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Abstract. The 'hybrid’ scenario is an attractive operatsgenario for ITER since it combines long plasma
duration with the reliability of the reference H-deoregime. We review the recent European mode#iifigrt
carried out within the Integrated Scenario Modelligroup which aims at (i) understanding the undegly
physics of the hybrid regime in ASDEX-Upgrade aid Jand, (ii) extrapolating them toward ITER. JETda
ASDEX-Upgrade hybrid scenarios performed underedé#iit experimental conditions have been simulatethi
interpretative and predictive way in order to addrehe current profile dynamics and its link witbre
confinement, the relative importance of magnetieasts, andExB flow shear on the core turbulence, pedestal
stability and H-L transition. Projections to ITERHmd scenarios have been carried out focusingptimization

of the heating/current drive schemes to reach antt@ the desired g-profile with the ITER actuator

1. Introduction

An attractive operating scenario for ITER has rédgeemerged that combines long plasma
duration similar to the steady-state scenario, ttoagrewith the reliability of the reference H-
mode regime. The so-called ’hybrid’ scenario aimsntaximize neutron fluence with an
extended burn time (t>1000s) together with sigaificfusion gain, Q>5 [1-2]. Worldwide a
significant experimental effort has been devotedxplore the operating space in present day
tokamaks. This paper is an overview of the recamppean modelling effort carried out
within the Integrated Scenario Modelling workingogp (ISM WG) which aims at (i)
understanding the underlying physics of the hybegime in ASDEX-Upgrade and JET, and,
(ii) extrapolating them toward ITER. The ISM-WG asganized within the European Task
Force on Integrated Tokamak Modelling (ITM-TF). Tim&in responsibility of the WG is to
advance a pan-European approach to (i) interpvetatiodelling of existing experiment to
validate and benchmark integrated modelling toold @i) to predictive modelling of ITER
plasmas with the emphasis on urgent issues. Inptper, plasma current density evolution,
heat, particle and momentum transport, and pedetiacteristics in JET and ASDEX-
Upgrade hybrid discharges are investigated by meansrious integrated modelling tools
(ASTRA, JETTO, CRONOS). Predictions of ITER hybsdenarios are then carried out

! See the Appendix of F. Romanelli et al., Procegsiiof the 23rd IAEA Fusion Energy Conference 2010,
Daejong, Korea



2 TH/P2-05

making use of the findings obtained from the analgg existing experiments. This paper
complements (i) previous European studies performigin the ISM-WG focusing on the
ITER baseline scenario [3], (ii) the internatioreffort coordinated by the Steady State
Operation (SSO) topical group of the Internatiomakamak Physics Activity (ITPA) to
compare the various codes prediction for the Hylbnd steady-state scenarios [4] and (iii)
finally the most recent ITER predictive modellingthree main scenarios performed within
an F4E grant [5]. The paper is organized in twomsactions. In section 2, recent integrated
modelling of the JET and ASDEX-U hybrid scenarialiscussed. In section 3, extrapolation
of our validation exercise on existing experimenfitER hybrid scenario is performed.

2. Integrated modeling of ASDEX-U and JET hybrid scenario

More than fourteen JET and two ASDEX-Upgrade hybsitenarios performed under
different experimental conditions (plasma shapetihg power, plasma current ramp-up
waveform, dimensionless parameters etc.) have Is@enlated in an interpretative and
predictive way in order to address the currentifgalynamics and its link with confinement,
the relative importance of magnetic shearand ExB flow shear on the core turbulence,
pedestal stability and H-L transition. For both imaes, a variation in g-profile at the start of
the main heating phase was experimentally achidwgdusing different techniques. By
optimising the current density profile (i.e. broao the current profile with flat core q
profile over a large part of the plasma radiushagced confinement factdtpgos(y,2) With
respect to the IPB98(y,2) scaling have been obdewe to levels of 1.4. For JET, this
variation was achieved via the ‘current-overshoa¢thod [6,7]. For ASDEX-U, the g-profile
modification was achieved by varying the auxiliigating timing, with the later heating case
resulting in a broader g-profile [8].
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Fig. 1. Measured g-profiles and the ones simulated by CBONET #77922 (top), ASDEX:U
#20995 (bottom). (left) radial profiles at diffetetimes; (right) time evolution: experimental data
(full circles) and CRONOS simulation (solid ling)&0.1, p=0.3 & p=0.6
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2.1 Current diffusion

Current diffusion using neo-classical predictiom the resistivity and bootstrap current is
simulated for JET and ASDEX-U with the CRONOS cqg€E by doing an interpretative
analysis with the same modelling assumptions. Tinelations are initiated at the time when
the first MSE data are available (just after thelNfpplication). The initial magnetic
equilibrium is prescribed by the first g-profile tdemined by the magnetic reconstruction
constrained by MSE measurement. The simulated fijggowith CRONOS using the
measured kinetic profiles (temperature and denartythen compared at each time step to the
other MSE measurements. In JET hybrid dischargdsrathe absence of MHD activity, the
current profile slowly relaxes after the H-modenséion with on-axis g1 and its dynamics
is reasonably well reproduced with the neo-classiggproximation as shown in Fig. 1
(similar results have been obtained for the 20g loybrid discharge #77280, which last for 3
current diffusion times). Conversely, for ASDEX-Uis found that the g-profile is rapidly
clamped to the 41 surface in the studied discharge #20995 while-aiassical current
diffusion simulation predicts a slow relaxation kg, below unity.

2.2 g-profileinfluence on transport

Modelling effort is carried out to isolate the ingpaf increased/q at outer radii (whers s
the magnetic shear) on core confinement in lowigudarity JET and ASDEX-Upgrade
experiments [10]. Predictive heat and particle gpamt is calculated using the integrated
modelling code CRONOS coupled to the GLF23 turbutesansport model [11]. For both
machines, discharge pairs were analysed displaginglar pedestal confinement yet
significant differences in core confinement. Fore thJET pair (#79626 with
Hipos(y,2r-1.3/#79630 with Idsesy,2r-1.1), this variation was respectively achievedhvat
without the ’current-overshoot’” method. For the AW@ir (#20993/#20995), the g-profile
variation was achieved by varying the auxiliary tirea timing, with the later heating case
resulting in a broader g-profile with improved cioeiment (#20995, Iggos(y,25~1.2) compared
to the reference case (#20993pddb(y,25~1.0). Both heat transport only simulations (with
prescribed density profiles) and combined heat @anticle transport simulations are carried
out by including or not thExB shear stabilisation effect [10]. For each dischaopmparison
simulations were carried out substituting the dfifgonput with the g-profile from the other
member of each pair. In such a manner GLF23 piethet confinement difference solely due
to the g-profile. Fig. 2 display results of comhlnaeat and particle transport GLF23
simulation (withoutExB shear stabilisation) comparing results with g-feoinputs taken
from either the low or high confinement dischardéstrelation of the improved confinement
with an increased/q at outer radii observed in low triangularity JEAdaASDEX-Upgrade
discharges is consistent with the predictions basethe GLF23 model. This effect accounts
for ~60-90% and ~35-55% of the core confinementrowpment in JET and ASDEX-
Upgrade respectively (Fig. 2). These results anmsistent with an increase of the ITG
threshold withs/q.When including thdexB suppression effect, (Withe= fnal =1.35 Mnax IS
maximum linear growth ratgg is the ExB shear rate) GLF23 is found to overestimate the
core thermal energy content by at least 40%.

2.3 Sdlf-consistent modelling of hybrid scenario: ExB shear influence on transport

Self-consistent four-field simulations predictingetelectron Tg) and ion T) temperatures,
main ion densityr§) and toroidal angular frequencyw)(have been performed for eight JET
pulses [12] with GLF23 model in ASTRA [13]. Foumi@d and three higld hybrid discharges
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are analysed with different parameters &fghog(y,2)from 1 to 1.37. The NBI heat, particle
and momentum sources have been calculated with MMBERANSP, while the deuterium
neutral influx has been estimated in the self-csiaat TRANSP-EDGE2D simulations. The
GLF23 model applied witlog=1, gives a satisfactory prediction for JET H-mguasmas
[14], but under-predicts in hybrid regimeandw (Fig. 3, left). Withag=0.5 a more accurate
ni, wand T prediction has been achieved. These simoktave been repeated assuming that
the momentum diffusivityy, is a fraction of the thermal ion diffusiviy (Fig. 3 right). With
P,=0.3 and 0.5 for respectively low and higlpulses an improvement in the predictioncof
has been achieved whiteand T remains within 20% deviation from the measwents.
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Fig. 2. Heat and particle transport GLF23 simulations ftT (top) and AUG (bottom) without
ExB stabilisation effect. (left column) drofiles. (center column)Tprofiles. (right column), n
profiles. (top): JET 79630, comparing g-profile utp from both 79630 and 79626. (bottom) AUG
20995, comparing g-profile inputs from both 20996l 20993. (from Citrin 2012)
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Fig. 3: RMS (solid contour bars) and offset (dashed contmars) estimated forcI(red), T (blue),
np (green) andw (yellow) using (leftz=1 and GLF23 computeg; and (right) ag=0.5, x,=Pr
with Pr=0.3 (low 9) and 0.5 (highd) discharges. H-mode pulse 74826 has been simuladet)
a==1.
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3. Predictiveintegrated modeling of ITER hybrid scenario

In this first paragraph a set of simulations of FIRER hybrid scenario is performed with the
0.5-D code METIS [15which is a module included in CRONO%he main advantage of
METIS consists in providing fast calculation in erdo scan the operational domain and to
define the domain where ITER hybrid scenario coeldst while imposing the double
constrain of havingyp>1 for long duration (1000s) and the ratio of fusitan additional
powers, Qpot, Qot>5. ITER hybrid scenarios have been calculated atlasnga current
Ip=12MA at Br=5.3T (qy9s=4.3), with the ITER baseline heating mix 20MW ICRH,NB&/
NBI, 20MW ECCD and with a line averaged densityefixto n=7.5x10m* (n/nc.~0.9
during the burn phase. The parameters that have sz=sned are the density peaking factor
with ned/n=1,1.2,1.4and Hogipey,25-1.1, 1.2, 1.25, 1.3, 1.4ith the corresponding pedestal
pressure oB87kPa, 90kPa, 92kPa, 95kPa, 100kFag. 4 (left) shows the time evolution of
the plasma scenario (assumidgseg(y,25-1.4) with three different values ok:/n keeping the
same line averaged density (i.e. an increasgf is obtained by increasing the core density
while reducing the pedestal one). With the assubaseline heating mix and the neo-classical
current diffusion, METIS calculations indicate thHagh confinement and peaked density
profiles are required to increase the bootstrapeatiiat level above a certain vallg{~4MA

or lpooflp~30% for the case shown on Fig. 4) to sustain the d#psoabove unity. Fig. 4
(right) presents the results of the full sensiyivatudies where thi.fl, andQpr, have been
plotted versusiogipg(y,2)for the three density peaking. It confirms that ¢iperational domain
with go>1 for more than 1000s an@pr > 5 is relatively narrow and requires high
confinement and peaked density profile.

3.1 Current profile optimization during current ramp-up phase

Access condition to the class of hybrid-like g-desf during the prelude phase of the scenario
is investigated with particular attention in [1&glidation on the ramp-up phase of JET, AUG
and Tore Supra [17, 18] has shown that both engbigcaling based models and the semi-
empirical Bohm/gyro-Bohm model yield a good reprctin of this phase. These models
have been used in the optimisation of the curremprup phase carried out with CRONOS.
Current ramp-up scenario is systematically inveséid in view of (i) optimising the g-profile
at the start of the current plateau for improvesida performance, and, (i) minimizing the
resistive flux consumption to allow for long pulsperation while keeping the current in the
central solenoid and poloidal field coils withimetITER operational limits. The optimisation
of the g-profile relies on reaching a target g-peothat improves stability and energy
confinement. It is concluded that minimising thsiséve flux consumption and optimizing
the q profile turn out to be conflicting requirent®nA trade-off between these two
requirements has to be made. It is shown in [15th&} fast current ramp with current
overshoot is at the one extreme, i.e. optimum djlprat the cost of increased resistive flux
consumption, whereas early H-mode transition ishatother extreme. It is found that the
ITER heating systems allow reaching a hybrid g-peaft the end of the current ramp-up.
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Fig. 4: 12MAITER hybrid scenario simulated by METIS (left) tiew®lution of the main parameters
assuming kkipgy,2=1.4 with threensd/n . (right) Ipooflp and Qyr versus Hgipsy, 2 for threenedny

3.2 Core and pedestal integrated modeling with first principle predictive model

Accurate prediction of the edge mode transportiéaricharacteristics is essential to assess
and optimise ITER fusion performance. In this caht¢he EPED pedestal model [19] has
been applied to ITER hybrid scenarios. EPED igst-pirinciple model for predicting the H-
mode pedestal height and width based upon two fuedtal and calculable constraints: (1)
onset of non-local peeling—ballooning modes at tovintermediate mode number, (2) onset
of nearly local kinetic ballooning modes at high daonumber. Calculation of these two
constraints allows a unique, predictive determoratof both pedestal height and width
without any free or fitting parameters. The EPEDdeichas been extensively tested across a
range of experiments on several devices [19]. TREE pedestal model has been applied to
ITER hybrid scenarios. The inputs to the model &€F), [,(MA), R(m), a(m)g, x, Ne ped
(10°m™), Zew, Bn, Where nepeq is the pedestal electron density. For the ITER ridyb
simulation the following equilibrium parameters weet toR=6.2m,a=2m, x=1.85,0=0.485,
B=5.3T. Predictions for the hybrid scenario havenb®ade for the pedestal height and width
at various plasma currentgf11, 12, 13MA), effective charg&4~1.7, 2.5), pedestal density
(Nepe6.5, 7.5, 8.5, 9.5, 10.5x10m™®) and gy =1.8, 2.2, 2.6, 3.0. For this density range, it
was found that thgy dependence is weak and the results shown on Higftp have been
obtained forgn=2.2. The results of thig-scan are shown on Fig. 5 (left) where the pedestal
heights are plotted versus the pedestal width &ious densities and for twhy¢ values. Fig.

5 (left) shows that by increasify; from 1.7 to 2.5 increases the predicted pedestsispre.
Similarly, EPED model predicts that the pedestaiiteincreases with density (collisionality
dependence of the kink/peeling stability limit)

Hybrid scenario performance in ITER is studied witle CRONOS integrated modelling
suite, using the GLF23 anomalous transport modelhiat transport prediction and by
imposing the values for the pedestal width andhteag calculated separately by EPED. From
the interpreted role of th&qratio in experiments, ITER hybrid scenario hasnbegtimized
through tailoring the g-profile for various assumgetestal conditions. We investigate the
importance of the density peaking on the fusionfquerance and q-profiles using
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simultaneously first principle models for the cdreat transport and pedestal width. The
scenario is an extension to the one published @) \Mth the pedestal parameters obtained
from EPED. ITER hybrid scenarios were calculated gtasma currentip=11.5-11.8MAat
B1=5.3T with the ITER baseline heating mix 33MW NBI, 20MRACRH, 20MW ICRH (53
MHz, 2nd T harmonic), and witm=8.8x10"m> (n/ngw~0.99. The main CRONOS
assumptions are as follows: equal ratios of D andrd assumed, g-profile evolution is
predicted by modelling the current diffusion wittetneoclassical resistivity calculated by the
NCLASS model, electron and ion heat transport aredipted, the density profile is
prescribed. Rotation is set to zero and GLF23 gliegh with a-stabilization off. GLF23
calculates the anomalous transport in the corgéh@mulk of the volume inside the pedestal
top, betweenc=0.25-0.92 Three different values af./n=1,1.25,1.5have been selected
while keeping the same line averaged density. @hpéerature pedestal tops are sg=L92

in accordance with the EPED predicted height andthsi In our simulations, this location
sets the boundary values for the GLF23 predictidime kinetic and g-profiles produced at
the end of the burn phase (1200s) are shown orbHigght). When imposing first principle
calculation for the core and pedestal transport\aitid the ITER baseline heating & current
drive mix, the calculation indicate that: (i) theetmal enhanced confinement factdgosy,2)

is around unity, (ii) the resulting bootstrap cuatr&action is around 30%#{ ~2) which is the
marginal value to maintain the g-profile above wn(tii) the increase of the./n, at fixed
density weakly affects the fusion performance aral dbility to sustain gabove unity for
more than 1000s. Indeed, when increasing the depséking, the density at the pedestal top
is reduced which leads (EPED prediction) to a rédnof the pressure at the pedestal top.
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Fig. 5: (left) EPED prediction for ITER hybrid scenarioyd®sure at the top of pedestal versus
pedestal width for different pedestal densitiegednZer and L. (right) CRONOS ITER hybrid
scenario predictive modeling with EPED constraifig, T; and q profiles (at 1200s) with three
different imposed density profiles.

3.3 Model-based Magnetic and Kinetic real time Control

Simultaneous magnetic and kinetic control of plagmafiles and parameters such as the
current profile, the pressure profile, and the alphrticle power are essential to maintain the
performance for durations that exceed the resisliffesion time. An integrated model-based
plasma control strategy, ARTAEMIS, has been iretiabn JET and pursued on JT-60U and
DIII-D, and closed-loop control of the poloidal fiusafety factor angsy has been recently
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performed in DIII-D [21, 22]. The general model édsapproach has also been applied to
ITER hybrid regime for the control of the poloidhlx profile and of two kinetic parameters,
Ly andPy, the alpha-particle power [22, 23]he control actuators are the two ITER neutral
beam injectors, the ECRH, ICRH and lower hybrid @B) systems, and the plasma surface
loop voltage Vex). The nonlinear plasma response to the actuasamsodeled with METIS.
The controlled parameters are the poloidal fluxfifgo¥(x, t), 4y andP,. A two-time-scale
model was identified using the ARTAEMIS algorith@ontrol simulations were performed
by inserting the METIS code at the output of th@-twne-scale ARTAEMIS controller. In
the closed-loop simulations, various target prefiler the poloidal flux have been obtained
simultaneously with various levels of the normalizaressure parameter and of the fusion
power [22, 23]. This shows that current profile ttohcan be combined with kinetic and burn
control sharing a common set of actuators.
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