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Abstract. To design a safe termination scenario for a burning ITER plasma is a challenge
that requires extensive core plasma and divertor modelling. The presented work consists of
coupled core/edge/SOL/divertor simulations, performed with the JINTRAC code, studying
the Q=10 flat-top phase and exit phase of the ITER 15MA /5.3T DT scenario. The modelling
utilizes the recently implemented option to treat deuterium and tritium separately in the
SOL/divertor enabling a consistent treatment of deuterium and tritium in the whole plasma
volume which is a unique capability of JINTRAC. In addition, these are the first JINTRAC
simulations of this scenario to use a first-principle transport model, self consistently model
the ECRH power deposition and to include tungsten, keeping track of tungsten sputtering
and accumulation. The flat-top simulations demonstrate the possibility of sustaining a
steady state fusion Q of 10 using pure deuterium gas puff together with DT mixed pellets
which is preferential as it allows a more effective use of tritium. Simulations of the exit
phase is set up sequentially starting with a density decay at full current and auxiliary power
that demonstrate the possibility to reduce the density safely within a few seconds. Following
the density decay, a subsequent auxiliary power ramp down in H-mode is performed with
a late H-L transition at low auxiliary power which is preferred for radial stability control.
The final ramp-down phase consists of a current ramp-down in L-mode to 3.75MA.

1. Introduction

Integrated modelling is an important tool to self-consistently study the complex set of
interactions occurring during all phases of the plasma discharge. To sustain optimal
performance during the flat-top phase of the discharge as well as to safely exit from
burning conditions, effects such as heating, fuelling, impurity radiation and accumulation
are essential. The plasma also needs to stay within operational limits including limiting
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heat loads on divertor targets and minimizing neutral beam shine through. The simulations
in this paper are performed with the integrated modelling tool JINTRAC [1], unique in its
capability to self-consistently model the core/edge and scrape-off-layer (SOL) /private region
(PR) in a single framework. The scenario studied is the ITER 15MA/5.3T DT scenario
including the flat-top, fusion Q=10 phase in H-mode and the subsequent termination of the
discharge. The aim for the flat-top is to demonstrate the sustainment of a fusion  of 10
using pure deuterium gas puff together with DT mixed pellets resulting in a deuterium rich
plasma edge and close to a 50/50 mix of deuterium and tritium in the core for optimum
fusion performance. The exit phase consists of the ramp-down of density at full auxiliary
power and current followed by an auxiliary power ramp-down, an H-L transition, and finally,
a current ramp-down in L-mode to 3MA. This ramp-down scenario differs from most previous
simulations such as [2, 3] where the density is assumed to linearly drop with the current.
With the inclusion of the particle transport and a consistent treatment of core/edge/SOL/PR
interactions these simulations have the capability to study how fast the density decreases
when the pellet fuelling is changed. Knowing the characteristic time of density decay for a
given ITER fuelling system while maintaining H-mode and divertor heat load and density
control will be important for safe emergency termination scenarios and designing ramp-down
simulations with magnetic control including shape control, vertical stabilization, and force
limits on the coils systems. The result of the density decay rate study can also be used to set
the rate for a simultaneous density, current decay scenario. Compared to previous JINTRAC
simulations of this scenario, presented in [2, 3| several improvements have been made to the
modelling set-up including the additions of the EC code GRAY [4] to simulate the EC
deposition and current drive self-consistently, the first-principle transport model EDWM
[5] for anomalous core transport, the inclusion of tungsten in the plasma and, deuterium
and tritium are now for the first time treated separately in the whole plasma volume [6].
The divertor heat load has been re-modelled to include contributions not only from the
ion-, and electron particle fluxes, heat fluxes and recombination processesi, but now, at
runtime, with additional contributions from neutral heat loading, reflected heat and, kinetic
energy, enabling improved monitoring and control. The scenario envisaged here relies on the
divertor staying in a partially detached state for density control purposes, meaning a total
divertor heat load below 10MW/m? and strike point electron and ion temperature above
1leV. Accurate calculation and runtime control is therefore one essential aspect of this work.

The rest of the paper is organized as follows: In Section 2 more details of the modelling
setup is presented. Section 3 consist of results of the simulations of the flat-top and 4 the
subsequent exit of the plasma from burning conditions. Finally, summary and conclusions
are given in Section 5.

1 which has been used previously in post-processing
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2. Modelling setup

The modelling in this work is performed with the JINTRAC code, which combines the 1.5D
core transport solver JETTO [7] and the 2D transport solver EDGE2D [8] for the SOL/PR.
JETTO itself is coupled to other models to include effects such as heating and particle sources
from auxiliary heating and pellet fuelling, ohmic heating and fusion reactions, current drive
and diffusion, impurities, equilibrium calculation and MHD instabilities. EDGE2D is coupled
to EIRENE [9] to enable modelling of the plasma and neutrals in the SOL/PR including
gas puff and pumping, sputtering and recycling from the tungsten divertor and beryllium
first wall. The simulations presented in this paper utilize the recently implemented option
of treating deuterium and tritium separately in EDGE2D resulting in a fully consistent
treatment of deuterium and tritium in the whole plasma volume. For computational reasons,
a partial coupling scheme is used allowing JETTO to advance for a maximum of 3ms without
advancing EDGE2D followed by a 1ms coupled phase. A correction is used to compensate
for the non-conservation of particle flux during the uncoupled phase by temporarily changing
the particle source and approximate a fully coupled run. Note that running JETTO coupled
to EDGE2D/EIRENE necessitates a fixed plasma boundary which means that effects from
an evolving plasma volume during the exit phase of the discharge is not included in these
simulations.

The fuelling for the () = 10 ITER baseline scenario is expected to need a combination of
gas puff and pellets [10] due to large plasma volume and high edge densities and temperatures
making gas fuelling alone insufficient. In this paper the fuelling scheme consists of pure
deuterium gas puff together with DT mixed pellets. The pellets are launched from the high
field side upper launcher, see Fig. 1, with velocity 300m/s which is the expected maximum
intact pellet speed for ITER [11]. Sizes used are 0.2cm radius spherical pellets in the
high-density flat-top phase and a reduced 0.14cm radius in the low-density phase of the
simulations, to reduce the density fluctuations during the pellet cycle, with a composition
of 45/55 mixed DT in H-mode and pure D in L-mode. The larger pellet size is in the
lower range of expected pellet volumes for the ITER pellet injection system [10]. The pellet
frequency is adapted by a feedback scheme to keep a specified Greenwald density fraction
(< ne > /new where < n, > is the line averaged electron density and ngw = [ /7ra2 is the
Greenwald density), the evolution of which is shown in Fig. 2. To model the pellet ablation
and particle deposition the HPI2 code [12] is used. The maximum change in electron density
during a pellet cycle in flat-top, shown in Fig. 3, illustrates a pellet deposition with a peak
at pr = 0.85 (defined as the square root of normalized toroidal flux) consistent with previous
pellet modelling for this scenario cf. [13]. In addition to pellets, the plasma is fuelled with
deuterium gas, puffed from the upper SOL, at a rate between 0.5%10%? /s and 3x10??/s. In the
end of the final phase of the current ramp-down, when the total current has reached 10MA,
pure deuterium gas puff is used to fuel the plasma. The gas puff rate is then under feedback
control keeping 20% Greenwald density fraction for the remainder of the simulation (which
can be seen in Fig. 2). A higher rate helps to cool down the divertor target plates limiting
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Figure 1. 2D illustration of the ITER wall, plasma separatrix (green), D gas puff location
in the upper SOL (red), Ne seeding in the private region (orange dot) and high field side
upper pellet injector (black arrow) used in the simulation.

the heat load to targets though the main technique used to avoid prolonged maximum heat
loads above the maximum limit of 10M T /m? is neon seeding. Neon is injected from an inlet
valve in the private region, also shown in Fig. 1, under feedback control on the maximum
heat load to target. Neon seeding with a maximum rate of 2.5 x 10%°/s is activated when
the maximum heat load exceeds 8 MT//m? which subsequently radiates and cools down the
target plates reducing the heat load. The neon seeding is set up like this in order to limit the
risk of excessive radiation of neon in the SOL that can lead to full detachment of the plasma.
A semi-detached plasma is important for density control in ITER. In addition, for numerical
reasons, important molecular reactions needed to properly simulate detachment are not
included in the neutrals model used within EIRENE in these simulations and therefore the
plasma needs to remain partially detached. Like previous ITER modelling with JINTRAC
3], a reduced NIMBUS-like neutral model is used instead of the full EIRENE neutral model
(Kotov2008 [14] without neutral-neutral collisions and opacity) allowing the use of a source
linearisation scheme within EDGE2D that speeds up the simulation and makes them more
numerically robust. (Details in Appendix B of [3]). In addition to neon, impurities included
are helium and tungsten with reaction cross sections determined by the ADAS database.
Zero redeposition of sputtered tungsten is used to study the worst possible case.

The heating scheme used consists of the originally designed heating scheme [15] of 33MW
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Figure 2. Evolution of the auxiliary power and total current (upper left) and Greenwald
density fraction (lower left) during the flat top and all stages of the exit phase. EC heating
and current deposition at the end of the flat top phase (upper right) and when total current
is down to 10MA in L-mode (lower right).
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Figure 3. Electron density just before and after a pellet during flat-top (left) and maximum
percentage of change in the electron density during the pellet cycle (right). The cross at
pt = 0.85 represent the peak of the pellet deposition.

NBI (pure D beams) and 20MW EC in the flat-top phase of the simulation which is gradually
reduced during the exit phase. To have a fast and reliable calculation of the heat and particle
deposition profiles from the neutral beams the PENCIL code [16] is used. For self-consistent
modelling of the EC power deposition and current drive the beam-tracing code GRAY is
used. The 20MW EC power is divided equally between the top, mid and bottom equatorial
launcher in O-mode using 170GHz. The poloidal angles are set to optimize the electron
heating in the region of p; = 0.1 — 0.3, to avoid tungsten accumulation, while minimizing
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the negative driven current from the top equatorial launcher. The resulting heat and current
deposition profiles at full power in the flat-top and during the final phase of the ramp down
when total current is down to 10MA are shown in Fig. 2 together with the evolution of the
auxiliary power and current during the exit phase. A gradual reduction of the auxiliary
power is made during the exit phase for two main reasons. First, a gradual reduction of
the auxiliary power and consequently also the fusion power has been shown to limit the
drop in poloidal beta which is beneficial for vertical stability control reducing the risk of
disruption [?]. Secondly, a slower variation of the plasma stored energy helps avoid tungsten
accumulation and excessive heat loads during the exit phase [17]. The NBI power is here
linearly reduced to zero over 10s and, over the same time scale, the EC power is reduced
with 10MW EC power kept between the mid and bottom equatorial launchers to help avoid
full detachment [2]. A final reduction of the EC power down to zero is made when the total
current is 7TMA.

For the H to L transition, the L to H power threshold, P _g, is set according to the
Martin scaling [18]

2
Propr = 0.0488 < nggp >07'7 B0 5091 2 (1)
eff

in (MW), where < n. o0 > is the line averaged electron density in 10%°/m3, B, is the toroidal

magnetic field on axis in T and S is the plasma surface area in m? and

2<np>+3<np> @)
<np>+<nr>

is the effective isotope mass in a DT plasma. Note that the inclusion of a mass scaling results

Aepr =

in a 20% reduction for DT plasmas compared to a pure D plasmas. For ITER, the Martin
scaling law is expected to be valid above the density corresponding to a Greenwald density
fraction fow =< n. > /negw = 40% [15]. The power threshold is compared against

dW,
Pcomp: aux+Pa+Pohm_Prad_ < dtP >, (3)

where < dWp/dt > is the time derivative of the stored plasma energy time averaged over
5ms to reduce the noise in dWp/dt. An H to L transition is triggered when P.,,, < Pr_p.
To avoid an instantaneous change between suppression and non-suppression of the transport
within the pedestal region in H- and L-mode respectively a gradual change from suppression
to non-suppression is set by multiplying the anomalous transport within the suppressed
region by a factor

e~ (Peomp—Pr—m)/Pr—p/0.05 (4)

when (P.omp — Pr—n)/Pr—m > 0.

Once in L-mode, the total current, which is 15MA in flat-top, is linearly reduced at a rate
of 5MA over 30s (~0.17MA/s), to stay within the range of controlled plasma current ramp-
down [19], to 10MA during the exit phase. A total current boundary condition is used for the
predictive current profile calculation where the total current satisfies the current diffusion
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equation with contributions from an inductive current from the central solenoid together with
contributions from the non-inductive current from auxiliary heating, a bootstrap current and
an ohmic current. The magnetic equilibrium is calculated every 100ms with the equilibrium
solver ESCO inside a prescribed, fixed last closed flux surface boundary. For the region inside
the outer radii where the safety factor crosses the q=1 surface, a continuous sawtooth model
is used to include a time averaged effect of sawteeth. The presence of ELM control schemes
is assumed so the effect of ELMs is chosen to be time averaged by using a continuous ELM
model. The pedestal width and maximum achievable pedestal pressure are imposed limiting
the edge pressure gradients to a specified . set to 1.9 [20]. The effect of discrete ELMs
on the Q=10 flat-top phase of this scenario has been shown to result in increase in tungsten
levels in the core and SOL/PR [21].

For the transport in the plasma core, the neoclassical transport is modelled by NCLASS
[22] and the anomalous transport is modelled with EDWM. A 10% Bohm coefficient is added
in H-mode for numerical stability and, to model the increase in transport in L-mode, the
Bohm/gyro-Bohm L-mode model is used together with the EDWM model. In addition
to the improvement in its predictive capability compared to previously used Bohm/gyro-
Bohm model, the choice of EDWM is motivated by its resilience simulating inverted profiles
occurring in ITER edge fuelling dominated plasma and its computational speed.

In the SOL, perpendicular heat and particle transport is described with radially
dependent transport coefficients. The near SOL is matched to the values at the separatrix
with a gradual transition to prescribed values in the far SOL. When the value at the
separatrix exceeds the prescribed value in the far SOL value (i.e. L-mode or during ELM)
an exponential decay is used. Inter ELM (or with continuous) ELM, when the value at the
separatrix is less than prescribed in the far SOL a barrier extends into the SOL which
then rises with a tanh dependency to the far SOL value. More details and sensitivity
studies to SOL transport coefficients are available in [23, 24]. Below the x-point the
perpendicular transport is set constant. Parallel transport in the SOL is calculated from
a 21 moment description with a closure taking into account non-trace multi-species levels
which is necessary to be able to treat D and T separately [25]. Cross-field drifts are not
included.

3. Flat-top with Fusion Q=10

The flat-top phase of the simulations start at 391s before which the simulations were running

with the described setup in Sec. 2...

The flat-top phase of the simulation is set up with a Greenwald density fraction of
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Figure 4. Time traces illustrating the steady state phase of the simulation for 45/55 DT
mixed pellets and pure D gas puff. The average flux to pump for D and T is time averaged
over 0.1s.

85% resulting in a pellet frequency of 8Hz using the chosen fuelling scheme. As illustrated
in Fig. 4, the ion content in the core and edge are kept steady when the pellet is slightly
tritium rich together with the pure deuterium gas puff. The resulting total fuelling rate of
2 % 10%2/s for D and 0.9 * 10?2 /s for T is well within operational limits for both the total
and the tritium throughput in the ITER design [26]. Also, the combined total fuelling rate
is consistent with previous JINTRAC simulations of this scenario [2] and the individual
deuterium and tritium rates balances well the average flux to the pump in Fig. 4. The
tritium fraction is 49.5% in the core and 40% in the SOL/PR due to the asymmetry of the
fuelling scheme between D and T. Even with this asymmetry, the simulations show that it is
possible to sustain a fusion Q of 10. The final time trace in Fig. 4 consists of the confinement
factor Hrrpos (radiation corrected) which is 1 throughout the flat-top simulations showing
that the calculated transport is consistent with the ITER scaling law [27].

As shown in Fig. 5, the maximum heat load is kept just below the limit of 10MW/m?
throughout the flat-top phase of the simulation using neon seeding. The neon content
is subsequently tied to the heat load on the divertor targets. After 4s the level of neon
saturates at 0.3% and the average neon pumped out is equal to the average of the injected
and recycled neon resulting in a radiation level of TMW in the core during steady state. Total
core radiation including bremsstrahlung and synchrotron radiation is 25MW consistent to
previous JINTRAC simulations of this scenario [2]. This reasonable amount of neon will
be important during the low-density, current ramp-down phase to avoid excessive cooling
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Figure 5. Time traces illustrating the steady state phase of the simulation for a 45/55 DT
pellet and pure D gas puff. The maximum heat load to target as well as the neon radiation
in core and SOL/PR. The neon neutral flux is time averaged over 0.05s in the bottom right
figure.

of the divertor targets which can result in full detachment. Also in Fig. 5 is the electron
temperature at the inner and outer strike point of the divertor targets. Both of which remain
steady and above the 1eV limit for avoiding detachment. In addition, the divertor region
where recombination rate is higher than the ionisation rate is limited to the private region
below the target plates as illustrated in 6. In a fully detached plasma this region would
spread above the target plates.

The final time trace demonstrating the steady state for this scenario is presented in
Fig. 7 with a source rate from fusion reactions of 210’ /s which matches the time averaged
helium pump rate. The helium level in the core saturates at 1.9% which is slightly lower
than previous simulation of this scenario [2]. Finally, the results of Fig. 7 demonstrate
that in addition to maintaining acceptable divertor heat loads with low levels of neon at
fusion Q of 10, the tungsten sputtering and resulting tungsten radiation remain very low
and there is no accumulation in the core even without any redeposition of tungsten. Worth
noting is that when discrete ELMs are used, the sputtering levels are significantly increased
[21]. Also, compared to JINTRAC simulations where D and T are combined into a single
species in EDGE2D a factor on the order of two difference in sputtering yield comes from
the normalisation changing from DT density combined to T density.

Profiles in the flat-top phase (at 395s) for deuterium, tritium, helium, neon and tungsten
are presented in Fig. 8. The density peaking is marginally higher for tritium than deuterium
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Figure 7. Time traces illustrating the steady state phase of the simulation for a 45/55
DT pellet and pure D gas puff. The helium flux to the pump is time averaged over 0.05s
in middle left plot. Tungsten sputtering yield is normalized to a main ion species which is
tritium for these simulations.

in part due to the 45/55 DT mix in the pellets which penetrates further into the core than
the deuterium gas puff and in part due to difference in transport between D and T. The pure
deuterium gas puff also results in a deuterium rich edge. Ion temperature is 14.8keV on axis
resulting in a fusion Q of 10.3 for the duration of the flat-top phase. Also in Fig. 8 is the
contributions to the heating and current density with resulting safety factor. As expected,
the dominant contribution to the heating power is from the alpha heating and the total
current is dominated by the inductive current with a small contribution from the auxiliary
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Figure 8. Core profiles at 395s, in the flat-top phase.

power and bootstrap current. The safety factor crosses the q=1 surface twice with the outer
most point around p; = 0.3. Inside this region the continuous sawtooth model is active.
Worth noting is that given the current diffusion time scale the current density shape and
corresponding g-profile, particularly on axis where the resistivity is lowest, will be influenced
by the initial condition of previous JINTRAC simulations [3] upon which these simulations
originate.

A 2D plot of the deuterium density and the ratio of tritium to deuterium density is
shown in Fig.9. We observe that deuterium is dominant in the far SOL as well as in the
private region below the target plate. To clarify the difference between deuterium and tritium
in the SOL, the density profile along the outer midplane is shown in Fig.10.

4. Exit phase

At the time of starting the simulations of the exit phase, the flat-top consisted of the initial
4s of simulations. Therefore, the exit phase starts at 395s with the sequential ramp down of
density, power and current.

4.1. Density decay at full auziliary power and current

Starting from flat-top Q=10 burning conditions the exit phase is initialised with a density
decay at full auxiliary power and current, keeping the plasma in H-mode. During this phase
the density is reduced from the flat-top density at Greenwald density fraction 85% down to
45% which reduces the fusion Q to ~ 5. For the density decay phase two cases are considered
with summary time traces depicted in Fig. 11. In the first case the pellets are instantaneously
switched off and in the second a linear reduction of 5% per second of the Greenwald density
fraction is specified which corresponds to an almost linear reduction of the pellet frequency
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Figure 10. Deuterium and tritium density profiles along the outer mid plane at 395s. The
radial grid extends slightly inside the separatrix.

from 8Hz to OHz over 5s. As the density reduces there is an initial increase in fusion Q, due
to increase of the ion temperature, and a momentary increase in the heat load to target.
This triggers the neon seeding and there is a subsequent increase in neon in the edge and
core. With the continued reduction of density, the ion temperature reduces, and the heat
load is once again below the limit triggering the neon seeding and the neon content is then
steadily pumped out reducing the content in the core and edge. There is also an increase
in tungsten sputtering and the tungsten content in the core increases though from very low
levels. When the density decays over the slightly longer timescale in the second case, the
maximum heat load is kept under the limit of 10MW/m?2, except short spikes coinciding
with the pellets. As the density is reduced at full NBI power, the NBI shine-through is
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Figure 11. Time evolution during the density decay phase at full auxiliary power and
current. Linear reduction of 5%/s of Greenwald density fraction (blue) and pellet switch off
(orange).

increasing from levels of 0.056MW at flat-top to 0.1IMW and 0.12MW for the first and second
case respectively, which is well within acceptable levels. Worth noting, as seen in Fig. 11
the trends are very similar in the two cases and none of them result in any lasting issues in
terms of radiation from tungsten in the core, excessive cool down of the target risking full
detachment or long exposure to too high heat loads. To limit the increase in heat load to
target during the initial density decay at high fusion @ the remaining of the exit phase is
continued from the end of the slower density decay phase.

2s into the slower density decay phase, which is the point of highest maximum heat load
to target in this case, the heat load distribution as well as the temperatures along the target
plates are shown in Fig. 12. At the radial point of maximum heat load the electron and ion
temperature are equal at 3.2eV and 1.4eV at the inner target and outer target respectively.
This is below the 5eV level estimate for issues with excessive tungsten sputtering. Also
shown in Fig. 12 is the 2D profile of the total impurity radiation in the SOL/divertor region
at this time which is dominated by the neon radiation in the divertor region. As mentioned
above, this amount of neon causes no issues related to detachment and will gradually reduce
during the remaining exit phase.
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Figure 12. Power density and temperature profiles along the inner and outer target at
397s, 2s into the density decay at full current and auxiliary power (left) when the heat
load to the target is the highest during the density decay. 2D profiles of the total impurity
radiation in the SOL/divertor region (right) at this time. ADD SUBPLOT OF TI AND TE
ZOOMED IN AROUND PEAK HEAT LOAD LOCATION?

4.2. Auziliary power ramp down at full current and H to L transition

Following the 8s density decay, corresponding to the longer of the two studied cases in
Sec. 4.1, is an auxiliary power ramp-down. As described in Sec. 2 and illustrated in Fig. 13,
the auxiliary power is reduced linearly over 10s starting at 403.5s. Pellet fuelling is used to
keep the Greenwald density fraction at 40% to maintain the validity of the Martin scaling
for the H-L. power threshold and to limit the reduction in fusion power. With the reduction
of the pellet frequency during the previous density decay, the tritium content in the core
reduced at a higher rate than the deuterium which slowed down due to the deuterium gas
puff. The tritium fraction in the core, which was 50% during the flat-top was reduced to
30% by the start of the auxiliary power ramp-down and remain just below 20% when the
pellets are again needed to keep the Greenwald density fraction from falling below 20%. At
this density and tritium fraction the resulting H-L power threshold is around 499MW, shown
in Fig. 13, and the remaining fusion power and auxiliary power are high enough to keep the
plasma in H-mode throughout the auxiliary power descent as intended. 7s into the auxiliary
power decrease, the edge ballooning parameter « falls below a..; indicating a transition
from type I ELMy regime to ELM free H-mode .
power rampdown, when the NBI power is down to zero and the EC power is down to 10MW

3s later, at the end of the the auxiliary

P.omp = Pr_p and the H-L transition starts. At this time the plasma is dithering between
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Figure 13. Time traces of the auxiliary power ramp-down starting at 403.5s and subsequent

H-L transition ~413.5s.
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Figure 14. Profiles before and after the H-L transition.

particle diffusivity also has difference in anomalous transport from EDWM.

H- and L-mode for ~ 0.4s before it transitions to L-mode and remains there throughout the
rest of the exit phase. Profiles of the ion pressure and the ion heat and particle diffusivity
is shown in Fig. 14 before and after the H-L transition illustrating the effect of the increase
in transport at the edge in L-mode. For the heat diffusivity the main difference between
the H- and L-mode phase shown is from the change in Bohm transport while the deuterium

Fig. 15 illustrate the effect on the maximum heat load to target at different deuterium
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Figure 15. Time traces of the auxiliary power ramp-down starting at 403.5s and subsequent
H-L transition ~413.5s.

gas puff levels during the auxiliary power ramp-down. The time traces also include the last
few seconds of the density decay at full power. As the density decreases at full auxiliary
power the heat load to target gradually reduces and then there is a large drop in maximum
heat load and electron temperature at the inner strike point coinciding with an increase
in deuterium gas puff from 1.3 x 10*2/s to 3 x 10*?/s. This reduced level of the maximum
heat load to target ~ 3MW/s* at both inner and outer target reduce even further in the
remaining L-mode phase (not in Fig. 15). There is a small increase in tungsten content
during the H-L transition though no core accumulation occurs, and the neon is pumped out
reducing the neon content throughout the remainder of the simulation.

4.3. Current ramp-down in L-mode

In the final step of the exit phase the total current is linearly reduced from 15MA to 3.75MA
at a rate of ~0.17TMA /s at a fixed Greenwald density fraction and auxiliary power in L-mode.
Following [2] and keeping some EC power throughout the majority of the ramp-down the
issue with divertor detachment is avoided. As described in Sec. 2, pellet fuelling us used
throughout all stages of the exit phase. When the total current is down to 10MA at 445s
the pellet fuelling is turned off and deuterium gas puff alone is sufficient to keep the density
at the specified Greenwald density fraction. At this point the tritium species, which is only
trace at this point, is removed from EDGE2D for numerical reasons.

Selected time traces of entire exit phase, including the density decay, auxiliary power
ramp-down and current ramp-down, are presented in Fig. 16. First of all, note that in
flat-top the inductive current is about two thirds of the total current and the bootstrap
current make up the majority of the remaining current. With the reduction of density at full
auxiliary power the NBI driven current increases as the bootstrap current falls. By the time
the plasma is in L-mode at low density, low auxiliary power the majority of the total current
is inductive. The change in magnetic flux consumption needed is shown at the last closed
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flux surface in Fig. 16 and the loop voltage is the total corresponding to that in the central
solenoid in addition to the PF coils and the voltage induced by the plasma. The spikes in loop
voltage coincide with the magnetic equilibrium updates in ESCO. Also worth noting is the
build-up of a current hole on axis with the reduction of total current. The bootstrap current
on axis is very low at these low densities and the inductive current is gradually reduced on
axis. This loss of current on axis eventually leads to an exploding value of safety factor on
axis and the numerical failure of the simulation. To limit the current hole on axis we use a
model in JINTRAC to mimic the MHD instabilities occurring in current holes that result in
a positive central current. The central resistivity is increased to the value at the outer edge of
the current hole. The effect of which is clearly seen in the evolution of ¢ in Fig. 16. Finally,
the plasma internal inductance increases steadily as the current is decreased. To ensure
vertical stability in this phase vertical stability control including plasma shaping is used in
the experiment. Since the plasma boundary is fixed in these simulations this is not included
in the modelling presented in this work. The increase in internal inductance and reduction
in poloidal beta both known to reduce vertical stability margin [28] show similar trends of
previous ITER ramp-down simulations [29]. The vertical stability appears to be within the
stability margin down to ~7MA if we consider the indirect comparison with CORSICA [30]
cases, shown in Fig. 17 and published in [29] and [31]. However, due to the fixed plasma
shape assumed, an adequate evaluation of the stability or stability margin would be required
a further work using more adequate modelling tool such as DINA or ITER HFPS which is
under development.

5. Summary and conclusions

The presented work consists of the details of the sustainment of the flat-top Q=10 phase and
the step-wise approach for the safe termination of plasma for ITER 15MA baseline scenario.
The flat-top simulations demonstrate the possibility of sustaining a fusion Q of 10 using DT
pellets and pure deuterium gas puff, which is preferential as it allows a more effective use
of tritium, while staying within operational limits and keeping track of tungsten sputtering
and accumulation as well as neon seeding. Using this fuelling scheme requires that the pellet
mix is slightly tritium rich to keep 50/50 mix of deuterium and tritium in the core. The
maximum heat load to target is kept just below the operational limit of 10M W /m? with neon
seeding under feedback from the private region. The amount of neon is saturated during the
flat-top phase at a level that does not cause any detachment during the exit phase and there
is no tungsten accumulation occurring. The sequential setup for the exit phase consists of
a gradual reduction of density at full auxiliary power and current followed by a ramp down
of the auxiliary power, a late H-L transition and finally a current ramp down in L-mode.
The density decay phase shows the promising result that the density can be reduced safely
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rather quickly compared to what was previously expected. In these simulations the density
is reduced from the flat-top value of 85% Greenwald density to 45% over 8s without lasting
issues for heat load or radiation. The reduction of the pellet frequency during the density
decay significantly reduces the fraction of tritium in the core though the fusion power and
remaining auxiliary power in the power ramp down phase is enough to keep the plasma in
H-mode. An H-L transition occurs at the end of the auxiliary power ramp down which is
preferential for radial stability control. Finally, the total current is reduced from 15MA to
3.75MA in L-mode using a total current boundary condition.
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