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Introduction: Integrated simulations combining the free boundary equilibrium code CREATE-NL [1] 

and the JET suite of codes JINTRAC [2] have been performed for the prediction of the 15 MA ELMy 

H-mode scenario in ITER in order to assess its viability, its operational space, its compatibility with 

machine constraints, in particular with the poloidal field (PF) coil system, and to evaluate possible 

risks related to transient events as e.g. an H-L transition. To this end, an analysis of the sensitivity of 

the scenario to the current ramp rate dIpl/dt, to heating and fuelling schemes, to the time of transitions 

to (L-H) and from (H-L) H-mode, to the dynamic of these transitions and to the assumptions on the H-

mode evolution from the L-H transition to Q = 10 has been done. The results of these sensitivity 

studies and their consequences on the scenario are the subject of this paper. 

Simulation conditions and results: The agreement of the plasma shape with the desired target shape 

evolution is evaluated at reference gaps and maintained by application of PF coil feedback correction 

currents on top of pre-programmed nominal currents. For the prediction of the plasma core evolution, 

fully (including density) and semi-predictive (prescribed density) simulations were performed, solving 

the particle diffusion transport equation by assumption of a continuous pellet source and zero 

recycling in the first case and prescribing density profiles with a given fraction of Greenwald density 

nG in the latter. The anomalous transport models Bohm/gyroBohm [3] for L-mode and GLF-23 [4] for 

H-mode in combination with an ETB model emulating time-averaged ELMs [5] have been applied. 

Information about the plasma and equilibrium states is exchanged in a self-consistent way between the 

codes. A reference scenario was defined with heating and fuelling conditions as summarised in tables 

1-2. Durations for the ramp-up, flat-top and ramp-down phases for the reference scenario of 80 s, 

450 s and 200 s resp. were assumed in compliance with the requirement that enough margin should be 

left regarding headroom of the PF coil system for the transient phases. Voltsecond consumption was 

determined following the axial method described in [6]. 

Sensitivity to timing of the L-H transition: An anticipated transition to H-mode during current ramp-up 

helps to reduce Vs consumption. It may reduce the risk of low-frequency NTM-triggering sawteeth by 

reduction of the radial position of q = 1 [7] and facilitate plasma control after the transition due to 

reduced alpha heating at lower currents. However, the ratio s/q between shear and safety factor 

decreases in the early phase of flat-top, causing an amplification of microturbulences in the core 

according to experimental observations [8] and predictions with GLF-23 as detailed in [9,10] and a 

reduction in fusion performance by up to ≈60% (see figure 2). 

Optimisation of the plasma current ramp-up and ramp-down and sensitivity to the plasma current 
ramp rate: A sensitivity scan for the ramp-up phase was performed with respect to dIpl/dt, the amount 

of auxiliary heating, the density level and boundary conditions. For higher ramp rates and off-axis 

heating power, lower values for the internal inductance li(3) and a reduction in Vs consumption can be 

achieved (see figure 1). Plasma profiles at the end of ramp-up are insensitive to assumptions for 

fuelling and boundary conditions. If the current is ramped up at the maximum rate that can be 

provided by the PF coil system, the flat-top performance is degraded compared to the reference 

scenario for the same reasons that cause a degradation for an early L-H transition. In the current ramp-

down, the application of the maximum available current ramp rate helps to improve the Vs balance, 

but plasma control related to vertical stability and density pump-out becomes more demanding 

(→ figures 3-4). Some of these conclusions have been confirmed in the experiment [11]. The effect of 
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a variation in ramp rate on li(3) and Vs for the current ramp-down phase is shown in figure 5. 

Resistive current losses are dominant in the late phase of ramp-down due to the decrease in 

temperature. With a late divertor-limiter phase transition, high PAUX can be maintained at lower Ipl 

which helps to shape the current profile and reduce resistive losses. Sawtooth-induced Vs consumption 

plays a role in the early phase after the H-L transition, as q scales inversely with plasma current. 

Sensitivity to H-L transition dynamic: A scan in the foreseeable thermal energy decrease rate dWth/dt 

after the H-L transition, depending on possible transitional plasma confinement states like a type-III 

ELM regime, the speed of the reduction in fusion power Pfus, the alpha particle thermalisation and 

energy confinement times and the level of PAUX reduction, was carried out and the most extreme case 

with the maximum conceivable dWth/dt has been determined. From the point of view of plasma 

control, the requirement is that the plasma cannot touch the inner wall even in case of an unanticipated 

plasma transition. According to first simulation results applying linear models for the calculation of PF 

coil feedback control currents, the plasma position can be controlled if it is kept at a distance of more 

than 20 cm from the inner wall before the onset of the H-L transition (→ figure 6, cf. [12]). Plasma 

control can also be maintained for the maximum ramp rate scenario. However, in this and other 

realisations of the transition the system can be pushed towards its controllability limits as the safety 

specifications in terms of minimum plasma wall clearance cannot always be met. 

Sensitivity to timing of the H-L transition: In order to reduce resistive and sawtooth-induced Vs losses, 

it is highly preferable to maintain H-mode conditions during ramp-down for as long as possible. The 

current ramp-down period could then be considerably enhanced to more than 400 s. With the help of 

alpha particle heating in the early phase of ramp-down and strong auxiliary heating later on, it appears 

to be possible to delay the H-L transition until a current level of 7 MA (→ figures 7-8). This result was 

confirmed in semi-predictive simulations for density levels in a range of 40-80% of nG. 

Self-consistent simulations of the plasma evolution after the L-H / H-L transition: Fully predictive 

simulations of self-consistent transitions to and from H-mode applying a transition model that is 

described and validated for JET data in [13] have been carried out. The simulations were done with a 

global model for the H-mode transition that follows the multi-machine scalings [14,15] for PL-H and 

considers intermediate transitions to a type-III ELM regime. As can be seen in figure 9, the transition 

to stable high confinement is noticeably delayed compared to the simulations with prescribed density, 

even though a very high level of PAUX = 73 MW is applied. The results are sensitive to the scaling 

predictions, in fact, for the scaling with higher estimates for PL-H, the H-mode cannot be maintained 

for lower levels of PAUX ≈ 40 MW, as the plasma would return to type-III ELMy H-mode with 

degraded confinement reducing fusion power and triggering a back-transition to L-mode. It would 

follow that the Q = 10 target may become difficult to achieve. On the other hand, an intermediate 

plasma regime would be advantageous for plasma control after the H-L transition, with an energy 

decay time that would get enhanced by an order of magnitude. The results are also sensitive to the 

density evolution: the particle content is predicted to increase rapidly after the L-H transition 

approaching the Greenwald density limit within the time scale of ETB formation. This result 

demonstrates that it may become difficult to control plasma density after the L-H transition. 

Conclusions. According to simulation results, a slow ramp-up phase with late L-H transition gives the 

optimum fusion performance, whereas a fast ramp-up with early transition to high confinement is 

desirable in order to save Vs and extend the duration of the flat-top phase. Strong deterioration in 

predicted fusion output observed for high dIpl/dt during ramp-up and/or early L-H transition can be 

attributed to a strong sensitivity of the anomalous transport model GLF-23 to s/q. A trade-off has to be 

established between the accumulation of resistive and sawtooth-induced Vs losses for small dIpl/dt 

and limitations of the PF coil and fuelling systems for high dIpl/dt for current ramp-down, with an 

optimum ramp-down period of ≈200-250 s. A late transition to L-mode during current ramp-down 

seems to be feasible and advantageous for the extension of the ramp-down period. The compatibility 

of the H-L transition with the limitations and reaction times of the PF coil system can be ensured if the 

nominal distance from the plasma to the inner wall is increased, or if the energy reduction to L-mode 

conditions is slowed down, for example by an intermediate transition to type-III ELM regime. Shape 

control seems to be less problematic for the L-H transition, but in this case the details of the density 

evolution and fuelling as well as of the additional heating power (margins compared to PL-H) are 

critical in determining the successful evolution of the H-mode towards Q = 10. 
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t [s] ECRH [MW] 

(off-axis) 

ICRH [MW] NBI [MW] 

1.3-20 - - - 

20-80 10 - - 

80-120 - 20 33 

120-530 - 7 33 

530-560 - 3 33 

560-600 10 20 - 

600-650 10 10 - 

650-700 10 - - 

700-723.3 - - - 

Table 1 – Auxiliary heating scheme for the reference scenario. 
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Figure 1 - deviation in li(3) (a) and total Vs consumption (b) during current ramp-up with respect to the reference 

case, for 20% of nGW (green), 0 MW (magenta) and 20 MW (red) of ECRH, 30 eV of initial boundary temperature 

(black, reference case: 100 eV), -30% (cyan), +30% (blue dashed) and +66% of dIpl/dt (blue solid). 

Figure 3 - total deposited heating power, alpha heat 

deposition, fusion Q and H98y (from top to bottom) for the 

complete reference scenario (solid) and the maximum 

ramp-rate scenario (dashed). 

Figure 2 - from top to bottom: fusion Q, Pfus, Wth, li(3) 

and line-averaged s/q ratio for the reference case with 

L-H transition at 15 MA (black colour), and two 

simulation cases with early L-H transition at 10 MA 

(blue colour) and 7 MA (red colour). In the latter case a 

Greenwald density fraction of 60% was applied to avoid 

the NB shine-through limit after the transition. 

t [s] ne,lin/nGW 

1.3 0.4 

80 0.4 

130 0.85 

500 0.85 

530 0.8 

550 0.6 

723.3 0.6 

Table 2 - Fraction of Greenwald 

density for the reference scenario. 

(a) (b) 
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Figure 6 - li(3) (top), poloidal beta (middle) and 

equatorial distance between the separatrix and the inner 

wall (bottom), for a scan in the rapidity of the H-L 

transition for the reference scenario, red curves 

representing the most extreme case. 

Figure 7 - total (solid), inductive (dotted), resistive 

(dashed) and sawtooth-induced (dash-dotted) Vs 

consumption for slow ramp-down (ramp-down period: 

400 s) with H-L transition at 15 MA (blue) and at 7 MA 

(green). 

Figure 4 - li(3), total, inductive, resistive and sawtooth-

induced Vs consumption (from top to bottom) for the 

complete reference scenario (solid) and the maximum 

ramp-rate scenario (dashed). 

Figure 5 - top: li(3), bottom: total (solid), inductive 

(dotted), resistive (dashed) and sawtooth-induced 

(dash-dotted) Vs consumption, for slow (red), medium 

(black, reference scenario) and fast ramp-down 

(green). The ramp-down periods are 400 s, 200 s and 

60 s resp.. 

Figure 8 - power crossing the separatrix (solid), 

L-H transition power threshold [14] (dashed), 

auxiliary (dotted) and alpha heating power (dash-

dotted), same simulation cases and colour scheme 

as for figure 7. 

Figure 9 - from top to bottom: line-averaged electron density, 

Wth, Pfus (solid) and PAUX (dashed), total heat flux at 

ρtor.norm. = 0.8 (solid) and PL-H (dashed), normalised pressure 

gradient at ρtor.norm. = 0.95, for two fully predictive simulation 

cases with self-consistent L-H / H-L transition applying the 

PL-H scalings in [14] (red) and [15] (blue). 
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