments that
have been anaysed in this study are briefly described together with the integrated model
assumptions and simulation conditions that have been applied in the INTRAC calculations



in Section 2. Attempts for the validation of the integrated core+edge+SOL transport model
applied in INTRAC with discrete (i.e. non-time-averaged) treatment of ELMs and sawteeth
for the stationary H-mode phase in JET discharges with vs. without ELM control are
presented in Section 3. Integrated coretedge+SOL JINTRAC calculations with discrete
ELMs and sawteeth for the analysis of the ITER-like H-mode termination phase in JET
without ELM control leading to strong core W accumulation are described in Section 4. In
Section 5, W core transport evolution in the H-mode termination phase and dependencies on
heating schemes, sources and transport assumptions are assessed by means of JINTRAC
simulations for the core+edge region with a smplified ELM transport model, benchmarked
with the results achieved in the coret+edge+SOL calculations with discrete ELMs. Section 7
describes simulations of the H-mode termination of ITER Q = 10 baseline scenario plasmas
with the models which have been validated against the JET experiments and analyses the
conditions in which W accumulation occurs in this phase and demonstrates operational
strategies to avoid it; in addition, the similarities and differences between the JET and ITER
plasmas regarding the W production and transport in this phase are discussed. Finaly, a
summary of the conclusions of the studies presented in this paper is provided in Section 7.

2. Experiments and modelling tools

2.1 JET H-mode termination experiments with vs. without ELM control

In a series of dedicated JET experiments, W transport and control conditions have been
studied for an ITER-like H-mode termination where the power is ramped down gradually
within a few seconds [de la Luna 2017]. Two discharges #90224 and #90223 of this series
have been selected for detailed modelling analysis. The time evolution of plasma conditions
in the H-mode termination phase for these shots is illustrated in Fig. 1. While ELMs are
controlled by the application of vertical kicks at a frequency of 43 Hz until the end of the H-
mode phase in #90224, ELM control has been deactivated in the late stationary H-mode and
the H-mode termination phases for t > 11 s in #90223 with ELMs occurring at a much lower
natural frequency of <~24 Hz. The average energy loss per ELM was estimated to be close to
AWgLv ~ 90 kJ for #90224 in stationary H-mode, while it increases to AWg v ~ 140 kJ in
#90223 at t > 11 s as expected for reduced fg m.

In both shots, core radiation remains relatively constant at a level of afew MW during the
main heating phase up to t=11 s, where the ELM frequency is controlled by kicks. While the
core radiation can be kept constant in #90224 with ELM control and a safe H-mode
termination can be realised, Pragcore iNCreases in #90223 in the late stationary H-mode phase
without ELM control and reduced fg y a 11 s<t < 12 sand then rises sharply to peak values
of ~ 10 MW in the H-mode termination phase when the power is ramped down and ELMs
appear at an even lower frequency. This rise in core radiation seems to be caused by an
increased flow of W to the very core of the plasma. It leads to a faster reduction in core
energy content and a faster drop in heat flow at the separatrix, Psy, that approaches the L-H
transition threshold (P..4) triggering an intermittent L-H dithering phase at ~12.5 s< 13 s
followed by a back transition to L-mode.

Modelling results for the stationary H-mode phase with controlled vs. natural ELMs (11 s
<t<129) in#90224 vs. #90223 and for the H-mode termination phase in #90223 (t > 12 )
are presented in Sections 3 and 4 respectively. JET H-mode termination experiments with an
extended (ITER-like) vs. short power ramp phase have also been analysed. They are described
together with modelling results in Subsection 5.5.
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Figure 1. H-mode termination phase in JET discharges #90224 (left) and #90223 (right). From top to bottom: NB power
(black) and core radiation (red), core energy content from equilibrium reconstruction estimates, electron temperature contour
plot from ECE measurement, Bell signa (black) and indication of H-mode phase with ELM control by vertical kick
application (grey). ELMs are controlled by kick application until the end of the H-mode phase in #90224 while ELM control
has been deactivated in the late stationary H-mode and the H-mode termination phases for t > 11 sin #90223.

2.2 Smulation conditions

For the analysis of the H-mode termination experiments, fully predictive transport
simulations have been carried out with INTRAC in Coconut mode, i.e. for the core, edge and
SOL region considering the interaction with PFCs by combination of the core transport code
JETTO+SANCO with the SOL transport code EDGE2D+EIRENE. For the description of
transport in the core and edge, transport equations are solved for g, pe, Pi, No, Nser NW, Vior.
Neoclassical transport is calculated by NCLASS [Houlberg PoP 1997] for main ions and all
impurity stages except for W transport, which is described by application of a bundling
scheme with six super-stages in SANCO [Summers AIP 2007], including the dominant
correction terms for the consideration of poloidal asymmetry for high Z impurities at high
core rotation from [Romanelli PPCF 1998], while anomalous transport is described by the
gyro-Landau fluid model GLF23 [Waltz PoP 1997] in H-mode (considering impurity specific
anomalous transport predictions) and by the standard Bohm/gyroBohm model [Erba JET-R
1996] (including an inwards pinch term proportional to 0.5:-Djggs) in L-mode. Impurity
reaction cross-sections are evaluated by ADAS, with W cooling rates being calculated from
ADAS datasets based on [Putterich PPCF 2008]. Transport in the ETB is modelled by
applying a reduction of anomalous transport diffusivities in the ETB, Dets anoms Xei £TB.anom
(towards neoclassical values), which depends exponentially on the margin of the edge power
flow (Pna) over the LH transition (PL.y) power as exp( -(Pe-PL-n)/(A-PL) ), where Ppg:=
Pin - dWg/dt - Py, as described in [Loarte NF 2014]. The values of the parameter A for
Derg.anom @nd yeiete.anom have been inferred from JET L-H transition studies with carbon-
based plasma facing components [Koechl NF 2017] for which Ap = 0.08, Ay.; = 0.20. In the
present studies, the L-H transition power threshold P, .y is evaluated according to the scaling
in [Martin JoP 2008] scaled by 0.7, as found to be appropriate to describe the L-H power
threshold in JET ILW discharges [Maggi NF 2014]. With these assumptions, anomalous
particle transport is more efficiently suppressed in the barrier zone than anomalous heat
transport when H-mode confinement is accessed. The latter can remain significant also in a
fully developed stationary H-mode regime with values of yei et8.anom far above those expected
from neoclassical transport. Resistivity and bootstrap current density are calculated by



NCLASS. Momentum transport coefficients are assumed to be equal to the ion heat transport
coefficients (Prandtl number equal one) considering both anomalous and neoclassica
contributions.

Sawteeth are treated as instantaneous events applying the Porcelli sawtooth reconnection
model [Porcelli PPCF 1996]. ELM events are modelled discretely by transient application of
additional heat and particle diffusivities Dg.w, XeieLm iN the edge region for the duration of
the ELM. A Gaussian shape distribution is assumed for Dg v, Yeieum With peak values of 10
m?/s being achieved at alocation prornom ~ 0.98 and a full width at half maximum of ~0.22 in
terms of piornorm Which determines the ELM affected area. The additional ELM diffusivities
are linearly ramped to the maximum within ~300 us, then maintained constant until a
prescribed loss in energy per ELM AWg v that is determined from measurements is achieved
and finally ramped down linearly within ~100 ps. The experimental time-averaged ELM
frequency is prescribed in the simulation, i.e. no MHD stability analysis is carried out to
determine the ELM trigger times for simplicity.

Auxiliary heating by neutral beams and ICRH heating are modelled with the PENCIL
[Challis NF 1989] and PION [Eriksson NF 1993] codes respectively, while ECRH (in ITER
simulations) is modelled with a scaling approximation based on GRAY calculations [Farina
FSciTec 2007].

Plasma fuelling is realised by high energy neutrals from the neutral beams, neutral atoms
originated from gas puffing prescribing the experimental gas puff rates and (approximately)
the experimental gas puff locations, by plasma recycling (applying a wall recycling
coefficient of 1.0 for D) and, in case of ITER simulations, by pellets with a continuous pellet
source with apeak in particle deposition at pnorm ~ 0.85 (cf. [Pégourié PPCF 2009]).

The magnetic equilibrium is updated every ~100 ms with the 2D equilibrium solver ESCO
(considering the pressure contribution from fast particles).

Standard JET wall and pump structures and assumptions are applied [Romanelli PFR 2014,
Groth JNM 2015]. The standard Braginski model is used for the parallel heat and particle
transport in the SOL [Braginski RevPP 1965]. Perpendicular transport is described by a model
with radially dependent coefficients as described in [Wiesen PPCF 2011]. In the near-SOL, it
Is assumed to be equa to its 1-D counterpart at the separatrix. Further away from the
separatrix (at R-Rsp >~ 0/ 0.5 cm in the outer midplane in L-mode / H-mode resp.) the heat
and particle diffusivities are assumed to gradually approach a constant level for reasons of
continuity, with fixed prescribed far-SOL values of ye = y; = 1.0 m?s, Dp = Dimp = 0.3 m%/s.
Cross-field driftsin the SOL are not included in the simulations.

The maximum time step used for the integration of the transport equations in EDGE2D is
set to 5 us between ELMs and reduced to 0.5 us during and for a few ms after ELM events
until quasi-stationary conditions in the SOL are re-established. To reduce the required
computation time for these CPU-intensive simulations, a partial coupling schemeis appliedin
the later (quasi-stationary) inter-ELM phases with a maximum ratio of 15 ms: 1 ms between
phases when JETTO+SANCO and EDGE2D+EIRENE are coupled and boundary conditions
are exchanged at each time step and phases without coupling and JETTO+SANCO being
evolved at fixed boundary conditions. A partial coupling correction scheme is applied in
which correction particle source terms are introduced to minimise the error in the time-
averaged evolution of SOL particle content time derivatives with respect to an exact
calculation without partial coupling. The partial coupling ratio is automatically reduced by the
correction scheme if the correction particle source terms become sizeabl e to further reduce the
error caused by the application of partial coupling. Partial coupling is automatically switched
off at ELM trigger times as a higher precision in the calculation is required during and after
the ELM when strong transients occur in the edge and SOL plasma evolution. For the



description of neutral dynamics, 12000 Monte Carlo particles have been used in EIRENE at
each EIRENE iteration which is carried out every ~1-20 EDGE2D time steps. Regarding
other edge modelling assumptions, the standard EDGE2D+EIRENE plasma-wall interaction
models are used. The same set of impurities is considered in EDGE2D+EIRENE as with
JETTO+SANCO. The effect of W self-sputtering has been considered. Prompt W re-
deposition is roughly approximated by application of a scaling factor of &y = 0.2 to the
calculated W sputtering yield.

In the INTRAC simulations for the coretedge region only presented in Sections 5 and 6,
ELM transport is modelled in a time-averaged way with the continuous ELM model [Parall
NF 2009]. The core influx of Be and W is feedback controlled against the experimental Zgs
and P,y respectively. Other boundary conditions that need to be prescribed at the separatrix in
these simulations are roughly matched with modelling results from core+edge+SOL transport
calculations of similar edge plasma conditions presented in Sections 3 and 4.

3. Modeling benchmark in stationary H-mode conditions

JINTRAC coret+edge+SOL simulations have been carried out for the late stationary H-
mode phase t = 11 — 12 s in discharges #90223 and #90224. While both discharges are run
with identical conditions for t < 11 s, the plasma evolution deviates in this phase, as ELM
control by vertical kick application is switched off at t = 11 sin #90223 while it is maintained
in #90224. For that reason, fg v immediately drops to the natural ELM frequency of ~23.5 Hz
for t > 11 sin #90223, while a much higher fg y ~ 43 Hz is maintained in #90224. Likewise,
the energy loss per ELM isimmediately increased to ~140 kJ in #90223 while is kept at alow
level of ~90 kJ in #90224. In analogy to the experiments, simulation conditions are identical
for the INTRAC simulations for #90223 and #90224 with the only exception of fg y and
AWEg v which are prescribed to the corresponding level observed in the experiment. In
addition, initial conditions at t ~ 11 s are exactly the same for both simulations. Observed
differences in simulation results are therefore not related to initial conditions. Prescribed
profiles at the beginning of the simulations should roughly correspond to measurements for
the stationary H-mode phase at t < 11 s when plasma characteristics are still the same and
ELMs are controlled by kick application in both discharges #90223 and #90224, however,
plasma rotation has been assumed to be close to zero at the beginning of the simulations due
to the lack of reliable rotation measurements. Changes in plasma conditions in the early phase
of the simulation (t < ~11.5 s) are therefore not only related to small differences between the
initially prescribed measured and modelled density and pressure profiles for stationary H-
mode but mainly to the build-up of core rotation in the smulation and the associated variation
in core transport conditions.

A comparison of selected time traces for the simulations of #90223 and #90224 is shown
in Figs. 2-3, demonstrating that the simulations reproduce well the experimental observations.
As can be seen in Fig. 2, the change in ELM characteristics causes noticeable differences in
pedestal conditions. At lower fg v (#90223), the temperature on top of the pedestal tends to
decrease while the density on top of the pedestal rises with respect to the case where a high
ELM frequency is maintained (#90224). This effect is associated with the well-known
phenomenon of density depletion occurring at higher fg . It is due to an increase in the time
averaged ratio between particle vs. heat conductivities in the pedestal <Dgrg/yers>t in case of
more frequent ELMS, as Dg m/yeLm is significantly higher with respect to Dinter-eLm/Yinter-ELM-
In the inter-ELM phase, Derg dmost drops down to the neoclassical level while ye; et Stays
well above yeieteneoc- IN the simulation, this difference is achieved by application of
different coefficients Ap, Ay, in the L-H transition model fulfilling condition Ap < Ay It is
important to note that the experimental quasi-stationary H-mode pedestal conditions can only



be matched appropriately with this assumption. This is a general finding for JET H-mode
plasmas, asit was also found to be required for the description of the modelling of the plasma
behaviour in the transition from L-mode to stationary H-mode in JET C-wall experiments
[Koechl NF 2017].

Once quasi-stationary conditions are reached in the simulation, ratios
|Vne,ped,#90223|/ |Vne,ped,#90224| ~ 1.50 and |VTe,ped,#90223|/ |VTe,ped,#90224| ~ 0.85 are achieved for
the inter-ELM phase. These differences in pedestal properties have a significant impact on
impurity (W, in this case) neoclassical convection in the ETB. Qualitatively, the neoclassical
W convective velocity is proportiona to the difference in the relative gradients of main ion
density and temperature, Vpeo. ¢ VNi/ny — 1/2-VTi/T; [Hirshman NF 1981]. The transport of W
through the barrier region towards the core can thus be indirectly influenced by the ELM
frequency due to a modification of neoclassical W convection triggered by a change in
pedestal conditions. An increased inflow to the core or a reduced outflow of W from the core
in the inter-ELM phase can be expected at reduced fg y due to the associated increase in
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Figure 2. Left: <na> (blug), Nepeq (Oreen), Neep (Magenta) in units of m3, right: <Te> (blue), Teped (green), Te s (Magenta) in
units of eV, for INTRAC simulations of steady-state H-mode conditionsat 11 s<t < 11.7 s(solid, evolving from imposed
initial conditions at t ~ 11 s) vs. measurement data from High resolution Thomson scattering (HRTS, stars) at low natural
ELM frequency fg y ~ 23.5 Hz with AWg y ~ 140 kJ in #90223 (top) and high controlled ELM frequency fg v = 43 Hz with
AWFE y ~ 90 kJin #90224 (bottom).

Indeed, the W accumulation efficiency appears to be increased at lower ELM frequency.
Both the core W concentration cw = <nw>/<ns> and the core radiation are significantly
enhanced in the simulation with low fg y as shown in Fig. 3. Thisis, in part, the consequence
of an increased inflow of W between ELMs at low fg y that is more pronounced due to the
fact that the inter-ELM phase with fully developed pedestal lasts longer and the time available
for the increase of the inwards neoclassical W convection to the core between ELMs is
increased at low ELM frequency. The hypothesis of an increased inter-ELM W inflow is
confirmed by the evolution of ¢y which increases between ELMs in the simulation of #90223
at natural ELM frequency until a higher core W concentration level is reached, and the
enhanced neoclassical inwards convection of W becomes compensated by an increased
outwards-directed diffusive transport at higher core W density gradients.

However, the increase in neoclassical inter-ELM W convection is not the only reason for
the observed rise in cy at low fg v. Other mechanisms must be at play as well, as cy is not
only continuously increased between ELMSs, but the W concentration also rises in an almost
stepwise form immediately after an ELM event in a phase when the pedestal has not yet fully



been re-established and neoclassical W convection might actually be temporarily directed
outwards due to a faster formation of the pedestal in temperature as compared to the pedesta
in density [Parail INM 2015].

According to modelling results, this sudden ELM-induced increase in cy is caused by
enhanced sputtering of W at the target plates due the increase in heat and particle fluxes
during ELM events. The W that has been released is quickly transported through the SOL to
the confined plasma region. The W density at the separatrix is increased above the pedestal W
density level and an inward diffusion of W into the pedestal region takes place causing a rise
in the core W concentration.

Theincrease in ¢y due to inwards diffusion of sputtered W isin contrast to the direct effect
of ELMs on W transport: as the diffusion in the ETB is strongly increased for the duration of
the ELM in the simulation, W is transported from the confined region to the SOL while ny s
< Nweoee DUE tO this effect, cw drops down temporarily during ELM events before the
sputtered W arrives at the core and ¢y is sharply increased as seen in Fig. 3.

Apart from an outward diffusion of W towards the SOL as a consequence of enhanced
diffusion caused by an ELM, Dg v may aso trigger an inwards diffusion of W from the edge
to the core region in case that nw ers > Nweore- The latter condition is indeed fulfilled in the
simulations. This effect isillustrated by a contour plot of the W density for both cases at low
and high fg v in Fig. 4. Peaks in W density that appear in the pedestal zone in the inter-ELM
phase are completely removed by ELM events. The W particles present in the ETB region are
partly transported outwards towards the SOL leading to a reduction in cy. At the same time,
other W particles are transported from the ETB towards inner core regions. W then starts to
accumulate in the very core where it is confined by an inwards directed neoclassical
convective W velocity near the magnetic axis whose magnitude is increased in the presence of
significant toroidal rotation due to rotation-induced poloidally asymmetric distributions of the
W density causing an enhancement of neoclassical transport [Romanelli PPCF 1998] (cf.
Fig. 4).

%]

>/<n >
e

<nw

1 . . . .
11 11.2 11.4 11.6 11.8 12
Time [s]

Figure 3. Top: W core concentration <ny>/<ns>, bottom: core radiation Py core (in W) for INTRAC simulations of steady-
state H-mode conditions at 11s <t < 11.7 s (evolving from imposed initial conditions at t ~ 11 s) at low natural ELM
frequency fg v ~ 23.5 Hz with AW ~ 140 kJ in #90223 (red colour) and high controlled ELM frequency fg y = 43 Hz
with AWg, \, ~ 90 kJ in #90224 (blue colour).

It should be noted that ELMs are modelled to have a diffusive effect on particle transport
in the simulations presented here. This assumption emulates the processes that are known to
take place at the plasma edge during ELMs. These include reconnection of field lines and
expulsion of plasma filaments and cause an effective flattening of the plasma profiles at the



edge (typically the plasma is affected up to r/a ~ 0.8 by ELMs [Loarte PPCF 2003]; this is
approximately achieved in our modelling by application of enhanced edge diffusivities as
described in Section 2. As discussed in detail later, there isinitial experimenta evidence that
the inwards directed transport of W from the edge to the core region due to ELMs that is
obtained in the smulations with this diffusion-based approach may be larger than in
experiments.

The main direct effects of ELMs on W transport in the edge region are illustrated in Fig. 5
where a contour plot of the time evolution of the difference in nw with respect to the W
density at a selected time just before the occurrence of an ELM is shown. These effects can be
summarised as follows:

1. Removal of W located in the edge region (promor ~ 0.94-0.98 in this simulation)
causing areduction of the overall core W content.

2. Partia inwards diffusion of W from the edge towards the core causing an increase
in nyw with respect to the pre-ELM W density in the outer core region near the
pedestal top location (promtor ~ 0.87-0.93) a few milliseconds after the ELM crash
that widens with time towards the core with the amplitude of the W density
perturbation being reduced at the same time.

3. Appearance of W that has been sputtered at the target plates during the ELM at the
separatrix with a delay of a few milliseconds causing an increase in Ny sp and an
inwards diffusion of W from the SOL to the confined region and replenishment of
the W particle content in the edge region.

Ny, o' m3)

~

S = N e R O O N o= N W koG O

11 11.1 11.2 11.3 11.4 11.5 11.6 11.7 11.8 11.9 12
Time [s]

Figure 4. Contour plot of W density in core region 0.0 < porm < 0.95 <ny>/<ng> for INTRAC simulation of steady-state H-
mode conditionsat 11 s<t < 12 s (evolving from imposed initial conditionsat t ~ 11 s) at low natural ELM frequency fg v ~
23.5 Hz with AW ~ 140 kJ in #90223 (top) and at high ELM frequency fg y ~ 43 Hz with AWg ~ 90 kJ in #90224
(bottom).
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Figure 5. Contour plot of the time evolution of the differencein W density (in m®) in the outer core and ETB regions 0.65 <
Prorm < 1.00 with respect to the W density at the end of the inter-ELM phase evaluated at t ~ 11.90 sat 11.9 s<t < 11.95 sfor
JINTRAC simulation of steady-state H-mode conditions at low natural ELM frequency fg v ~ 23.5 Hz with AWg  ~ 140 kJ
in #90223. ELM trigger times are indicated by black vertical lines.

Therisein nw sy after each ELM is also shown in Fig. 6 together with the evolution of the
W density on axis for the simulation at low natural ELM frequency (#90223). dnyy a/dt
increases with time, i.e. the process of W accumulation in the very core of the plasma appears
to be self-accelerating. This is a well-known effect that is regularly observed in the
experiment and that is related to the change in core profiles: the temperature gradient near the
magnetic axis is decreased as a consequence of enhanced W-induced radiation causing a
further increase of the inwards directed neoclassical W convection due to reduced temperature
screening. At the same time, density and rotation in the very core of the plasma are found to
increase further, as the region where the inverse normalised temperature gradient length L™
= -VT/(aT) remains below the stiffness threshold widens leading to very low levels of
anomalous transport in the plasma core. This leads to an increase of density and rotation in
the core plasma and over a wider plasma region, which expands in time as the particle and
momentum sources remain unchanged. The increase in density gradients and plasma rotation
in the very core region cause the enhancement of the neoclassical inwards W convection due
to a further reduction in temperature screening and a more pronounced rotation-induced
neoclassical W transport enhancement and further accelerate the accumulation of W in the
plasma centre. In the case with high fg v (#90224) a peak in W density appears as well in the
very core of the plasma, however, it is small in amplitude and it does not increase in size, as
the radiation associated to it is too small to noticeably affect the core temperature, momentum
and density profiles. For that reason, the process of a self-accelerating W accumulation in the
coreis not triggered (cf. ny contour plot for #90224 in Fig. 4).

While the neoclassical W convective velocity Vw neod. 1S @ways inwards directed in the
very core of the plasma, it may change sign both as a function of time and space in the plasma
edge region. Fig. 6 includes a graph indicating the time evolution of vy neoi. @ the separatrix.
While vw neodl. sep. @PPEErS to be inwards directed reaching very large negative values of ~ -70
m/s in the inter-ELM phase, the neoclassical W convection changes sign during and a few
milliseconds after an ELM before the pedestal is re-established, causing a further temporary
reduction in the core W concentration in addition the reduction in cy that is due to the
increase in edge diffusion due to the ELM. In addition, vy neoct @S0 changes sign as a function
of the radial location within the barrier zone as illustrated in Fig. 7 for the inter-ELM phase.
Within a few centimetres on the outer mid-plane, v neoc 1S predicted to increase by ~ 80 m/s



11

between the separatrix and the location of the top of the pedestal reaching positive peak
values of ~ 20 m/sin the inner ETB region. As a consequence of such a sharp variation in W
convection, a pronounced peak in W density is formed in the pedestal region as can be seen as
well in Fig. 7. This peak can be maintained throughout the inter-ELM period with W being
continuously transported towards the peak location from both sides due to the strong
convection compensating diffusive losses in stationary conditions.

The presence of such apeak in W density within the pedestal can have a significant impact
on details in the shape of kinetic profilesin that region. In particular, the temperature profiles
can be affected, as the W peak would cause a strong localised peak in radiation and thus a
heat sink that can lead to an increased reduction in temperature at the radiation peak location
and reduced temperature gradients further outside. This temperature reduction can cause a
change in the density profile shape in the pedestal and an increase of |Vn| outwards from the
pedestal temperature top by a corresponding increase of the neutral ionisation source in the
pedestal itself. This source is low near the pedestal top but significant near the separatrix due
to the lower temperatures, reducing the temperature difference between pedestal top and
separatrix thus naturally increases ionization sourcesin the ETB itself. As aresult, the density
gradient is amost unchanged near the pedestal temperature top (prop) but is strongly
increased near psy. INdeed the temperature and density gradients within the barrier zone are
not constant in the simulation and they vary in a way that is compatible with the presence of
the peak in W density and a significant source of cold neutrals. This is not surprising as the
simulations are supposed to be fully self-consistent, however, the same variation in density vs.
temperature pedestal gradients is aso observed in the experiment (cf. Fig.8). This
experimental evidence is thus consistent with the modelled W density enhancement within the
ETB, at least in the discharges that have been analysed.

The opposite trends in the pedestal variations of |VT| vs. |Vn| affect the neoclassical
transport conditions in a way that a self-sustained process is established in the pedestal zone:
Namely, it follows that temperature screening is effective in the inner ETB region but
ineffective further outside near the separatrix. This difference entails the formation of a
pronounced gradient in the neoclassical W convection velocity between the pedestal top and
the separatrix, which in turn is responsible for the appearance of a peak in W in the ETB and
the associated change in the pedestal temperature and density profile shape. The cold neutral
ionisation source may be coupled to this cycle in the following way: The gradient in |vy|
within the ETB is further increased due to the variation in |Vn| associated to neutra
ionisation, ny within the ETB may further increase, the associated rise in radiation may cause
a further reduction in Psp which in turn could lead to an enhanced rate of cold neutrals
reaching the confined region and increased neutral ionisation in the pedestal. Due to both
causality chains (visualised in Fig. 9), the edge W peak appears to be robust and stable in the
inter-ELM phase.

As a consequence of the difference in pedestal variations of |VT| vs. |Vn| a visible shift
appears in the effective location of the density pedestal vs. the temperature pedestal with the
former being located further outwards with respect to the latter asillustrated in Fig. 8. Such a
shift can be evaluated for instance as the difference between locations with maximum [Vn| vs.
maximum |VT|. Interestingly, there are sparse indications that the effective shift between
temperature and density pedestals might indeed be enhanced in certain JET experiments with
the ITER-like wall with W coated targets in plasma conditions that are prone to develop
strong core W accumulation. One may hypothesise that this enhanced shift could in such
cases be associated to significant W accumulation in the barrier region. To confirm whether
this isindeed the case, a detailed validation study may need to be carried out which is out of
the scope of this paper.
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Regarding W sputtering, it is important to note that the scaling factor &y = 0.2 that is
applied to the calculated W sputtering yield should only be considered as a very rudimentary
approach for the consideration of prompt W re-deposition, even though the W sputtering
source obtained with this assumption provides reasonable agreement in terms of W core
accumulation behaviour and ELM-caused instant radiation (see below) between modelling
and the experiments under consideration in both qualitative and quantitative terms. For an
improved treatment of prompt W re-deposition, space and time dependent correction factors
need to be applied to the W sputtering yield based on models as described in [Naujoks NF
1996, Chankin PPCF 2014]. Preliminary estimates suggest however that the net amount of W
sputtered during ELMs on the basis of re-deposition factors derived from those models are
lower than those required for the model to reproduce the (indirectly) observed W sourcein the
experiment, under the assumption that the amount of W sputtered in the inter-ELM phase is
relatively small compared to that during the ELMs, as suggested e.g. in [Kirschner EPS 2017]
and can be neglected. There are of course many uncertainties (accuracy of W cooling rates,
details in description of ELM dynamics such as ELM heat flux limiter and kinetic correction
assumptions, perpendicular W transport dynamics in the SOL and boundary conditions such
as for the W parallel velocity at the target plates) that may influence estimates of the required
W source and the W re-deposition factor. In general, the assumptions in the simulations are
conservative with respect to the W cooling rates (selected cooling rates from [Pitterich PPCF
2008] being in the upper range of available estimates). On the other hand the boundary
condition for the W parallel velocity at the target plates (assuming that the latter is equal to
the sound speed of W), does not consider the possibility of an increase of the W velocity to
supersonic values towards the target due to collisions with main ions. These larger W
velocities would lead to an increase of W production by self-sputtering but also to larger W
losses to the divertor, as the timescale for W parallel transport in the SOL decreases, so that
the net effect on the effectiveness of W produced at the divertor to reach the confined plasma
can increase or decrease depending on the detailed balance of these effects in space and time
during the ELM. An assessment of the balance of all these factors regarding core plasma
contamination by W produced at the divertor requires detailed experimental and modelling
investigations, which will be carried out but are outside the scope of this paper.
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A comparison between available divertor measurement data and simulation results for the
guasi-stationary H-mode phase is shown in Figs. 10-11. Peak vaues in divertor radiation
during ELMs of the order of ~2 MW appear to be reasonably well reproduced in the
simulations on the basis of the W radiation emitted during these events. This and the
capability of the modelling to reproduce the W behaviour inside the separatrix in a
quantitative way, justifies the appropriateness of the assumptions regarding the mechanisms
for W production, re-deposition and transport discussed above as block (not each one
individually). Likewise, the absolute value of the D, signal is well matched for both the inner
and outer divertor between ELMs. However, the predicted dynamic evolution of the D,
emission during ELM cycles is quite different between modelling and experiment, especially
for the outer divertor. Although areduction in D, emission during the ELM event is known to
be a signature for “negative” ELMs associated to a transition from detached inter-ELM to
attached intraELM divertor conditions [Loarte NF 1998], in our modelling presented here
this outer divertor D, reduction is caused by a small relative increase in electron temperature
whose effect on deuterium radiation is compensated by a significant reduction in the neutral
density. The increase in temperature is not very pronounced, as Te is already quite high in the
late inter-ELM phase with maximum values of ~100 eV being reached near the strike-point
location. The outer divertor is predicted to remain attached throughout the ELM cycle.

Overdl, the agreement between measurements and simulations both for the confined
region and the SOL appears to be sufficient to conclude that the integrated transport and
source models that are implemented in INTRAC feature all required physics mechanisms for
a sufficiently accurate reproduction of the main trends observed in the experiment at least for
the quasi-stationary ELMy H-mode phase. Based on this validation, the INTRAC mode is
also applied to the prediction of the H-mode termination phase with the main results being
presented in the next section.
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Figure 10. Time evolution of divertor radiation from bolometer measurements (red) vs. modelled time evolution of divertor
radiation (including a minor contribution of SOL main chamber radiation) calculated with INTRAC (blue) for steady-state

H-mode conditions at 11 s<t < 12 sat low natura ELM frequency fg y ~ 23.5 Hz with AWg ~ 140 kJ in #90223 and at
high ELM frequency fg y ~ 43 Hz with AWg,  ~ 90 kJin #90224 (bottom).
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Figure 11. Time evolution of measured D, emission from visible spectroscopy diagnostics (red colour) vs. modelled D,, from
JNTRAC synthetic diagnostics (blue) for the inner (top) and outer (bottom) divertor region for steady-state H-mode
conditionsat 11 s<t < 12 sat high ELM frequency fg v ~ 43 Hz with AWg_y ~ 90 kJ in #90224.
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4. Modelling of the H-mode ter mination phase

The simulations of the end of the quasi-stationary H-mode phase at 11 s <t < 12 s that
have been described in the previous section have been continued for the H-mode termination
phase when the auxiliary power is gradually ramped down to determine whether the
integrated transport and source model applied in INTRAC is capable to reasonably reproduce
the observed W transport characteristics in this phase as well. Simulations have been
performed for the discharge without ELM control (#90223), in which core W accumulation
takes place in the H-mode termination phase, and is, therefore, ideal to test the capabilities of
our integrate modelling to reproduce accurately the experiment. Apart from the reduction in
Paux, the H-mode termination phase only differs from the quasi-stationary H-mode phase
from the modelling point of view in terms of the applied ELM frequency which has been set
to half of the frequency in quasi-stationary H-mode. Compared to the experiment in which the
ELM frequency is strongly fluctuating for t > 12 s, this may be a simplified but till
reasonable estimate, as the time-averaged ELM frequency in that phase indeed corresponds
roughly to ~50% of the natural ELM frequency in the quasi-stationary H-mode. The reduction
in fepm may be caused by a reduction in heat flux from the core due to lower Payx and
increased Pragcore @Nd an increase in anomalous transport in the pedestal as P« approaches
PL-14, which leads to an increase in the required time for the re-establishment of the pedestal
after an ELM crash and for the increase in normalised pedestal gradient to the MHD limit.
According to estimates of the time evolution of the energy content from equilibrium
reconstruction calculations, the energy loss per ELM remains roughly unchanged in the H-
mode termination phase. In the simulation, AWg v has therefore been kept constant at 140 kJ.

A selection of time traces for the complete ssimulation of the late quasi-stationary H-mode
and the H-mode termination phases for the case without ELM control (#90223) are displayed
in Fig. 12. As can be seen in that figure, the temperature in the very core of the plasma that
has already started to decrease in the late quasi-stationary H-mode phase is much further
reduced in the H-mode termination phase with the temperature profile becoming hollow. This
fast reduction in core temperature can be explained by self-accelerating W core accumulation
and an associated pronounced rise in core radiation. The latter is enhanced even further as the
temperature is reduced and the W cooling rates increase at lower temperature (for Te in the
keV range). The barycentre location of the core radiation profile is shifted from the edge to
the very core, i.e. the W radiation near the magnetic axis becomes more important than the W
radiation in the edge region due to the peak in W density in the ETB zone.

Due to the reduction in fg v in the H-mode termination phase, <D/y>; in the ETB is
reduced leading to an increase in Nped/Tped @nd a concomitant further degradation of the
neoclassical temperature screening efficiency in the barrier region. As the anomalous
transport within the ETB is predicted to increase with P« Slowly approaching P, ., the
pressure on top of the pedestal is gradually reduced. In the core region, |VT| is reduced due to
the strong increase in core radiation, while [Vn| is increased due to a reduction in npeg and an
Increase in Nk, the latter being partly triggered by a widening of the central zone with zero
anomalous transport caused by the reduction of the inverse normalised temperature gradient
length L+ below the stiffness threshold (cf. Fig. 14). Similar to the change in neoclassical W
transport conditions in the edge region, the neoclassical W screening efficiency also
deteriorates in the core due to the reduction in [VT|/|Vn|.

The effect of the degradation in core and edge W transport conditions and the reduction in
ELM frequency is visualised in Fig. 13. At the beginning of the H-mode termination phase,
the peak in W density in the barrier region is widened which is a consequence of the
deterioration in neoclassical W transport conditions in the barrier and an enhanced convective
influx of W from the SOL. Later on, the width and height of the W density peak in the edge
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start to shrink as the pedestal pressure is reduced and thus the neoclassical W transport
decreases in absolute terms. The ELM-induced transport of W particles from the edge to the
core appears to be dlightly increased due to less favourable neoclassical W transport in the
core. For the same reason, the W density in the very core is further increased until it even
exceeds the peak density of W in the edge. At a core W density level of nw . ~ 3-10"/m°, a
radiative collapse occurs in the very core of the plasma with the temperature dropping down
to afew hundred eV.

Sawteeth may help to dlightly alleviate or delay the process of W accumulation in the core
a least in the early H-mode termination phase. The sawtooth frequency increases at first as
the core temperature is reduced and the core resistivity is increased, however, in the later H-
mode termination phase, the sawteeth disappear due to a redistribution of current density
taking place in the very core. As the temperature profile becomes hollow, the current density
also develops an off-axis peak that is associated with the shape of the temperature profile. As
a consequence, the safety factor is increased in the very core and it remains above unity
preventing sawtooth activity in this phase. In conclusion, sawteeth help to mitigate core W
accumulation but their effect is predicted to be comparably small in the examined H-mode
termination case. Sawteeth are expected to be present only in phases of the H-mode
termination with non-severe core W accumulation, i.e. at times when the core temperature
profile remains peaked.

Comparing modelled vs. measured time traces for the plasma core energy and radiation
and the axia electron temperature (cf. Fig. 15), reasonable agreement is achieved for the
stationary H-mode and the early H-mode termination phases (t < 12.25 s), however, the
evolution towards a radiative collapse in the later H-mode termination phase appears to be
exaggerated in the simulation with the core energy and Tea dropping much faster as
compared to the experiment. This is due to some extent to the non-consideration in the
simulation of the delay between injected and deposited NBI power due to NBI particle
thermalisation so that the effective decrease of NBI power in the experiment occurs with
some delay with respect to that in the modelling (typically the NBI ion slowing down timein
these plasma conditions is ~50 ms). In addition, the discrepancy in modelled vs. measured
energy decay times could also be associated with the appearance of intermittent L-mode
phases after ELM events in the experiment when P« is suddenly reduced due to the heat flux
from the core being consumed for the re-establishment of the pedestal. Such intermittent
phases do not occur in the simulation; this is due to the slight smoothing of the term dW4,/dt
with a characteristic smoothing time of one millisecond in the evaluation of P for
comparison with P_.4, which is required in the modelling to provide numerical stability for
simulations near the L-H transition. In principle, intermittent L-mode periods are beneficial
for the reduction or deceleration of core W accumulation, as anomalous transport is
considerably increased in these periods in the entire plasma region causing a redistribution of
W from the very core to exterior regions leading to net W expulsion from the core. Att > 12.5
s, the plasma enters a dithering phase in which the plasma changes between intermittent L-
mode and H-mode phases at high frequency in the experiment. Although this phase has not
been modelled, there are indications that the dithering has helped in the experiment to avoid a
complete radiative collapse and to allow for a recovery of the temperature in the core before
the plasma enters stationary L-mode conditions. A detailed investigation of the L-H dithering
and H-L transition phases will be the subject of future modelling studies.
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Figure 13. Log-10 contour plot of the W density in m™ in the core and edge regions 0.0 < pom < 1.0 for the INTRAC
simulation of steady-state H-mode and H-mode termination phases at 11 s<t < 12.5 s at low natural ELM frequency fg y <
24 Hz with AW,y ~ 140 kJin #90223.
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termination phases at 11 s<t < 12.5 sat low natural ELM frequency fg v < 24 Hz with AW, ~ 140 kJin #90223.

Complementary to the abovementioned comparison between modelling and measurement
results for the H-mode termination phase, attempts were also made to assess how well the
local W core concentration and details related to the spatial re-distribution of W in the plasma
core region are reproduced in the smulations. To this end, the line-averaged core radiation
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power density measured by bolometer diagnostics for the LFS region, where W tends to
accumulate due to plasma rotation so that the total emissivity may be dominated by W-
induced radiation, has been compared with modelled bolometer signals from synthetic
diagnostics implemented in INTRAC. In the calculation of the synthetic diagnostic signals,
the rotation-induced poloidaly asymmetric distribution of W that leads to a poloidaly
asymmetric radiation pattern has been taken into account by direct application of a factor
exp(M” (p,0)/2)/<exp(M " (p,0)/2)> to the radiation power density (assuming that the density
dependence of the W cooling rateis negligible). Here the Mach number is given by M (p,0) =
m Q(p)’°R(p,0)%/Ti(p) for ions with the effective impurity mass m’, as described in [Koskela
PPCF 2015]. Contour plots of the modelled core radiation power density including this factor
are shown in Fig. 16 for three selected times between ELMs to illustrate the variation in the
radiation pattern between the early stationary H-mode and the later H-mode termination
phases. While the radiation is significant in the plasma pedestal region due to the presence of
apeak in W density, it is much smaller (an order of magnitude lower) in the outer core region,
whereas it is largest and strongly increases with time near the magnetic axis. Due to the low
toroidal rotation in the edge region and significant rotation in the core, the radiation in the
pedestal appears to be uniformly distributed in the poloidal direction, while the radiation in
the core is poloidally asymmetric. This asymmetry is enhanced with time in the H-mode
termination phase due to the ion temperature dependence of M~ with the ion temperature in
the centre decreasing with time, as W radiation increases.

A comparison of measured vs. calculated integrated LFS radiation is shown in Fig. 17 for
three bolometer lines of sight corresponding to signals Pyol 02-04 Which are indicated in Fig. 16.
While signal Py 02 provides information about the radiation in the plasma edge region, Py 03
and Py, 04 May be representative for the radiation emitted in the outer and inner core regions
respectively. Due to the inclination of the lines of sight towards the LFS, these signals should
not be affected by perturbations caused by transient variations in divertor radiated power e.g.
due to ELMs. Remarkabl e agreement in absolute terms is achieved for the edge and inner core
radiation between modelling and experiments, though the outer core radiation is
overestimated in the simulation. Trends in the time evolution showing atemporary increasein
radiation for all bolometer signals in the H-mode termination phase are also reasonably well
reproduced. This is a strong indication that the details in the spatial and temporal
characteristics of the core W distribution are properly described with the set of integrated
transport models that have been applied in the simulations. In particular, the good agreement
for the time evolution of the local radiation in the three plasma regions considered confirms
that the W density profile shape variation in the core and edge regions is essentially
determined by neoclassical effects. The fact that the line of sight crossing the pedestal
provides a larger line-averaged radiation signal in the experiment than that further inwards
(Pool 03 < Pooio2) IS consistent with the modelled W density peak in the pedestal region
obtained in the simulations; therefore we can conclude that W indeed seems to accumulate
strongly in a narrow region near the separatrix in the experiment as predicted in the
simulations. Further inwards the W density reaches a minimum in the outer core region where
anomalous W transport also plays an important role, while in the inner core the W density can
increase again depending on whether screening or accumulation takes place, which depends
on plasma conditions. This minimum W value at the outer core may be even lower in the
experiment than in the simulations, as Py o3 IS Overestimated in the simulations. This
overestimation and the fact that perturbations in Py o3 that are associated with ELM events
are well visible in the simulation but not in the experiment is an indication that the ELM
affected core plasma region for W transport that is indirectly prescribed with the empiric
ELM model used in these simulations may be too wide. Furthermore, these differences could
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also be partly explained by the possibility that the effect of a partial inwards diffusion of W as
adirect consequence of the ELMs as described in the previous section may actually be much
more benign in the experiment than predicted in the simulations.

The fact that the experimental time evolution in radiation from the inner core region is
fairly well followed in the simulation, including a slight increase in radiation that has been
predicted to occur already in the stationary H-mode phase at natura ELM frequency, is a
good indication that the rotation-induced enhancement in neoclassical transport is reasonably
well described with the model proposed in [Romanelli PPCF 1998], as the absolute level of W
density in the core is strongly dependent on predictions based on this model. It should be
noted though that the accumulation of W in the innermost core region near the magnetic axis
that is not well covered by signal Pyg 04 may be overestimated in the simulations.

The overal level of agreement in measured vs. modelled Py, signals that has been
achieved aso confirms that assumptions for the W cooling rate taken from [Putterich PPCF
2008] are reasonably adequate. Known uncertainties for these cooling rates seem to point to
the possibility to even better reproduce measured core radiation patterns by consideration of
improved cooling rate estimates that are known deviate from previous calculations especially
in atemperature range Te < ~1 keV. Although work for the determination of such estimatesis
ongoing (cf. e.g. [Solano EPS 2016, Henderson PPCF 2017]) some preliminary results have
been used to reassess the radiation obtained. Without rerunning the simulations, the core
radiation has been recalculated with the modelled temperature and density conditions
applying the new results for the W cooling factor, and the synthetic diagnostic bolometer
signals have been re-processed. As the deviation in the new W cooling rates is small with
respect to [Putterich PPCF 2008] at temperatures T, > ~1-2 keV, significant discrepancies are
expected to be present mostly in the pedestal region where temperatures are much lower.
Fig. 17 includes a time trace for the reprocessed Py 02 Signal showing that this is indeed the
case. An improvement in the agreement of the modelled Py, with that from the
measurement is achieved in absolute terms. In addition to this, it is worth noting that the
modelled dynamic evolution of Py o2 during ELM cycles seems to approach the experimenta
one only with the reassessed W cooling rates, with the strong positive excursions occurring
during or immediately after ELMs for the previous W cooling rates being reduced or even
reversed. This is a consequence of a much lower temperature dependence of the new W
cooling rates at Te > 1 keV. While the radiation is temporarily increased in the old estimates
when the outer pedestal zone is heated up during and after the arrival of the ELM induced
heat pulse, as the W radiation efficiency was predicted to increase with temperature, this
effect is significantly reduced with the new estimates.
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Figure 16. Contour plots of modelled inter-ELM core radiation power density considering a rotation-driven poloidally
asymmetric W density distribution for the steady-state H-mode and H-mode termination phases at t ~ 11.4 s (Ieft), ~ 11.8 s
(middle), and ~12.3 s (right) for the simulation at low natural ELM freguency fg y < 24 Hz with AWg y ~ 140 kJ in #90223.
Bolometer lines of sights for the measurement of locally emitted radiation in the LFS region as shown in Fig. 17 are indicated
by black dashed linesin the Ieft contour plot.
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Figure 17. Top: Line-averaged LFS radiation power density as measured by bolometer diagnostics (red colour) vs. INTRAC
modelled integrated power density from synthetic diagnostics calculations considering a rotation-driven poloidally
asymmetric W density distribution (blue colour), for the steady-state H-mode and H-mode termination phases at 11s<t <
12.65 s at low natural ELM frequency fg y < 24 Hz with AWg,y ~ 140 kJ in #90223. Top: Integrated power density emitted
in the edge, middle: in the outer core, bottom: in the inner core LFS region. The corresponding bolometer lines of sight are
indicated in Fig. 16. The bolometer signa covering the radiation losses in the edge LFS region being re-evaluated with
improved W cooling rate estimates for low temperatures < ~1 keV is shown in cyan colour.
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5. Core W transport dependencies on cor e sour ces and transport conditions

To study the detailed effects of ELM control and core plasma energy/momentum/particle
sources on core W accumulation during the H-mode termination phase, dedicated simulations
with JINTRAC coretedge have been performed. These simulations use the results of the full
JINTRAC coret+edge+SOL for the edge and SOL plasma (see Sections 3 and 4) as boundary
conditions and concentrate on the dependency of the W transport in the confined plasma on
physics processes in the H-mode termination phase. In principle, these studies could also be
done with the full JINTRAC coret+edge+SOL model used in Section 3 and 4 but the CPU
required isvery large and it is, therefore, not practical to perform studies were a wide range of
dependencies are explored.

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

Simulations have been carried out for the H-mode termination phase in discharges with
and without continued ELM control by kick application (#90224 vs. #90223) considering
only core and edge transport. In these runs, transport due to ELMs is described by the
continuous ELM model [Parail NF 2009], and boundary conditions are imposed at the
separatrix, with the influx of Be and W impurities being feedback controlled against the
experimental Zg and Py, respectively. Other simulation conditions are identical with those
applied in the coret+edge+SOL simulations described in the previous sections. Further details
in simulation conditions are given in Section 2. The modelling results confirm that the
reduction in ELM frequency without ELM control induces a reduced time-averaged edge
particle vs. heat transport due to the lower D/y ratio in the ETB in the phases between ELMs
and possibly less diffusion by the natural ELMs. This gives rise to the formation of increased
density gradients in the ETB and less efficient temperature screening for W. As a
consequence, a larger amount of W is transported to the plasma core, leading to W
accumulation and increased radiation near the magnetic axis, leading to the appearance of
hollow temperature profiles and a radiative collapse associated with an early H-L transition
due to strongly enhanced core radiation.

A comparison between measured and modelled time traces describing relevant core plasma
properties for #90224 (controlled ELM termination) vs. #90223 (uncontrolled ELM
termination) is shown in Figs. 18-21. The differences regarding ELM control for these
discharges is accounted for in the INTRAC core+edge simulations presented here through a
difference in the applied W influx at the separatrix (accounting for a difference in the W
sputtering source) and reduced time-averaged (ELM induced) particle diffusivity in the ETB
in the phase without ELM control in #90223. Otherwise, the two discharges are identical both
in terms of experimental and modelling conditions. Although the time for the appearance of
hollow temperature profiles and for the H-L transition cannot be exactly matched and the core
W concentration seems to be reduced more quickly in the experiment in the L-mode phase for
#90223 than in the modelling, the main core plasma properties can be reasonably well
reproduced for the H-mode termination phase in the simulations for these two discharges.
These results strengthen the hypothesis that the likelihood of core W accumulation increases
for reduced ELM fregquencies due to reduced neoclassical screening in the pedestal, as already
pointed out in Section 3. In addition, the reasonable agreement with experiment confirms the
general validity of the core transport model assumptions applied for the prediction of the
plasma evolution in the H-mode termination phase in the previous section.
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Figure 18. Comparison of measured (magenta/cyan) vs. simulated (red/blue) time traces for the H-mode termination phasein
#90224 with ELM control in the termination phase (magenta/red) and #90223 no ELM control in the termination phase

(cyan/blue). From top to bottom: total energy content and line-averaged electron density.
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Figure 19. Comparison of measured vs. simulated time traces for the H-mode termination phase in #90224 and #90223, same
colour code as for Fig. 18. Left: core electron temperature (top, evaluated at Ryg o = 3.1 M) and edge electron temperature
(bottom, evaluated at Ryigou = 3.7 M), right: peaking factor for electron (solid) and ion temperature (dotted), evaluated as

T(Rmigout = 3-1 M)/T(Rmjg.out = 3.75 m) (top) and core radiation (bottom).
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Figure 20. Comparison of measured vs. smulated T, and n, profiles (from left to right) at t = 10 s (top) and t = 12.75 s
(bottom) in #90224 and #90223, considering a time shift of ~0.75 s for the modelled data to match experimental H-L
transition times, same colour code as for Fig. 18.
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Figure 21. Simulated time traces for the H-mode termination phase in #90224 (red) and #90223 (blue). Left: Py (solid) vs.

P (dashed), right: W density peaking factor Ny, z/Nw,ped-

5.2. Effect of NBI momentum and particle sources on W transport in H-mode termination

As mentioned in Section 1, a long H-mode termination phase is advantageous for ITER
high Q plasma scenarios as it facilitates plasma position control in this phase and aso
minimizes power fluxes to the plasma facing components. The JET experiments emulated this
ITER-like plasma behaviour by ramping down slowly the additiona heating power, which is
dominated by NBI in these experiments. However, other differences remain regarding the
termination of H-modes in JET and ITER which are associated with the larger (normalized to
ITER) core particle sources and torque provided by the (positive ~100 keV energy) NBI in
JET compared to the negative NBI (~ 1 MeV) in ITER. Both these factors are known to affect
W transport by modifying the plasma density as well as the toroida rotation profile in the
plasma centre in JET in a very different way to that expected in ITER were both NBI-driven
core fuelling and plasma toroidal rotation are expected to be small. Dedicated modelling
studies have been therefore been performed in order to assess the role of these effects on the
W transport and accumulation of these JET H-mode plasmas in the H-mode termination
phase.

5.2.1. Effect of NBl momentum sources on W transport in H-mode termination
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Figure 22. Simulated time traces for the H-mode termination phase in #90223 for the W density peaking factor Ny /Ny ped.
Left: comparison of results obtained with (blue) and without (green) consideration of rotation driven poloidal asymmetry in
W distribution affecting neoclassical W transport, right: comparison of results with anomalous core W transport evaluated
with GLF23 Dy, and vy (blue), with 50% reduction of Dy and vy (green) and assuming that W transport is purely
neoclassical (red).
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As described in [Casson PPCF 2015], neoclassical transport enhanced by poloidal
asymmetries can be a crucial mechanism responsible for tungsten accumulation in the central
core region of plasmas at high rotation. For the H-mode termination in #90223 (no ELM
control), thisis confirmed by atest smulation in which the neoclassical W transport has been
calculated assuming that there is no rotation driven poloidal asymmetry in W distribution (i.e.
neglecting the correction terms from [Romanelli PPCF 1998]). As shown in Fig. 22 (left), W
core accumulation can be avoided in that case. We can thus conclude that in the H-mode
termination phase of these JET H-modes the toroidal rotation produced by NBI indeed plays
an essentia role in the occurrence of W accumulation by providing enhanced unfavourable
inwards directed W neoclassical transport in the central plasma region where maximum
rotation values are achieved. For the outer plasma region which have a favourable outwards
directed W convective neoclassical transport due to temperature screening this effect is only
marginal, asrotation islow in the periphery.

In addition to neoclassical W transport, the net time-averaged anomalous W transport in
the plasma core aso seems to be important to produce core W accumulation in the H-mode
termination phase in these experiments. Fig. 22 (right), shows simulations with the baseline
GLF23 W anomalous transport coefficients (Dw and vy) and with various levels of reduction
of such coefficients, producing very different results regarding W accumulation in the H-
mode termination phase. When Dy and vy are reduced by more than 50%, W does not
accumulate near the magnetic axis in #90223 (without ELM control) despite the inclusion of
the toroidal rotation driven neoclassical transport enhancement in the simulations.

5.2.2. Effect of NBI particle sources on Wtransport in H-mode termination

In addition to the momentum source, the particle source associated with NBI heating is
also expected to affect core W transport as it increases the main ion density gradient in the
plasma core, which leads to a more inwards directed neoclassical convective W velocity. The
importance of this effect has been assessed for the H-mode termination phase in #90223
(without ELM control) by comparing JINTRAC coret+edge transport simulations with the
NBI heating and particle source and artificially removing the particle source while
considering the heating source. The results are illustrated in Fig. 23; in line with previous
findings for the stationary phases of hybrid scenarios [Mantica EPS 2014], it is found that the
NBI particle source is an important factor determining the accumulation of W both in the
stationary H-mode phase of JET ILW discharges as well as in the H-mode termination phase.

10 11 12 13 14 15 16
Time [s]

Figure 23. Simulated time traces for the W density peaking factor ny z/Nw pes in the H-mode termination phase in #90223.
Comparison of results with (blue) and without (black) NBI particle source.
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5.3. Effect of ICRH on W transport in H-mode termination

Experiments in the stationary phases of JET ILW H-modes clearly indicate that core W
accumulation is significantly reduced by including ICRH in the auxiliary heating mix. Thisis
especialy clear in the late H-mode termination phase where a pronounced increase in core
temperature gradients can be observed, which contributed to outwards neoclassica
convection of W and W accumulation avoidance [de la Luna 2017]. However, in the
experiments reported here it was not possible to prevent W accumulation by applying ICRH
heating when ELMs were not actively controlled, although the applied level of ICRH power
was ~1-2 MW due to limitations in coupling efficiency in the ELMy H-mode plasma edge
conditions.

To assess the potential effects of higher levels of ICRH heating on W transport in the H-
mode termination phase, simulations for this phase in discharge #90223 have been repeated
with various levels of ICRH power and the results are presented in Fig. 24. These simulations
confirm that neoclassical core W transport properties can be affected by ICRH heating but
that the effects are only sizeable for higher power levels (Picry ~ 4 MW) than those used in
the experiments modelled here. The positive effects on W transport (lack of accumulation) are
due to areduction in core ion density vs. ion temperature gradients that increases the outwards
directed W neoclassical convection in the plasma core, as described in [Casson PPCF 2015,
Mantica EPS 2014]. These modelling results suggest that there is a trade-off between central
ICRH power and the required level of ELM control to avoid W accumulation in the
termination phase of JET H-modes; the higher the level of ICRH power the less stringent the
requirements for ELM control in this phase. Here the differences between NBI (providing
heating but aso particle and momentum source in the plasma centre) and ICRH (providing
only heating) are key for their different effects on W transport.
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Figure 24. Simulated time traces for the H-mode termination phase in #90223 (without ELM control). Scan in applied P,cry:

~1 MW (green), ~1.9 MW (blue, experimental value), ~4 MW (red). Left: peaking factors np 4/Np peq @nd T 5/ Ti pea- Right:
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6. Implications for W transport in the H-mode termination phase of the ITER Q=10
baseline scenario

Asfor JET, core W accumulation may also occur in the H-mode termination phase in the
ITER 15 MA/5.3 T Q=10 baseline scenario [Loarte FEC 2016]. Simulations for ITER Q=10
H-mode termination show that decreasing pellet fuelling together with externa auxiliary
heating is optimum to ensure a slow decrease of the plasma energy and of the apha heating
which facilitates radial position control and minimizes power fluxes to the divertor in this
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phase [Loarte NF 2014, Militello-Asp FEC 2016]. However, this leads to the formation of
relatively peaked density profiles which can be unfavourable for W transport in the
termination phase [Loarte EPS 2015]. To evaluate the effects of the various possible
operational strategies to terminate Q=10 H-mode plasmas, the integrated models (JNTRAC
coret+edge) which have been validated against the JET experiments, as discussed in [Koechl
NF 2017] and Sections 3-5 of this paper, have been applied to simulate the H-mode
termination phasein ITER Q =10 plasmas.

It should be noted here that in the case of the ITER H-mode operation ELM control is
mandatory at thislevel of plasma current [Loarte NF 2014] so that any simulation for ITER of
H-mode termination must assume that ELMs are controlled also during this phase. In addition
to the mandatory ELM control, the details on how the heating and fuelling are ramped down
in ITER are expected to have alarge effect on W transport and accumulation in this phase, as
demonstrated in the JET experiments. Therefore studies on the optimisation of the ramp-down
of the heating and fuelling schemes to reduce the core W peaking factor ny,a/nw ped have been
carried out by means of INTRAC core transport simulations [Loarte FEC 2016] confirming
that to alarge degree the findings in JET experiments and of the modelling studies in Section
3-5 are also applicable to ITER Q=10 terminations. An example of these ITER modelling
studies are shown in Fig. 26 where two cases for the transition from stationary H-mode to L-
mode in the ITER 15 MA/5.3 T DT Q~10 baseline scenario are shown. In one of the cases,
DT fuelling by pellet injection is immediately removed at the beginning of the ramp-down of
the auxiliary power while in the other case pellet fuelling is gradually removed. In both cases
gas fuelling is maintained at a constant level as required to maintain the separatrix density at
the levels required to ensure radiative divertor conditions in the H-mode transition phase. In
the case of a gradual reduction of pellet fuelling, it is possible to reduce the core W peaking
factor by an order of magnitude with respect to the case of the sudden pellet fuelling switch-
off. This is the result of the improved neoclassical temperature screening of W in the core
region by avoiding the formation of large |Vni| in the plasma core; maintaining some pellet
fuelling ensures that the pedestal and the core density decrease with a similar rate thus
avoiding large |[Vn;| in the core plasma when pellet fuelling is suddenly removed (in such case
Nped decreases much faster than nere due to the low fuelling efficiency of neutral gas fuelling
in ITER thus leading to large |Vnj| to appear in the core plasma during the H-mode
termination phase). This is not the only possible Q =10 H-mode termination operational
strategy that allows for a noticeable reduction in core W accumulation in this phase and more
detailed studies can be found in [Loarte FEC 2016, Loarte 2017]. Thus we can conclude from
these ITER studies with the integrated models validated against JET experiments that it
should be possible to avoid W accumulation and to control W transport in the H-mode
termination phase of ITER H-modes by appropriate adjustment of the power and fuelling (and
ELM control) schemesin this phase.
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Figure 26. Modelled plasma evolution in the H-mode termination phase of the ITER Q=10 15 MA/5.3 T DT baseline
scenario from JINTRAC core+edge transport simulations. Cases with low core W accumulation and gradually reduced core
pellet fuelling (blue colour) and with moderate core W accumulation and immediate stop of pellet fuelling at t ~ 0 s (red
colour) are compared. Left, from top to bottom: Time traces of auxiliary power, pellet particle fuelling rate, <n.>, core
plasma energy, W density peaking factor ny o/nMwpes. Right, from top to bottom: Core profiles of electron density (in
10 m®), ion temperature (in keV) and normalised W density ny(pPnorm)/Nw,ped fOr t = 3 s (solid), t = 5 s (dashed) and t = 7's
(dotted).

While the results of the INTRAC coret+edge ITER simulations above are rather optimistic
regarding the robustness of the control of W transport in the H-mode termination phase
compared to JET, it isimportant to remark that there are significant differences between ITER
and JET and that many uncertainties remain, as summarized below:

- Following the evaluation given in [Chankin PPCF 2014], the fraction of sputtered W
particles that are not immediately re-deposited at the target plates after afew gyrations
is expected to be well below a percent for the expected ITER target conditions during
ELMs, while there are indications that it may be significantly larger during ELMs in
JET plasmas as described in Section 3. If W sputtering between ELMs can be
considered as negligible, the effective W sputtering yield may then be lower in ITER
and thus the source of sputtered W particles in H-mode with ELM control may be less
critical in ITER conditions.

Both experimental evidence and modelling results obtained for ELMy H-mode
conditions at JET suggest that ELM control schemes may be crucia for the mitigation
of the risk of enhanced core W accumulation. Since ELM control schemes are
required to be operational and reliable in ITER for the entire H-mode phase of the
main ITER scenarios [Lang NF 2013, Loarte NF 2014b], the enhanced W influx to the
core at low natural fg v in the H-mode termination phase seen at JET will not take
place in ITER, where a sufficiently high fgim (or ELM suppression) will have to
maintained throughout the H-mode termination phase.

Since NBI particle and momentum sources are predicted to be reduced in ITER
compared to JET in relative terms, the detrimental effects of these sources on
neoclassical W transport in the H-mode termination phase that have been assessed in
Section 5 are not expected to play arole in ITER thus leading to a higher temperature
screening of W in the termination phase in the ITER plasmas compared to JET.

Asthe W cooling rates scale inversely with the electron temperature for T¢ > ~ 2 keV,
the risk for self-accelerating core W accumulation is modelled to be strongly reduced
in ITER for the Q~10 ITER baseline scenario with core temperatures predicted to
reach values of up to ~30 keV in the H-mode termination phase, which are likely to
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exceed those obtained in stationary H-modes [Loarte FEC 2016]. On the contrary, the
core temperature at JET quickly drops to a few keV in the H-mode termination phase
where peak values for the W cooling rate are achieved and a runaway process of core
W accumulation can easily be triggered, as observed both in the experiment and in the
simulations. The radiation due to W in the core plasma may thus remain very low in
the ITER H-mode termination phase, i.e. it may not affect the local shape of the core
temperature profiles. As a consequence, no formation of self-enhanced inwards
convection of W is observed even for significant W concentrations evaluated at the
pedestal top as large as Nw ped/Neped ~ 410" in dedicated modelling studies for the
ITER H-mode termination phase [Loarte FEC 2016, Loarte 2017].

For the ETB region, the neoclassical W screening efficiency is also predicted to be
significantly enhanced in the ITER Q~10 baseline scenario with the neoclassical W
convection being outwards directed for a large range of expected pedestal conditions,
provided that the pedestal pressure is determined by MHD constraints [Dux PPCF
2014]. In these conditions, the ratio (nVT)/(TiVn) between normalised ion
temperature and density gradients is increased due to high njsp (reducing |Vni| and
increasing n; in the pedestal) and Ti peq (increasing [VT;|), and the collisionality in the
ETB is strongly reduced compared to typical pedestal conditions in present day
experiments. As a consequence, the outward directed temperature screening term of
the neoclassical W convection becomes dominant and a hollow W density distribution
is predicted for the ETB region. It thus seems likely that alow core W concentration
can be maintained in ITER even in case of increased W contamination in the SOL
caused by W sputtering thanks to the favourable neoclassical transport conditions
within the ETB, provided that any inwards directed W transport due to ELMs as
discussed in Section 3 remainsinsignificant.

7. Conclusions

Dedicated experiments have been performed at JET for the assessment of W transport and
possible schemes for the mitigation of W core accumulation in the H-mode termination phase
including (amongst others) scans in auxiliary heating schemes and active ELM control
methods. It has been demonstrated that the sustainment of ELM control and a sufficient level
of ICRH heating in the auxiliary heating mix are essentia for the control of the W
concentration in the exit phase of H-modes with slow (ITER-like) ramp-down of the NBI
power in JET. Initia evaluations for ITER with the JET-validated models indicate that
avoidance of W accumulation in the H-mode termination phase of ITER Q=10 plasmas
should be readily achieved, provided that ELM control is maintained during this phase; thisis
amandatory requirement for ITER H-mode operation a so for the stationary H-mode phases.

Modelling of experimental results carried out with JINTRAC has highlighted the
importance of certain aspects such as the effect of ELM control on W sputtering, particle
transport and edge temperature screening, NBl momentum and particle sources and ICRH-
assisted heating for the explanation of observed differences in core W transport propertiesin
the H-mode termination phase. In addition, it has shown that the existing integrated
coretedge+SOL transport models can appropriately reproduce the plasma evolution in
genera and the accumulation of W in particular in stationary ELMy H-modes and in the H-
mode termination phase of JET discharges. The model assumptions are thus adequate for the
prediction of the W transport behaviour in the H-mode termination phase in ITER. Initia
results of this application can be found in [Loarte NF 2014, Loarte FEC 2016] and further
studies will be summarized in a paper in preparation [Loarte 2017].
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