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Abstract. To ensure optimal plasma performance at high Qs for the baseline scenario foreseen for the
International Tokamak Experimental Reactor (ITER), the fuelling requirements, in particular for non-stationary
phases, need to be assessed by means of integrated modelling to address the special additional challenges facing
plasma fuelling on ITER. The fuelling scheme needs to be adjusted to ensure robust divertor heat load control,
avoiding complete detachment while still maintaining low divertor temperatures and heat fluxes to minimise W
sputtering and erosion of the plasma facing components (PFCs). At the same time, the core density needs to be
controlled to fulfil requirements for: the application of neutral beam heating; a robust transition from L-mode to
stationary fusion burn; the maximisation of the fusion yield; and a fast reduction in core particle content in the
termination phase.

Coupled core-edge-SOL transport calculations have been performed, simulating for the first time the entire ITER
plasma evolution from just after the X-point formation until the late termination phase. These calculations are
being exploited to find the most effective ways of fuelling and heating DT plasmas without exceeding ITER
operational limits (e.g. divertor power density). The most efficient ways to fuel ITER with gas and/ or pellet
injection have been investigated self-consistently with the integrated core+edge+SOL transport suite of codes,
JINTRAC, developed at JET [Romanelli PFR 2014].

Our modelling is exploited to propose schemes for gas and pellet fuelling for main ion SOL and core density
control, respectively, and for impurity seeding by Ne for the control of SOL radiation, that alow ITER to
approach Qr,s~10, with plasma evolution successfully controlled to respect major operational limits through all
transients from the early ramp-up until the late ramp down phase.

1. Introduction

Good insights on optimising performance will be essentia for helping ITER reach its
primary goal of achieving high Qs (cf. e.g. [Parail NF 2013, Kessel NF 2015, Kim NF
2018)). In present devices the edge plasma s fairly transparent to gas fuelling, which implies
efficient core fuelling even without pellet injection. In contrast, ITER will feature a hot and
dense edge plasma and recycled gas and most fuel gas will be ionised in the far scrape-off-
layer (SOL) and not reach the separatrix [Kukushkin PPCF 2002, Romanelli NF 2015]. Thus,
pellet injection, abeit peripheral, will be vital to fuel the ITER core plasma. The density
evolution will be key to determining the heating scheme to reach Qr,s = 10 H-mode. Here, for
the first time, coupled coret+edge+SOL transport modelling cal culations have been carried out
for the ITER 15 MA /5.3 T DT baseline scenario that follow the entire plasma evolution from
just after X-point formation until the late current ramp-down phase to find the most effective
ways of fuelling and heating DT plasmas without exceeding ITER operational limits. e.g.
minimising neutral beam (NB) shine-through, and limiting divertor power fluxes to
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< 10 MW/m?. The most efficient ways to fuel ITER with gas and/or pellet injection have been
investigated self-consistently with the integrated coret+edge+SOL transport suite of codes,
JINTRAC, developed at JET [Romanelli PFR 2014], which combines. JETTO/SANCO, a
1.5D core transport solver including impurities [Cenacchi JET-IR 1988, Lauro-Taroni EPS
1994]; and EDGE2D/EIRENE, a 2D SOL/edge multi-fluid solver, combined with a kinetic
Monte Carlo neutral transport code, that includes plasma interactions with the ITER Be wall
and W divertor [Simonini CPP 1994, Reiter JINM 1992]. This study has been performed as
part of a broader modelling activity carried out within the framework of an ITER Task
Agreement (C19TD51FE) implemented by Fusion for Energy under Grant GRT-502 as
summarised in [Militello-Asp NF 2019].

At a given input power, as the gas rate is increased in the simulations, the core density
increases and then saturates [Romanelli NF 2015]. If attempts are made to increase the gas
rate beyond saturation, the density builds up in the SOL, due to poor neutra penetration and
insufficient power fluxes, and this may lead to completely detached unstable divertor
conditions and possibly a MARFE (multifaceted asymmetric radiation from the edge)
[Lipschultz NF 1984]. It has recently been demonstrated in the experiment, that stable
strongly detached regimes can be realised under certain conditions, abeit at reduced edge
confinement [Kallenbach NF 2015]. Although they could in principle also be foreseen for
ITER divertor operation, this option is not considered in the simulations as a conservative
approach. There are indications from previous JNTRAC studies that the maximum
Greenwald density fraction nejinag/New that can be achieved with gas fuelling aone in the
current ramp-up phase of the ITER DT baseline L-mode phase may be limited to < ~30%,
depending on the applied heating power (cf. [Belo EPS 2015, Garzotti EPS 2016]). Routine
use of pellets might then be required in order to reach sufficient density for absorption of NB
power with acceptably low shine-through losses. In this paper, INTRAC simulations are used
to explore the range of Nejinavg/New that can be sustained while respecting al constraints for
divertor operation during the current ramp-up phase as function of the applied power and
current ramp rate.

In the 15MA /5.3T DT baseline plasma, the heat flux at the separatrix Psy, might only
dlightly exceed the L-H transition threshold and alpha heating might be essentia to reach a
good quality ELMy H-mode [Loarte NF 2014]. The density ramp-up after the L-H transition
might require careful tuning of the particle throughput from gas and pellets to avoid
overloading the divertor and inducing full detachment, while providing enough fuelling to
reach the density required for Qs ~ 10. With the integrated modelling approach presented
here, the viability of a heating (33 MW NB + 20 MW ECRH) and fuelling scheme to reach
Qrus ~ 10 isinvestigated, comparing plasma scenarios where the L-H transition occurs during
and after the end of the plasma current ramp (at 1 = 10 MA, and Iy = 15 MA, respectively).
The question is addressed whether the foreseen divertor control schemes are compatible with
given constraints on core fuelling in the transition to a burning plasma at high Qs [Loarte NF
2013, Koechl NF 2017]. In particular, we assess whether the level of SOL radiation needed to
protect the divertor can be established quickly enough by impurity seeding when the (time-
averaged) heat flux to the divertor is strongly increased at the start of the ELMy H-mode
phase that is associated with areduction in the increase in thermal energy content, dWy,/dt.

For the establishment of the ITER baseline scenario, challenges need to be met not only on
the path from early ramp-up to stationary burning plasma conditions, but also for the
controlled termination of the discharge, considering the back transition to low confinement
and the reduction in plasma current [Loarte NF 2014, de Vries NF 2017, Poli FEC 2018].
Scenarios have been developed, using INTRAC simulations, to handle the H-L transition and
current ramp-down while simultaneously satisfying all operational constraints to protect the
divertor and keep the divertor plasma stable. Starting from quasi-stationary pellet-fuelled high



density H-mode flat-top conditions at Qs ~ 10 as described in [Garzotti NF 2019, Militello-
Asp NF 2019], the plasma current ramp-down phase is modelled with the H-L transition
occurring at the maximum current (I = 15 MA), and part way through the current ramp down
(et Ip = 10 MA). Once again, specia emphasis is placed on assessing impurity seeding
feedback control that must provide a strongly time dependent target level of divertor radiation
during transients encountered in the ramp-down phase. In addition, pump requirements to
keep the density below the Greenwald limit throughout the current ramp-down phase are
assessed.

Section 2 provides a short description of simulation settings and model assumptions. This
is followed by a detailed description of the core+tedgetSOL modelling results and an
assessment of fuelling requirements for core density and divertor control for the complete
plasma evolution in the 15MA /5.3T ITER DT baseline scenario including non-stationary
phases. The transition from the early diverted current ramp-up phase to a burning high Qs
regime is described in Section 3. Section 4 gives modelling results for the latter part of the
discharge, covering the transition from the stationary high Qs phase through the H-L
transition and I, ramp down. A short summary is provided in Section 5.

2. Simulation setup

The modelling of the ITER DT 15 MA / 5.3 T baseline in this paper uses similar tools and
transport modelling assumptions that have been used in other recent work [Romanelli NF
2015, Belo EPS 2015, Garzotti EPS 2016, Militello-Asp NF 2019, Garzotti NF 2019]. They
have recently been validated against non-stationary ITER-relevant JET plasma conditions
[Koechl NF 2017, Koechl PPCF 2018].

All JINTRAC simulations discussed in this paper have been carried out modelling the
plasma evolution in the core, edge and SOL region including the interaction with PFCs, by
combination of the core transport code JETTO+SANCO with the SOL transport code
EDGE2D+EIRENE [Fichtmiller CJP 1998]. Transport in the core and edge region is
described by solution of transport equations for q, pe, pi, Np, Nt and a selection of up to two
impurity species (Npe, Nee, OF Ne, depending on the scenario phase in consideration). W
transport has not been taken into account.®

Neoclassical transport in the core and edge is modelled by NCLASS [Houlberg PoP 1997]
for main ions and all impurity stages except for Ne, which is described by application of a
bundling scheme with five super-stages in SANCO [Summers AIP 2007]. Anomalous
transport is described by the Bohm/gyro-Bohm (BgB) H-mode model [Erba PPCF 1997]
together with a collisionality dependent inwards pinch term. Coefficients were adapted in
order to match ITER predictions obtained with the gyro-Landau fluid model GLF-23 [Waltz
PoP 1997] as described in [Garzotti NF 2012, Romanelli NF 2015] in the H-mode phases of
the discharge, and by the standard Bohm/gyroBohm L-mode model [Erba JET-R 1996,
Bizarro PPCF 2016] (including an inwards pinch term proportional to 0.5-D;ggs) When the
plasma is in L-mode. Impurity reaction cross-sections are evaluated by ADAS [Summers
ADAS 2001]. As Pre:= Pin - dW/dt approaches P..; from above, the transport in the ETB is
gradually increased by applying a (reducing) suppression factor exp( -(Pne-PL-n)/(A-PL-n) ) to
the anomalous heat and particle diffusivities within the ETB, yeigrs, and Diimpers (cf.
[Loarte NF 2014]). The parameter A is chosen such that anomalous transport is amost fully
suppressed for Phe/PL-y > ~1.3-1.5 while it remains significant for lower Poe/PL-4 mimicking

& The implicit assumption is thus made that the PFCs are always sufficiently well protected to keep W sputtering
rates sufficiently low such that the plasma contamination by W and its impact on plasma conditions remain
negligible.



the effect of reduced H-mode confinement in that case in accordance with experimental
observations [Sartori PPCF 2004]. Py is prescribed in the simulations by the scaling
proposed in [Martin JoP 2008]. Resistivity and bootstrap current density are calculated by
NCLASS. Momentum transport is determined by the momentum source due to NB injection
and assuming a Prandtl number equal to one to prescribe the momentum diffusivity.

The effect of sawteeth on the current density and kinetic profiles is described in a time-
averaged way by applying the “Continuous Sawtooth model”. With this model, the time-
averaged profile flattening in the core region that would be obtained by applying a discrete
sawtooth model is emulated by applying the value of the neoclassical resistivity evaluated at q
~ 1.0 in the sawtooth-affected region where q < 1.0 and by an increase of the heat and particle
diffusivities ye¢i and Diimp by ~0.3-0.5 m?s in that zone. The effect of ELMs is aso
considered in atime-averaged way using the Continuous ELM model described in [Parail NF
2009]. The pedestal width and the maximum achievable pedestal pressure due to MHD
constraints are imposed to be in agreement with EPED1 scaling predictions [Snyder PoP
2009, Polevoi NF 2015].

Auxiliary heating by neutral beams is either modelled with PENCIL [Challis NF 1989] or
ASCOT [Heikkinen PoP 1995, Hirvijoki CPC 2014], while ECRH heat and current sources
are determined by a scaling approximation based on GRAY calculations [Farina FSciTec
2007].

The plasma is mainly fuelled in the ssmulations by neutral atoms due to gas puffing and
recycling (applying a wall recycling coefficient of 1.0 for D) and by pellets with particle
deposition profiles being modelled by HPI2 [Pégourié NF 2005, Pégourié NF 2007].

The magnetic equilibrium is recalculated every ~100 ms with the 2D equilibrium solver
ESCO (including the pressure contribution from fast particles). A fixed full bore plasma shape
IS prescribed that has been derived from free boundary calculations with the CREATE-NL
code [Albanese NF 2004]. This has been confirmed to be achievable and sustainable for all
plasma current levels and current ramp rates considered in the modelling (I, > 3 MA),
provided that (i) the interna plasma inductance remains within the limits for efficient plasma
shape and vertical stability control, and (ii) limits in poloidal flux consumption are respected.
(For adetailed analysis of plasma shape and stability control with CREATE-NL for the ITER
DT 15 MA /5.3 T baseline scenario, see e.g. [Parail NF 2013, Mattei FED 2009].).

Standard ITER wall and pump structures and assumptions are applied as described in
[Romanelli NF 2015]. Parallel heat and particle transport in the SOL is determined by the
standard Braginskij model [Braginski RevPP 1965], and perpendicular transport is prescribed
using radialy dependent diffusion coefficients and convection velocities as described in
[Wiesen PPCF 2011]. In the near-SOL, the prescribed transport coefficients are set to match
the coefficients set by the core-edge transport models at the separatrix. Further away from the
separatrix (at R-Rsp>~ 0/ 0.5cm in the outer mid-plane in L-mode / H-mode resp.) the
transport coefficients are set to gradually approach prescribed far-SOL vaues of
Ye =i = 1.0 m?/s, Dpr = Dimp = 0.3 m?/s (cf. [Kukushkin JNM 2013]. For a sensitivity scan
in SOL transport coefficient assumptions, see [Romanelli NF 2015, Belo EPS 2015]). Cross-
field driftsin the SOL are not included in the ssimulations.

The maximum time step used for the integration of the transport equations in EDGE2D is
set to ~1-5 us. To reduce the required computation time for these CPU-intensive simulations,
a partia coupling scheme is applied (cf. [Fichtmaller CJP 1998]) with user prescribed time
intervals of At; = 15-20 ms and At, = 1 msfor phases when JETTO+SANCO is evolved aone
with fixed boundary conditions, and phases when JETTO+SANCO and EDGE2D+EIRENE
are coupled and boundary conditions are exchanged at each time step, respectively. A partial
coupling correction scheme is applied, in which correction particle source terms are



introduced in EDGE2D+EIRENE in the coupled phase to minimise the error in the time-
averaged evolution of SOL particle content with respect to an exact fully coupled calculation.
The correction terms are estimated from the time history of the SOL particle content. As this
error grows with the duration of the non-coupled phase, At; is automatically reduced by the
correction scheme if the correction particle source terms become sizeable. For the description
of neutral dynamics, ~10000 Monte Carlo particles have been used in each EIRENE iteration
which is carried out every ~1-30 EDGE2D time steps. EIRENE is run in time-independent
mode, assuming that neutral transport is quasi-stationary, which is a reasonable assumption,
as the transport time scales of transients in the simulations presented here aways exceed the
time scale for neutral transport equilibration. Regarding other edge modelling assumptions,
the standard EDGE2D+EIRENE plasma-wall interaction models are used.

3. Transition from early current ramp-up phaseto burning high Qsys regime
3.1 Current ramp-up

In these simulations, a scenario with early transition from the limiter to divertor
configuration is considered, where the plasma s in a diverted configuration for t > 10s, I, >
3 MA. The plasma is fuelled by application of DT gas puff only. Auxiliary heating is
provided by ECRH only in this phase, with a maximum applied power of 20 MW. The peak
in EC power deposition is located at pnorm=0.2.

3.1.1 Scan in applied nominal DT gas puff rates

In this scan, the plasma current 1y is linearly ramped up from 3 MA to 15 MA for t = 10-
80 s. During this period, a constant nominal DT gas puff rate is applied which is updated
every 5-15s. ECRH is applied a a low level of Pec ~ 5MW at t=10s and then linearly
increased to 20 MW at t = 80 s. Time traces of I, Pec, Nejin-avg/New and densities for this scan
are shown in Fig. 1. For al cases, the thermal energy content Wy, increases from ~2 MJ at the
beginning of the ramp to ~17-25 MJ at |y = 15 MA. The internal inductance 1i(3) is slowly
increasing within a range 0.70 < 1i(3) < 0.76 except for the case at low DT gas puff rate
[T neut = 3-107Y/s (for which 1i(3) is decreased to ~0.70 at |, = 15 MA) which is affected by a
significant reduction of the inwards diffusion of the edge induced current that is caused by the
following causality chain: low I'prnet — lOwer core density — reduced electron-ion heat
exchange — increased edge electron temperature — reduced edge resistivity. To maintain a
constant Greenwald density fraction, the DT gas puff rate needs to be increased with plasma
current. Due to the curvature pinch term in the BgB model, the core plasmaiis slightly peaked.
The absolute value of the density scales essentially with the density at the separatrix, whichin
turn is determined by the applied DT gas puff rate I'or neut, the heat flux to the separatrix Pey,
the plasma edge impurity composition and the pump efficiency. In these simulations, the
impurity content is very low, with Zg ~ 1.1 in the early ramp-up phase and even lower Zg:
later on due to enhanced fuelling by DT gas injection. Divertor conditions are controlled to
avoid any significant release of W by sputtering, without any need for impurity seeding by
Ne, and the He ash source due to fusion reactions remains negligible during ramp-up. In this
phase the plasma is only contaminated by a small amount of Be that is released at the main
chamber wall. As discussed in [Romanelli NF 2015], predictions for the separatrix density are
more optimistic at lower Zg: for a given I'prnewt @nd input power Paux. The predictions for
Nsep Obtained by JINTRAC at the end of current ramp-up, when comparable SOL transport
conditions are achieved, are in good agreement with recent SOLPS-derived scalings
suggested in [Pacher JINM 2015] for a pure gas fuelled plasma (cf. Table 1) except for the
case with application of a low DT gas puff rate I'prnet = 3-10%s for which a normalised



neutral pressure at the entrance of the private flux region u ~ 0.10 is achieved that appears to
lie outside the range of validity of the scalings (cf. Fig. 1lein [Pacher INM 2015]).

As the divertor is already predicted to be close to fully detached conditions for the
maximum gas puff rates applied in this scan, giving Nejin-avg/New ~ 25%, observations from
[Belo EPS 2015, Romanelli NF 2015, Militello-Asp NF 2015] are confirmed that it may be
difficult to increase the density in L-mode to access the NB shine-through limit nyg ¢n-thr. fOr
DT plasmas by application of gas puff alone even at higher 1. According to [Polevoi NF
2013], Nussh-tr. ~ 3.0-10/m* with a shine-through power density limit on the inner wall,
considering additional shine-through armour, of png shinethrough < 4 MW/m? for aDT plasmaat
Zgt = 1.96. As the shine-through limit decreases with increasing impurity content, Nng sh-thr. >
3.0-10"/m® for the low Z«; plasmas considered in the current ramp up simulations presented
here. Despite the dependency of nng sh-thr. ON the impurity contamination, it might be easier to
reach the NB shine-through limit by gas puff application in low Zg plasmas, as the positive
dependence of nsyp, which determines the core density, on Zgs, may be more important.
Moderate pellet fuelling might in any case be desirable before NB heating can be applied.
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Figure 1. Left, from top to bottom: time evolution of plasma current, EC power and Greenwald density fraction, right: time
evolution of central, volume-averaged and separatrix electron density during the current ramp-up from 3-15MA for the scan
in nomina DT gas puff rates.

Table 1. Comparison of electron density at the separatrix as predicted by INTRAC in the current ramp-up scan simulations
with scalings derived from SOLPS scans ([Pacher INM 2015], equ. 1 and 3) for varying I'prpes iN quasi-stationary
conditionsat |y = 15 MA, Payx =20 MW, Z4 ~ 1.0.

DT gas puff rate Ne,sep,SOL PS scaling Ne sep JINTRAC Ne,sepJINTRAC]
[10%/s] [10"%/m?| [10"/m?] Ne,sep,SOL PS scaling [%0]
0.3 0.66 1.07 162
0.6 174 155 89
0.9 2.08 1.90 91
1.2 2.19 2.15 98

3.1.2 Scan in heating scheme and current ramp rate

In this heating and current ramp-rate scan, atarget Greenwald density fraction is prescribed
that is maintained by the application of a feedback controlled DT gas puff. The target density
fraction is set low enough to avoid strong detachment but still large enough to keep the ion
temperature below ~5 eV on the targets at the location of maximum ion current density in
order to avoid a significant release of W. During current ramp-up, the target Greenwald




density fraction is adjusted in a stepwise way and kept constant for intervals of ~2-3 MA in
terms of the increase in plasma current to achieve an optimal density evolution.
The following three cases have been investigated:
Al. Medium diy/dt, adaptive heating scheme:
lp linearly ramped from 3 MA to 15 MA betweent=10-70s
Ohmic heating in early ramp-up phase (I, = 3 - 5 MA)
lp=5-10MA: linear increase in ECRH power from 0 MW to 20 MW
l[p>10 MA: 20 MW of ECRH power
A2. Medium diy/dt, linearly increased ECRH power:
e |, linearly ramped from 3 MA to 15 MA betweent=10—-70s
e Linear increasein ECRH from 5 MW to 20 MW betweent=10—-70s
A3. Highdiy/dt, linearly increased ECRH power:
e |, linearly ramped from 3 MA to 15 MA betweent=10-50 s
e Linear increasein ECRH from 5 MW to 20 MW betweent=10-50s
The plasma evolution for these three cases is shown in Figs. 2-3.
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Figure 2. Left: Time evolution of plasma current, auxiliary power and Greenwald density fraction (from top to bottom),
right: time evolution of resistive poloida flux consumption (top) and interna inductance li(3) (bottom), during the current
ramp-up from 3-15MA for the scan in heating scheme and current ramp rate.
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It is very significant to note that a ramp in current to Iy = 15 MA respecting PF coil
current, fuelling, heating and divertor operational constraints appears to be feasible. By
operation at a low density in the order of ~20% of the Greenwald density limit for moderate
auxiliary heating in the order of ~10 MW, simulations indicate that applied gas fluxes are low
enough to avoid detachment but high enough to keep the ion temperature on the divertor
targets in the vicinity of the strike points below the critical level for W sputtering. The
operational window of achievable densities with gas puff only, which was explored by
variation of the feedback control target for Nejin-avg/New iN complementary simulations for
intervalsin I of ~2-3 MA, seems to be quite narrow for a given level of Paux (£ ~5% of the
Greenwald density). It should be noted that predictions of the achievable density range by gas
puff only depend on SOL transport assumptions as demonstrated e.g. in [Belo EPS 2015,
Romanelli NF 2015]. According to simulation results, gas puff rates must increase by a factor
of ~4 when |, is ramped up from 3 MA to 15 MA to maintain a constant Greenwald density
limit of ~20%. In absolute values, optimum DT puff rates may be in the order of ~0.5-
1.0-10%/s (cf. Fig. 3).

Achievable densities appear to be particularly low for ohmically heated plasmas (< ~15%
of new) at low currents. Although new is lower for low Iy, the connection length is increased
in the SOL, and perpendicular diffusion is predicted to be enhanced at higher safety factor (cf.
Fig. 3) causing an increased spread in heat flux over the divertor target. To avoid detachment,
the density thus needs to be considerably reduced by ~25% for alow heat flux from the core
in the early ramp-up phase for Case A1 as compared to Cases A2-3. A gradual transition from
purely Ohmic to ECRH assisted heating within a few seconds may be desirable to keep
detachment and W sputtering under control. It may be advisable to maintain at least a low
level of auxiliary heating of Paux > ~10 MW during the entire current ramp-up phase for
improved density control, but also for the reduction of resistive poloidal flux losses that may
limit the burn duration in the flat-top phase (cf. [Hogeweij NF 2013, Parail NF 2013]).
Resistive losses may be increased by ~0.25 Whb/s with purely Ohmic heating (cf. Fig. 2).

Operation at low density during current ramp-up with EC heating has a noticeable impact
on current diffusion, as the resistivity is comparably low in these conditions. The current
density profile is thus predicted to remain hollow at the end of ramp-up at I = 15 MA (cf.
Fig. 4) even for cases with moderate to low current ramp rates (i.e. for a total ramp duration
of ~70-80 s), giving low s/q that may be unfavourable for plasma confinement in the early
flat-top phase as described in [Parail NF 2013].

Comparing the ramp-up simulation at higher diy/dt (Case A3) with the simulations at
medium dly/dt (Cases A1-2), a modest reduction in flux consumption is predicted over the



shorter ramp up time, but other challenges may become important: enhanced core transport in
the flat-top phase caused by a further reduction in §/q; and a significant reduction in internal
inductance li(3) which may reach the lower limit of 1i(3) ~ 0.6 for plasma shape control by PF
coil current adjustment [Mattei FED 2009] (cf. Fig.2).

Regarding fuelling conditions, differences in accessible Ngjin.-avg/New for cases at low vs.
high current ramp rate appear to be modest, though there is a dight hint that the achievable
ratio Nejin-avg/New Might decrease for increased dly/dt. This result can be naturally explained
by the need to increase the gas puff rate in order to achieve the same ng/new at higher dly/dt
while the limit in gas puff rates to avoid detachment might be independent of dI/dt.

3.2 L-H transition and density ramp at 15 MA
The current ramp-up simulation Case Al as described in Subsection 3.1.2 has been
continued for the early flat-top phase at I = 15 MA. The simulation is restarted to allow for a
different impurity configuration, switching from Be to He and (bundled) Ne. As the density is
still below the NB shine-through limit of Nyg.-tr. ~ 3.0-10"%/m?> [Polevoi NF 2013] at the end
of current ramp-up, small pellets (with radius r, = 2 mm for spherical shape, corresponding to
Ny ~2.1-10°" partticles per pellet) are injected until a line-average density of Nejin-avg
~3.10"/m® is obtained. Full NB power of 33 MW is then applied and the transition to H-mode
Is triggered. The density is then roughly maintained at a constant level to assure a fast
increase in pedestal pressure and in central ion temperature such that the net heat flux can be
kept above the L-H transition power threshold due to the increase in apha heating as
described in [Loarte NF 2013, Koechl NF 2017]. After a few seconds, the density is then
gradually ramped by standard ITER fuelling size pellets (1, = 2.86 mm, N, ~6.1-10*) to a
target density of Nejinag ~ 10°/m> using pellet injection feedback control with the aim of
reaching a stationary H-mode in the burning regime at Qs ~ 10. To ensure that heat flux
densities to the divertor remain below the target of 10 MW/m?, the Ne puff rate is strongly
increased before stationary ELMy H-mode conditions at high Qy,s are reached.
The following simulation cases with NB heating applied at t > ~72.5 s have been
considered:
B1. Density maintained at a low level for ~5 s, then slowly ramped up to Nejin-avg.
~10%/m® by pellets within ~30 s.
B2. Density maintained at a low level for ~5 s, then quickly ramped up to Nejin.-avg.
~10%/m® by pellets within ~10 s.
B3. Density maintained at a low level for ~12 s, then quickly ramped up to Nejin.-avg.
~10%/m® by pellets within ~10 s.
B4. Density increased by gas fuelling only, no pellet injection.
The plasma evolution for these three cases is shown in Figs. 5-9.
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B3 as described in Subsection 3.2.
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Figure 8. Time evolution of D+T neutral influx at the separatrix (left) and D+T pump rate (right) from the end of ramp-up at
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As the ratio between the net power flux crossing the separatrix P, and the L-H transition
threshold P_.4 is expected to stay close to 1.0 before the onset of significant P,, the density
needs to be kept at alow level after the L-H transition until the fusion reaction process setsin.
As soon as alpha heating becomes significant and P« / PL.4 IS increased, the density can be
ramped up by pellets. If there is no delay between the L-H transition and the density ramp or
the density is increased too quickly, P / PL.y may approach or even drop below the level of
1.0 and the plasma might remain in a degraded type-1ll ELMy H-mode like regime or
eventually jump back to L-mode (cf. [Loarte NF 2013, Koechl NF 2017]). To assure a fast
increase in apha heating, the density needs to be ramped such that the ion temperature in the
core remains well above a critical level of Tqit ~10 keV for the cross section of the DT
reaction to be sizeable [Koechl NF 2017].

The requirement for a delayed and gradual ramp in density needs to be reconciled with the
need to reduce flux consumption to allow for a long steady state which would require the
transition to a stationary burning H-mode regime at Qs ~ 10 to be achieved as quickly as
possible. Simulation results indicate that it might be optimal to maintain the density at a low
level for ~5-10 s after the L-H transition and then to apply a ramp in density by pellets to a
target Greenwald density fraction of ~60-90% within ~10-20 s, confirming results from more
detailed transition scans by means of coret+edge transport modelling in [Koechl NF 2017].

As another aspect to consider in the early H-mode phase, the pedestal evolves very slowly
after the L-H transition due to enhanced transport for Pn« / Py Staying close to 1.0, reaching
an ELM free H-mode period in the order of ~10 s. In order to achieve atransition to a burning
regime at Qs ~ 10 as fast as possible, the ramp in density by pellets may need to be already
started before the pedestal is fully developed. This requirement must however be balanced
with the need to maintain a high ratio between the ion temperature and ion density gradients
in the pedestal dT; ped/dn; ped iN the transition to high Qs for the minimisation of core impurity
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contamination [Dux PPCF 2014, Koechl NF 2017], which may be more difficult to achievein
the early transition phase with enhanced pellet fuelling.

Regarding divertor control by impurity seeding, the simulations indicate that no Ne puff
might be required for the first few seconds after the L-H transition when the density is
maintained at alow level, the plasmais still in ELM free H-mode phase and Qyys remains low.
However, Ne seeding may need to be applied before the pedestal is fully developed to keep
the maximum heat flux on the divertor targets below 10 MW/m? when the (time-averaged)
heat flux crossing the separatrix suddenly increases by ~20-25 MW within the energy
confinement time tg ~ 2.5 s at the start of the ELMy H-mode phase. This may be a challenge,
as atime delay needs to be considered for the establishment of the required Ne concentration
in the SOL for the following reasons: a significant fraction of puffed Ne initially is lost into
the confined region until quasi-stationary conditions are achieved for the Ne density in the
core; it takes a few hundred milliseconds for Ne gas to arrive in the plasma vessel [Bonnin
NME 2017]. Our simulations assume an instantaneous response of the Ne arriving in the SOL
to changes in the requested Ne puff rate, which may be overoptimistic.

To maintain the maximum heat flux on the divertor targets below 10 MW/m? and to keep
the ion temperature in vicinity of the strike points below ~5 eV to minimise W sputtering, a
DT gas puff rate in the order of ~1.0-1.5-10%*/s may need to be applied in the low density
phase after the L-H transition. Later on, when the density is ramped up by pellets, the DT gas
puff rate may need to be increased to ~2.0-10°%/s to accommodate enhanced heat fluxes that
are caused by the increase in apha heating. The DT gas puff rate would need to be reduced
again as soon as Ne seeding is applied. The effect of Ne seeding is enhanced at higher DT gas
puff rates, as Ne can be kept closer to the divertor plates so that core contamination by Ne can
be reduced at higher SOL densities. In stationary burning conditions, required Ne puff rates
may bein the order of ~10'/s.

3.3 L-H transition and density ramp at ~10-12 MA

The current ramp-up simulation Case A2 as described in Subsection 3.1.2 has been
continued from I, ~ 9 MA, including He and bundled Ne impurities. As for the L-H transition
cases at flat-top current that have been described in Subsection 3.2, small (r, = 2 mm, N,
~2.1-10°") pellets need to be injected until a line-average density of Ngjin.avg, ~ 3-10°/m° is
obtained to ensure that NB shine-through losses are acceptably low, although this may lead to
temporary divertor detachment while the auxiliary power is still limited to EC heating, which
may be more difficult to avoid at lower I, due to: increased edge heat conductivities (F
dependence of Bohm transport coefficients) and increased SOL connection lengths at higher
g. Full NB power of 33 MW is then applied and the transition to H-mode is triggered. NB
sources are modelled by ASCOT [Heikkinen PoP 1995, Hirvijoki CPC 2014] in these cases to
take the beam particle thermalisation time into account which may delay the transition to H-
mode by a few seconds for low initia Pn«/P_ 4. After the start of NB heating, the density is
then roughly maintained at a constant level in an attempt to achieve partia divertor re-
attachment and a fast increase in pedestal pressure and in central ion temperature so that the
net heat flux can be kept above the L-H transition power threshold and a pha heating devel ops
in the core. After adelay of ~10 s, the density is then gradually ramped by standard ITER size
pellets (r, = 2.86 mm) within ~30 s using pellet injection feedback control to access a
stationary high quality H-mode burning regime.

The plasma evolution for the simulation with an early L-H transition is shown in the
figures below in green. For comparison, simulation results for Case A2 from the current
ramp-up scan in Subsection 3.1.2 (current ramp-up with plasma maintained in L-mode) are
also shown in blue.
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Figure 10. Left: Time evolution of plasma current (top), auxiliary power (middle) and thermal core energy content (bottom),
right: time evolution of Greenwald density fraction (top), line-averaged electron density (middle) and interna inductance
li(3) for an early L-H transition at |, ~ 10 MA (green colour), compared to a similar current ramp-up configuration without
L-H transition (blue colour, Case A2 from the Subsection 3.1.2).
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Figure 11. Left: Time evolution of the ion temperature on axis (top), the maximum normalised pressure gradient in the ETB
(middle) and fusion Q (bottom), top right: time evolution of the net power (thick) vs. the L-H transition power threshold
(thin), bottom right: time evolution of the non-inductive (thick) vs. total (thin) current density in the plasma centre (pporm =
0.2), for an early L-H transition at I, ~ 10 MA (green colour), compared to a similar current ramp-up configuration without
L-H transition (blue colour, Case A2 from the Subsection 3.1.2).

The simulation confirms that the transition to high Qs may be more difficult to achieve for
an early L-H transition during the current ramp-up phase. Confinement properties may be less
favourable at lower current, as transport is predicted to increase at higher g and lower ratio
between shear and q that is caused by a hollow current density profile at the time of the L-H
transition and decelerated penetration of edge-induced current towards the core when the
plasmaisin H-mode (cf. [Citrin NF 2012, Parail NF 2013]). The impact of /g on peripheral
core plasma transport is well reproduced in these simulations using the GLF-23-retuned
version of the BgB model. This is due to the g° dependence in the Bohm term of the BgB
model, which mimics reasonably well the transport dependence on s/q obtained with GLF-23
for ITER high current baseline H-mode plasmas.

Before the L-H transition, the density needs to be ramped by pellets to the NB shine through
limit starting from a much lower initial density level. After the L-H transition, the ion
temperature in the core needs to be increased to > 10 keV to initiate the fusion process
starting from amuch lower initial temperature. Furthermore, it is more difficult to achieve and
maintain high core temperatures at lower currents, as the MHD limit for the pedestal pressure
Pped 1S SigNificantly lower at lower currents (Pped oc I [Polevoi NF 2015]).
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Required gas puff rates to maintain the divertor targets below 10 MW/m? and to keep the
ion temperature in the vicinity of the strike points below ~5 eV during the first few seconds
after the L-H transition might be lower if the L-H transition is triggered at reduced Iy (I'pr ~
0.5-1.0-10%/s for the early L-H transition case). This is due to increased transport at higher q
and larger connection lengths in the SOL, yielding an increased spread in heat flux along the
divertor targets.

If the current ramp rate is maintained constant after an early L-H transition, the interna
inductance could drop to very low values li(3) < ~0.6 (cf. Fig. 10). This might be challenging
for plasma shape control [Mattei FED 2009, Parail NF 2013]. If the current ramp rate in H-
mode is reduced to maintain 1i(3) > 0.6, the current ramp up time might increase to a few
hundreds of seconds which would significantly reduce the maximum burn duration at high
Qrus. Furthermore plasma transport may be significantly degraded in plasmas where the
current ramp continues in H-mode for an extended period determined by the current diffusion
time due to differences in the safety factor profile shape triggered by a delayed inwards
current diffusion. Although these findings have already been described in [Parail NF 2013],
the simulation results presented in this paper for an early L-H transition suggest that they may
deserve more attention than previously estimated. This is because the internal inductance is
predicted to be already close to the threshold 1i(3) ~ 0.6 before the start of the L-H transition
in the new simulations due to an earlier start of the full bore diverted configuration,
application of more auxiliary heating power starting at an earlier time and operation at lower
Nelin-avg/New @ compared to the simulations shown in [Parail NF 2013]. In addition, the delay
in the establishment of good quality H-mode conditions due to Psy, staying close to P4 after
the L-H transition has not been taken into account previously. New strategies are clearly
required to maintain a sufficiently high value of 1i(3) after an early L-H transition.

It is worth noting that the non-inductive current fraction can become significant (~40-50%)
in the early phase after the L-H transition when the density is kept low. Near the magnetic
axis, it can happen that the non-inductive current density exceeds the total current density
triggering the appearance of a negative voltage in the core which could give rise to current
hole formation (cf. Fig. 11).

3.4 Complete transition from early current ramp-up to high Qys

Fig. 12 summarises a subset of our simulations of the plasma evolution from early current
ramp up to high Qs Fig. 12 demonstrates that that the main criteria for the protection of the
divertor (maX(Qarger) < 10 MW/m?, Tijmaxor < ~ 5€V) are reasonably well fulfilled at all
times. INTRAC simulation results thus indicate that viable plasma scenario configurations to
approach the ITER target of Qrus ~ 10 can be conceived with the available fuelling actuators,
with plasma evolution successfully controlled to respect mgjor operationa limits.
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Figure 12. Left, from top to bottom: Time evolution of plasma current, auxiliary power, Greenwald density fraction, thermal
energy content, right, from top to bottom: time evolution of ion temperature on axis, fusion Q, the maximum power density at
the outer target (considering power transferred by electrons, ions and due to recombination) and ion temperature at the outer
target location with the maximum absolute value of ion current density, from early current ramp-up at 3 MA to good quality
H-mode for the following cases: red dashed: Case A1 from Subsection 3.1.2 and Case B1 from Subsection 3.2, blue dotted:
Case Al from Subsection 3.1.2 and Case B2 from Section 3.2, magenta solid: Case A1 from Subsection 3.1.2 and Case B3
from Subsection 3.2, green dash-dotted: Case A2 from Subsection 3.1.2 until I ~ 9 MA, followed by the early L-H transition
case from Subsection 3.3, cyan thin solid: Case A1 from Subsection 3.1.2 and Case B4 from Subsection 3.2.

4. Transition from stationary high Qsys regimeto late current ramp-down phase
4.1. Smulation of stationary H-mode at Qs ~ 10 with discrete pellet fuelling and including
He transport

The JINTRAC simulations for gas and pellet fuelled high Qrs H-mode plasmas at 1 = 15
MA and Bo = 5.3 T a Paux =53 MW (33 MW NB + 20 MW EC power) with W target that
have been presented in Subsection 3.2 have been repeated at a fixed D+T gas puff rate of
Iotnet = 10%%/s with Ne seeding. He and (bundled) Ne impurity transport are taken into
account. Ne seeding is adjusted by feedback control (assuming ideal instantaneous feedback
control with a zero feedforward control puff rate) in order to maintain a Ne radiation level in
the SOL and private flux region of ~ 30 MW, giving an averaged Ne concentration in the
SOL and private flux region of ~0.5%. Pellets with a 1:1 D-T mixture and a size of r, ~ 0.28
mm (N, ~ 6.1-10°") are injected at a speed of v, = 300 m/s from the upper HFS [Baylor SOFE
2015]. The pellet injection frequency is adjusted by a feedback control scheme in order to
maintain a line-averaged electron density of ~1.0-1.05-10°m>. He is produced by fusion
reactions in the core. The ssmulation is continued for severa tens of seconds until stationary
conditions are approached for the He density in the core and edge regions.

Simulation results are shown in the Figs. 13-16:
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private region for the pellet and gas fuelled high Qs D+T H-mode plasma described in Section 4.1.
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Figure 16. Power flux density (left, including power from electrons, ions and recombination), ion temperature (middle) and
paralel current density (right) at the outer target at various time instants during a pellet injection cycle for the pellet and gas
fuelled high Qs D+T H-mode plasma described in Section 4.1.

According to simulation results, the maximum power density on the inner and outer
targets, max(qir) and max(gor), can be maintained below 10 MW/m? with the applied D+T
and Ne puff rates (cf. Fig. 16). It should be noted however that the power density on the inner
target is predicted to be similar or sometimes even locally exceed the power density on the
outer target, and that cross-field drifts in the SOL have not been considered. If the latter were
taken into account, an asymmetric heat deposition pattern would be expected that might give
max(dor) in excess of the estimates obtained in these simulations. It may therefore be possible
that the condition max(gor) < 10 MW/m? is not always fulfilled for the plasma configuration
considered hereif SOL drifts are taken into account.

Due to discontinuities in the assumed radial dependency of perpendicular transport
coefficients from the modelled extension of the ETB into the SOL, the SOL heat flux does not
decay exponentially. It is therefore not possible to determine a reliable heat decay width Aq
from these ssimulations that can be directly compared to scalings such as [Eich NF 2013].
However, local estimates of A that are applicable only for the very near SOL region can be
inferred. For stationary high Qs flat-top conditions, values for 4 in the order of ~1 — 2 mm
are obtained in agreement with estimates for Scan 1 in Table 1 in [Romanelli NF 2015].
Although these estimates are in rough agreement with the scaling from Eich et al. [Eich NF
2013], it should be noted that local estimates of A, for exterior SOL regions are significantly
higher. Compared to recent gyrokinetic projections for the heat decay width for Qs = 10
plasmas in ITER [Chang NF 2017] giving A4 = ~5-6 mm due to enhanced heat transport
driven by non-linear edge turbulence effects, the estimates obtained in the JNTRAC
simulations presented here can nevertheless be considered as a rather conservative approach
for the modelling of divertor control capabilities. Perpendicular transport in the near SOL is
assumed to be mainly neoclassical due to the assumption of the extension of the ETB into the
SOL, giving predictions of max(qor) that may be in the upper range of expectations due to a
reduced spread in heat flux on the target plates in these conditions.

The profile shape of the predicted heat flux on the target plates sometimes exhibits a
double peak, which may be particularly pronounced on the inner target. Typically, this double
peak is the consequence of different locations of the maximum heat flux density due to ion
and electron heat conduction and convection and due to particle recombination at the target
plates. The peak position of the latter corresponds to that of the parallel ion flux density which
is located in close proximity to the strike point. In addition, the discontinuity of the
perpendicular SOL transport coefficients in the near SOL in H-mode due to the extension of
the ETB into the SOL is aso partly responsible for the formation of two peaksin gir or qor.

To achieve a Ne radiation level in the SOL and private region of ~30 MW (cf. Fig. 15), Ne
may need to be puffed at a time-averaged puff rate in the order of ~10'%s. T; can be kept
below the critical level for W sputtering of ~5 eV over a ~5 cm wide region near the strike-
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point location on the outer target where the absolute ion current density peak is located.
Divertor profiles might change considerably immediately after the injection of a pellet. We do
not access to high time resolution results for the post-pellet phase, so cannot comment here on
temporary detachment and pellet triggered transient changes in divertor conditions. There are
however some hints in Fig. 16 that significant fluctuations in divertor conditions are indeed
triggered by the injection of pellets. These transients may present additiona challenges for
divertor control, and have been investigated in more detail in [Garzotti NF 2019, Wiesen NF
2017].

To maintain the density at alevel of ~85% of the Greenwald density limit, pellets with the
standard ITER size need to be injected at a time-averaged frequency of ~2-2.5 Hz which isin
line with previous core transport fuelling studies as presented in [L. Garzotti NF 2012].

The He density at the separatrix saturates at Npesep ~ 2.5-10"%/m®, while the He density on
axis approaches Nueax ~ 6-10"%/m?, corresponding to a core He peaking factor of Nueax. /Niesep
~ 2.4. This peaking factor is considerably larger than that obtained in core-only simulations
with the GLF-23 transport model [Waltz PoP 1997] with comparable nyeax as described in
[Garzotti NF 2019]. Thisis due to different assumptions for the He core diffusivity: here Dye
istaken to be identical to the diffusivity for main ions with the BgB model retuned to GLF-23
[Garzotti NF 2012] and thus much lower than Dy as predicted with GLF-23 itself [Garzotti
NF 2019]. The He transport assumptions made here are more conservative than assuming the
GLF-23 model.

As soon as quasi-stationary conditions are reached, the time-averaged He pump rate
becomes identical to the He source rate due to fusion reactions in the core,
So+Tohe ~ 1.75:10%s. As a consequence of increased plasma dilution, a slight degradation in
fusion performance from Py, ~ 550 MW to Py,s ~ 490 MW can be observed, as the He
concentration increases from ~2% to ~4.5%. Z«; ~ 1.35 in stationary conditions. Temperature
screening in the edge region keeps the core Ne density at a comparably low level of Nyecore ~
2.5-3.0-10""/m>, corresponding to core fractional concentration <nye>/<ne> = ~0.25%.
Without the temperature screening effect, the core Ne density may be increased by ~ 10*'/m?®
for the same Ne density at the separatrix. The total core radiation in stationary conditions
amounts to Prag core ~25 MW (consisting of ~8 MW of impurity induced emission, ~14 MW of
bremsstrahlung due to interaction with main ions and ~3 MW of synchrotron radiation). Other
important core parameters in quasi-stationary conditions: Qs ~ 9.0-9.5, Hogy ~ 0.95, By ~
2.05 %, Psgp ~ 135 MW.

4.2. Complete transition from high Qx,s to late ramp-down

Continuing from the late stationary flat-top phase at Qs ~ 9-10, the current ramp-down
phase has been simulated for the period until Iy ~ 3 MA during which the plasma can be
expected to remain in diverted configuration. At the time of the start of current ramp-down,
the He density in the core has aready approached but not yet reached quasi-stationary
conditions. The total He content can therefore increase dlightly in the early ramp-down phase.
Pellet fuelling has been completely switched off for the entire current ramp-down phase. To
trigger the back transition to L-mode, auxiliary heating is completely switched off at a
specified current level. The plasma then quickly transitions into ELM free H-mode, degraded
type-111 ELMy H-mode and finally returns back to L-mode. To avoid detachment, ECRH is
applied again in the early L-mode phase a Pec = 10-20 MW. D+T and Ne puff rates are
adjusted in order to maintain the divertor peak heat load below 10 MW/m?, to keep the ion
temperature below the critical level for W sputtering (Ti < ~ 5 eV) in the region on the
divertor plates with maximum ion current density, and to avoid plasma detachment. The
nominal D+T gas puff rate is typically maintained at a level of Ip7 e ~ 10%/s and then
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quickly reduced to a very low level before the H-L transition. The Ne puff rate is feedback
controlled in the H-mode phase to maintain a prescribed target level for Ne radiation in the
SOL and private region, and is gradually reduced to zero before the plasma returns back to L-
mode. It is aso possible in ssmulations to reduce the Ne content by artificially reducing the
recycling. Given these modelling uncertainties, it is difficult to estimate from the simulations
the level of pumping that will be required to remove Ne from the SOL and avoid detachment
in the early L-mode phase. However, the simulations indicate that a safe H-L transition could
in principle be achieved for a given targeted evolution in Ne induced radiation in the SOL and
private region. The question of Ne pump efficiency in the transition phase are addressed
Section 4.4 where dedicated recalculations of the H-L transitions without Ne puff feedback
control are presented. Two ramp-down cases with different times for the H-L transition have
been modelled:

Cl. Early H-L transition at I ~ 15 MA: Auxiliary heating is completely switched off at
o < 15 MA while the plasma remains in H-mode. Zero edge loop voltage is
prescribed for the entire current ramp-down phase.

C2. Late H-L transition at I ~ 10 MA: Auxiliary heating is completely switched off at
lo < 10 MA while the plasmaremains in H-mode. The edge loop voltage is reduced
from 0V down to -0.1V in the late H-mode phase and further down to -0.3 V in the
late L-mode phase to speed up the reduction in plasma current and to reduce
resistive flux consumption.

The plasma evolution for ramp-down Cases C1 and C2 is shown in Figs. 17-23 (early H-L
transition: blue, late H-L transition: red).

= L |

PR SNWEO
OO0 000000 WAVNO

"e‘\in./"(‘z [%] Py [MW] Ipl [MA]

n
oX=1

2&0 2;0 250 29‘)0 ‘?’iéno\e[s] 3;0 3;0 3:‘90 3:10 350
Figure 17. Time evolution of plasma current, auxiliary power, Greenwald density fraction, therma energy content, ion
temperature on axis, fusion power, the maximum power density at the outer target (considering power transferred by
electrons, ions and due to recombination) and ion temperature at the outer target location with the maximum absolute value
of ion current density (from top to bottom) during the current ramp-down for I, = 15 — 3 MA for an H-L transition at |, ~
15 MA (blue) and I, ~ 10 MA (red).
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Figure 18. Time evolution of net power (solid) vs. L-H transition power threshold (dashed), during the current ramp-down
for I, = 15 - 3 MA for an H-L transition &t I ~ 15 MA (blue) and |, ~ 10 MA (red).
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of line-averaged electron density, He core concentration, Ne core concentration and Zg (from top to bottom), during the
current ramp-down for | = 15 — 3 MA for an H-L transition at |, ~ 15 MA (blue) and I ~ 10 MA (red).
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Figure 20. Left: Time evolution of total D+T (top), He (middle) and Ne (bottom) ion content in the core, SOL and private
region, right: Time evolution of core radiation, D+T induced, He induced radiation and Ne induced radiation (from top to
bottom) in the SOL and private region, during the current ramp-down for I, = 15— 3 MA for an H-L transition at I ~
15 MA (blue) and I, ~ 10 MA (red).

Simulation results shown in Figs. 17-22 indicate that a ramp in current from high Qs
H-mode at 1 = 15 MA to L-mode at |, = 3 MA respecting PF coil current, fuelling, heating
and divertor operational constraints can be achieved, and core impurity contamination can be
kept at a moderate level. The internal inductance increases significantly towards the end of
ramp-up which may become challenging for vertical stability control [de Vries NF 2017]. To
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mitigate that increase, the continued application of Paux until late ramp-down and a gradual
reduction in plasma elongation could be considered.

Fig. 17 shows that the density can be reduced quickly enough to avoid reaching the
Greenwald density limit with zero pellet fuelling even for the earlier H-L transition with
higher |dlp/dt| (cf. Fig. 17).
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Figure 21. Profiles of power flux density (left) and ion temperature (right) at the outer target (including power from
electrons, ions and recombination) at I, = 15 MA (red), 12.5 MA (blue), 10 MA (green), 7.5 MA (magenta) and 5 MA
(black) during the current ramp-down for an H-L transition at I, ~ 15 MA (solid) and I, ~ 10 MA (dashed).
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Figure 22. Time evolution of the locations on the outer divertor target where T; ~ 5 eV (blue colour, solid), where the
maximum ion current density is reached (red colour, solid) and where half of the maximum ion current density is obtained
(red colour, dashed) during the current ramp-down for the case of an H-L transition at | ~ 15 MA (Case C1, top) and at I ~
10 MA (Case C2, bottom).

For divertor control, a late H-L transition at lower plasma current appears to be favourable
despite reduced H-L transition times due to lower dW/dt and lower P, as the heat flux to the
divertor would already have approached a rather benign level and Ne could be completely
pumped out from the plasma by the time Iy, ~ 10 MA is reached if the plasma current is
ramped down in H-mode at a constant negative edge loop voltage of less than a few hundred
mV (cf. Figs. 18-20).
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Slight differences in gas fuelling requirements for the Ohmically heated early current
ramp-up vs. the late current ramp-down phase in L-mode (~50% increased I'psrneut fOr Iy ~
AMA at ramp-up) may be related to different current density shapes (hollow vs. strongly
peaked) that seem to affect transport conditions due to different values for the safety factor,
giving lower T in the core, lower resistivity and therefore a ~50% increased Psyp driven by
Ohmic heating at ramp-up. At high |diy/dt| i.e. in case of a fast change in core particle
content, divertor control by D+T gas puff adjustment might be slightly more challenging in
the late ramp-down phase as compared to the early ramp-up phase. This is because the
divertor density reacts more sensitively to a variation in D+T gas puff rates during current
ramp-up when the puffed particles are partly transported to the confined region, increasing the
core plasma density, while the total particle source in the SOL is to some extent controlled by
the net particle efflux from the confined region in the ramp-down phase due to the reduction
in core density.

In the late current ramp-down phase at densities below ~10™/m?, it may become difficult
to simultaneously avoid detachment and maintain T; < 5 eV in the vicinity of the strike points
(cf. Figs. 21-22). However, W sputtering rates may be small even if the critical temperature
threshold is exceeded as ion current densities have dropped to very low levels. Furthermore,
W sputtering in the late current ramp-down phase might not be problematic for plasma
operation.

4.3. Current ramp-down in H-mode at zero loop voltage

Case C2 from Section 4.2 with late transition from H-mode to L-mode at 1, ~ 10 MA has
been rerun with a fixed loop voltage at the boundary of O V (referenced as Case C3). The
temperature remains high (Teax ~ 15-20 keV) while the Payx remains at 53 MW and plasma
stays in H-mode, while density rapidly falls to ~0.5:-ngy after pellet fuelling stops at the
beginning of the I, ramp-down. Therefore, resistive flux losses are ailmost as small as in the
flat-top phase. Consequently, the inductive flux and I, fall very slowly at zero loop voltage. It
might therefore be possible to significantly extend the H-mode duration during current ramp-
down in line with findings from studies for the ITER baseline scenario presented in [Parall
NF 2013].

The plasma evolution for the simulation of current ramp-down in H-mode at Ujoop,sp = 0V
is shown in Fig. 23 in magenta. For comparison, simulation results for Case C2 from the
previous subsection are also displayed in red.
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Figure 23. Left: Time evolution of plasma current, auxiliary power, Greenwald density fraction, ion temperature on axis and
fusion power, right: time evolution of the thermal core energy content, Ne induced radiation in the SOL and private region,
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Case C3 confirms that the neutron yield could be significantly enhanced by extension of
the H-mode duration by up to a few hundred of seconds into the current ramp-down phase
with zero boundary loop voltage application if the auxiliary heating is maintained but pellet
fuelling is switched off at the beginning of current ramp-down. This is due to low resistive
flux consumption (~ 0.03 Wb/s), yielding a slow reduction in inductive flux and thus I, at
Uloop,sp = OV. Ne seeding can be gradually reduced from the start of the ramp-down, but it is
still needed while Payx remains at 53MW and I > ~12-13 MA.

As indicated in the baseline optimisation studies in [Parail NF 2013, Koechl EPS 2012],
Prus could be significantly enhanced by a slight increase in nejin.-avg./New to ~65% by continued
pellet fuelling at reduced injection rate, and it may be possible to further extend the H-mode
duration in the ramp-down phase by exploitation of reduced margins required for PF cail
current control at lower currents as they scale with Iy, permitting the application of a small
positive Ujqqp. That way, the neutron yield could be increased by > ~50% compared to the
baseline scenario configuration without extended ramp-down duration in H-mode.

4.4. Refined cal culations of the H-L transition during current ramp-down

The simulations of the transition from stationary high quality H-mode to L-mode at I, ~ 15
MA and Iy ~ 10 MA that were presented in Subsection 4.2 (Cases C1-2) have been repeated
with improved accuracy to study possibilities for the control, by D+T puff and Ne seeding, of
power loads and temperature on the divertor targets during the transition. These new runs,
referenced as Cases D1 and D2 for the early and late H-L transition, respectively, have been
carried out with increased precision in the calculation of SOL transport by application of
adaptive partial coupling with a reduced maximum alowed proportion of the non-coupling
and full coupling time intervals Aty/At, = 10, and ensuring correction fluxes for main ions and
impurities in the SOL remain < ~1% with respect to reference fluxes. This may be important
to accurately model the transient evolution of the SOL plasma on shorter time scales as they
may occur in the H-L transition phase, while the error due to partial coupling with normal
accuracy as used for Cases C1-3 as presented in the previous subsections is insignificant for
slow transients as they occur in all other phases during current ramp-down. In addition to this,
main ion and Ne puff rates are manually prescribed and adjusted in Cases D1-2, i.e. no
feedback control has been applied. The applied puff rates are changed in time to assure a safe
transition avoiding detachment and excessive power |oads on the target plates during and after
the transition. The fuelling scheme was adapted in order to keep the ion temperature below ~
5 eV in regions where the ion current densities tend to peak. Handling the H-L transition at
lo ~ 10 MA should be less challenging due to a reduced initial energy content at the start of
the transition phase and because Ne seeding can be very low (as apha heating has aready
reduced to a marginal level and heat fluxes entering the SOL have become substantially
lower). However, it might be difficult to avoid detachment immediately after the H-L
transition at I, ~ 15 MA due to a very slow reduction in the Ne particle content in the SOL
that is caused by a strong continuous core efflux of Ne into the SOL saturating the pumping
capability.

The plasma evolution for the improved calculation of the H-L transition is shown in
Figs. 24-28 (early H-L transition: blue, late H-L transition: red).
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Figure 24. Time evolution of plasma current, auxiliary power, Greenwald density fraction, thermal core energy content, ion
temperature on axis, fusion power, the maximum power density at the outer target (considering power transferred by
eectrons, ions and due to recombination) and ion temperature at the outer target location with the maximum absolute value
of ion current density (from top to bottom) for the refined calculation of the H-L transition phase during current ramp-down
occurring at Iy ~ 15 MA (blue) and I, ~ 10 MA (red, shifted in time to match NB power switch off times).
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Figure 25. Left: Time evolution of the net power (solid) vs. the L-H transition power threshold (dashed), the ratio between
the net power and the L-H transition power threshold and the maximum normalised pressure gradient in the ETB, right: time
evolution of the thermal energy heat flux at the separatrix, the Ne, He and D+T induced radiation in the SOL and private
region (from top to bottom), for the refined calculation of the H-L transition phase during current ramp-down occurring at |,
~ 15 MA (blue) and I, ~ 10 MA (red, shifted in time to match NB power switch off times).

Simulation results shown in Figs. 24-25 indicate that the duration of the transition from
good quality H-mode to L-mode is long enough in order to ensure plasma shape and position
control during the transition as described in [Loarte NF 2014, Parail NF 2013]. The duration
is longer for the transition at high current (I ~ 15 MA: ~8 s, I ~ 10 MA: ~3 9), as the
thermal energy content is considerably higher at the start of the transition, and because of
alpha heating remaining significant during the transition.
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Figure 26. Time evolution of the Ne puff rate, the Ne pump rate, the Ne particle content in the SOL and the total Ne particle
content in the core, SOL and private region (from top to bottom), for the refined calculation of the H-L transition phase

during current ramp-down occurring at Iy ~ 15 MA (blue) and I, ~ 10 MA (red, shifted in time to match NB power switch
off times).
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Figure 27. Profiles of power density (left), ion temperature (middle) and the absolute value of the ion current density (right)
at the outer target, for the refined calculation of the H-L transition phase during current ramp-down occurring at |, ~ 15 MA
(solid) and I, ~ 10 MA (dashed) at several stages during and after the transition phase (red: start of transition, blue: early
ELM free H-mode phase, green: degraded H-mode before H-L transition, magenta: L-mode without auxiliary heat
application). The heat flux is increased again at the time when the plasma is in a degraded H-mode regime for the H-L
transition at 1, ~ 15 MA, asthe DT gas puff rate has been reduced to a very low level just before the H-L transition in order
to reduce the risk of detachment after the H-L transition due to Ne contamination.
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Figure 28. Time evolution of the locations on the outer divertor target where T; =5 eV (blue colour, solid, lower T; achieved
at lower distance wrt. strike point location), where the maximum ion current density is reached (red colour, solid) and where

half of the maximum ion current density is obtained (red colour, dashed) for the refined calculation of the H-L transition
phase during current ramp-down occurring at Ipl ~ 15 MA.

Figs. 22 and 27-28 show that the maximum heat flux on the divertor targets could be kept
below 10 MW/m? and the ion temperature in the vicinity of the strike points be maintained
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below ~5 eV by careful adjustment of DT gas fuelling and Ne seeding. However, it may
become difficult to avoid detachment in the early L-mode phase after the H-L transition in the
case that the DT puff rate is also reduced to negligible levels, as it seems that the Ne particle
content in the SOL can only marginaly be reduced during the transition even if Ne seeding is
completely switched off at the start of the transition. Achieved Ne pump rates appear to be
similar to the Ne flux from the core. In complementary simulations that are not shown here, it
has been confirmed that the Ne pump efficiency can be dightly enhanced by application of
higher DT gas puff rates, however, the range in applicable DT gas puff rates during the
transition appears to be limited to a few 10°%/s in the early phase of the transition and to only
~1.0-1.5-10%/s in the later phase.

At lower currents, Ne seeding requirements are much less severe. For I < ~12-13 MA, the
Ne seeding rate can be zeroed as the Ne SOL content required for divertor protection is
sustained by the Ne core efflux depleting the core on a time scae

T oreNered. = j NyedV /rpump, ne ~40s. This large uncontrolled core efflux of Ne, combined with

limited Ne pumping, will make it difficult to reduce SOL Ne radiation fast enough to avoid
detachment in Case D1 (cf. Figs. 26-27), unless additional Paux is applied as done for the late
H-L transition at 10 MA (Case D2). Determination of the minimum required auxiliary power
to avoid detachment after an H-L transition at Iy ~ 15 MA would require further dedicated
simulations with improved accuracy. If the plasmais ramped down in H-mode to |, ~ 10 MA
a Ujoopsep > ~ -0.1V, the Ne particle content in the core and SOL may be expected to already
be negligible at the time of the H-L transition. For that reason, the problem with detachment
in L-mode due to Ne contamination does not appear in the simulations of a late H-L
transition.

5. Summary
This paper has presented coupled coret+edge+SOL transport simulations (using JINTRAC)
of the complete 15 MA 5.3 T DT ITER baseline scenario in the diverted phase, focussing on
fuelling requirements for core density and divertor heat load control in non-stationary phases.
As the main key result from this study, the INTRAC simulations have demonstrated that
viable ITER plasma scenarios are conceivable, with the available fuelling actuators (pellets,
gas puff and impurity seeding) and PF coil current and heating actuators, to robustly access
the high Qs H-mode scenario required to demonstrate Qrys = 10 with Paux < 53 MW.
Furthermore, simulations suggest that a controlled back transition to L-mode and reduction in
current to terminate the discharge is possible, respecting al main operationa constraints
throughout the entire scenario. The operational constraints can be summarised as follows:
e Constraints related to divertor control:
0 Maintenance of low ion temperatures < ~5 eV near the strike point locations on
both divertor targets for the avoidance of excessive W sputtering.
0 Maintenance of divertor heat loads below limit of ~10 MW/m?.
0 Avoidance of complete divertor detachment.
e Coredensity control:
0 Maintenance of core density below or close to the Greenwald density limit.
o Congtraints on the density evolution after the L-H transition to ensure a robust
access to a high density high Qxs burning regime.
0 Upper limit in pedestal density to avoid core impurity accumulation via
temperature screening in critical phases of the discharge.
e Constraints on Payx:
0 Maximum available auxiliary EC power of 20 MW and NB power of 53 MW.
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o Satisfying the NB shine through limit (Pg shinethrougi/Pne < ~10% [Polevoi NF

2013)).
e Operationa constraints imposed by PF coils and current control:

0 Upper limitintotal poloidal flux consumption.

0 Maximum achievable current ramp rate.

0 Upper and lower limits on internal inductance li(3).

o Times for the variation in By and li(3) during transients must exceed PF coil
current feedback control times.

0 Lower limit in plasma current for full bore plasma divertor configuration.

The ssimulations notably include al challenging transient phases in the diverted phase. Our
study is not exhaustive. Several additional constraints may be required in the experiment to
control sawteeth and NTMs [Poli NF 2018], and to optimise ELM suppression/mitigation
systems [Loarte NF 2014b]. In addition, this study has not fully taken into account the time
delays for certain diagnostics (e.g. for the processing of raw measurement data) and actuators
(e.g. response times of a few hundred milliseconds for the gas injection system [Bonnin NME
2017]) [Snipes NF 2017]. Some of these deficiencies are foreseen to be addressed in future
work via IMAS workflow simulations in which JINTRAC may be directly coupled to the
current design of the ITER Plasma Control System (PCS).

The full plasma scenario simulations reported in this paper confirm severa findings from
earlier modelling work relating to the optimisation of the core plasma, including:
establishment of schemes for current ramp-up optimisation with respect to poloidal flux
consumption and the safety factor at the start of flat-top [Parail NF 2009, Imbeaux NF 2011,
Parail NF 2013]; limitation in achievable density for purely gas fuelled plasmas [Romanelli
NF 2015]; compatibility with PF coil current shape and stability control constraints [Parail NF
2013]; challenges for density ramp after L-H transition to high Qs at low Psy/P .4 [Loarte
NF 2013, Koechl NF 2017]; pellet fuelling requirements to achieve high density high Qs
scenario [Garzotti NF 2012, Garzotti NF 2019]; chalenge for divertor control due to pellet-
induced perturbations [Wiesen NF 2017]; and H-L transition time exceeding feedback
reaction time for plasma position control [Parail NF 2013, Loarte NF 2014].

The simulations presented here have also made a number of new findings. Firstly during the
L-mode I ramp-up:

e Operational range in Ngjin-avg/New 1S restricted to ~20+5% for Payx ~ 10-20 MW during
ramp-up because of the simultaneous requirements:. to keep Ti < ~5eV near strike points
to minimise W sputtering; keeping SOL stable by keeping its density below the
detachment threshold; and keeping power flux densities on the target plates below
10 MW/m?,

e Pure Ohmic heating should be avoided during the Iy ramp up because: high poloidal
flux consumption would limit the maximum burn duration; with Payx = 0 the achievable
Nejin-avg/New May be very low (< ~15%); and divertor control could be difficult when
there is a sudden increase in Payx from Payx = 0.

Secondly, transition to high quality Qs H-mode may be more difficult if the L-H transition

isat low Iy for the following reasons:

e |If the Iy ramp-up continues in H-mode, the current induced at the edge takes longer to
diffuse to the core, and li(3) is likely to drop below the critical value for shape control
[Mattei FED 2009]. Reducing the Iy ramp-up rate to keep an acceptable 1i(3) would
significantly reduce the maximum burn duration. Furthermore plasma transport may be
significantly degraded during the 1, ramp-up, while s/q is reduced in the core [Perall
2013].
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e The achievable Wy, in stationary H-mode is significantly reduced after a transition at
lower Iy (e.g. 10 MA), the core T; may not significantly exceed 10 keV (the critical
temperature for the onset of fusion reactions and alpha heating), and it becomes more
difficult to keep Pn« >> P_.y. This extends the post-transition phase where divertor
control may be challenging, delays the post L-H density ramp, and reduces the
maximum burn duration.

e Pellet injection may be required after an early NB triggered L-H transition to keep
density above the NB shine-through limit, further complicating the transition to a high
guality H-mode. The plasmawould stay closer to the L-H threshold, which increases the
risk of failure to reach high Qx.s. In addition, the divertor may need to be operated closer
to the density limit for full detachment after the L-H transition. Due to increased
divertor control challenges after an early L-H transition, small-size pellets need to be
injected to reduce transient edge plasma perturbations triggered by pellets. As the pellet
fuelling efficiency is reduced a lower plasma edge temperatures, the fuelling
throughput due to core fuelling may be significantly enhanced in this phase.

Thirdly, in the case of an L-H transition after the end of the I, ramp-up, the transition to
high quality high Qs H-mode is predicted to be easier to achieve, however, as described in
[Loarte NF 2013, Koechl NF 2017], the core density needs to be increased slowly and
cautiously to ensure that the power near the separatrix stays well above P..4. Ne seeding
might not be required while the pedestal pressure has not yet approached the edge MHD limit,
as the power density at the targets can be maintained below 10 MW/m? by adjustment of
D+T puff rates only. However, as soon as the pedestal pressure and the core energy content
have approached the limit imposed by edge MHD and core transport stiffness constraints, the
heat flux to the SOL is predicted to increase on the energy confinement time scale. To
accommodate this increase, significant Ne needs to be present in the SOL at this time. The
exact start time of the ELMy H-mode phase needs to be anticipated in order to trigger the Ne
seeding at the right time to provide the required level of SOL radiation. This critical phase of
the scenario for the control of impurity radiation in the divertor may warrant further dedicated
follow-up studies.

Finally, in the termination phase an H-L transition well into the Iy ramp-down might be
favourable from the point of view of divertor control. At lower P, and dW/dt, the divertor
power flux will have approached a benign level, and Ne could have been amost completely
pumped out of the plasma before the H-L transition. If Ne still needs to be present at the time
of the H-L transition, the control of the SOL Ne concentration may be challenging, as Ne
would need to be removed on short time scales that may not be possible with the limited
available pumping and a significant Ne influx from the confined region. For an H-L transition
at high current, auxiliary heating in the order of ~10-20 MW may need to be applied at the
start of the L-mode phase to avoid complete plasma detachment triggered by the remnant Ne
population in the SOL causing substantial cooling at lower temperatures.

As a concluding remark, it is worth noting that some of the quantitative findings of the
studies presented in this paper may be sensitive to detailed modelling assumptions that will
need to be refined in the future as progress is made in the understanding of the physics
processes that dominate plasma transport in the core, edge transport barrier, SOL and divertor.
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