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Abstract

The dynamics for the transition from L-mode toatishary high @ H-mode regime in ITER is expected
to be qualitatively different to present experimdue to low fuelling efficiency of recycling neusathat
influence the post transition plasma density evohytand the effect of the plasma density evolutiself

both on the alpha heating power and the edge pflaerrequired to sustain the H-mode confinement
itself. This paper presents results of modellingdigts of the transition to stationary high@H-mode
regime in ITER with the JINTRAC suite of codes, ahiinclude optimisation of the plasma density
evolution to ensure a robust achievement of highr@gimes in ITER on the one hand and the avoidance
of tungsten accumulation in this transient phaséherother hand.

As a first step, the JINTRAC integrated models hagen validated against core, pedestal and divertor
plasma measurements in JET experiments for thsitiam from L-mode to stationary H-mode in ITER
relevant conditions (highest achievable current poder, Hgy, ~ 1.0, low collisionality, comparable
evolution in R./P_.4). Good agreement between code predictions andumshplasma parameters is
obtained if anomalous transport in the edge tramggaorier is reduced with increasing edge powewfl
normalised to the H-mode threshold; in particuter increase in edge plasma density is dominateti®y
edge transport reduction as the calculated neaftek across the separatrix remains unchange@yen
slightly decreases) following the H-mode transition

JINTRAC modelling of H-mode transitions for the IREL5 MA / 5.3 T high @; scenarios with the same
modelling assumptions as those being derived frigim ekperiments has been carried out. The modelling
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finds that it is possible to access highr@onditions robustly for additional heating powewrdls of

Paux = 53 MW by optimising core and edge plasma fuellimghe transition from L-mode to highy@H-
mode. An initial period of low plasma density, itnigh the plasma accesses the H-mode regime and the
alpha heating power increases, needs to be coadiddter the start of the additional heating, whih
then followed by a slow density ramp. Both the tioraof low density phase and the density ramp-rate
depend on boundary and operational conditions amdhbe optimised to minimise the resistive flux
consumption in this transition phase. The modeltgp shows that fuelling schemes optimised for a
robust access to highp@QH-mode in ITER are also optimum for the preventidrthe contamination of

the core plasma by tungsten during this phase.

1. Introduction

The dynamics of the access to highr@lasmas in the H-mode confinement regime in ITER i
expected to be qualitatively different from thatpoésent experiments because:

a) fuelling by cold neutrals is expected to be miless effective in ITER than in present
experiments [Romanelli NF 2015] yielding a differealge density evolution after the transition
from L-mode to H-mode,

b) the ITER heating methods (ECRH, ICRH and higkrgyn (1 MeV) NBI), do not lead to
significant core fuelling [Loarte NF 2013],

c) the ratio between the heat flux crossing theasspx and the L-H transition threshold power is
moderate (R4JP.+ < 2.0 even in stationaryg®@ ~ 10 burning conditions) [Hawryluk NF 2009],

d) the evolution of the plasma density in ITER anty determines the power required to access
the H-mode regime but also influences the evolutbthe alpha heating power which in turn
affects the rate of the change in plasma energy tife transition [Kessel NF 2015],

e) in addition to the difference in these physibermpmena in ITER, operation with a W divertor
may impose additional operational constraints duedssible W accumulation and increased
core plasma radiation in the transient H-mode acpbsase which could lead to a decrease of the
edge power flow and a return to L-mode confinement.

Simple extrapolation from present experiments tBRTrelying on empiric scaling laws for the
description of ITER H-mode access characteristiey tme inappropriate, as these differences
would not be considered. However, they can be takém account in an integrated time-
dependent transport modelling approach.

In order to determine, under which conditions ttaasition to stationary high# H-modes can
be achieved in ITER and how the plasma evolutiokl4mode can be optimised in this phase,
and to assess the issues related to edge and cdrangport in this phase, integrated ITER
core+edge and core+edge+SOL modelling studies baee performed with the JINTRAC suite
of codes [Romanelli PFR 2014] with the abovememtbhiTER specific characteristics being
implicitly taken into account. This paper descriliesse studies and their main conclusions.

Since the core, edge transport barrier (ETB) and. 8@nsport model assumptions that are
applied in JINTRAC to predict the plasma behaviouiTER in the transition to high £ H-
mode have only partly been validated against measemts for the L-H transition in existing
tokamaks so far [Militello-Asp EPS 2013], fully edrated core+edge+SOL simulations have
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first been carried out for a set of selected JEBBmpl discharges. These discharges have plasma
conditions as close as possible to those expentd¢tER in terms of plasma current, auxiliary
power, quality of the confinement, density in riglatto the Greenwald density, collisionality,
and the evolution in RB/P_ after the L-H transition and correspond to operatvith carbon
plasma facing components at JET [Nunes NF 2013}ai@d comparison of JINTRAC
modelling predictions for these discharges can theusised to identify the transport models that
describe best the plasma behaviour in this phasledimg the change of the level of edge
anomalous transport from that typical of L-modespias to high confinement H-modes during
this phase. The effects of the changes in the rsatel modelling assumptions for the core, ETB
and SOL on the modelled plasma parameters in tiiee regions, can be compared with the
experimental data to identify the transport modeld modelling assumptions that best describe
the JET ITER-like plasmas.

The JINTRAC transport core, ETB and SOL transpartlats and assumptions validated against
JET experiments can then be applied to simulaterémesition phase from L-mode to stationary
high quality H-mode in the ITER 15 MA / 5.3 T higbor. As mentioned above, there are
significant differences between plasma behaviouhis transition in ITER compared to present
experiments. Modelling this transition phase witllidated models and assumptions allows the
quantitative identification of the processes thdt e at play in ITER as well as the use of
externally controlled actuators (additional heatamgl core and edge fuelling) to optimise plasma
behaviour in this phase. Of particular concernthe=build-up of the alpha heating power that
eventually dominates the stationary phase of highlmodes in ITER as well as the control of
W contamination of the core plasma during this phakich can cause large radiative losses and,
if excessive, prevent the plasma from accessingitifeconfinement H-mode phase.

This paper is structured as follows. Section 2 dess the models and the main modelling
assumptions applied to the L-mode and H-mode plasnd to the transition between these two
confinement regimes. Section 3 describes the casgraof the modelling predictions with SOL,
pedestal and core plasma measurements in the H-atodss phase of ITER-like plasmas at JET
and the choice of modelling assumptions that reywed best the experimental data. Section 4
describes the results of modelling the H-mode acgdwmse of ITER 15MA/5.3T high 5@
scenarios with the JET-validated assumptions, ifiesitthe conditions required for the robust
access to high & burning H-mode and explores the operational pdasb to optimise this
high performance H-mode access phase. Section|§ déh the specific aspects related to W
transport and core contamination during the H-miodesition phase and Section 6 summarizes
the conclusions of our studies.

2. Set-up of simulations, main transport models and modelling assumptions

The JINTRAC simulations described in this paperfatly predictive simulations in which the
equations of current diffusion, main ion and impuparticle and electron and ion heat transport
are solved. Simulations have been performed both the 1.5D core+edge transport codes
JETTO+SANCO (JINTRAC-Core), using effective boundaronditions derived from SOL
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transport models for the confined region, and it complete set of JINTRAC transport codes
for the full plasma volume including the core, edgel the SOL, i.e. JETTO+SANCO coupled to
EDGE2D+EIRENE, (JINTRAC-Core+SOL).

Core plasma transport in the L-mode phase is medleNith the standard Bohm/gyroBohm
(BgB) model [Erba JET Report 1996] considering ward pinch proportional to d3s,main ion
[Coppi NF 1981, 4, Behringer IAEA 1981]. For H-modenditions, the GLF23 transport model
[Waltz PoP 1997] or a retuned version of BgB fitted5LF23 predictions in ITER baseline high
current plasmas [Garzotti NF 2012, Romanelli NF3qWith inward particle pinch) is used for
the plasma core transport. The plasma confinemedeniL-mode or H-mode) is determined by
comparing the power required to access the H-m&dg)(evaluated with the scaling from
[Martin JPhys 2008] with the net heat flux.P= Ro — dWW/dt (neglecting core radiation as it is
also not considered in the derivation of the scahor R.4). With BgB, anomalous impurity
particle diffusivities and pinch velocities are @akto be identical with those for main ions,
whereas with GLF23, impurity-specificif3 and vmp are calculated (using local averages for the
impurity charge and mass numbers). Neoclassicaspi@t in the core and ETB is predicted by
NCLASS [Houlberg PoP 1997] for main ions and alpumty stages except for W transport,
which is described by application of a bundling esole with six super-stages in SANCO
[Summers AIP 2007].

Following the H-mode transition, the level of andous energy and particle transport in the ETB
is decreased by the application of a suppressiorf@xp(-(Rer PL-n)/ (Ao P+)) that mimics the
gradual improvement in H-mode confinement agsb&comes larger than.-R, which is observed
in the experiment. When,£>> R.4 the energy and particle transport in the ETB readhe
levels of neoclassical transport. The value ofdbestants\,, Ap that determine the rate of the
reduction of the energy and particle diffusivitieand D with increasing&/P..4 are adjustable
in the model and have been inferred from the comsparof model predictions against
measurements of plasmas undergoing L-H transitiamslescribed for ITER-like plasmas in the
next section.

ELM-induced transport in the ETB is modelled inméd averaged way with the continuous ELM
model [Parail NF 2009], where a maximum normalipesssure gradient in the ETB is imposed
that yields a pedestal pressure close to EPED ligbiets [Snyder PoP 2009, Polevoi NF 2015].
The ETB width has either been prescribed and mdteith EPED1 predictions or it has been
directly determined by the EPED1 scaling in theuation. Resistivity and bootstrap current
density are calculated by NCLASS.

Auxiliary heating by neutral beams is modelled wite PENCIL [Challis NF 1989] or ASCOT
[Heikkinen PoP 1995] codes. ICRH heating is modieWéh the PION [Eriksson NF 1993] code,
and ECRH is modelled with a scaling approximatiasddl on GRAY calculations [Farina
FSciTec 2007].
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Fuelling of the confined plasma (core +ETB) is isad by high energy neutrals from the neutral
beams (negligible in ITER), neutral atoms origidateom gas puffing and plasma recycling (a
small contribution in ITER and more significantJ&BT) and by pellets (in the ITER DT plasmas
modelled).

Pellet fuelling is described either by a continupe#iet source with a peak in particle deposition
at pnorm ~ 0.85 (corresponding to typical pellet code predns for high field side pellet injection
considering the ExB drift of the ionised ablatedlgieparticle cloudlets in ITER H-mode target
plasmas [Pégourié PPCF 2009]) or by the pellet ¢dE2 [Pégourié NF 2007]. The amplitude
of the source profile (for the continuous pelletdel) or the frequency of pellet injection (for a
chosen pellet size) is adjusted in the code bylaekl control on a prescribed target for the
evolution of the ITER plasma average electron degnsi

The magnetic equilibrium is updated every ~100 nith whe 2D equilibrium solver ESCO
(considering the pressure contribution from fastigias).

In integrated core+edge+SOL simulations, stand@ERI or JET wall and pump structures and
assumptions are applied [Romanelli NF 2015, RoniaREIR 2014, Groth JNM 2015]. The
standard Braginskij model is used for the paralebht and particle transport in the SOL
[Braginski RevPP 1965]. Perpendicular transporths near-SOL is assumed to be equal to its
1-D counterpart at the separatrix for both L-modd B-mode plasma conditions. Further away
from the separatrix (at RsB> ~ 0.5 cm in the outer midplane) the heat andgertliffusivities
gradually approach a constant level with typical luea of Xe=Xi=1.0nfils,
Do/r = Dimp=0.3 nf/s. This assumption about perpendicular transpliotva the anomalous
transport in the near-SOL (both for heat and plarficixes) to drop to a very low level after the
L-H transition as the near-SOL transport reflebes $trong reduction of the edge transport in the
ETB following the H-mode transition, which is inragment with experimental observations
[Neuhauser EPS 1999]. Drifts in the SOL are nouitked in the simulations.

The maximum time step used for the integratiorheftransport equations in EDGE2D is”1€
For the description of neutral dynamics, 20000 Mddarlo particles have been used in EIRENE
at each iteration. Regarding other edge modellssyimptions, the standard EDGE2D+EIRENE
plasma-wall interaction models are used. The sawmte of impurities is considered in
EDGE2D+EIRENE as with JINTRAC-Core. In the simuat for ITER including here the
effect of prompt W re-deposition is not taken egiplly into account.

Special modelling assumptions that apply to a $jgetimited set of simulations only are
described in the next sections when these simak#oe discussed.

3. L-H transition in ITER-relevant JET plasmaswith Carbon Plasma Facing Components

Integrated JINTRAC-Core+SOL simulations have bemmied out in order to validate transport
assumptions for the modelling of the L-H transiteomd the access to stationary high quality H-
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mode in ITER with JET plasmas. The phase from L-entmdstationary H-mode of two JET high
current discharges #79668 and #79688 with plasmeamul, = 3.5-3.8 MA, NBI heating power
level Rg ~ 19-21 MW and high quality H-mode energy confieamwith plasma energy
Wi, ~ 8-10 MJ, with Carbon Plasma Facing ComponentsC#p have been considered for
detailed modelling. These plasma conditions hawes lmhosen as they have been identified to be
representative for ITER regarding core and pedgdtaima due to the low core fuelling by the
JET NBI injectors in these plasma conditions anel lthw core and pedestal H-mode plasma
collisionalities achieved [Loarte NF 2013]. Thesmnditions have not been reproduced so far
with tungsten and beryllium PFC operation in J&ET d¢alled ITER-like Wall PFCs or ILW). The
specific discharges subject to detailed compansitim modelling have been selected because of
the availability of high quality measurements foe plasma in the core, the edge transport barrier
and (for one of them, cf. subsection 3.1) of diwetarget power fluxes.

In the core region, transport equations are solvél high resolution (300 mesh points) for

current diffusion, electron and ion heat, D mainsi@nd C impurities, while toroidal velocity is

prescribed using measurements from charge-exchspgetroscopy. In the SOL, the parallel
momentum equations are solved, but currents ardéected. Anomalous core transport is

modelled with GLF23, neoclassical core and ETBdpant is modelled by NCLASS. Sawteeth

have not been included in the simulations, as #@reyalmost absent in the experiment in the
transition phase from L-mode to H-mode (cf. commpgerature evolution in Figs. 4 and 18),

which is of most interest, and only become relewainén stationary ELMy H-mode conditions

are reached. Neglecting the sawteeth leads toght Zverestimation of the stationary H-mode
core plasma temperatures and densities modelldteaffective transport level does not include
their effect.

The plasma equilibrium and SOL magnetic geometgeiermined by the EFIT code. Inside the
EFIT separatrix, the magnetic equilibrium is reoddted every ~90 ms by the 2-D equilibrium
solver ESCO with high resolution (300x300 mesh f®)ijnconsidering the effects of the fast
particle pressure. The experimental NBI power aednb configuration is prescribed. The
plasmas are fuelled by the high energy neutraéciag by the NBI (calculated self-consistently
by ASCOT) and by gas fuelling, where the gas ifdeations and time-varying gas puff rates in
the model are the same as in the experiment, cenrsidan averaged delay for the arrival of the
gas to the vacuum vessel of ~50 ms. The net fgetinthe confined plasma is thus determined
by the NBI particle source and the gas puffing aedycling source that is evaluated self-
consistently with EDGE2D-EIRENE (neglecting wall rBtention effects). Plasma radiation is
calculated self-consistently using cooling ratesrfthe ADAS database. The sputtering of C and
the re-deposition of C on the plasma-facing comptmare properly accounted for by EIRENE.
Following the approach in [Groth JNM 2015], pumpivgs simulated by imposing albedos at
pump surfaces located in the upper divertor coregions where the majority of neutral particles
escape to the pump. As suggested in [Kotov PPCB]2@0constant pump albedo is prescribed
that is calibrated in the L-mode phase and thert fgpd with time (of value 0.97 in these
simulations).



Modelling of Transitions Between L- and H-Mode lmding Tungsten Behaviour in JET and ITER Scenarios 7

In the two JET discharges subject to detailed miogdelsee Fig. 1), the plasma is initially
ohmically heated and in the L-mode regime for t & $or t > 9 s, NBI heating is ramped to the
nominal value of ~20 MW within ~0.2 s, which leddsthe triggering of an L-H transition at t ~
9.3 s. In addition, the deuterium gas puff raténiweased from ~¥s’ for t < 9s to ~2.5-
3.510%s! for t > 9 s in these discharges. After the L-Hhsition, the density starts to increase
rapidly in the edge region leading to the formatwha hollow density profile with higher
densities at the top of the ETB than in the plassrare. The hollowness of the density profile is
maintained for several confinement times and dieapy usually with the appearance of the first
sawtooth. This behaviour is typical for higher emtr JET H-mode discharges as they naturally
have higher plasma densities, which leads to perghNBI power and particle deposition
[Loarte NF 2013]. The average density and plasmexggnincrease quickly in the ELM-free
phase after the L-H transition and they continuede at reduced rates when the MHD stability
limit is reached in the pedestal and the plasmarsrihe ELMy H-mode regime (t > ~9.7-9.8 s)
until stationary conditions are obtained. Core atidn remains at a fairly low level of ~1-2 MW,
and the core plasmas have relatively low carborumitypconcentration with & ~ 1.4-1.6. In the
stationary H-mode phase the ratio of total inpulvg@oto the power required to access the H-
mode (P.4), according to the scaling in [Martin JPhys 2008 Ro/P.-1 < 2, similar to ITER @y

= 10 plasma conditions [Hawryluk NF 2009].
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Figure 1: From top to bottom: Time evolution of NBI poweso(id) and L-H transition threshold power

(dashed, Matrtin scaling), D gas puff rate, lineraged electron density, total plasma energyemission
from the outer divertor for the transition phasenirL-mode to stationary H-mode conditions in JET
discharges #79668 3.8MA/3.0T (blue) and #79688 2BMBT (red).

3.1. L-H transition in JET discharge #79688:

Main simulation results and comparisons with meas@nt data for the transition from L-mode
to stationary H-mode in JET discharge #79688 aogvahin Figs. 2-10. The simulations for NBI
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heating in #79688 have been performed with the ABQ@Ode that takes into account the
slowing-down time of fast particles, which is imtaort to accurately determine the net power in
the initial stages of plasma evolution after thartsbf NBI heating. The SOL geometry was
evolved with time (in agreement with EFIT predios), as the strike point on the outer target
moves away from the pump location during the tit#osito stationary H-mode in this discharge,
which has a significant impact on the pumping éficy and the density evolution.

Good overall agreement between modelling predistiand the available plasma measurements
Is obtained. As indicated in Fig. 6, the slow indv@ropagation of a peak in density at the edge,
which is formed after the L-H transition, is wed#produced with the GLF23 anomalous core
transport model. The level of particle transponpriedicted to be very low despite the appearance
of positive density gradients, which explains tleeyslow equilibration in the core density. The
good agreement in the core density evolution dffteitransition to H-mode confirms that particle
transport in this regime can be well described amdlerstood by standard ITG/TEM
microturbulence theory based models, as was rgogethonstrated in [Baiocchi NF 2015].

In stationary H-mode, the agreement in the evatubb core temperature, energy and internal
inductance could probably be further improved watinsideration of sawteeth, as indicated in
Figs. 3-4 where additional time traces are showrafshort demonstration run for t = 10.5-11 s
with discrete sawtooth events (described by Kadewmtsodel [Kadomtsev SovJPP 1975]). As
mentioned before, the effect of sawteeth in thesiteon phase to stationary H-mode, which is of
main interest here, is negligible though, as salvtere almost absent in that period.

As can be seen in Fig. 3, the predicted neutral tlwough the separatrix does not increase and
even starts to decrease after the L-H transitiGfe(s sep< ~1.0-1.516%s), although the applied
gas puff rate is more than doubled. This is causedn increased power flux from the core and
an increase in density in the SOL (see Fig. 7) wieads to an increased fraction of neutral
particles being ionised in the SOL. The increas¢hm gas puff rate is therefore not directly
responsible for the rise of the edge density afterL-H transition via enhanced core fuelling by
cold neutrals, which makes the confined plasmagnas modelled to be relatively insensitive
to the pump efficiency and detail of edge fuellougnditions.

Both the increase in density and energy after the fransition can be reproduced with the
assumption of a reduction of anomalous transpgeneing on R/P.+ applyingA, = 0.20 and

Ap = 0.08 which results in the time evolution of #ergy and particle transport coefficients at
the separatrix shown in Fig. 5. The edge MHD sitgtimit leading to the onset of ELMs in the
simulations is reached at t ~ 10.05 s. At that fiR\g/P..1 ~ 1.6, therefore the anomalous energy
transport is still not yet fully suppressed by thE transition model applied when the continuous
ELM model starts to increase ETB transport. Itngportant to note that the increase iR
these discharges is slower than what would be attohnwith the injected NBI power since the
time required for thermalisation of NB particlesshzeen taken into account. Using other values
for Ay andAp lead to simulations that cannot reproduce acclyréite simultaneous change of
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plasma density and temperature in the core plaBm,and SOL as shown in section 3.2.)R,
andy; at the separatrix are plotted in Fig. 5.

Integrated modelling of the complete plasma allassto evaluate quantitatively, whether the
changes in plasma transport, which are requireggooduce plasma behaviour in the core and
ETB plasmas in the phase from L-mode to high camfient H-mode, describe also the
behaviour of the plasma on open flux surfaces the.SOL), or different assumptions regarding
changes in plasma transport are required in tigismneto describe plasma behaviour in this phase.
This is important because SOL transport deterntaodis the magnitude of the power and particle
flux densities on PFCs during this phase as welhasedge density and temperature profiles,
which in turn determine the degree of edge ioresatif the recycled neutrals and the magnitude
of the ionisation source in the ETB.

In view of the abovementioned considerations, thawtion of the edge and SOL density and
electron and ion temperature profiles and of thegycand particle fluxes to the divertor during
the phase from L-mode to high confinement H-modeshzeen analysed in detail for #79688 for
which high quality divertor measurement data isilabée. Regarding SOL profiles, the
uncertainty in the position of the separatrix needse taken into account. This has been done by
following the approach proposed in [Kallenbach JRBO5] to determine the separatrix location
from the experimentally measured profiles for statry H-mode conditions and then keeping the
difference between the determination of the separnaosition by this scheme and that predicted
from equilibrium constant throughout the transitjgmase from L-mode to high confinement H-
mode. This typically leads to electron separatemperatures in the range of 100-150 eV and
ratios of pedestal densities to separatrix demssibe~ 2.0 for stationary H-mode conditions,
which are consistent with findings for JET in [Kalbach JNM 2005]. With this prescription to
determine the separatrix position, the modelledwtian of the ETB and SOL density profiles
throughout this phase and electron temperaturdlgsoh the late H-mode phase are in good
agreement with experiment as shown in Figs. 7-& Enot a trivial result as the choice of the
energy and particle anomalous transport reductisaduin the modelling is dictated by
requirements to reproduce the core plasma evolatiohthis does not necessarily ensure that the
predicted edge plasma evolution is in agreemertt axperiment. Indeed, the good agreement
shown in Figs. 7-8 demonstrates that the assungptised regarding the extension of the ETB
transport barrier by few mm into the SOL in H-made for the reduction of the transport with
increasing R/P. are also appropriate to describe SOL plasma bebavi

In an attempt to further substantiate the apprégmizss of the applied model assumptions for the
description of the evolution of SOL plasma conditipthe modelled particle and power fluxes to
the divertor have been compared with the measuned during the transition phase from L-
mode to high confinement H-mode. Figs. 9 -10 shomgarison, for the outer and inner divertor
respectively, of the modelled total power, peak podensity and average,Bmission with the
experimental measurements. It should be notedtiieae are no independent measurements of
density and temperature by Langmuir probes at tkertdr for this discharge and that the
comparison for divertor fluxes is restricted to 838 s because due to the changes in magnetic
configuration illustrated in Fig. 2, the strike pohits edges of tiles, distorting the divertor ow
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measurements. From t > 9.8 s ELMs are triggerezkperiment and this leads to large spikes in
the Oy and power fluxes which are not reproduced by thrilstions where a continuous ELM
model is used. As shown in Fig. 9, the simulatedltpower, peak power flux and average
particle flux (Qy) to the outer divertor are in reasonably good egrent with the model. Some of
the discrepancies are associated with diagnostidalions. For instance, for the total outer
divertor power load, the simulations evaluate tb&ltpower arriving at the outer divertor,
whereas the measurement only includes those infithe of view of the infrared camera
diagnostic. The latter cannot measure power flunezs the outer corner of the divertor and this
explains, why the simulated total power is lardgramtin the experiment although the peak power
flux is in good agreement. The good agreement kmtwee simulated and measured power and
particle fluxes again confirms that the assumptioegarding SOL transport during the L-H
transition and of the reduction of anomalous transin the H-mode transient phase withQ/P..

n IS not only appropriate to describe the evolutainplasma density and temperature in the
core+ETB+SOL but also to describe the evolutiorthef power and particle fluxes during this
phase. It should be noted, however, that the agretbetween simulations and measurements is
worse for the inner divertor target. The simulasiooverestimate the peak power fluxes and
under-estimate the particle fluxes at the inneedor compared to experimental measurements.
This is a well-known deficiency of edge plasma datians that do not include the effect of
plasma drifts, etc. (cf. [Chankin PPCF 2015] anférences therein). An improvement in the
prediction of plasma conditions near the inner @¢argray therefore only be achieved by
consideration of more sophisticated SOL transpastiets, which is outside the scope of this

paper.
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Figure 2: Contour plots of the ion temperature in the SOLtf~ 8.75 s, t ~ 9.50 s and t ~ 10.75 s for
#79688, illustrating the variation in SOL geomedind the movement in strike point position during th
transition from L-mode to stationary H-mode in ttischarge.
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Figure 3: Measured (red) vs. simulated (blue, dashed: sathteeth for t > 10.5 s) time evolution of main
plasma quantities for the transition to high gwalt-mode in JET discharge #79688. Left: electron

density on axis, line-averaged electron densitghRiplasma internal inductance, total energy aunte
thermal electron energy content.

keV]
W b 0o~
[10%/s]
N
BN O G

T
eax

D,neut
=

r

s
1)

o
21
Sy [10745]
-

o
o

1.6f g
14} -

12} g
g [ ]
Z 05

B -1.5F 1
o

10

85 9 95 105 11 85 9 9.5 10 105 11
Time [s]

Figure 4: Left: Measured (red) vs. simulated (blue, dashéth sawteeth for t > 10.5 s) time evolution of
the electron temperature on axis, energy confineriemw, Z¢ and core plasma radiation. Right: D gas
puff applied in the experiment and modelling (red) simulated D neutral influx at the separatribuéh,

NBI particle source rate, ion outflux across thgasatrix, for the transition to high quality H-mouheJET
discharge #79688.

22
a1sep 11077751
-
e

o
o

r

Time [s]



Modelling of Transitions Between L- and H-Mode lmding Tungsten Behaviour in JET and ITER Scenariosl2

15 2
350
1.2f
3l
@ 25
0.9f @
@ £
a
£ g
g oz
g <
o g
8
0.6f R
1t
0.3f
0.5F
............... Ly N T
85 9 9.5 10 105 11 8.
Time [s]

Time [s]

Figure 5: Left: time evolution of D particle diffusivity,ight: time evolution of electron (red) and ion

(blue) heat conductivity at the separatrix, for thensition to high quality H-mode in JET discharge
#79688. Solid: total, dashed: neoclassical diffiagivconductivity.

#79688,1~9.00s #79688,t~9.00s

#79688,t-9.155
2.5 2.5
- s

= 7 g B
% ] e
2 s

z 5 El

8 g g

SLS é g15
T - £

s § 2

g 3 5
& 2 =

0.5 0.5]

3 31 32 33 34 35 36 37 38 39 3 31 32 33 34 35 36 37 38 39 3 31 32 33 34 35 36 37 38 39
Rowe (M Roue (] Row (M1
#79688,1-9.25 5 #79688,t- 9255 #79688,1-9.25 5

3. a4,

35 35|
3 3
£ =
= 2
g2 £29)
g H
5 H
s g
< 8§

g § 3

8 K 8§

w gt 15|

1
1
05
05 05
3 a1 32 33 34 35 36 37 38 39 3 31 32 33 34 35 36 37 38 39 3 31 32 33 36 37 38 39
Ry (M Rowe M

34 35
onp Rowp M



Modelling of Transitions Between L- and H-Mode limding Tungsten Behaviour in JET and ITER Scenariosl3

#79688, 1~ 9505 #7968, 1~ 9.50's #79688,1- 9505
1
10
9
E
§7
£ o
g
£
§ 4
E
2
pt
3 a1 32 33 34 35 36 37 38 a9 3 a1 82 83 34 35 86 37 38 39 3 31 32 33 34 35 36 37 38 39
R (] Repgp 1] R ]
#7968, 1~ 9.75 s #79688, 1~ 9.75 5 #79688,1-9.75 5
9
§
g
s’ 7
< B
e e
24 °
g E
] g H
] g g 5
g g g
T £ g
5 H
EE g B
& 4 <
2 g
g )
2
2
o il
i
3 a1 32 33 34 35 36 a7 38 39 3 81 82 33 34 35 36 a7 38 39 3 31 32 33 34 35 36 37 38 39
Rowp ] Rowe (M Rowe (M
#7968, 1~ 10.00S #7968, 1~ 10.00's 479688, 1~ 10005
8
§
7
5|
3 6]
3 s
® 2
1 g5
g g
2 g
24 £
g H
5 ~3
2
2 2
1
1 f
3 81 82 33 34 35 36 a7 38 39 3 81 82 33 34 35 36 37 88 39 3 81 32 33 34 35 36 37 a8 39
Rowe (M Rowp M) Rowe (M
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Figure 7: Measured (red, dashed: high resolution Thomsatiesing data, solid: Li beam diagnostics) vs.
simulated (blue, solid) electron density in theeedgd SOL along the outer mid-plane at t ~ 9.2&agly
H-mode), 9.5 s (density ramp phase), 9.75 s (latd Eee H-mode phase), 10 s (early stationary ELMy

H-mode phase), and 10.35 s (stationary ELMy H-made&)ET discharge #79688. The LCFS location is
indicated by dashed lines.
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Figure 8 Measured (red, dotted: high resolution Thomsaattedng data) vs. simulated (blue, solid)
electron temperature in the edge and SOL alongtier mid-plane at t ~ 9.25 s (early H-mode), %75
(late ELM free H-mode phase), and 10.35 s (statipd.My H-mode) in JET discharge #79688. The
LCFS location is indicated by dashed lines.
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target, peak power flux to outer target and pealsiOnal near the outer target for the transitiomitgh
quality H-mode in JET discharge #79688.
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Figure 10: From top to bottom: Time evolution of measuredsfuied) vs. simulated (solid) power to inner

target, peak power flux to inner target and peaksignal near the inner target for the transitiorhigh
quality H-mode in JET discharge #79688.

3.2. Sensitivity of the results to the values of Ay, Ap:

The reduction of anomalous transport at the ETB raear SOL in the JINTRAC simulations
depends on the empirical constahisAp. The results in section 3.1 correspond to theiBpec
choiceAy = 0.20,Ap = 0.08, which is found to reproduce best the drpantal data but that leads
to a different reduction of the anomalous transpartparticles and energy in the transient H-
mode phase as\&P..n increases. It is therefore important to substéntthis choice and to
demonstrate that this is the optimum one to repredlET experimental results before applying
the models to ITER. In first place, it should beeabthat good H-mode confinement requires the
edge power flow to exceed the H-mode threshold pdyea given threshold so that, typically,
PnefPL-n >1.3-1.5 is required for high confinement H-modes;lower powers low confinement
H-modes and Type Ill ELMs are observed at JET [BaRPCF 2004]. In the JINTRAC model
and in the experiment, the achievement of high Hienconfinement is linked with the reduction
of the transport in the ETB and the formation dfigh pressure gradient region in the ETB. As
the reduction of anomalous transport in the JIINTRAGIel is given by exp((&-P.-n)/(AyoPL-
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H)), this implies thal, andAp must have values of the order of ~ 0.1 so thatFey >1.3-1.5
provides a sizeable anomalous transport reduckep({3) to exp(-5)). The ratid,/Ap then
needs to be adjusted to take into account posdifferences in the R/P. level required to
achieve a strong suppression in particle versusggriensport.

In the JET experiments that have been analysethierstudy, it is found that the evolution of
density and temperature gradients occurs on diffén@mescales after the L-H transition. This can
be due to the fact that anomalous energy and [gattiansport do not decrease in the same
magnitude as the plasma evolves towards high cemié&mt H-mode conditions but also to the
fact that power and patrticle fluxes at the edgeehdiferent origins and do not evolve in the
same way after the L-H transition. The power flustving from the plasma core is continuously
increasing while the effective particle source daeionisation of recycling neutrals in the
confined plasma remains roughly constant or may déesreduced in this phase in JET, as the
edge neutral fuelling efficiency decreases. Sirhiltlre core plasma sources by NBI also change
as the NBI particle deposition profile becomes mpreminent at the edge due to the poorer
beam penetration as the edge density increasissthiérefore important to perform a sensitivity
study for the dependence of the evolution of plademsity and temperature in the access phase
to high performance H-mode on the reduction of amoms energy and particle transport
following the H-mode transition, described XyandAp in the IINTRAC modelling approach.

In Figs. 11-15, the results of JINTRAC simulatiamsh Ay = 0.20,Ap = 0.08 and\, = Ap = 0.10
are compared with measurements of plasma paranfetdte transition to stationary H-mode in
#79688. Indeed, as mentioned above the experimbatalviour is well reproduced witky =
0.20,Ap = 0.08 (possibly a fine tuning of these valuesa@amprove further the code-experiment
agreement), while the choice af = Ap = 0.1 fails to reproduce the main features of the
experiment. In particular, the core+ETB plasma dgrevolution and the peak heat loads and D
emission at the outer divertor are considerablyevestimated by modelling withy = Ap = 0.1,

in which both energy and particle anomalous trartsgecrease in the same fashion wit/P_4,
compared to\y = 0.20 andA\p = 0.08, in which anomalous energy transport deeganore
gently with Re/P..+ than anomalous particle transport. Differencethancold neutral influx to
the core are not responsible for the underestimaifcthe core density increase with = Ap =
0.1. Comg)ared to the case with= 0.20,Ap = 0.08, the neutral influx is even slightly incsed
by ~2-16Ys on average in the density ramp phase due tceféisint neutral ionisation in the
SOL which is a consequence of a reduced powerdiublie separatrix at lowag in the transition
to stationary H-mode.

This modelling finding of an asymmetry in the retloic in X versus D in the H-mode transient
phase, evaluated by analysing the edge densityesmplerature profiles, is also supported by the
direct evaluation of the experimental effectivefulifvities as shown in Fig. 16. The reduction in
effective particle diffusivity after the L-H trangin is larger than the relative reduction in
effective heat diffusivity, which can only be reguzed in the JINTRAC model by assuming a
ratio Ay/Ap > 1.0. It should be noted, however, that calcafatof the experimental effective
diffusivities is not completely independent frone tHINTRAC simulation results as the computed
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power and particle fluxes near the separatrix heen taken into account in these calculations in
addition to the measured edge density and temperptafiles.

The observed differences betwegnandAp can be interpreted in various ways. This diffeeenc
may indicate that long wavelength turbulence isuced first in the ETB in the transition to high
quality H-mode. Botlx; and D would then be reduced much earlier th@rAccording to the
evolution of the effective edge ion heat diffuspibferred from measurement data as shown in
Fig. 16, that may not be the case xas appears to be reduced at a similar scale as ¢lotr@h
heat diffusivity. It should be noted though thagedCXRS diagnostic measurement data were
used for the calculation of et where ion temperature values in the order of 1 &ed/given for
the outermost measured location in H-mode. AatThe separatrix is typically found to be much
lower in a temperature range more comparable witizTone cannot exclude the possibility that
a narrow region near the separatrix with increagadient in Tis formed after the L-H transition
similar to the localised formation of high densgsadients near the separatrix as illustrated in
Fig. 7. This region might just not have been cagduny the edge CXRS diagnostics. If such a
region exists, the relative reductionyins« with time might actually better correspondiiprather
than Ay. Thus, the possibility of different time scales fine reduction of long vs. short
wavelength turbulence cannot yet be discarded.l#ennative explanation is that a phase shift in
turbulent density versus velocity perturbations Idolead to reduced net particle transport
compared to net energy transport. The latter mag bt associated with the formation of an
anomalous inwards pinch in the ETB in H-mode plasiidillensdorfer NF 2013]. Investigating
the exact cause of the discrepancyjrandAp is out of the scope of this paper and will be the
subject of further studies.
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Figure 11: Measured (black, high resolution Thomson scattedata) versus simulated (red/green) total
electron density profiles obtained wiNy = 0.20,Ap = 0.08 (red) and, = 0.10,Ap = 0.10 (green) at

t ~ 9.5 s (left, density ramp phase), 9.75 s (Eit& free H-mode phase), and 10.0 s (early statnar
ELMy H-mode phase) for JET discharge #79688.
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Figure 12: Measured (black, high resolution Thomson scaiteri CXRS diagnostics data) versus
simulated (red/green) electron (left) and ion (fjdamperature profiles obtained with = 0.20,Ap = 0.08

(red) and\, = 0.10,Ap = 0.10 (green) at t ~ 9.5 s (top, density rampsphed.75 s (bottom, late ELM free
H-mode phase), and 10.0 s (early stationary ELMwyétie phase) for JET discharge #79688.
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Figure 13: Left: time evolution of D particle diffusivity, ight: time evolution of electron heat
conductivity at the separatrix, obtained with= 0.20,Ap = 0.08 (red) and, = 0.10,Ap = 0.10 (green) for
the transition to high quality H-mode in JET disidea#79688.
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Figure 14: From top to bottom: Time evolution of measureth¢k) versus simulated (red/green) peak
power flux and [ emission from the divertor target obtained with= 0.20,A\p = 0.08 (red) and, =
0.10,Ap = 0.10 (green) for outer (left) and inner (righiyertor targets for the transition to high quality

mode in JET discharge #79688.
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Figure 15: Measured (black, dashed: high resolution Thonssattering data, solid: Li beam diagnostics)

versus simulated (red/green, solid) electron dgnisitthe edge and SOL along the outer mid-plane
obtained withA, = 0.20,Ap = 0.08 (red) and, = 0.10,Ap = 0.10 (green) att ~ 9.25 s (early H-mode),

9.5 s (density ramp phase), 9.75 s (late ELM fremddle phase), in JET discharge #79688. The LCFS
location is indicated by dotted lines.
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Figure 16: Time evolution of measured (crosses, HRTS / E€fge CXRS diagnostics) versus simulated
(solid) effective particle (left, green/black), el®n heat (right: red/magenta) and ion heat (right
blue/cyan) diffusivities in the ETB near the sepdxaobtained with the reference choice of paramsete

A = 0.20,Ap = 0.08 (green/red/blue) ardd = 0.10,Ap = 0.10 (black/magenta/cyan) for JET discharge
#79688.

3.3. L-H transition in JET discharge #79668

In order to evaluate the robustness of the findfieggt 79688, simulations have been performed
for another JET ITER-like plasma (#79668) with f#ane modelling assumptions (ixg.= 0.20,

Ao = 0.08) The discharge #79668 has several advantageslfiepoint of modelling (the divertor
geometry does not change significantly throughltireode to stationary H-mode phase, edge
impurity density measurements are available) bugo atlisadvantages regarding plasma
measurements due to the divertor geometry (no tivpower and particle fluxes are available).
The results of the simulations are shown in Fig23 With satisfying overall agreement between
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simulations and experimental measurements. Thikides the edge density and temperature
behaviour and the relaxation of the hollow denpityfiles. However, the predicted hollowness of
the core density profile in the later phase of trensition to stationary H-mode is less
pronounced and the disagreement with the measualvness is larger compared to #79688.
As in the case of #79688, the predicted neutral flwough the separatrix does not increase and
even starts to be reduced after the L-H transifiafeut,sep< ~1(s), although the applied gas
puff rate is roughly tripled, due to enhanced iatim of recycling neutrals in the SOL during
this phase. The sensitivity of the influx of re@alneutrals into the confined plasma to the
applied gas puff has been assessed by varyingabteuffing level in the modelling and was
found to be weak provided that detachment conditiemain unchanged. Increasing the gas
puffing rate to levels twice larger than in the esment only leads to changes in the average
plasma density of ~10 %. Similarly, the results Lfnulations are rather insensitive to
uncertainties for the prescription of the pumpadincy. For instance, the average core density
increases only by ~ 5% if the pump albedo is medisuch that the pump efficiency is reduced
by a factor of 2.

The good edge carbon density measurements in igothatge allow a comparison between the
measured and predicted carbon density profiles. rdlvempurity particle transport is
satisfactorily described by the simulations, thedicted Zs in the core plasma and core radiation
agree roughly with measurement data (see Fig.al@®pugh the impurity concentration may be
underestimated especially in the early H-mode phasécating that a noticeable concentration
of impurities other than C may also be present Wwhi@ not taken into account in the simulations.
Both absolute values and the relative evolutiorhwiine of the carbon impurity density are in
reasonable agreement with the measured ones @e22i In particular the change of shape of
the carbon density profile as the plasma entersith@de and the ETB appears is well predicted
by the model, although details in the profile shapelution such as the time evolution of the C
profile barycentre are reproduced less accurat@éte. for main ions, the carbon density builds up
quickly at the plasma edge due to the increaseguiesing source with increasing power and
the neoclassical inward pinch in the pedestal. sSthe anomalous transport for C predicted by
GLF-23 is as small as that for D in the core, thee@sity profile becomes hollow soon after the
L-H transition (t ~ 9.3-9.4 s). It then remains ke at the plasma periphery, as the central
carbon density increases very slowly with time.

As for #79688, the time evolution of effective edfjfusivities and heat conductivities appears
to be well described with the choiag = 0.20,A\p = 0.08 as shown in Fig. 23. Since the edge
barrier in ion temperature measured by the edge £&iagnostics is well visible in #79668, the
calculated effective ion heat conductivities mayrbere accurate than for #79688. Although
CXRS data are only available for the NB heatingsehandy; .« could only be calculated for the
H-mode phase, the conclusion can be drawnyhaideed seems to scale in the same wayeas
rather than P If it did scale with [} extreme ion heat conductivitesaf> 10 nf/s would need

to be present in L-mode, or the drop)ns for increasing R{/P..4 would need to be more
pronounced. It is thus unlikely that the differenieé\y, andAp is caused by a faster reduction in
long wavelength turbulence as speculated in theique subsection.
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Figure 17: Measured (red) vs. simulated (blue) time evolutid main plasma quantities for the transition
to high quality H-mode in JET discharge #79668.t:.Lefectron density on axis, line-averaged electron
density. Right: plasma internal inductance, totedrgy content, thermal electron energy content.
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Figure 18: Left: Measured (red) vs. simulated (blue) timelation of the electron temperature on axis,
energy confinement time £Zand core plasma radiation. Right: D gas puff aupin the experiment and
modelling (red) vs. simulated D neutral influx lagé tseparatrix (blue), NBI particle source rate,doiflux
across the separatrix, for the transition to highliqy H-mode in JET discharge #79668.
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Figure 19: Left: time evolution of D particle diffusivity,ight: time evolution of electron (red) and ion
(blue) heat conductivity at the separatrix, for thensition to high quality H-mode in JET discharge
#79668. Solid: total, dashed: neoclassical diffiagivconductivity.
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Figure 20: Left: electron density, black dashed: simulatestinal n, black solid: simulated total,igreen
dashed: nfrom high resolution Thomson scattering measurémmiddle: electron temperature, red:
simulated T, magenta dashed; Trom high resolution Thomson scattering measurénmagenta dotted:
T from ECE diagnostics; right: ion temperature, blsienulated T, cyan dotted: Tfrom edge CXRS
diagnostics. Profiles are shown for the transitimtigh quality H-mode in JET discharge #79668 at t
9s/9.15 s, 9.255, 9.5, 9.75 s, 10.5 s (fromtdopottom) as function of the major radius on tuter
mid-plane.
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Figure 21: Measured (red, dashed: high resolution Thomsattesing data, solid: Li beam diagnostics)
vs. simulated (blue, solid) electron density in guge and SOL along the outer mid-plane at t ~ .25
(early H-mode), 9.5 s (density ramp phase), 9.{ats ELM free H-mode phase), 10 s (early statipnar
ELMy H-mode phase ), and 10.50 s (stationary ELMynbide) in JET discharge #79668. The LCFS
location is indicated by dashed lines.
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Figure 22: Time evolution of measured (dotted, CXRS measergjrvs. simulated (solid) C density at
various locations (renom = 0.35, greenpnem = 0.50, bluepn,m = 0.80) for the ELM free phase in the
transition to high quality H-mode in JET discha#y®668.
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Figure 23: Time evolution of measured (crosses, HRTS / E€fge CXRS diagnostics) versus simulated
(solid) effective particle (left, green), electrbeat (right, red) and ion heat (right, blue) diffitses in the
ETB near the separatrix obtained with the referestusce of parameters, = 0.20,A\p = 0.08 for JET
discharge #79668.

In summary, our studies show that the transitiomfiL.-mode to stationary high quality H-mode
in high power and high current ITER-relevant JEBctiarges can be reproduced well in
JINTRAC-Core+SOL simulations provided that a grddeauction of anomalous transport in
the ETB takes place with increasing.# . and with a faster reduction in particle transport
compared to energy transpol/Ap > 1). Combining this assumption regarding transpgaiB
with an extension of the ETB transport in the n8@&t and applying the theory based transport
model GLF23 for the description of core anomalausrgy and particle transport provides results
that can reproduce all major features of evolutbthe plasma parameters from the core to the
SOL and divertor. This includes the relaxationhe tnain ion and carbon density profiles in this
phase, the changes to the SOL and ETB density emg@etrature profiles and the power and
particle fluxes to the divertor, although for tregtér the in-out divertor asymmetry cannot be
reproduced. The results are not very sensitive@applied gas puffing rate and the precise value
of pumping efficiency due the relatively low efeeicy of puffed and recycled neutrals to fuel the
ETB plasma in JET for these conditions, caused®@l Bnisation, which is modelled to be even
lower in ITER.

The successful validation of transport models andeting assumptions for the prediction of the
behaviour of ITER-relevant plasmas in the transitto high quality H-mode in JET is an

important step for the application of a similar eggzh with JINTRAC to the modelling of high

Qprt H-mode access in ITER described below.
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4. Modedling of access to high Qpr H-mode in ITER 15 MA DT plasmas and fuelling
optimization.

Extensive transport modelling studies have beenechout in the past [Parail NF 2009, Loarte
NF 2013, Parail NF 2013, Casper NF 2014, KessePRBB9] to determine whether stationary
burning H-mode conditions can be reached in theRIiaseline scenario flat-top phase which
are required to meet the primary ITER performaraxget of a fusion yield ratio & ~ 10
[Shimada NF 2007]. In this respect, the transipbiase from low density L-mode (~20-40% of
Greenwald densitydw) with I, ~15 MA to a stationary high confinement H-modespia at high
density (>~70% of gw) with substantial fusion power production was fdua be critical in the
past and in more recent studies [Kessel NF 201bktationary @r ~ 10 H-mode conditions
ITER will operate with Re/P.1 ~ 2 corresponding tosg/P..+ ~ 1.3-1.5 and with Rx < P_n.
The contribution of the alpha heating is therefessential to maintain the ITER plasmas in
stationary high @ H-mode and also to allow the access to these ¢ogifinement conditions
themselves. The level of alpha heating is strodgiyendent on the values of plasma density and
temperature and thus the energy confinement ipldsma; in particular ;> 10 keV is required
for the cross section of the DT reaction to beaise Similarly the H-mode threshold power is
found to depend on density asP0 nejin’’*’ [Martin JPhys 2008] and thus a high plasma
density increases the required edge power flowstan the plasma in the H-mode regime. As it
will be shown below, access to the higbr(H-mode in ITER depends on the build-up of the
alpha heating power and in maintaining a sufficierargin above the L-H threshold. Both of
these are determined by the plasma density evalutio TER, directly through the H-mode
threshold or indirectly through its effect on DTacéivity and this will therefore the focus of our
studies.

Contrary to present experiments, the control of plesma density evolution following L-H
transitions is expected to be much easier in ITERS is due to the fact that gas puffing and
recycling neutrals have a very low fuelling efficey of the core plasma in ITER [Kukushkin
FED 2011] so that the gas puffing level influentdes value of the separatrix density but much
less the density gradient in the ETB due to the ilmmsation source. The density gradient in the
ETB in ITER, which determines the minimum level thfe core plasma density, is thus
determined by the outflow of particles from thegptea core which is compensated by pellet
fuelling. Pellet injection in ITER is expected toopide a peaked source with typical deposition
centre atpnorm ~ 0.85 [Pégourié PPCF 2009]. The characteristie tfor the propagation of
deposited pellet particles to the core is strorgjfiiected by the presence of an anomalous,
inwards directed particle pinch that depends onétel of collisionality [Angioni PoP 2007]. In
addition to the edge density gradient that can drolled by pellet fuelling in ITER, the
temperature profiles develop a gradient in the Hdl®wing the H-mode transition in ITER.
This gradient increases with the decrease of armmatransport as the edge power flow
increases above the L-H transition reaching, uli@yathe edge MHD stability limit and leading
to the triggering of ELMs. In this respect, the R'lplasmas are expected to behave in a way
similar to those in present experiments with respethe build-up of the edge pressure gradient
from L-mode to the stationary H-mode with the odifference that in ITER the contribution of
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the edge density gradient to the edge pressurdegtaduild-up can be controlled by pellet
fuelling during the high performance H-mode acqéssse.

Since ITER scenario modelling studies have maimlgrbperformed in the past under simplified
conditions for the modelling of the L-H transitiqhe. by the arbitrary prescription of an
instantaneous transition from L-mode to high qyalt-mode) and for particle transport (i.e.
prescribed density evolution) the effects and theter-dependencies have not been properly
taken into account. In fact, the limitations of ogg®nal space in the transition from L-mode to
stationary burning H-mode in ITER can only be prgpevaluated by means of fully predictive
integrated simulations including core and edge g@neand particle transport and with
experimentally validated models for the plasma bieha in this transient phase. Optimization of
this transition phase can then be performed ob#ses of various criteria which can include the
robustness of the transition from L-mode to highr ®-mode to small perturbations in plasma
parameters, the minimisation of resistive flux agnption to allow longer burn lengths and the
avoidance of W contamination of the confined plasknis important to note that the two plasma
conditions whose transition we study are dictatga\erall requirements of the ITER scenarios,
design and fusion performance objectives. Namely,cansider the transition between a low
density L-mode (~20-40% of Greenwald densigwnplasma with § = 15 MA to a stationary
high confinement H-mode plasma at high densit$(@% of rsw) with substantial fusion power
production and with an additional power leval,£< 73 MW.

To study the physics phenomena that affect plasghaour in the phase from L-mode to high
Qor H-modes in the ITER 15MA/5.3T scenario, an extemset of fully-predictive simulations
have been performed with JINTRAC-Core including thedel to reduce anomalous transport in
the ETB following the H-mode transition that hasbevalidated against ITER-relevant JET
discharges. The studies include the first systenzasessment of the effect of the plasma density
evolution on the access to highh{QH-mode plasmas in ITER and sensitivity analysighi$
access with respect to the level of additional ingatmaximum pedestal pressure allowed by
edge MHD stability and uncertainties in the praditiof R for ITER.

The simulations start at the end of current ramgtup70 s) with an ITER 15 MA /5.3 T DT L-
mode plasma corresponding to an ITEBr& 10 baseline scenario plasma where the current
ramp-up has been optimised to avoid limits in thecBil system and to achieve sufficiently high
magnetic shear to avoid core plasma confinemewetideation (see [Parail NF 2013] for further
details of Case#001). Auxiliary heating of eithgpP= 53 MW or Rux = 63 MW (consisting of

33 MW of NB power, 20 MW of ECRH, and, in the sedarase, another 10 MW of ICRH) is
applied immediately after the start of the simalatieading to a fast increase in the edge power
flux above the L-H transition power threshold andriggering the transition into H-mode. The
auxiliary power level is maintained at the sameeldor the entire simulated phase. For CPU
time efficiency the extensive set of simulationpamed here have been carried out with the
JINTRAC-Core model instead of the JINTRAC-Core+S@bdel, as the CPU requirements for
the latter do not allow such a large set of simaoiet to be carried out. To ensure a proper
inclusion of SOL plasma effects in our simulatioti® values of the plasma parameters at the
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separatrix and the maximum pedestal pressure citgoatith edge MHD stability and the width
of the ETB have been evaluated with the ITER EPEDIL-PS scaling [Pacher JNM 2007,
Polevoi NF 2015]. This is an approach that has tsenwn to provide similar results to those
from the full JINTRAC-Core+SOL model for stationdtymode and H-mode plasmas in ITER
[Romanelli NF 2015, Polevoi NF 2016]. The neutrdlux across the separatrix is also taken to
be consistent with full integrated simulations GER plasmas [Romanelli NF 2015] and
previous ITER edge plasma simulation studies wislbbw that the maximum neutral influx
across the separatr>o neut,sep= I T neut;sep= 10%%/s for an edge power flow level = 50 — 150 MW
[Pacher JNM 2011]. Further core particle fuellimg &ddition to particle sources from neutral
beams which are negligible in ITER; 33 MW of 1 M&WBI neutrals provide a total core source
of 2-13° s and the neutral influx across the separatrix diesdrabove) is provided by injection
of pellets, which are modelled in these scans itine-averaged way by application of a
continuous particle source that is normalised tesired pellet particle fuelling rate determined
by feedback control to achieve a prescribed densuglution. The characteristic feedback
reaction time is assumed to be ~0.5 s.

The transport model and modelling assumptions egb ITER are the same as those used for
JET modelling. Anomalous core transport is describg GLF23 for H-mode plasma conditions
while the BgB model is used in L-mode. The anomaltansport in the ETB is assumed to
decrease following the H-mode transition withQ/P_.4 in the same fashion as found to describe
the JET experiments\{ = 0.20,Ap = 0.08). Core impurity transport of He, Ne and ¥stbeen
modelled with SANCO. Boundary conditions for thepumity ion and neutral fluxes at the
separatrix have been feedback-controlled in omlendintain a minimum constant line-averaged
W density of ~ B1L0"/m?®. This is a very low W density (W concentration@&®Land corresponds
to a trace impurity concentration at which the pree of W has no impact on the plasma
evolution but allows the characterization of W sjport and the evaluation of plasma conditions
which are, or are not prone to W accumulation. Tihe-averaged densities of He and Ne are
allowed to vary with time in order to roughly maiint a line-averaged effective charge number
of Ze« ~ 1.5, with He and Ne contributing to an increas&. of ~0.1 and ~0.4 respectively,
which are typical values expected in ITER [KukushMF 2002]. Toroidal rotation has been
taken into account in the ITER simulations, considethe torque from NB heating and applying
a Prandtl number of 0.75.

In these simulations the plasma density is incikdsam the initial value before the auxiliary
heating is applied according to the waveform in. 2y with feedback controlled pellet fuelling.
In an initial phase the density is maintained ptdgl L-mode values of ~ 3.0-410"° m* by gas
fuelling only. The application of strong plasma tieg leads to a slight increase of the average
plasma density with gas fuelling due to the needhtomease the separatrix density at a value
sufficient to provide divertor power loads under MWm™? (given by the EPED1-SOLPS
boundary conditions) and because of the developroérdn anomalous inward pinch with
increasing core temperature and continuously retudlisionality. Following this gas-only
fuelled phase, pellet fuelling is applied to in@edhe average plasma density linearly in time to a
final value of 16° m™, which is typical of 15MA/5.3T high & operation in ITER. Both the
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length of the initial gas fuelled phase and theatan of the pellet fuelled density ramp have
been varied and their effect on the access to QighH-mode plasmas in ITER assessed. Fig. 25
summarises the results obtained for an additionalep level of 53 MW. Discharges for which
either the gas fuelled phase is too short or thesileramp by pellet fuelling is too fast fail to
achieve high @r H-mode plasmas and either stay in a degraded Heroodfinement or return to
L-mode.

The reason for this is illustrated in Fig. 26 whém® similar discharges with a pellet fuelled
density ramp of 15 s and 20s are shown. A tooifasease of the plasma density following the
start of the high heating phase leads to a deci&fad® plasma temperature and, consequently,
of the alpha heating power. In this respect, drigcal that for a sufficient volume of core plaam
the ion temperature remains higher than 10 keVndutine pellet fuelled density ramp phase —
otherwise the fusion power decreases at constantace pressure as the density in the core is
increased, whereas it only depends on the ion presg temperatures of 10 keV and higher for
which the scaling & O ~ (nTi)? is valid. The decrease of the fusion power fot felet fuelled
density ramps together with the increase of the ddlenthreshold power with plasma density
leads to an insufficient,®/P..4 level to decrease anomalous transport in the pedebich leads

to the plasma staying in a low quality H-mode wilv pedestal pressure angQand a final
return to L-mode conditions as the density is iasesl further, illustrated in Fig. 26 for the faster
pellet fuelled ramp case.

12

(\50 80 90 100 110 120
Time [s]

Figure 24: Template waveform of the average plasma densitgidered in our studies indicating the gas
fuelled-only phase (blue-shaded) and the pelldiddalensity ramp (green-shaded) and high densét (

shaded) phases.
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Figure 25: Operational space for the achievement of a tiiansio high @ ~ 10 15MA/5.3T H-mode in
ITER for Pyyx = 53 MW in terms of the duration of the pelletlfad ramp to the nominal density and of
the delay of the ramp in density with respect ®4tart of the high heating power.
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Figure 26: From top to bottom: plasma energy (\Wfusion power amplification factor (@), plasma
average density <n, ion temperature on axis;f), Pret (s0lid) and Py (dashed), and pedestal pressure
(Ppeg for a successful (red) and unsuccessful (blasition to high @ H-mode with Ryx = 53 MW for
two pellet fuelled density ramp durations of 2@exf vs. 15 gblue).

Analysis of the results in Fig. 25 shows that thggics parameter that influences the access to
stationary H-mode at highg@in ITER is not the length of the gas fuelled phasesuch but the
value of @yt that has been achieved at the start of the pfeldied density ramp. The length of
the gas fuelled phase is thus important becauskisnphase the § and alpha heating power
produced by the plasma increase in time as thenpldaesmperature increases to values 10
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keV over a significant fraction of the plasma volirfollowing the H-mode transition. This
allows the reformulation of Fig. 25 in terms of{at the beginning of the pellet fuelled density
ramp and of its duration as shown in Fig. 27.
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Figure 27: Operational space for the achievement of a ttiansio high @+ 15MA/5.3T H-mode in ITER
for Paux = 53 MW in terms of the value ofQ at the beginning of the duration of the pelletllifa
density ramp to the nominal density.

In this respect, it is interesting to note thatr@asing the level of additional heating during the
L-mode to stationary H-mode phase has a signifiedfeict on the operational space for the
achievement of high §. At the level of Rux = 63 MW this space is significantly broadened as
shown in Fig. 28, with only very fast density ran{gs5 s) or plasmas with very lowpQbefore
the ramp (< 0.5-1.0) failing to achieve the transit
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Figure 28: Operational space for the achievement of a tiansio high @1 15MA/5.3T H-mode in ITER
for Payux = 63 MW in terms of the value ofQ at the beginning of the duration of the pelletllifa
density ramp to the nominal density.




Modelling of Transitions Between L- and H-Mode lmding Tungsten Behaviour in JET and ITER Scenarios34

This is shown in more detail in Fig. 29 where tloeess to high & H-mode in ITER is
modelled for a range ofaBx = 53-73 MW for simulations discharges with the sa@r ~ 2.0 at
the start of the pellet fuelled ramp in densityhanét density ramp duration of 15 s. While the
transition to stationary H-mode at highhQis successful atBx = 73 MW and 63 MW, the
plasma remains in a low confinement H-mode andlfimaturns to L-mode for Rix = 53 MW.
As explained above, this is due to a combinatiothefRe: required to sustain a high quality H-
mode and the lower;Tand fusion power production in these conditiorst tleduces R: It
should be noted that thepQin the stationary phase of these plasmas wiilk B 53 MW
remains at @r ~ 6. This is due to the moderate increase of pdasnergy and fusion power with
Pot = Paux + Py despite the more substantial increase A Rby 20% for 63 MW and 40% for
73 MW), which is consistent with the degradationHbmode energy confinement with heating
power in the ITER kk (y,2) scaling law [ITER NF 1999].
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Figure 29: From top to bottom: plasma energy (Wfusion power amplification factor @), plasma
average density <m, ion temperature on axisigf), P (solid) and Py (dashed), and pedestal pressure
(Pped- A successful transition to highp@H-mode in ITER is achieved with the pellet fuelldensity
ramp starting at & ~ 2.0 and with a density ramp duration of 15 shviRiyx = 73 MW (red), 63 MW
(green). For Rijx = 53 MW (blue) the plasma remains in a low coarfitent H-mode and finally returns
to L-mode.

As seen in Figure 26, modelling of the core plasmamalous transport with GLF-23 and the
pedestal-SOL plasma characteristic with the EPEDLFESS scalings leads to a maximum plasma
pressure on top of the pedestal gfapax~ 120-130 kPa and, for a plasma density closéeo t
Greenwald limit, to a fusion gain ofg®@~ 8 in stationary burning conditions fogJR = 53 MW,
which is in agreement with previous results [Poled& 2015]. To study the sensitivity of the
access to stationary highpQH-modes to the fusion performance in stationamddmns we
have adjusted the maximum value of the plasma pressn top of the pedestal in stationary
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conditions to ped,max~ 150 kPa, which yields & ~ 10 in stationary conditions foraf% = 53
MW and repeated density ramp scans studies simal#tose above for § ~ 10. Our analysis
shows that the difference in terms of the minimugy @t the start of the density ramp that
ensures access tgf= 10 for a given pellet fuelled density ramp digais very small as shown
in Fig. 30. Similarly the probability for a baclatrsition to L-mode in the later phase of the H-
mode evolution transition when pedestal pressuaehes p.q4maxand the plasma enters the Type
| ELMy H-mode is only weakly affected by the exaetue of @t and the alpha heating, which
Is 25% higher for @ = 10 than for @y = 8. By that time R is sufficiently well above B4 to
ensure good H-mode confinement already for plasmiash reach stationary$p = 8 so that this
additional 25% of alpha heating power fog 10 has no significant effect on broadening the
space for high @ H-mode access.
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Figure 30: Operational space for the achievement of a ttiansio @ = 10 15MA/5.3T H-mode in ITER
for Paux = 53 MW in terms of the value ofQ at the beginning of the duration of the pelletllifa
density ramp to the nominal density.

Therefore, we have used the results of the studieplasmas with @ ~8 stationary fusion
power gain to quantify the consumption of magn#tix in the high @r H-mode access phase
and to determine in which way it can be minimisé&tis is shown in Fig. 31 where the flux
consumption is plotted together with the results=igf. 27 and 28 for the boundary in terms of
Qor at the start of the density ramp and the duratiathe pellet fuelled density ramp. As shown
by this analysis the flux consumption in the acqasase is very moderate for robust H-mode
transitions with Ryx = 53 MW (< 2.5 Whb). This should be compared withiductive flux for
burn of ~30 Wb in ITER and a loop voltage of ~50AT8 for stationary high @ H-mode
expected; i.e. the resistive loss in the higly @-mode access phase is equivalent to < 30-50 s of
burn and thus less than 10% of the ITER burn lengtladdition, the resistive flux consumption
in the high @t H-mode access phase can be reduced by at leastiba &f 2 by either increasing
the value of @ at the start of the pellet fuelled density ramwprapplying Rux = 63 MW in
this access phase. This results from two effeci igher starting @r or Paux the transition
takes place in a shorter time and higher plasmpeesture yields lower plasma resistivity and
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reduced resistive flux losses. In this respe@pfiears that the same strategy that provides robust
H-mode access (i.e. sufficiently long gas fuellédge and high § at the start of the gas fuelled
density ramp) can be combined with a moderatelyfalet fuelled ramp of 10-15 s to achieved
minimum flux consumption loss in the highhfH-mode access phase foiuR = 53 MW.
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Figure 31: Contour plots for the resistive + sawtooth-indidkix consumption (in Wb) during the
transition from L-mode to stationary H-mode at higdt ~ 8 for a given density ramp duration angk @t
the start of the density ramp aj R = 53 MW (left) and Ruix = 63 MW (right). Limits for the
achievement of a transition to stationary higly @-mode are indicated by black stars.

Inside a narrow band adjacent to the limit in dgnsamp conditions to achieve highhfQH-
mode, the total duration until stationary H-modehigth Qr is obtained increases significantly
and can even exceed the total duration of the rantensity to <g> ~ 1FYm?, as the plasma
stays at the verge of back transition to L-model@graded confinement conditions with low
temperature and relatively high core resistivity &dong while, and for that reason, resistive and
sawtooth-induced poloidal flux consumption are ed&bly enhanced. The width of the band in
terms of Q@ at the start of the density ramp and the denaityprduration where the transition is
marginal and flux consumption is enhanced, incieasesize with increasing power, as the
probability to maintain degraded H-mode conditidos an extended period at a low level of
alpha heating with R only slightly exceeding R, increases for higherabx.

Because the limits in terms of pellet fuelling dgnsamp duration depend ondPP.y and the
fusion reactivity of the plasma (i.epQand T > 10 keV over a significant plasma volume), the
conditions of the L-mode plasma, before a high lleféPux is applied leading to the H-mode
transition, influence these limits. For instancaimaining a lower plasma density and significant
plasma heating before the H-mode is accessed alldvigher Re/P.. ratio in the initial H-mode
phase (both becausePis low and because &nd Qr are higher) and then allows a faster ramp
of the density during the pellet fuelled case. His respect, it should be noted that the initial
density considered in our studies is ~ 3.0-4.6’i8 and thus already close to the minimum
value (2.6-18/m*) required for unrestricted application of NBI hiagtwith acceptable shine-
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through loads and for the L-H threshold scalingligppin these studies to be valid [Ryter NF
2014] and thus there might not be much room faeduction of the transition time compared to
the results presented here by further decreasmglétsma density in the L-mode phase. On the
other hand, increasing the level of alpha heationggr R in the L-mode phase, which amounts
to few MW, could in principle have an effect on tbperational space for highpQ H-mode
access, particularly foragx = 53 MW. In a dedicated study it was found thaaasle of thumb,
the same limits for the duration of the pellet feeldensity ramp for a given level ofR-1 in

the H-mode phase can be maintained with a lowgg.£in the H-mode phase if the initial level
of Py in the L-mode phase can be increasedByx = C: (Rux-1 - Paux-2) via higher heating in
the L-mode phase considering a multiplier C thaidgally increases from ~1.0 to larger values
with increasing foreseen time between the statheframp in density and the time of the L-H
transition. Fig. 32 shows an example of this rdléhamb finding by comparing cases withyR

= 53 MW (failed transition) and 55 MW (successfansition) and negligible pre-heating in the
L-mode phase with a case withyR = 53 MW in the H-mode phase with moderate prethgat
in the L-mode phase of,P~2.0 MW that allows a successful transition whevéhout pre-
heating, it was not possible. In practice, the fienépre-heating is limited because it is diffitu

to achieve a level of alpha heating larger thaeva KW in L-mode as the density needs to be
maintained at a low level of ~ 3.0-4.0*%0 in order to minimise By in the early phase of the
transition to H-mode and the additional heatinglenust be lower than this threshold value in
the L-mode phase. In addition, the diffusion of @dgrrent towards the core during and after the
end of current ramp-up can be slowed down if aibagmt pre-heating power is applied in the L-
mode phase. This makes the current density in &g &l-mode phase to be less peaked than
when no pre-heating is applied. The associateteflahear profile in the pre-heating case can
cause a degradation in confinement for the GLF28 tansport model used in these simulations
(cf. [Parail NF 2013]) during this initial H-modénase. This lower confinement in the initial H-
mode phase when pre-heating is applied can countitra abovementioned beneficial effects of
a higher total plasma heating power in the H-maess phase due to pre-heating.
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Figure 32: From top to bottom: auxiliary power {R) alpha power (p, plasma energy (W, fusion
power amplification factor (&), plasma average densitygnion temperature on axis;gf) and pedestal
pressure (Rg. The current ramp-up and pre-heating phase drtds 20 s. The L-H transition is triggered
by application of increased auxiliary heating at0-71 s. A successful transition to highr®-mode in
ITER is achieved with the pellet fuelled densityn@astarted only a few seconds later and a deresitypr
duration of ~50 s with Rx = 53 MW and optimised pre-heating with £ 2.0 MW (red) as well as with
Paux ~ 55 MW with low pre-heating of /&< 0.4 MW (green). For Bx = 53 MW with the same low level
of pre-heating of P< 0.4 MW (blue) the plasma remains in a low coafirent H-mode and finally
returns to L-mode.

It is also important to note that the durationhe phase required for the achievement of high Q
H-modes thigh-+) in ITER typically exceeds by a significant fact@-10) the typical H-mode
confinement time in the stationary phasgnode (~3.5 s in ITER). This results from the gradual
reduction of the ETB anomalous transport withQ{/P._.4, already identified in JET experiments,
but the overall ratio Othigh-+/TH-mode IN ITER (Thigh-+/TH-mode ~ 3-10) is substantially larger than in
the JET experiments modelled in sectionmmy.+/TH-mode ~ 2-3). This is due to the relatively low
PnefPL-n ratio of the ITER plasmas in the initial H-modeaphls when R is dominated by the
auxiliary heating (R: < ~53 MW) and to the fact that, unlike in preserperiments, the total
plasma heating power builds up with the alpha hgagower, which leads to the increase of
PnefPL-n @and to the reduction of ETB anomalous transport.

The quantitative aspects of the results in thisdytado obviously depend on modelling
assumptions. For instance, it has been observedntiEET experiments with ITER-like PFCs
(W/Be) the H-mode threshold can be significantlwéo (by 30-40%) than that observed for
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carbon PFCs [Maggi NF 2014]. The scaling law usedHe H-mode threshold power evaluation
[Martin JPhys 2008] in our studies for JET and ITERs derived on data dominated by
experiments with carbon PFCs and thus it does ala into account this fact. For instance, a
reduction of the H-mode threshold power by 25%IBR with respect to our assumptions would
make the operational space for successful highHdmode access forabx =53 MW to be very
similar to that that we have obtaineguR = 63 MW and our standard H-mode threshold power
assumptions. This is because what determines tiBead&dmalous transport reduction in the H-
mode transient phase iSeP-v and Re/Pi-w with Paux = 63 MW has a similar value to
Pne{(0.75 X R-H) with Paux = 53 MW.

5. W control during L-H transition

It is known from present day experiments (includaxgeriments on AUG and JET) that the L-H
transition is usually accompanied by a rise of Wittgring at the divertor target plates due to the
higher divertor temperatures. This increase invthsource can lead to an increase of the SOL W
density and finally to an increase of the core Wisily if transport through the ETB does not
prevent it. Such W density increase can then leddgher plasma radiation in the high«H-
mode access phase and thus to a reduced edge fimwand the return of the plasma to L-mode.
The full integrated plasma simulations includingtb@ore and SOL and transport of W for
plasmas at the ITER scale are extremely demandingutationally and are beyond the scope of
this paper.

In our study we have therefore concentrated ongpexific aspects of 1) analysing W impurity
control in the high @ H-mode access phase of ITER 15 MA scenarios andv2stigating
whether the schemes developed in section 4 to georabust access to highhyQH-mode are
compatible with the needs for W density controthia core plasma or not. In particular, we have
performed JINTRAC-core and JINTRAC-core+SOL simiolas for the high @ H-mode access
phase of the 15 MA ITER baseline scenario to ddategnwhat are the advantages and
disadvantages with respect to W production andspart in the ETB of having an initial gas
fuelled phase at moderate plasma density in H-ntloele followed by a pellet fuelled phase to
high @, as required for robust H-mode access wiilhxP= 53 MW.

Regarding W production in the access phase to Qigh H-mode, this is directly linked to
maintaining a low divertor temperature and low #gmig yield in this phase. Regarding
transport in the ETB, this is linked to the chagaistics of neoclassical W transport in this region
Previous studies for ITER [Dux PPCF 2014] have aéae@ that W screening due to the large
temperature gradients in the ITER ETB comparedéoréspective density gradients provides a
very effective shielding of the plasma core frombéing produced at the divertor for stationary
high confinement H-modes in ITER. In these condgithe W density at the pedestal top can be
significantly smaller (more than one order of magmeé) than that at the separatrix. We have
therefore evaluated if these favourable featureth@fneoclassical transport for stationary high
confinement H-modes in ITER are also at work fa& plasma conditions in the transient phase,
which are required to provide robust access to Q@ghH-modes in ITER.
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5.1. Smulations of W production by H-mode onset with JINTRAC-core+ SOL

To study the production of W during the access @has high @+ H-mode in ITER, full
integrated JINTRAC-core+SOL simulations including 81d W transport have been carried out
for the early phase of the L-H transition. Due tmputational requirements, these simulations
are limited in the time interval simulated. In teesmulations, the transition to H-mode starts at
t = 79.5 s after the auxiliary heating is increage®ux = 53 MW. The average core density is
kept at a level of 480" m* by pellet fuelling without gas puffing to allowrfa fast increase in
core temperatures and fusion reaction rate, allgwhe comparison of the effects on edge density
and W behaviour to be studied when gas puffingodiad. After few seconds, pellet fuelling is
removed and when quasi-stationary plasma conditemes achieved (after t=82.8 s), three
different levels of gas fuelling are applieBayr ~ 0 8", Tpur ~ 1G%s* and My ~ 2107 8™
(similar to the gas fuelling scan in [Romanelli REL5]).

The results of the simulations are shown in Fig. 3% most significant effect of gas fuelling is
observed on the plasma temperature at the targetsp(t) and on the corresponding level of W
sputtering. Without gas fuelling in the H-mode ascphase, Jat the target can reach ~200 eV.
This high temperature creates a strong negativerelepotential near the divertor target and
accelerates ions (both main ions and impuritiegjirtd the target plate, these ions cause a strong
sputtering of W with the effective sputtering vieldaching a level of Y >[10? (note that
prompt W redeposition on the target has not beesidered in these simulations). This results in
a fast rise of the W content in the SOL. Applyinghaderate level of gas puffing in the H-mode
access phase ©fur > ~10? s can keep the divertor plasma temperature beloweVl this
phase and W sputtering at negligible levels in ghmsulations. In addition to the effect on W
sputtering, the resulting higher separatrix denaffgcts W transport through the ETB as it will
be described in more detail in the next sectiore figher separatrix densities at higher fuelling
rates decrease or even reverse the direction afgbeclassical W inwards pinch velocity in the
ETB decreasing core plasma W contamination in tigh Q>+ H-mode access phase. It is
important to note that the reversal of the ETB Wchifrom inwards to outwards-directed occurs
at a higher rate of gas fuelling than that needet/bid strong W sputtering.

These results show that accessing the H-mode masepwith gas fuelling only, as required for
robust high @r H-mode access, is advantageous from the pointiea wf reducing the W
source in this access phase, since the increasedd®&@ity that can be achieved compared to
pellet fuelling in this phase (due to the low fusdl efficiency of the recycling neutrals in ITER)
leads to a large reduction of the divertor tempeeatind thus of the W sputtering yield in this
phase. In addition, the lowd¥nsep ratios that gas fuelling provides in this phas&i®urable to
screen the core plasma from any residual W that lmeggroduced in this phase; this is discussed
in more detail in the next section [Polevoi NF 2D2¥ote that in the time interval modelled in
our simulations, gas fuelling alone is appropriateeduce the divertor temperature. This may be
insufficient for later phases of the gas fuelledmidde case as @ increases and dydt
decreases and additional injection of extrinsic untges to increase divertor radiation and to
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decrease the divertor temperature will be needbéds& aspects require significant computing
resources and are the subject of future studies.
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Figure 33: DT gas puff scan with JINTRAC-Core+SOL for thelg&l-mode phase after a L-H transition
at low density in the 15 MA / 5. 3 T DT ITER baseliscenario. Left: ynat the separatrix (outer mid-
plane) (top), effective W sputtering yield (bottorRight: T. at the outer divertor strike point (top), W
impurity pinch velocity at the separatrix (bottorfor three integrated JINTRAC-core+SOL simulations
with the DT gas puff injection rate varied betwegn; = 0107 s" (black), I = 1107 s* (red) and

[ ouir = 210°% s* (blue) for t > 82.8 s.

5.2. Smulations of W transport in the plasma core and ETB with JINTRAC-Core in the access
phase to high Qpr H-modein ITER.

The transport in the confined plasma (includingglesma core and ETB) has been analysed for
simulations that provide access to highy®-mode conditions in ITER with JINTRAC-Core. In
these simulations a trace amount of W is assumée foresent due to a low influx of W at the
separatrix to allow evaluating changes to W trartsipothe ETB and core plasma in the access
phase to high & H-modes in ITER. This small W amount does notdffdasma radiation as
the goal of our studies is to compare in a relasease the advantages or disadvantages of
various choices to access highrH-modes in ITER with respect to W accumulation{ tw
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evaluate core plasma W density in an absolute sdige latter would require fully integrated
JINTRAC-Core+SOL simulations of the type preserntethe previous section but extended over
many tens of seconds, which are beyond the scottésgbaper.

In general, it is found that the good W screenmghe ETB by neoclassical transport, originally
identified for stationary high energy confinementtddes, takes place during the H-mode access
phase also. The physics mechanisms at work argatine. Namely, the build-up of a significant
temperature gradient following the H-mode transitaxcurs on time scales faster than for the
density, as the neutral ionisation source insiéestparatrix in ITER is very small, and this leads
to an outwards pinch velocity for W in the pedes$iaix FEC 2014]. In this respect, access to
high @t H-mode with long gas fuelled phases and long pglkdled density ramps are optimum
to maximize W screening in the ETB, as shown in B# In this figure the overall evolution of
plasma parameters in the access phase is shovensiorulation with Ryx = 53 MW and a gas
fuelled H-mode phase of 15 s and a pellet fuellealsdy ramp of 50 s together with the plasma
density and temperature profiles at several tinmesthe corresponding normalized (tpw W
density and neoclassical pinch profiles in the ocwmd plasma. The fuelling choices (long gas
fuelled phase and slow pellet fuelled density rafop}he access to highg@H-mode are indeed
excellent to provide very good screening of theecplasma from the W density in the SOL.
These conditions are also the best to provide astohccess to highg@ H-modes in ITER, as
shown in section 4, but they are not optimum toimise resistive flux consumption in this
phase.
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Figure 34: Transition to high @ H-mode with Ryx = 53 MW for a pellet fuelled density ramp duration
of ~50 s after a gas-fuelled H-mode phase of ~1®f, from top to bottom: plasma energy ¢yVfusion
power amplification factor (&), plasma average density &n P (solid) and Py (dashed), ion
temperature on top of the pedestal (soligegf and at the separatrix (dashegJ, density on top of the
pedestal (solid, &3¢9 and at the separatrix (dashedsp. Right, from top to bottom: plasma profiles of
electron density @, main ion density (1), electron temperature {JT ion temperature (J, W density
normalised to @ at the separatrix (#inwsep, total W convective velocity () for t = 70 s (black, L-mode
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phase), ~84 s (blue, end of gas-fuelled H-modeg)h88 s (cyan, early density ramp phase). 115e2(g
late density ramp phase), 150 s (red, stationamy &uhigh density).

A reduction of the resistive flux consumption ragsi a faster pellet-fuelled density ramp and
this is potentially worse for core W accumulatiorthe access phase to highrH-mode as the
temperature gradients in the pedestal would besdsed and the density gradients increased thus
reducing the temperature screening in the ped&statvaluate whether this can lead to increased
W densities in the core plasma, two simulationsehaeen compared for the fastest pellet-fuelled
density ramps that allow successful transitionigi >t H-mode in ITER with Rux = 53 MW
with values of @r = 1 and 4 at the beginning of the density rampe W influx across the
separatrix has been kept fixed in these simulatedhsy sep,in= 2 167/s. Results for the overall
evolution of plasma parameters in the access pln@sshown together with the plasma density
and temperature profiles at several times and treegponding normalized W density and
neoclassical pinch profiles in the confined plasfoa both simulations (see Figs. 35-36).
Although in both cases temperature screening ddesné/ transport in the ETB with outwards
pinch velocities in the pedestal, the slower pdlietled density ramp required for the case with
Qot = 1 provides lower core W contamination (lowexuinsepw) than the faster pellet fuelled
ramp that is possible with a starting,{Q= 4. The slower density ramp leads to a much lower
density at the pedestal top for the casg @ 1 as the pedestal temperature builds up whée th
densities required at the separatrix to maintai@ divertor power flux under 10 MW
(evaluated with the ITER-EPED1-SOLPS scaling) ameilar. The separatrix density in this
scaling depends on the edge power flow @g Pse§‘55. For an initial edge power flow ratio
50% higher for @r = 4 than for @r = 1 this leads to a 25% higher separatrix derisit@or = 4

but the much faster increase of the pedestal dehgitpellet fuelling leads to a larger density
gradient and a weaker outwards W neoclassical ppetticularly towards the end of the density
ramp.

This analysis shows that good screening of W inpghdestal is maintained in all cases that
access the high H-mode in ITER and that, therefore, the plasmdligeschemes providing
robust access to higho®@H-mode in ITER are also suitable to provide lomtesnination of the
core plasma by W during this phase. However, misimgi resistive flux consumption in the
access phase to highhfH-mode in ITER by decreasing the duration of takgp-fuelled density
ramp has a negative impact on the reduction ofcive W density during this phase. To
determine, which fuelling strategy provides theimpin solution to resistive flux consumption
and W contamination in the access phase to high i@mode in ITER, the quantitative
determination of the W source is required. Theeefdull integrated JINTRAC-Core+SOL
simulations will be carried out in the future.
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6. Summary and conclusions

Limits for the length of the gas fuelled H-mode gphand the follow-up pellet fuelled density
ramp rate from L-mode densities to the densitigsiired for high @r in ITER with respect to
the increase of auxiliary heating for the transitioom L-mode to high @ 15 MA H-mode
plasmas in ITER have been established by modelitiy the JINTRAC integrated modelling
suite. A sufficiently long gas fuelled phase andéofow density ramp rate are found to be
required to ensure a reliable access to high iQ ITER with Paux = 53 MW. Exceeding these
limits leads to the plasma to remain in poor qyaitmode for extended periods of time or to
return to L-mode confinement, in these casgs~PR_ 4, during most of the phase after the L-H
transition and the pedestal pressure remains uhdérype | ELMy H-mode edge MHD stability
limit.

The exact values of the gas-fuelled phase and efptilet-fuelled density ramp depend on
modelling assumptions such as the core transpodemdhe required power to access the H-
mode and on the reduction of anomalous transpdhdarETB as the power flow exceeds the H-
mode threshold power. JET high current dischargds IWER-like H-modes (in the sense of low
collisionality and edge density behaviour) have rbewsodelled to validate the modelling
assumptions applied to ITER. This exercise has slbat:
- the core transport model GLF23 is appropriatddscribe the evolution of the core plasma
parameters in the phase after the H-mode transiticstationary H-mode conditions in
JET, including the relaxation of hollow density fies observed in this phase.
- the reduction of the energy and particle anonsmloansport in the ETB and the near-SOL,
as the edge power flow exceeds the H-mode threghmleker, is stronger for particle
transport than for energy transport.

With these assumptions it has been possible todepe in a fully integrated and self-consistent
way, for the first time, the evolution of the meglicore, pedestal and SOL plasma parameters
as well as the particle and power fluxes to theedor targets in the transition from L-mode to
stationary high confinement H-mode within the liatibns of the model (the outer divertor is
well reproduced but not the inner divertor duedokl of drifts in the edge modelling). In this
respect the faster reduction of the edge partielesport compared to the thermal transport as the
edge power exceeds the H-mode threshold poweseéngal to describe the differences between
edge density and edge temperature evolution bedhesparticle source in the core plasma by
gas-fuelled and recycled neutrals is not increadtat the H-mode transition, due to increased
SOL ionisation in this phase.

On the basis of these assumptions, the optimizatidhe access to highg@ H-mode conditions
in ITER to ensure robustness in the H-mode acasddaareduce the loss of resistive flux during
this phase (to less than 10% of the flux availdbiehe whole burn in ITER) has been analysed.
This optimization is possible by :
- adjusting the duration of the gas fuelled H-mgise and the follow-up pellet fuelled
density ramp duration to highgQH-mode.
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- increasing the level of additional heating in tigh Q,r H-mode phaseBx > 63 MW.
- increasing the level of additional heating in tiees fuelled L-mode phase before the high
Paux phase.

These studies have also demonstrated that thistopeal scheme of establishing a gas fuelled
H-mode phase before increasing the plasma dengipebet fuelling to high @ H-modes in
ITER is not only required for robust H-mode accbss it is also advantageous to minimise
contamination of the core plasma by W during thimsg®e. This results from the use of gas
fuelling during the initial phase that favours lolivertor temperatures and low W production by
sputtering at the divertor and the favourable ressstal transport in the ITER pedestal during
this phase. The low pedestal densities associatdkdgas fuelling and the slow pellet fuelled
density ramp lead to the pedestal temperatureaichrealues T > 5 keV in this phase and thus to
temperature screening to dominate W transport aradstrong outwards pinch for the W ions in
the pedestal in the highp® H-mode access phase which minimises core contémmaDur
studies show that, although good W screening ofctire plasma is achieved for all conditions
which access robustly the highhyfH-mode in ITER, there is a balance between minigisore
plasma contamination by W and minimising resistfitec consumption in this phase. The
conditions which ensure robust H-mode access amdsioW contamination of the core plasma
are those with the highest resistive consumptitthdagh still less than 10% of the flux available
for the whole burn in ITER) and vice-versa.

In conclusion our studies have demonstrated thambgns of integrated JINTRAC modelling
validated against transitions to high performanemétle at JET, it is possible to optimise the
evolution of plasma density by applying the ITERIfung schemes (gas fuelling and pellets) to
robustly access the highpQH-mode scenarios required to demonstrate the IDsR= 10 goal
with additional heating levels ofaB > 53 MW. In addition, the fuelling strategies thatsere
robust access to highp®Q H-mode plasmas in ITER are also optimum for thaimisation of
core plasma contamination by W produced at thertivegarget. Some of the quantitative
findings of our studies are dependent on specibdetiing assumptions and these will be refined
in the future as our understanding of the physicegsses that dominate plasma transport in the
core, edge transport barrier and SOL/divertor ptssimproves.

Disclaimer: ITER is the Nuclear Facility INB no. 174. The views and opinions expressed herein
do not necessarily reflect those of the ITER Organization. The views and opinions expressed do
not necessarily reflect those of Fusion for Energy which is not liable for any use that may be
made of the information contained herein. This work has been carried out within the framework
of the EUROfusion Consortium and has received funding from the Euratom research and
training programme 2014-2018 under grant agreement No 633053. The views and opinions
expressed herein do not necessarily reflect those of the European Commission.
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