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AbstrAct.
The ’hybrid’ scenario is an attractive operating scenario for ITER since it combines long plasma 
duration with the reliability of the reference H-mode regime. We review the recent European 
modelling effort carried out within the Integrated Scenario Modelling group which aims at (i) 
understanding the underlying physics of the hybrid regime in ASDEX-Upgrade and JET, and, (ii) 
extrapolating them toward ITER. JET and ASDEX-Upgrade hybrid scenarios performed under 
different experimental conditions have been simulated in an interpretative and predictive way 
in order to address the current profile dynamics and its link with core confinement, the relative 
importance of magnetic shear, s, and E×B flow shear on the core turbulence, pedestal stability and 
H-L transition. The correlation of the improved confinement with an increased s/q at outer radii 
observed in JET and ASDEX-Upgrade discharges is consistent with the predictions based on the 
GLF23 model applied in the simulations of the ion and electron kinetic profiles. Projections to ITER 
hybrid scenarios have been carried out focusing on optimization of the heating/current drive schemes 
to reach and ultimately control the desired plasma equilibrium using ITER actuators. Firstly, access 
condition to the hybrid-like q-profiles during the current ramp-up phase has been investigated. 
Secondly, from the interpreted role of the s/q ratio, ITER hybrid scenario flat-top performance has 
been optimized through tailoring the q-profile shape and pedestal conditions. EPED predictions of 
pedestal pressure and width have been used as constraints in the interpretative modelling while the 
core heat transport is predicted by GLF23. Finally, model based approach for real-time control of 
advanced tokamak scenarios has been applied to ITER hybrid regime for simultaneous magnetic 
and kinetic profile control.

1. IntroductIon
An attractive operating scenario for ITER has been proposed and reviewed for instance in [1] that 
combines long plasma duration similar to the steady-state scenario, together with the reliability of 
the reference H-mode regime. The so-called ’hybrid’ scenario aims to maximize neutron fluence in a 
reliable manner for engineering tests with an extended burn time (t > 1000s) together with significant 
fusion gain, Q ≥ 5 [2-3]. To achieve this goal, the plasma current in this scenario is lower (12–14MA) 
than the reference H-mode scenario but higher than steady state scenarios. From the engineer point 
of view this is an intermediate operating point between the H-mode and the steady-state scenarios 
where the plasma current is driven by a combination of inductive and non-inductive currents with 
moderate assumption on confinement and beta as defined in reference [2]. Worldwide a significant 
experimental effort has been devoted to explore the operating space in present day tokamaks. When 
reducing the plasma current and with modified plasma current density profile, it was found in present 
experiment that the confinement could be increased above the reference H-mode scenario which 
would allow operating ITER with a high fusion gain (Q~10) for long pulse duration. This paper 
is an overview of the recent European modelling effort carried out within the Integrated Scenario 
Modelling working group (ISM-WG) which aims at (i) understanding the underlying physics of 
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the hybrid regime in ASDEX-Upgrade and JET, and, (ii) extrapolating them toward ITER. The 
ISM-WG is organized within the European Fusion Development Agreement (EFDA) Task Force 
on Integrated Tokamak Modelling (ITM-TF) [4-5]. The main responsibility of the ISM-WG is to 
advance a pan-European approach to (i) interpretative modelling of existing experiments to validate 
and benchmark integrated modelling tools and (ii) to predictive modelling of JT-60SA [6] and ITER 
[7] plasmas with the emphasis on urgent issues. 
 In this paper, plasma current density evolution, heat, particle and momentum transport, and 
pedestal characteristics in JET and ASDEX-Upgrade hybrid discharges are investigated by means 
of various integrated modelling tools (ASTRA [8], CRONOS [9], JETTO [10]). Predictions of 
ITER hybrid scenarios are then carried out making use of the findings obtained from the analysis 
of existing experiments. Since it is not possible to reproduce all the physics parameters of ITER 
plasmas simultaneously in present experiments, simulations are used to project to the ITER regime 
using theoretically based physics models that are being tested against present tokamak experiments. 
The important contributions of our approach consists in using two experimental devices (JET and 
ASDEX-U) to validate the integrated modelling of various phases of the hybrid scenario and for 
the extrapolation to ITER hybrid scenario first principle modelling is used to predict both the core 
and pedestal confinement. This paper complements (i) previous European studies performed within 
the ISM-WG focusing on the ITER baseline scenario [6], (ii) the international effort coordinated 
by the Integrated Operation Scenario (IOS) topical group of the International Tokamak Physics 
Activity (ITPA) to compare the various codes prediction for the hybrid and steady-state scenarios 
[11,12], (iii) previous studies such as [13]and (iv) finally the most recent ITER predictive modelling 
of three main scenarios performed within an F4E grant [14].
 After this introduction, the paper is organized in two main sections. In section 2, recent integrated 
modelling of the JET and ASDEX-Upgrade hybrid scenario is discussed focusing on the neo-classical 
current diffusion issues, on the importance of the q-profile on core confinement, on the self-consistent 
modelling of thermal, particle and momentum transport using first principle transport models and 
finally on the modelling of the scenario termination when ramping down the power and current. In 
section 3, extrapolation of our validation exercise on existing experiment to ITER hybrid scenario 
is performed with the ITER baseline heating and current drive mix. The operational domain of the 
ITER hybrid scenario is first estimated using assumption made from 0-D scaling. Then the possibility 
to access to the hybrid type of q-profile during the ramp-up phase is extensively studied. During 
the ITER burn phase, first principle calculations will be presented in details in view of predicting 
simultaneously the pedestal and the core performance. Finally before the conclusion, the ability to 
control in real time simultaneously the magnetic and kinetic profiles will be discussed.  

2. IntegrAted modelIng of AsdeX-upgrAde And Jet hybrId scenArIo
More than fourteen JET and two ASDEX-Upgrade hybrid scenarios performed under different 
experimental conditions (plasma shape, heating power, plasma current ramp-up waveform, 
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dimensionless parameters etc.) have been simulated in an interpretative and predictive way in 
order to address the current profile dynamics and its link with (improved) confinement, the relative 
importance of magnetic shear, s, and radial electric, ExB,  flow shear on the core turbulence, 
pedestal stability and H-L transition. The capability of the transport models to predict the plasma 
evolution during the whole scenario (current ramp-up, main heating phase and current ramp-down) 
is examined in this section. 
 For both machines, a variation in q-profile at the start of the main heating phase was experimentally 
achieved but using different techniques as illustrated on Fig. 1. By optimising the current density 
profile (i.e. broadening the current profile with flat core q profile over a large part of the plasma 
radius), enhanced confinement factor, HIPB98(y,2), with respect to the IPB98(y,2) scaling [15] have 
been observed up to levels of 1.4. For JET, this variation was achieved via the ‘current-overshoot’ 
method (e.g. Pulse No’s: 77922 and 79626 compared to Pulse No: 79630 without overshoot) [16-18]. 
With this method, the current is ramped down to its flattop value just prior to the main heating 
phase, resulting in a broader q-profile compared with a regular ramp-up scenario. This technique 
has been first applied successfully to low triangularity (δ = 0.2) at low magnetic field strength
(BT = 1.7T/Ip = 1.4MA) and densities of the order of 50% of the Greenwald density nGw (nGw = IP/pa2). 
It has then be applied to high triangularity ITER-like shape (δ~0.4) and thus to higher density (75% 
of the Greenwald density) with HIPB98(y,2) = 1.3-1.4 and βN~3. These results have been extended to 
higher field (BT = 2.3T) and current (up to 2MA). Finally, performance of the hybrid regime has 
been extended toward long pulse discharge on JET up to 20s (Pulse No: 77280) and maintained for 
duration of typically two resistive times. For ASDEX-Upgrade [19], the q-profile modification was 
achieved by varying the auxiliary heating timing, with the later heating case (e.g. Pulse No: 20995 
compared to Pulse No: 20993) resulting in a broader q-profile with different MHD-behaviour (the 
early heating scheme triggers early (4,3) - or (3,2)-NTMs, whereas the late-heating scheme, pulse  
Pulse No: 20995,  shows (1,1)-fishbones).. Table 1 summarises the typical range of parameters for 
a selection of the most representative JET discharges and the two ASDEX-Upgrade discharges. 
It indicates also the domain of dimensionless parameters cover by these two experiments that 
complement each other when extrapolating our modelling results toward ITER.

2.1 Current diffusion
Current diffusion using neo-classical prediction for the resistivity and bootstrap current is simulated 
for JET and ASDEX-Upgrade with the CRONOS code [8] by doing an interpretative analysis [20]. 
The neoclassical quantities are deduced from the NCLASS code [21]. NCLASS solves the flux-
surface-averaged parallel momentum and heat-flow balance equations for each plasma species using 
the formulation of Hirshman and Sigmar [22]. The velocity-dependent viscosity matrices are taken 
from a publication by Shaing et al [23] and are valid in all collision regimes and aspect ratios. The 
same modelling assumptions have been made for JET and ASDEX-Upgrade. The simulations are 
initiated at the time when the first MSE data are available, i.e. usually just after the NBI application. 
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As a consequence, the initial magnetic equilibrium is prescribed by the first q-profile determined 
by the magnetic reconstruction constrained by MSE measurement which, in the case of ASDEX 
Upgrade, is performed by the CLISTE code [24] and in the case of JET by EFIT code [25]. The 
simulated q-profiles with CRONOS using the measured kinetic profiles (temperature and density) 
are then compared at each time step to the other MSE measurements available for each discharge. 
The effective charge profiles are provided by the charge exchange recombination spectroscopy 
measurement for JET and from the deconvolution of the bremsstrahlung measurement for ASDEX-
Upgrade. In JET hybrid discharges, two interpretative analysis are illustrated in this paper, one for 
the discharge Pulse No: 77922, which last for one current diffusion time, and another one for the 
shot Pulse No: 77280, which last for 2 current diffusion times (20s long hybrid discharge). The 
current profile slowly relaxes after the H-mode transition with on-axis qo~1 and its dynamics is 
reasonably well reproduced with the neo-classical approximation as shown in figure 2. Conversely, 
for ASDEX-Upgrade it is found that the q-profile is rapidly clamped to the qo = 1 surface in the 
studied discharge Pulse No: 20995 with (1,1)-fishbones activity while neo-classical current diffusion 
simulation predicts a slow relaxation with qo below unity. For ASDEX-Upgrade a similar discrepancy 
between the measurement and simulation was reported in [26] with the ASTRA code used in an 
interpretive manner but on a different discharge. The reasons for the differences in the current 
profile relaxation between JET and ASDEX-Upgrade will be examined in the future in particular 
by investigating the subtle differences between the two experiments.

2.2 q-profile influenCe on transport
In certain experimental conditions, hybrid scenarios are characterized by improved thermal 
confinement compared to the H-mode empirical scaling law expectations (i.e. IPB98(y,2)). Modelling 
effort is carried out to isolate the impact of increased s/q at outer radii (where s is the magnetic shear) 
on core confinement in low-triangularity JET and ASDEX-Upgrade experiments [27]. Predictive 
heat and particle transport is calculated using the integrated modelling code CRONOS coupled 
to the GLF23 turbulent transport model [28]. For both machines, discharge pairs were analysed 
displaying similar pedestal confinement yet significant differences in core confinement. Therefore, 
this approach complements previous studies [26] where the global confinement enhancement was 
interpreted by an improved pedestal pressure in pair of discharges where the core confinement was 
similar. In this proposed study, the focus is on the core confinement analysis for similar pedestal 
confinement but we do not exclude that both core and pedestal enhancement may explain, depending 
on the experimental conditions, the increase of confinement in the hybrid scenario. For the JET pair 
(Pulse No: 79626/Pulse No: 79630), this variation was achieved via the ’current-overshoot’ method 
[17, 18] (c.f. Fig.1) . After a fast ramp-up, the current is ramped down to its flat-top value just prior 
to the main heating phase resulting in a transient broader q-profile with improved confinement 
(Pulse No: 79626 with HIPB98(y,2)~1.3) compared with a regular ramp-up scenario (Pulse No: 79630 
with HIPB98(y,2)~1.1). The phase with improved confinement is observed transiently with the current 
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overshoot technique. For the ASDEX-Upgrade pair (Pulse No: 20993/Pulse No: 20995), the q-profile 
variation was achieved by varying the auxiliary heating timing, with the later heating case resulting 
in a broader q-profile with improved confinement (Pulse No: 20995, HIPB98(y,2)~1.2) compared to the 
reference case (Pulse No: 20993, HIPB98(y,2)~1.0) [19] (c.f. Fig.1) . The s/q profiles for the JET and 
ASDEX-Upgrade discharges indicate an increase of s/q in the region r~0.4-0.8 of more than 20% 
(and a reduction of s/q inside r~0.4) for the discharges with optimised q-profile for confinement. 
 The main objective of the work discussed in this section is to determine the importance of the 
q-profile on the core confinement. To this end, simulations for the improved confinement cases 
(either JET 79630 or ASDEX-U 20995) were carried out substituting the q-profile input with the 
q-profile corresponding to the partner discharge in each pair.. In such a manner GLF23 predicts the 
confinement difference solely due to the q-profile. To illustrate such modelling, Fig. 3 displays results 
of  ion temperature transport simulation with GLF23 model (without ExB shear stabilisation) for the 
JET and ASDEX-Upgrade comparing results with q-profile inputs taken from either the low or high 
confinement discharges. This approach allows isolating the role of the q-profile by changing only this 
quantity. For both devices, simulations with the q-profile corresponding to the improved confinement 
case display improved ion confinement compared with a simulation which is identical apart from 
substituting in the q-profile (Fig.3). It was concluded from a full set of modelling (with or without 
ExB stabilisation, with or without particle transport etc), that this effect accounts for ~60-90% and 
~35-55% of the core confinement improvement in JET and ASDEX-Upgrade respectively. These 
results are consistent with an increase of the ITG threshold with s/q. Correlation of the improved 
confinement with an increased s/q at outer radii observed in low triangularity JET and ASDEX-
Upgrade discharges is consistent with the predictions based on the GLF23 model  The successful 
prediction of the core energy differences due to the s/q effect, regardless of the E×B model, provides 
an encouraging validation of the impact of q-profile shaping on core confinement and this effect 
should be included in ITER modelling. In this section, we have isolated the importance of the s/q 
parameter in the confinement region at the outer radii. In addition, it is worth mentioning that low 
magnetic shear in the very core of the discharge combined with the high rotational shear lead to a 
reduction of the ion stiffness as observed on JET [29]. The impact of the rotation on the ion stiffness 
remains an open issue on the theory and modelling sides. It deserves further work that is beyond 
the scope of this paper where established models have been used for the modelling. 

2.3 self-Consistent Current, thermal, partiCle and rotation 
modelling of hybrid sCenario: exb shear influenCe on transport
Self-consistent four-fields simulations [30] predicting the electron (Te) and ion (Ti) temperatures, 
main ion density (ni) and toroidal angular frequency (ω) have been performed for eight JET Pulse 
No’s: (Pulse No: 74641, 74634, 74637, 74826, 75225, 79635, 75590, 77922) by using the GLF23 
model in ASTRA code [8]. Four low δ hybrid pulses (Pulse No’s: 74641, 74634, 74637, 75225) 
are performed at the same magnetic field (2T), plasma current (1.7MA) and central line averaged 
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density (nl 
 = 3–3.4×1019 m-3), but different NBI heating power (9.3–19MW) while three high δ 

hybrid pulses (Pulse No: 79635, Pulse No: 75590, Pulse No: 77922) are performed at different 
magnetic field, plasma current, NBI power and electron density (Ip 

 = 0.8–1.7MA, B0 
 = 1.1–2.3T, 

PNBI 
 = 6–17MW, nl = 0.5–4.8×1019m-3). In addition a low triangularity  H-mode pulse Pulse No: 

74826 without plasma current overshoot, but with otherwise similar scenario to one of the hybrid 
pulses (Pulse No: 75225) [18] has been simulated. The HIPB98(y,2) factor varies from 1 to 1.37 in 
selected pulses. The core toroidal angular frequency varies by a factor of two from 60 krad/s to 
137krad/s. Therefore, this database has been used for the validation of the GLF23 model addressing 
in particular to the stabilising effect of the ExB shear on the confinement improvement in hybrid 
scenario. 
 The NBI heat, particle and momentum sources used in the predictive simulations have been 
calculated with NUBEAM/TRANSP, while the deuterium neutral influx through the separatrix 
(wall particle source) has been estimated in the self-consistent TRANSP-EDGE2D simulations. In 
these simulations the electron and ion heat fluxes through the separatrix and NBI contribution to the 
deuterium particle flux calculated by TRANSP have been used as an input to EDGE2D while the 
neutral influx from SOL to plasma has been returned to TRANSP and used for the NBI simulations 
and estimation of the particle confinement time. The TRANSP-EDGE2D simulations have been 
done for two selected discharges performed at low (6MW, Pulse No: 79635) and high (17MW, 
Pulse No: 77922) NBI power and extrapolated to other pulses. 
 The GLF23 model applied with the ExB shear calibration factor αE = 1 (with αE = γmax/γE, 
here γmax is maximum linear growth rate without ExB shear, γE is the E×B shear rate), which 
gives a satisfactory temperature prediction for the JET H-mode plasmas and high βN scenarios 
[31], strongly under-predicts the particle and momentum transport leading to the over-predicted 
density and toroidal rotation while Te and Ti are in a relatively good agreement with measurements 
(Fig. 4, left). By reducing the E×B shear strength in the GLF23 model by factor 2 (i.e. αE = 0.5) a 
more accurate density prediction has been achieved while the simulated temperature and rotation 
were weakly affected by the reduction of αE. To improve the prediction of toroidal rotation, these 
simulations have been repeated assuming that the momentum diffusivity χϕ is a fraction of the 
thermal ion diffusivity χi where χi has been computed with the GLF23 model. The Prandtl number 
Pr = χϕ/χi has been adjusted to match the measured toroidal rotation. With this adjustment (Pr = 
0.3 and 0.5 for low and high δ pulses correspondingly) an essential improvement in the prediction 
of the toroidal rotation has been achieved while the density and temperatures remains within 20% 
deviation from the measurements (Fig.4 right and Fig.5). It should be mentioned that the value of αE 

found in the self-consistent four-fields GLF23 simulations of JET Hybrid scenario is in agreement 
with the nonlinear GYRO simulations which shows, that when the destabilizing effect of parallel 
velocity shear is not included in the ITG turbulence growth rate simulation, the electron and ion 
transport is quenched near γE/γmax ≈ 2 (αE ≈ 0.5) [32].
 Similarly to the GLF23 model applied with the αE

  = 1 as for the JET H-mode plasmas, an over-



7

estimate of the electron density peaking by 15% in JET hybrid scenarios has been found in the 
self-consistent JETTO simulations of electron density and electron and ion temperatures performed 
with the H-mode version of the Bohm-gyroBohm transport model [33]. To simulate the measured 
density profiles in the high power (PNBI>17MW) hybrid pulses the core particle diffusivities have 
to be higher by a factor 1.5–2.0 with respect to the standard Bohm/gyro-Bohm transport model for 
both the low and high triangularity cases while assuming zero particle pinch (Bohm-gyroBohm 
predicts correctly the peaking of the density profile in JET H-mode plasmas with an inward particle 
pinch). On the other hand, the behaviour of the temperature and q profile is in general correctly 
predicted. The reasons for an increase core particle diffusivity in high power (PNBI>17MW) hybrid 
discharges are not clear and should deserve specific investigation. 
 Summarising the results of this section, the ExB shear stabilisation as included in the GLF23 
model is found to be weaker in selected JET Hybrid scenario as compared to the H-mode plasmas 
and high βN scenarios. This conclusion is confirmed also by the CRONOS simulations of JET and 
ASDEX-Upgrade hybrid scenario shown in the previous section where a good agreement with 
measurements has been obtained by neglecting the E×B shear stabilisation. These results complement 
transport modelling of ASDEX-U discharges [25] where it is found that inclusion of ExB shear 
has little influence on reproducing the experimental temperature profiles in simulations using the 
Weiland model. For DIII-D, GLF23 simulations were performed with or without including the 
effect of ExB flow shear [34]. In the high rotation case, inclusion of the E×B flow shear yields a 
significantly better match to the profiles. In the low rotation case, an equally good match is found 
either with or without the flow shear. Similar effect, i.e. larger influence of the ExB shear on turbulent 
transport at high rotation can be seen also on Fig.4.  Indeed, looking more closely at Fig. 4, one can 
see that the GLF23 predictive accuracy for Ti is better for the low-medium rotation shots (Pulse 
No’s: 74641, 74634, 79635, 77922) while Ti is under-estimated in four other discharges with high 
rotation. This gives an indication that a higher αE value needs to be applied in GLF23 model to get 
better temperature prediction at high rotation. However, our approach was to find the αE parameter 
which could satisfactory described the whole dataset. The best match over the whole dataset has 
been obtained with αE

  = 0.5.
 The turbulence/anomalous transport quench point at relatively low αE in Hybrid scenario can be 
partly understood by taking into account other stabilising effects, such as s/q and βe effects on the 
ITG turbulence (the stabilising effect of βe for JET Pulse No: 77922 has been found in the linear 
electromagnetic GYRO simulations). The stabilising β effect has also been analysed in reference 
[35] using theory based model on JET beta scan experiments. In this reference it was also found 
that Shafranov shift parameter has a destabilizing effect on linear growth rates. The simulations 
of toroidal rotation in Hybrid scenario with the GLF23 model give clear indication of the toroidal 
momentum pinch (Pr < 1) in considered plasmas where the ITG mode is dominant. Both the GLF23 
and Bohm-gyroBohm models consistently over-estimate of the density peaking in high power 
Hybrid scenario when their H-mode settings are applied [33]. The over-estimation of the density 
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peaking should be taken into account when applying these models to the estimation of ITER hybrid 
performance.

2.4 modelling of hybrid termination 
The termination of the JET hybrid discharges with the transition from the hybrid performance to 
the type III ELMy H-mode with subsequent H-L transition to the ohmic plasma has been analysed, 
allowing determination of the back-transition conditions. The termination occurs by switching off 
the NBI heating during the plasma current plateau with the subsequent Ip ramp down and reduction 
of the magnetic field in the ohmic phase. An example of such simulations performed for Pulse 
No: 77922 is shown on Fig.6. The JETTO simulations of electron density and electron and ion 
temperatures have been performed for the whole plasma region including pedestal by using the 
non-local H-mode Bohm-gyroBohm transport model  completed with the continuous ELM model 
where the pedestal height is controlled by the ballooning stability limit with the normalised critical 
pressure . The edge boundary conditions are prescribed at the plasma separatrix. To simulate the 
measured density profiles we have used the same prescription as discussed in section 2.3: in the high 
power (PNBI>17MW) hybrid pulses the core particle diffusivities have to be higher by a factor 2.0 
with respect to the standard Bohm/gyro-Bohm transport model for both the low and high triangularity 
cases while assuming zero particle pinch [33]. During the hybrid performance the thermal flux 
through the separatrix determined mainly by the large NBI heating exceeds the 1.5*PL-H (where 
the threshold power of the L-H transition PL-H is determined in [36]) maintaining the H-mode-like 
pedestal. When the NBI power has been switched off during the Ip plateau, the observed transition 
from the type I to type III ELMy H-mode is predicted relatively accurately by reducing the L-H 
power threshold (from 1.5*PL-H to PL-H) with simultaneous reduction of αcr from 1.6 (during the type 
I ELM phase) to 0.6. The selected αcr  = 1.6 for the type-I ELMy H-mode phase is the standard JET 
value in agreement with edge ballooning MHD stability for carbon wall experiments. αcr

  =  0.6 for 
the type-III ELMy H-mode phase was adjusted to fit the measured pedestal energy in the dithering 
phase. Finally, further transition from the type III ELMy H-mode to ohmic plasma with L-mode 
edge is performed in simulations by switching from the H-mode to the L-mode Bohm-gyroBohm 
transport model [37]. 
 The L-mode Bohm-gyro-Bohm model has been used to carry out predictive simulations 
of the purely ohmic current ramp down phase of JET hybrid discharges, for different current 
ramp-down rates (0.17-0.21MA/s) and plasma densities at the beginning of the Ip ramp down
(nl = 0.8–1.1×1019 m-3). Initial profiles and boundary conditions for plasma density, ion and electron 
temperatures and current density have been taken from the experimental signals, as well as the ramps 
in total plasma current and toroidal magnetic field, the effective ion charge, the radiated power and 
the gas puffing rate. The model has been used to self-consistently predict the time evolution of the 
electron density, ion and electron temperatures and current density profiles. A good match between 
the experimental and simulated time traces for the plasma internal inductance, the line-averaged 
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electron density and the volume-averaged electron temperature is obtained provided that the particle 
recycling coefficient is increased typically from 0.5 to 1 during the ramp-down phase while the 
injected gas is reduced down to zero. A typical result of such an exercise on predictive modelling 
is shown in Fig.7 for the ramp-down phase of JET hybrid discharge Pulse No: 77922 (c.f. Table 1). 
The agreement between the predicted and measured time traces is good, reflecting in the averaged 
quantities the same level of agreement found for the electron density and temperature profiles.

3. predIctIve IntegrAted modelIng of Iter hybrId scenArIo 
Based on the understanding gained from modelling using a database of the present-day experiments, 
projections to ITER hybrid scenarios have been carried out focusing on optimization of the heating/
current drive schemes to reach and ultimately control the desired q-profile shape with the ITER 
actuators and constraints. 

3.1 iter hybrid operational domain from 0-d modeling 
A set of simulations of the ITER hybrid scenario is performed with the 0.5-D code METIS [38] which 
is a module included in the CRONOS suite of codes [9]. The main advantage of METIS consists in 
providing fast calculation in order to scan the operational domain and to define the domain where 
ITER hybrid scenario could exist while imposing the double constrain of having q0>1 for long 
duration (1000s) and the ratio of fusion to additional powers, QDT, QDT>5. 
 METIS computes the time evolution of the global plasma quantities for given waveforms of 
the control parameters. It solves the current diffusion equation taking into account an approximate 
equilibrium evolution. Simplified treatment of the sources and of spatial dependences allow 
simulation of a discharge in a CPU time of the order of one minute, while keeping account of all 
the main non-linearities of the evolution. This approach allows completing the 0–D analysis with 
radial profiles and time evolutions, although with less accurate results than with a full 1.5–D code 
(which typically takes 103 – 104 times larger computation times). As a result, these simulations 
can run in a CPU time which is close to real time and METIS is perfectly suited to test real time 
algorithm (c.f. section 3.5). METIS simulations for ITER have the following main characteristics:

i) a 2-D, time-dependent equilibrium is used, but based on equations for the time evolution 
of equilibrium moments: radii, elongation, triangularity, etc., 

ii) heat transport coefficients are renormalized in order to enforce prescribed confinement 
scaling laws (in particular, L and H-mode in the various phases of the discharge)

iii) the full current diffusion equation is solved numerically
iv) density and temperature profiles are obtained by simplified solutions of the transport 

equations: discrete time slices are considered, on which stationary equations are solved. 

ITER hybrid scenarios have been calculated at a plasma current Ip =
 12MA at BT =

 5.3T
(q95 =

 4.3), with the ITER baseline heating mix 20MW ICRH, 33MW NBI, 20MW ECCD and
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with a line averaged density fixed to nl = 7.5×1019m-3 (nl/nGw~0.8) during the burn phase. The 
parameters that have been scanned in this sensitivity study are the density peaking factor to simulate 
flat and peaked density profiles with neo/nl = 1,1.2,1.4 and the enhanced confinement factor during 
the H-mode phase from H98IPB(y,2)~1.1, 1.2, 1.25, 1.3, 1.4 with the corresponding pedestal pressure 
of 87kPa, 90kPa, 92kPa, 95kPa, 100kPa as deduced from a 0-D scaling laws [39]. Fig.8 (left) shows 
the time evolution of the plasma scenario for the high confinement case (H98IPB(y,2)~1.4) with three 
different values of density peaking keeping the same line averaged density or Greenwald fraction 
(i.e. an increase of the density peaking is obtained by increasing the core density while reducing 
the pedestal one). With the assumed baseline heating mix and the neo-classical current diffusion, 
METIS calculations indicate that high confinement and peaked density profiles are required to 
increase the bootstrap current at level above a certain threshold (Iboot~4MA or Iboot/Ip~30% for the 
case shown on Fig.8) to self-sustain the q-profiles above unity. Fig.8 (right) presents the results of 
the full sensitivity studies where the bootstrap current fraction and the ratio of fusion to additional 
powers, QDT, have been plotted versus the enhanced confinement factor for the three density peaking. 
It confirms that the operational domain for the hybrid regime with q0>1 for more than 1000s and 
QDT above 5 is relatively narrow and requires high confinement and peaked density profile to reach 
a critical value of bootsrap current fraction. These conclusions deduced from METIS are consistent 
with the recently proposed criterion to distinguish the different plasma regime: it was indeed found 
that a critical profile of bootstrap current characterises the hybrid regime [40]. It was shown that a 
critical value of bootstrap current is a condition for the transition from inductive H-mode to purely 
non-inductive regime and the hybrid scenario appears as an intermediate plasma state between 
these two states. 

3.2 Current profile optimization during Current ramp-up phase 
Access condition to the class of hybrid-like q-profiles (i.e. flat in the core and slightly above unity with 
a high magnetic shear in the gradient zone) during the prelude phase of the scenario is investigated 
with particular attention in this section [41–43]. The plasma current ramp-up phase is a critical phase 
of the scenario preparation where the optimised q-profile should be reached while deleterious MHD 
instabilities for confinement and stability have to be avoided, flux consumption has to be minimized, 
and this has to be achieved within ITER operational constrain. Validation on the ramp-up phase of 
JET, ASDEX-Upgrade and Tore Supra [44-45] has shown that both empirical scaling based models 
and the semi-empirical Bohm/gyro-Bohm model (L-mode version) yield a good reproduction of this 
phase for considered discharges, in terms of Te and q-profile, i.e. li. Therefore these models have 
been used in the reported work, which was carried out with the CRONOS integrated suite of codes. 
 The optimisation of the current ramp-up phase (plasma current waveform, external heating & 
current drive waveform, timing for L to H transition) is systematically investigated in view of (i) 
optimising the q-profile at the start of the current plateau for improved fusion performance, and, 
(ii) minimizing the resistive flux consumption to allow for long pulse operation while keeping the 
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current in the central solenoid (CS) and poloidal field (PF) coils within the ITER operational limits. 
The optimisation of the q-profile relies on reaching a target q-profile that improves stability (q above 
unity and weak shear in the core) and energy confinement (high magnetic shear in the gradient 
zone). In regimes with stiff profiles in the Ion Temperature Gradient dominated turbulent plasma,
R/LTi stays in the vicinity of its threshold value, R/LTi,crit for triggering the micro-instabilities. Indeed, 
theories predict and it was confirmed in our predictive modelling of exiting experiments (section 
2.2) that R/LTi,crit  increases linearly with s/q. As a consequence, a figure of merit, F, for optimising 
in a quantitative manner the q-profile is defined as F = 〈s/q〉 qa where 〈s/q〉 is the volume averaged 
values of s/q [43]. A high value of 〈s/q〉 is achieved by q0 close to 1, a wide low shear region, and 
high s in the outer part of the plasma, which are indeed the characteristics of a hybrid q profile. 
In the extreme case, the maximisation of 〈s/q〉 is done by the so-called current ramp overshoot as 
developed on JET. The minimisation of the resistive flux consumption is done by calculating the 
Ejima coefficients [46], CE, at the end of the current ramp-up phase. The Ejima coefficient is the 
normalised resistive flux consumption to the poloidal flux. In the extreme case, the minimisation 
of CE is achieved by either early heating and/or early H-mode transition. 
 For the reference current ramp up modelling, the assumptions are as follow: 

i) Simulations start 1.5s after breakdown, when Ip
 = 0.5MA. Current flat top (12MA) is 

reached at 80 s with an expanding elongated shape, starting on the Low Field Side of the 
torus (X-point formation at 15s, when Ip

 = 3.5MA). 
ii) The parabolic density profile with a peaking factor neo/ne

 = 1.3 is increased with the 
prescription ne =

 0.25×neGw

iii) A flat Zeff profile, decreasing in time from 5 to 1.7 with increasing density.
iv) An L-mode edge during the whole ramp-up phase with applied power (after 50s) below 

the L-H power threshold (~29MW). 

During the ramp-up phase the plasma is heated with a combination of NBI using the off-axis setting, 
ECRH (Upper Port Launcher) and LHCD systems (Fig.9). This combination of applied power 
offers the possibility to achieve a broad off-axis non-inductive current density profile to reach the 
required q-profile for the hybrid scenario. Figure 10 shows the electron, ion and q-profiles for the 
reference case with two transport assumptions: empirical scaling based model with HIPB98(y,2)

 = 0.4 
and the L mode Bohm/gyro-Bohm model. The ohmic reference case is also shown for comparison. 
 Around this reference case, various ITER current ramp-up scenarios have been modelled, i.e. 
(i) with and without plasma current overshoot, (ii) with early heating, (iii) with or without early 
H-mode transition. A summary of the studies is shown on Fig.11 where the Ejima coefficient, CE, and 
the figure of merit, F, for the q-profile optimisation are plotted versus the total input energy during 
the ramp-up phase, Winput. It is concluded that a trade-off should be found between minimising the 
resistive flux consumption and optimizing the q profile. A trade-off between these two requirements 
has to be made. It is shown that fast current ramp with current overshoot is at the one extreme, 
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i.e. optimum q profile at the cost of increased resistive flux consumption, whereas early H-mode 
transition is at the other extreme. It is also found that the heating systems available at ITER allow, 
within the operational limits, to reach a hybrid q-profile at the end of the current ramp-up. The 
optimum heating scheme depends on the chosen transport model. Nevertheless, modified model 
assumptions (on density peaking, edge temperature and effective charge) can be easily accounted for 
by a tuning of the power waveform during the prelude phase. The flexibility of the heating system 
open the route to an active control of the q-profile during the ramp-up phase to reach the required 
target values as it will be further discussed in section 3.5. 

3.3 pedestal prediCtion with first prinCiple prediCtive model 
Accurate prediction of the edge transport barriers is essential to assess and optimise ITER fusion 
performance. In this context, the EPED pedestal model [47-51] has been applied to ITER hybrid 
scenarios. EPED is a first-principle model for predicting the H-mode pedestal height and width 
based upon two fundamental and calculable constraints: (1) onset of non-local peeling–ballooning 
modes at low to intermediate mode number, (2) onset of nearly local kinetic ballooning modes 
at high mode number. Indeed, the peeling–ballooning stability limit provides a global constraint 
on the pedestal height as a function of the pedestal width. The kinetic ballooning stability limit 
provides the mechanism by which the pressure gradient is finally constrained. Calculation of these 
two constraints allows a unique, predictive determination of both pedestal height and width without 
any free or fitting parameters. The EPED model has been extensively tested across a range of 
experiments on several devices on a large database of 5 tokamaks (JET, DIII-D, JT-60U, Alcator 
C-Mod, ASDEX-Upgrade) consisting of more than 250 entries. The EPED model was found to 
be in good agreement with the observations, with a ratio of predicted to observed pedestal height 
of 0.98±0.2 [48]. More recently, the EPED model has been validated on the specific JET hybrid 
database (77 cases) where experimental scan in plasma shaping (triangularity), pedestal density 
and global beta has been provided. It was found that the variation of pedestal height with respect 
to the pedestal density, triangularity and global beta was correctly captured by the proposed model 
with a ratio of predicted to observed pedestal height of 0.89±0.12 [50]. 
 As a practical consequence, the EPED pedestal model has been applied to ITER hybrid scenarios. 
The inputs to the model are nine scalar parameters: Bt(T), Ip(MA), R(m), a(m), δ, κ, ne,ped (1019m−3), 
Zeff, βN, where ne,ped is the pedestal electron density. For the ITER hybrid simulation the following 
equilibrium parameters were set to R = 6.2m, a = 2m, κ = 1.85, δ = 0.485, Bt

 = 5.3T. Predictions for 
the hybrid scenario have been made for the pedestal height and width at various plasma currents 
(Ip

 = 11, 12, 13MA), effective charge (Zeff
 = 1.7, 2.5), pedestal density (ne,ped

 = 6.5, 7.5, 8.5, 9.5, 
10.5×1019m–3) and βN  = 1.8, 2.2, 2.6, 3.0. For this density range, it was found that the βN dependence 
is weak and the results shown on figure 12 have been obtained for βN = 2.2. One key feature of the 
hybrid scenario is the operation at reduced plasma current for reaching long pulse operation. The 
interaction of the peeling–ballooning and kinetic ballooning constrains predicts that the pedestal 
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height and width changes with the plasma current. The results of the Ip-scan are shown on figure 
12 (left) where the pedestal heights are plotted versus the pedestal width for various densities and 
for two Zeff values (at βN

 = 2.2). The global peeling–ballooning stability limit increases roughly 
linearly with Ip whereas the kinetic ballooning stability limit increases with I2

p. The combination of 
the two MHD limits leads to a pedestal height that first rises and then stagnates while the pedestal 
width decreases with Ip. Furthermore, Fig. 12 shows that by increasing Zeff from 1.7 to 2.5 increases 
the predicted pedestal pressure. Similarly, EPED model predicts that the pedestal height increases 
with density for the analysed density range (i.e. density below Greenwald density limit ) (Fig.12 
(right)). These two dependences (with Zeff and density) are interpreted through the collisionality 
dependence of the kink/peeling stability limit. 

3.4 Consistent Core and pedestal integrated modeling 
In this section hybrid scenario performance in ITER is studied with the CRONOS integrated 
modelling suite, using the GLF23 anomalous transport model for heat transport prediction. The 
modelling is performed by imposing the values for the pedestal width and height as calculated 
separately by EPED. From the interpreted role of the s/q ratio in experiments, ITER hybrid scenario 
flat-top performance has been optimized through tailoring the q-profile shape, for various assumed 
pedestal conditions [52]. The optimum q-profile shape is predicted to be one that maximizes the 
ratio of s/q throughout the bulk of the plasma volume [27]. In the proposed study, we investigate the 
importance of the density peaking on the fusion performance and q-profiles using simultaneously 
first principle models for the core heat transport and pedestal width. 
 The scenario is an extension to the one published in [52] since the pedestal parameters
are obtained from EPED model. ITER hybrid scenarios were calculated at a plasma currents
Ip

 = 11.5-11.8MA (depending on the precise case) at BT
 = 5.3T (R = 6.2m, a = 2m, κ = 1.89, upper

triangularity δupper=
 0.454, lower triangularity δlower

 = 0.516) with the ITER baseline heating 
mix 33MW NBI (1MeV, full off-axis injection), 20MW ECRH (equatorial launchers, angles 
varied between 20o and 45o), 20MW ICRH (53 MHz, 2nd T harmonic), and with a line averaged 
density fixed to nl = 8.8×1019m–3 (nl/nGw~0.95) during the burn phase. The main CRONOS 
assumptions are as follows: equal ratios of D and T are assumed, the Zeff profile is flat with a 
fixed value of 1.67, q-profile evolution is predicted by modelling the current diffusion with the 
neoclassical resistivity calculated by the NCLASS model, electron and ion heat transport are 
predicted, the density profile is prescribed. Rotation is set to zero (a conservative assumption) 
and GLF23 is applied with α-stabilization off. GLF23 calculates the anomalous transport in 
the core for the bulk of the volume inside the pedestal top, between r = 0.25-0.92. For r<0.25 
a constant χe,i = 0.5m2s-1 is assumed, due to the GLF23 predicted stability in that region. 
 As in the METIS calculation discussed in section 3.1, three different values of density peaking 
neo/nl = 1,1.25,1.5 have been selected while keeping the same line averaged density or Greenwald 
fraction (i.e. an increase of the density peaking is obtained by increasing the core density while 
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reducing the pedestal one). It is worth mentioning that the 1.5 peaking factor is predicted by 
collisionality scaling deduced from experiments [53]. For the sake of simplicity linear ne profile 
shapes are assumed. The temperature pedestal tops are set at r = 0.92 in accordance with the EPED 
predicted pressure height and widths while assuming equal electron and ion temperature. These 
predicted values differ for each of the prescribed pedestal top density values corresponding to the 
three assumed density peaking factors. The pedestal top (Δtop) is defined as the distance (in units 
of normalized poloidal flux ψ) corresponding to ×1.5 the ‘pedestal width’ Δ which parameterizes 
the hyperbolic tangent kinetic profile shapes defined in equation 1 in [47]. In our simulations, this 
location sets the boundary values for the GLF23 predictions. The CRONOS produced pedestal 
profiles are not themselves hyperpolic tangent shapes, but the temperature pedestal heights and 
widths were adjusted such that the smooth transition to the GLF23 predicted transport coefficients 
occurs at the EPED predicted Δtop, at EPED consistent pedestal top pressures. 
 The results of the simulations are summarised in Table 2 while the kinetic and q-profiles produced 
at the end of the burn phase (1200s) are shown on Fig. 13. When imposing first principle calculation 
for the core and pedestal transport and with the ITER baseline heating and current drive mix, the 
calculation indicate that: (i) the thermal enhanced confinement factor, HIPB98(y,2)  is around unity, 
(ii) the resulting bootstrap current fraction is around 30% (βN ~2) which is the marginal value to 
maintain the q-profile above unity as also suggested by the METIS simulation in section 3.1, (iii) 
the increase of the density peaking at fixed density weakly affects the fusion performance and the 
ability to sustain q0 above unity for more than 1000s. Indeed, when increasing the density peaking, 
the density at the pedestal top is reduced which leads in these consistent core-pedestal calculations 
with EPED to a reduction of the pressure at the pedestal top as discussed in section 3.3. In this 
case, the increase of core fusion performance and core bootstrap current due to the increase of core 
density are counter balanced by the reduction of the pedestal confinement properties and bootstrap 
current in the pedestal region. It is worth noting that in all these scenarios, replacing the ICRH with 
increased off-axis ECCD (beyond the ITER baseline provision) at ρ~0.35 improves the scenario by 
providing increased off-axis non-inductive current significantly reducing the volume of q<1 while 
maintaining optimum q-profile shaping as expressed by the 〈s/q〉 parameter of merit. 

3.5 model-based magnetiC and kinetiC real time Control
In hybrid or steady state scenarios, simultaneous magnetic and kinetic control of plasma profiles and 
parameters such as the current profile, the pressure profile (or the normalized pressure parameter, βN), 
and the alpha-particle power are essential to maintain high performance for durations that exceed 
the resistive diffusion time. An integrated model-based plasma control strategy, ARTAEMIS, has 
been initiated on JET [54] and pursued on JT-60U and DIII-D [55], and closed-loop control of the 
poloidal flux, safety factor and βN has been recently performed [56]. 
 The general model-based approach has also been applied to the ITER hybrid regime for the 
control of the magnetic equilibrium (poloidal flux profile) and of the alpha-particle power, Pα using 
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six actuators [57]. The control actuators are the two ITER neutral beam injectors (NBI1, NBI2), 
electron cyclotron (ECRH), ion cyclotron (ICRH) and lower hybrid (LHCD) systems, and the plasma 
surface loop voltage (Vext). In practice, the surface loop voltage is obtained from the tokamak plasma 
control system through a separate control system that uses the ohmic coil voltage actuator. This 
separate control is not modeled here. The central poloidal field coil is therefore used for controlling 
Vext rather than for controlling the total plasma current, Ip, and Ip is controlled indirectly through the 
controlled magnetic profiles. The nonlinear plasma response to the actuators is modeled through 
the time evolutive METIS transport code. The controlled parameters are the poloidal flux profile 
Ψ(x,t), and Pα. Based on the simulated response data obtained from METIS to modulations from 
the six actuators, a full, two-time-scale model was identified using the ARTAEMIS algorithm. Then 
this model was validated on different METIS simulation data. Closed-loop control simulations were 
performed by inserting the METIS code at the output of the two-time-scale ARTAEMIS controller 
and feeding the appropriate error signals back into the controller, thus closing the loop. The near-
optimal controller design parameters [54] were computed using the identified model, and the various 
weights in the controller cost function and in the steady state objective were adequately tuned. The 
evolutions of the Pα and poloidal flux profile Ψ(x,t) in closed-loop control simulation are shown in 
Fig. 14 together with the reset references values. The trajectory to reach the reference equilibrium 
is a consequence of the optimal control where the time to reach the target profiles is minimized 
together with the cost of the control action in terms of actuator power. In these simulations, various 
target profiles for the poloidal flux have been obtained simultaneously with various target levels 
of fusion power. The modelling indicates that in a fusion device such as ITER, magnetic poloidal 
profile control can be combined with burn control, sharing a common set of dedicated actuators. 
The choice of the controlled variables that was made here, namely the poloidal flux profile and the 
alpha-particle fusion power, was the simplest one for the first proof of principle tests of a two-time-
scale state-feedback controller. However, the safety factor profile, q(x), which is closely linked to 
the poloidal flux profile, is an important physical quantity that governs stability and confinement in 
tokamak plasmas. In the future, this work will be extended to control not necessarily the poloidal 
flux profile but rather the safety factor profile. It is of course more demanding in terms of modeling, 
real-time measurements and control because it depends on the radial derivative of the poloidal flux. 
Preliminary experiments were carried out on DIII-D where optimal feedback control [56] of the safety 
factor profile through its inverse (1/q(x)) was attempted during the ramp-up phase. In a near future, 
this work will be extended for application to the modeling of the profile control of ITER scenario. 

dIscussIon And conclusIon 
An extensive analysis of hybrid scenarios on JET and ASDEX-Upgrade including current diffusion, 
global energy confinement, core and pedestal transport, pedestal stability and H-L transition, has 
been performed by the ISM working group in 2010-2012 and is  summarised as follows:

– Current diffusion is in agreement with the neoclassical prediction for JET discharges while 
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discrepancy with the MSE data has been found for ASDEX-Upgrade, with a much faster 
inward current diffusion obtained in simulations as compared to measurements. 

– Observed improved confinement in hybrid scenarios is partly explained by the q-profile 
modification maximising s/q ratio in the outer part of the plasma region which accounts 
for ~60–90% and ~35–55% of the observed ~20% confinement improvement  in JET and 
ASDEX-Upgrade correspondingly [27]. Linear electromagnetic GYRO simulations of the 
high βN JET hybrid discharge Pulse No: 77922 show a strong reduction of the ITG growth 
rate with βe indicating that finite β effect can be another stabilising factor for anomalous 
transport. In contrast, the ExB shear stabilisation as included in the GLF23 model is found to 
be weaker in selected JET hybrid discharges as compared to the H-mode plasmas and high 
βN scenarios. The reduction of turbulence/anomalous transport quench point (i.e. low αE) in 
hybrid scenario can be partly understood by taking into account other stabilising effects on 
the ITG turbulence, such as s/q and βe.

– An extensive validation of the GLF23 and Bohm-gyroBohm transport models during the main 
heating phase of hybrid scenarios performed in the self-consistent manner (up to four–field 
density, temperatures and momentum) indicates that:

a) Simulated density profile is over-peaked both in simulations with the Bohm gyroBohm 
models applied with the H-mode settings and GLF23 model applied with the αE =

 1 
typically used for the JET H-mode and high βN plasmas. The re-tuning of the Bohm-
gyroBohm model (reduction of particle diffusion by factor 2 and neglecting the particle 
pinch) has been proposed [33]. In simulations with the GLF23 model a good agreement 
with measured density is achieved by reducing αE by factor 2. These results should 
be taken into account when applying the GLF23 and Bohm-gyroBohm models to the 
estimation of ITER hybrid density profile.

b) Electron and ion temperature are reasonably well predicted with both GLF23 and Bohm-
gyroBohm models.

c) Simulations of toroidal rotation have been performed for the first time for the JET 
hybrid scenarios with the current overshoot by using the GLF23 [30]. Using the GLF23 
computed momentum transport strong over-prediction of toroidal rotation velocity has 
been obtained. A relatively good agreement with measured toroidal velocity has been 
achieved when applying the fraction of the GLF23 computed thermal ion diffusivity 
for momentum transport. The Prandtl number found in these simulations is Pr

 = 0.3 and 
Pr

 = 0.5 in low and high triangularity discharges correspondingly. 

– The EPED model prescribing the width and height of pedestal pressure has been validated on 
a number of JET hybrid scenarios performed in broad range of pedestal densities and global 
beta, and different triangularities showing a good agreement with the measurements [50].
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– Termination of JET hybrid scenarios including the H-L transition at the end of the NBI 
heating with the subsequent plasma current and magnetic field ramp down phase has been 
simulated including the density, Te and Ti evolution. The transition from hybrid performance 
with type I ELMs to type III ELMy H-mode has been reproduced in simulations with the 
Bohm-gyroBohm transport model and continuous ELM model by reducing the ballooning 
stability limit and L-H threshold power by 40%. Subsequent transition from type III H-mode 
to ohmic plasma has been performed with the reduction of power below the L-H threshold 
by switching from the H-mode to L-mode Bohm-gyroBohm model. It has been found also 
that the Bohm-gyroBohm model accurately predicts the temperatures and density evolution 
during the current ramp down phase.

The transport and pedestal stability models validated on existing hybrid scenarios (GLF23, Bohm-
gyroBohm and scaling-based thermal transport models, EPED) have been applied in the modelling 
of ITER hybrid scenario. The GLF23 model has been used without the E×B shear stabilisation since 
the effect of the ExB shear is found to be weak in JET and ASDEX-Upgrade hybrid discharges. 
The EPED model has been extrapolated to ITER by performing the pedestal simulations within 
a broad range of ITER hybrid parameter space used for scenario optimisation (Ip =

 11–13MA, 
Zeff =

 1.7 and 2.5, ne,ped =
 6.5–10.5×1019 m–3 and βN =

 1.8-3). The objective of these simulations 
was the optimisation of ITER hybrid performance by taking advantages of the s/q stabilisation of 
the anomalous transport (as found for existing experiments) and effect of density peaking on the 
bootstrap current, q0 sustainment and fusion power.
 Starting with the current ramp up phase an impact of external heating and current drive 
waveforms, timing of the L-H transition and plasma current waveform on the target q-profile and 
resistive flux consumption at the end of the current ramp up have been investigated [42]. It has 
been shown that the q profile with q0 > 1 can be reached at the end of the current ramp up phase 
with the heating systems available at ITER. The optimisation of the main heating phase performed 
first in 0-D simulations with METIS by varying the density profile at fixed line averaged density in 
high confinement plasmas (H98IPB(y,2)~1.4) with high pedestal pressure (up to 100 kPa) shows that 
peaked density profiles are required to reach an important fraction of the bootstrap current (above 
30%) and QDT (7–8), and to sustain the q-profile above unity. Further assessment of the effect of the 
density profile peaking in 1–D modelling with the GLF23 and EPED models and optimised heating 
and current drive mix shows that the bootstrap current fraction of 30% is achieved with peaked 
density profile which is the marginal value to maintain the q-profile above unity while the global 
confinement is H98IPB(y,2)~1.05–1.08. Indeed, the EPED model predicts reduced pedestal pressure 
in the case of reduced pedestal density (i.e. peaked density profile) at Ip =

 11.5–11.8MA limiting the 
H98IPB(y,2) factor close to unity. The possible ways to soften this restriction by operating at higher 
plasma current (13MA) or by changing the density peaking at fixed (high) pedestal density could 
be investigated in future. Another important point to be assessed in future simulations of ITER 
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hybrid scenario is the self-consistent modelling of temperatures and density taking into account the 
modifications of the transport models matching the existing experiments. In addition to the estimation 
of the ITER hybrid performance and its margins based on the experimentally validated models the 
ITER modelling database can be used for the development of the integrated model-based plasma 
control strategy [54]. The first steps towards the automatic plasma control and optimisation have 
been done by developing the combined magnetic and burn control sharing a common set of dedicated 
actuators [54-57]. This shows that in a fusion device such as ITER, current profile control can be 
combined with burn control and open the route towards controlled high performance operation. 
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Table 1: 0-D parameters of JET and ASDEX-Upgrade hybrid scenario during the high beta phase when the fusion 
performance (e.g. neutron yield) is maximum. Major radius, Ro, minor radius, a, elongation, k, triangularity, δ,  on 
axis toroidal magnetic field, BT , plasma current IP , safety factor at 95% of the poloidal flux, q95, applied power, Ptot, 
the thermal confinement factor HIPB98(y,2), the normalised total pressure, βN (from diamagnetic measurements), the 
core and volume averaged electron density, neo, 〈ne〉, the volume averaged ion and electron temperature 〈Ti〉, 〈Te〉. The 
dimensionless quantities: the ion Larmor radius, the effective electron collision frequency the toroidal Mach number 
(ri*, ne*, MΦ  ).

*reference H-mode discharges with the engineer parameters (e.g. plasma current, toroidal magnetic field etc.)  set as 
for the hybrid scenario.

Table 2: Summary of results for CRONOS modelling of ITER hybrid scenario with GLF23 and pedestal parameters 
calculated with EPED for three density peaking. All evolving parameters are quoted at 1200s.

JET Pulse No: ASDEX-Upgrade  

77922 79626 79630* 79635 77280 20993* 20995 

Ro[m],a[m] 3.1,0.9 3.1,0.9 3.1,0.9 3.1,0.9 3.1,0.9 1.61,0.51 1.6,0.51 

k , δδ  1.7, 0.4 1.6,0.2 1.6,0.2 1.7, 0.3 1.7,0.4 1.73,0.24 1.75,0.24 

BT [T] 2.3 2 2 1.4 1.7 2.34 2.34 

Ip [MA] 1.7 1.7 1.7 0.9 1.1 1.0 1.0 

q95 4.2 3.9 3.9 4.8 4.9 4.6 4.65 

Ptot [MW] 18 17 17 7 10 8 8 

HIPB98(y,2) 1.3 1.3 1.1 1.3 1.25 1.0 1.2 

ββN 2.8 2.8 2.6 2.4 2.5 2 2.3 

neo, ne  5.5,3.9 4.6,2.7 4.3,2.7 2.9,2.1 3.7,2.6 6.1,4.8 6.9, 4.9 

Ti  , Te  3.2,2.4 3.6,2.3 3.5,2.2 1.3,1.1 2.1,1.6 2.0,1.7 2.3,1.9 

ρρ∗∗ i x 10-3 3.9 4.8 4.7 4.1 4.3 5.4 5.8 

νν∗∗ e  0.13 0.09 0.1 0.37 0.2 0.15 0.13 

MΦΦ 0.5 0.5 0.6 0.8 0.4 0.4 0.5 

neo/nl ne,top 
[1019m-3] 

Ti,top 
[keV]  

Ptop 
[kPa] 

top [ψnorm] Q Iboot/IP N HIPB98(y,2) 

1.0 9.02 3.67 96.3 0.064 4.71 30% 1.91 1.06 
1.25 7.99 3.9 90.2 0.064 5.06 33% 1.97 1.08 
1.5 7.24 4.02 84.4 0.064 5.06  33%  1.93 1.05 



22

Figure 1: Temporal evolution of the total plasma current (upper row), total auxiliary heating power and enhancement 
confinement factor HIPB98(y,2) for the JET pair 79226/79630 (left panel) and ASDEX-Upgrade 20993/20995 (from ref 27).
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Figure 2: Measured q-profiles (EFIT for JET and CLISTE for ASDEX-Upgrade reconstruction constrained by MSE data) 
and the ones simulated by CRONOS  JET Pulse No: 77922 (top), JET Pulse No: 77280 (middle), ASDEX-Upgrade Pulse 
No: 20995 (bottom). (left) radial profiles at different times; (right) time evolution: experimental data (full circles) and 
CRONOS simulation (solid line) at ρ = 0.1, ρ = 0.3 & ρ = 0.6.
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Figure 3: Results of ion temperature transport GLF23 simulations for JET and ASDEX-Upgrade. (left) JET 79630, 
comparing q-profile inputs from both 79630 and 79626. (right) ASDEX-Upgrade 20995, comparing q-profile inputs from 
both 20995 and 20993. (from ref 27).

Figure 4: RMS (solid contour bars) and offset (dashed contour bars) estimated for Te (red), Ti (blue), nD (green) and ω 
(yellow) using αE = 1 and GLF23 computed χϕ (left), and αE = 0.5 and χϕ = Pr⋅χi with Pr = 0.3 (low triangularity) and 0.5 
(high triangularity) discharges (right). The H-mode pulse 74826 has been simulated using αE = 1.

12

10

8

6

4

2

0
0.2 0.4 0.6 0.80 1.0

T
i 
(k

e
V

)

x

EXP 79630

EXP 79626

CRONOS q79630

CRONOS q79626

6

7

5

4

3

2

1

0
0.2 0.4 0.6 0.80 1.0

T
i 
(k

e
V

)

x

C
P

S
1

3
5

5
2

-3
c
.

EXP 20993

EXP 20995

CRONOS q20995

CRONOS q20993

 -80

-60

-40

-20

20

40

60

80

0

R
M

S
 a

n
d
 o

ff
s
e
t  (

%
)

R
M

S
 a

n
d
 o

ff
s
e
t  (

%
)

746377463474641 74626 75225 79635 75590 77922

746377463474641 74626 75225 79635 75590 77922

40

30

20

10

0

-10

C
P

S
1
3
.5

5
2
-4

c

http://figures.jet.efda.org/CPS13.552-3c.eps
http://figures.jet.efda.org/CPS13.552-4c.eps


25

Figure 5: ASTRA simulations with GLF23 (blue curves) model performed with αE = 0.5 and Pr  =  0.5 for JET high 
triangularity hybrid pulses from Table 1.
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Figure 6: Termination of JET Pulse No: 77922: (left) NBI power, Dα, thermal electron energy, central line averaged density, 
volume averaged ion temperature; (right) measured (High Resolution Thomson Scattering) and simulated ne and Te 
profiles; measured (charge exchange spectroscopy) and simulated Ti profiles measurements and simulations are shown by 
blue and red colours correspondingly.
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Figure 7: Self-consistent current, temperature and density JETTO modelling of the JET hybrid discharge during the L-mode 
ramp down phase.

Figure 8: 12MA ITER hybrid scenario as simulated by METIS (left) time evolution of the main parameters assuming 
H98IPB(y,2) = 1.4 with three different density peaking. (right) bootstrap current fraction and QDT versus H98IPB(y,2) for three 
different density peaking.
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Figure 9: Simulated driven current (top) and absorbed power (bottom) density profiles, plotted versus normalized toroidal 
flux coordinate ρ at the end of the current ramp-up 80 s: 8MW of ECCD from one of the UPL antennas (red), 3MW of 
LHCD (blue) and 16.5MW of NBI (green).

Figure 10: Te,i and q profiles for the optimized L-mode 
current ramp-up scenario with current flat top 12MA at 
80s. For comparison, the profiles without any additional 
heating are also shown (dashed lines).

Figure 11: CE and q-profile figure of merit, F, at the end of 
the 12MA ramp-up phase versus Winput for the reference 
case on Fig 8 (square), the examples with early heating at 
30s (diamond), with transition to H-mode at 55s (circle), 
with fast current ramp 12MA at 60s (pentagram), with a 
10s/14MA current overshoot (hexagram).
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Figure 12: EPED prediction of the pedestal width and height for the range of parameters of the ITER hybrid scenario (left)
Pressure at the top of pedestal versus pedestal width for different pedestal densities, neped, Zeff and plasma current. (right) 
Pressure at the top of pedestal versus pedestal density for different plasma current and Zeff values. 

Figure 13: ITER hybrid scenario- CRONOS predictive modeling of Te, Ti and q with three different imposed density profiles 
(top left), simulated q-profiles (top right), Ti (bottom left) and Te (bottom right) profiles. All profiles are plotted at 1200s.
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Figure 14: 12MA ITER hybrid scenario METIS simulation of closed loop control of the poloidal  flux profile Ψ(x, t), and 
Pα using 6 actuators [42-43]. (top) Control of ψ profile (solid line) at normalized radius from 0.1 to 0.9; (bottom) Control 
of Pα (solid red line); target values are represented by dashed lines.
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