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Abstract. The modeling of the steady-state ITER scenarios is reviewed, as a subject of common work of the
ITPA-SSO group. Focus is made not only on the basic physics issues, resulting from theory and experiments,
but also on the difficulties and the needs of integrated modeling. Specific issues connected with high bootstrap
fraction in the long pulse operation are addressed. Bootstrap current can be enhanced either by large pedestal
temperatures, or by Internal Transport Barriers (ITB). Recent simulations for both high-pedestal scenarios and
ITB scenarios are compared. Results of code benchmarking for typical parameters of ITER scenarios are also
analyzed, and prospects for improvement of the integrated modeling capability will be discussed.

1. Introduction

One of the primary goals of the ITER design is to demonstrate a reactor scale long
pulse operation prospective for the future tokamak reactor. Steady-state plasmas also allow to
fulfil one of the basic missions of ITER, i.e., the test of trititum breeding module concepts
with respect to 14 MeV neutron fluxes: these tests require a high neutron fluence (>0.3
MWam™), which can only be attained if the tokamak can be operated in very long discharges
(~ 3000 s), with fusion gain Q > 5 (the fusion gain is defined as the ratio between the power
produced by the fusion reactions and the additional heating power) [1]. These requirements
are challenging, because the operational space in ITER is restricted by several physical and
engineering limits such as Greenwald density, beta limit, power loss to divertor, maximal
edge fuelling, density limit for the Neutral Beam Injection (NBI) shinethrough loss, the
maximal input power, etc. The extensive analysis of the operational space for the reference
ITER inductive scenario at I, = 15 MA, was based on the extrapolation of a wide database of
tokamak experiments. In contrast, the operational space for the steady-state has not been
defined yet. The present database of tokamak discharges [2] that could be extrapolated to
steady-state ITER regimes is still extremely sparse, but indicates that the existence of a high
performance long pulse operation regime and its MHD stability is sensitive to the details of
the current density and pressure profiles. The complex nature of these plasma scenarios
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requires a substantial self-consistent integrated modeling effort in the next years to define the
steady-state operational space for a variety of core and pedestal transport models.

In fact, steady-state scenarios in
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Fig. 1: fusion gain vs bootstrap current plasmas, with strongly enhanced energy

fraction for parameters typical of an ITER confinement with respect to the reference

steady-state scenario. CD efficiencies are in A scenario.  This is illustrated in Fig. 1,
w'10°°m? where the fusion gain Q is plotted vs the

boostrap fraction fps = Iys/Ip, for typical
ITER steady-state scenario parameters [3] and various values of the non-inductive current
drive efficiency ycp. In H-modes, the energy content of the plasma is naturally linked to that
of the pedestal. Therefore, bootstrap current can be enhanced in two ways (not mutually
exclusive): scenarios characterized by either large pedestal temperatures, or by Internal
Transport Barriers (ITB).

Both classes of scenarios are confronted with common or peculiar physics problems:
specific MHD phenomena, limitations related to the nature and characteristics of the power
sources, control problems related to the system non-linearities. These problems are
challenging not only in experiments, but also in computations, and will require a substantial
integrated modeling effort in the next years. As a result, there is still no clear definition of
the ITER steady-state scenario, and integrated modeling in this area is still in its infancy [4].

In this paper, the modeling of steady-state ITER scenarios is reviewed, a subject of
common work in the framework of the
ITPA-SSO group. Focus will be not only 40
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Fig. 2: NBCD and ECCD current sources for

2. High pedestal steady-state scenario the high pedestal scenario

High pedestal scenario simulations have been developed by means of the transport
code ONETWO [5] benchmarked by comparison with relevant DIII-D discharges [6], and
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employing the theory-based transport model GLF23 [7]. ITER day-1 heating and CD
capabilities are used in the simulations, 1.e., 33 MW of (negative-ion based) NB power, 20
MW of ion cyclotron (IC) power, which can also provide driven current if used in the Fast
Wave Current Drive (FWCD) mode, and 20 MW of electron cyclotron (EC) power. The
physics of the three heating and current drive systems is modeled by means of the ray-tracing
codes CURRAY [8] for FWCD and TORAY-GA [9] for EC, and the orbit-following Monte
Carlo Code NUBEAM [10] for NB. In this model, the heat transport is stiff, therefore, the
core temperatures are governed by the pedestal. The pressure gradient being large in the
pedestal region, the bootstrap current in the pedestal provides a substantial amount of
noninductive current (~35 %). The pedestal parameters are therefore crucial and have a
strong impact on both requirements for the fusion gain (Q > 5) and non-inductive current
fraction (fxi = 100 %). In these simulations, the pedestal is assumed to be located at a
normalized radius p = 0.9 and Tyeq = 7.8 keV, npeq = 0.8 x10%® m™. Typical parameters are
assumed for an ITER steady-state scenario: I, =9 MA, Br=53T,R=6.2m,a=1.86m, K
15 . . ‘ =1.92, 8 = 0.43, ne(0) = nped, fae = 2%, far =
: 0.12 %, fp/(fotfr) = 0.5, Ty*/tg = 5, Nedge =
0.35n(0), Tegee = 200 eV. Linear drops of
both density and temperature in the pedestal
region are assumed. The configuration of the
heating systems is optimized in order to obtain
the highest amount of non-inductive current
fraction, while keeping the minimum safety
factor above 1.5. Negative-ion based NBI is
used at an energy of 1 MeV with the
£ maximum allowable downward steering
0.0 02 o4 o6 0.8 10 compatible with the present design of the
_ r/a _ ITER NBI system [11]. The EC power (O-
Fig. 3.'. current profiles for the high pedestal | \40 ot the frequency of 170 GHz is
scenarto launched by both the equatorial and the top
launcher, in order to distribute the driven
current in the region 0.2 < p < 0.5 (see Fig. 2). For IC waves, the frequency of 56 MHz is
chosen in order to maximize the FWCD efficiency while minimizing the damping on alpha
particles and on berillium. FWCD can provide
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temperatures and to Resistive Wall Modes (owing to the large nx and the broad current
profile). The sensitivity of the results to variations of the pedestal temperatures have been
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Fig. 5: sensitivity of various quantities to the pedestal temperature, for the high pedestal
scenario

therefore explored. As shown in Fig. 5, it is found that non-inductive current fraction,
bootstrap fraction and fusion gain are all linear functions of Tpeq. It is also found that the
value of normalized beta Pnped at the pedestal required for fyy = 100 % and Q > 5 is
significantly higher than predictions based on the EPED1 model [13]. Multi-dimensional
scan of n., Tped, I, and density peaking indicates that lower Pnped Solution may be found
assuming moderate density peaking and/or lower plasma current, e.g., 8 MA.

The physics of the pedestal is not the only challenge of these simulations. From the
numerical point of view, the main difficulty is related to the GLF23 transport model, which
provides a stiff heat diffusivity x (i.e., strongly dependent on the temperature gradients) and
with strong radial variations. To cope with such variations, standard transport solvers usually
need very small time steps, which is not convenient for simulations of 3000 s discharges.
Smoothing of the heat diffusivity is only a partial solution, therefore specific solvers for stiff
transport models have been developed and applied to these simulations, which allows a much
faster convergence (typically 1-2 orders of magnitude) to the steady state.

3. Radiofrequency steady-state scenario with ITB

The second type of scenario s hsoooTz(keV)
considered combines a modest pedestal — Tikey) |
temperature with an ITB. In ITER, ITBs —reom)

would be associated with negative

magnetic shear rather than to rotation shear 2°
(as 1s the case in many present-day 15
experiments), owing to the lack of a
powerful torque source. This implies that
the control of the current density profile is
essential to sustain ITBs for a long time, 05 19 s :
but this is complicated when the bootstrap ’ .

fraction is the dominant contribution (current alignment problem [4]). Here, results of
s1mula't10ns performed by the integrated Fig. 6: temperatures, density and safety factor
modeling code CRONOS  [14] are  ,.ofiles for the ITB scenario

presented. A conceptual solution of the

current alignment problem is proposed [15], based on the use of ECCD to lock the bootstrap
current profile, a phenomenon observed in DIII-D experiments [16]. In order to model the




reduction of turbulent transport in reversed shear
scenarios, a heat diffusivity model of the type used in Ref.
[3] is adopted, 1.€., i = %e = Nineo T 0.4(1+3p2)F(s),
where F is a shear function (vanishing for s < 0). This
model is based on the experimental results obtained in JT-
60U [17] with ITB discharges. It must be considered as a
kind of minimal model which is used here to ensure that
the phenomena we analyze do not depend on specific
ingredients of models, but only on their common feature:
the confinement improvement associated with s < 0. The
pedestal temperature is fixed at p=0.93 to Tpeq = 3 keV,
which is a conservative value, with respect to the
bootstrap current generated in the edge region. The
electron density profile is prescribed with a ramp in the
early phase of the regime, then fixed, and the global
parameters for the ITER steady-state reference scenario 4
have been considered [3], except the total current, which
has been downscaled to 8 MA. The heating sources are
computed in CRONOS by external modules coupled with
the main transport equations. ECCD is calculated by
means of REMA [18] (ray-tracing and relativistic damping
of electron cyclotron waves), with a linear estimate of the
ECCD efficiency [19]; LHCD is computed by
LUKE/C3PO [20], i.e., a 3D Fokker-Planck code coupled
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Fig. 7: current profiles for the
ITB  scenario (top); time
evolution of H  factor,
bootstrap, non-inductive and
Greenwald fractions (bottom)

to toroidal ray-tracing; ICRH is computed by means of PION [21]. The fusion power is
evaluated here by the orbit following Monte-Carlo code SPOT [22].

To avoid shrinking or erosion of the ITB, a method is needed to control the dominant
current component, i.e., the bootstrap current, which is in turn essentially related to the
dominant heating source, i.e., the alpha heating. For such a purpose, a pure radiofrequency
(RF) scenario without NBI has been considered, which is obtained using Pic = 20 MW (53
MHz, 2™ Tritium harmonic), Pgc = 20 MW (170 Ghz, O-mode), Py = 13 MW (5 GHz, n| =

2). The 20 MW of EC power are deposited at p
~ 0.45 by using 13 MW from the Upper

Steering Mirrors of the Top Launcher with ? —
injection angles ¢uor = 20° and ¢po1 = 67° and 8 _::;igg:
MW from the Upper Row of the Equatorial 1.57 —i=5500s| |
Launcher at ¢ior = 38° and ¢po1 = 0°. Using this  ~

configuration, a combination of highly peaked ;% 1

current density profile is obtained from the £

upper launcher (which is convenient for the

formation of the ITB due to the magnetic 0.5¢

shear) and broader profile from the equatorial

launcher (which is convenient to have a 0 . ‘ . .
broader ITB).The plasma density, the electron 0 0.2 04 08 08 1

and ion temperature profiles as well as the
current density profiles obtained at t = 3000s
and the evolution of the q profile from t =

Fig. 8: evolution of the current density
profile when LHCD is replaced by NBCD.

2000s are shown in Figs. 6 and 7. The current density profile obtained shows a maximum at
p=0.45, which is at the same time at the maximum of the bootstrap current and of the ECCD.
Therefore, the ECCD locks the ITB at mid-radius and avoids its erosion and shrinking;
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however, there is a clear power threshold for this feature [15]. The LH power deposition is
located at p=0.7, and the current drive obtained (= 0.6 MA) contributes to the total non-
inductive current fraction (fy; = 97%). A small amount of central current drive (e.g., by fast
waves, [pwcp=20 kA) is added in order to control qo. With this current drive scheme, the q
profile obtained is stable for 1000s, as shown in Fig. 6, with qo = 6 and qmi,>2. With these
results a fusion gain Q=6.5 is obtained. The time evolution of the confinement enhancement
factor with respect to the standard ITER scaling law, Hog , the boostrap current fraction, the
Greenwald fraction, and the total non-inductive current fraction are also shown in Fig. 7. The
bootstrap current fraction (fps=70%) is stable during all the simulation and represents the
main contribution to the total non-inductive current. The plasma is above the no-wall stability
limit (fn > 411), owing to the flatness of the current density profile, however, this feature is
intrinsic to scenarios with ITB based on negative magnetic shear.

The role played by the non-inductive currents inside and outside the ITB is quite
different. In fact, the LH current drive and the bootstrap current at the edge contribute to the
total non-inductive current without affecting the ITB, in contrast with current sources inside
the ITB. This is shown in Fig. 8, where 12MW of NBCD have been added, 12 MW of ICRH
have been removed and the LHCD has been also removed to keep constant the global heating
and current driven in the plasma at 1800 s. The current diffusion due to the high amount of

current added inside the ITB 50 3

(=0.7 MA) makes the q profile . ~1icRoNOS B S :;
drop in that region, which  “*R\{ __mvi~j'.f'.'<f»);'::f»:f ' o oncs, l,:
finally leads to the erosion of | N\ Tomisty || 2{TTeasTRy I’:]
the ITB, as also obtained in 3 \ Tnso 3 ||Tso ;
other studies [4]. After the — 2o N\ =
ITB is lost, the total current S U R
keeps growing in the center, o7 1 - N
and finally qo<l1. 0 . . . N S .

In Summal'y, thlS 0 0.2 0.4 ‘ 0.6 0.8 1 0 0.2 0.4 . 0.6 0.8 1
scenario provides a solution 4 : - ‘ 6 :
to the well known problem of 35 TG CRoNos) | ——¥CRONOS
current  alignment, which 5| T aoncs) o

——j (ASTRA)

caused the shrinking and 25} == e (ASTRA)
erosion of the ITB in previous £ | 1
studies  performed  with = .|
NBCD. The present design of ) |
the EC power system in ITER 05|
can provide such a negative N e P S ——

magnetic shear at p=0.45 0 0r o8 n0e 08 ;
through ECCD. Nevertheless,

the definition of a viable
steady-state scenario for ITER
still has to overcome several
problematic issues. Impurity
confinement and particle fuelling inside the ITB, specific MHD related to the inverted q
profile (resistive interchange modes, double tearing, infernal modes), Alfvén instabilities
driven by the alpha particles are the most difficult challenges, requiring extensive theoretical,
computational and experimental efforts.

Fig. 9: Test case #1: comparison of temperatures, heat
diffusivities, currents and safety factors computed by different
codes
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4. Progress in integrated modeling code benchmark

Only a few integrated modeling codes are available worldwide for the challenging
predictive modeling effort that is required for ITER. In the framework of the ITPA-SSO
group, a benchmark activity of these codes has started. The first step of this activity
consisted in running 5 of these codes for the same transport model (GLF23) and a common
set of parameters (a hybrid-like ITER scenario) [23]. Although the basic characteristics of the
scenario were reproduced by all the codes, substantial quantitative differences deserved
further investig-ation. In order to discriminate the differences originating from the transport
solvers from those associated with the heating sources, two additional test cases have been
defined, still on the basis of the previously used parameters [23]: 1) a test case with
analytically prescribed heating and CD sources (to check the temperature and current profile
evolutions and the transport coefficients); 2) a test case with analytically prescribed
temperatures (to check the computations of the heating sources). Four codes have
participated in this benchmark: ASTRA [24], CRONOS [14], TOPICS [25] and
TSC/TRANSP [26].

The main results of test case #1 are shown in Fig. 9. It appears that, although the four
codes use the same transport model (GLF23), differences in its implementation and
smoothing procedure cause quantitative differences of the heat diffusivities, which are
eventually amplified in the time evolution (since the model depends on the temperature
gradients). This causes in turn different final temperature profiles (up to 10 keV in the
center). The total and bootstrap current density profiles show a satisfactory agreement.
Differences of the q values in the pedestal and edge region are mainly due to differences in
the geometry, which should be further investigated. The profiles of the three heating sources
for the test case #2, i.e., alpha heating, NBI and ICRH, are shown in Fig. 10. Substantial
differences in the alpha heating profiles are mainly due to the different Helium transport
models used by the codes. The NBI deposition profiles are discussed in detail elsewhere
[11]; an analogous effort on the ICRH models implemented will be definitely required in the
future to solve the rather large discrepancies between codes.

0.3 T ———— 0.08 ‘ 0.3 . . .
—— Py (CRONOS) ——Pxg1e (CRONOS) — Py (CRONOS)
-P; (CRONOS) 0.07 + - = -Pxg1 (CRONOS) . ]
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N - =Py (TOPICS) 0.06 = = -Pxgi (TOPICS) \ —— Py (ASTRA)
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Fig. 10: Test case #2: comparison of heating sources computed by different codes

5. Conclusions and prospects

Integrated modeling combining 1-D transport codes , 2-D self-consistent equilibria
and full computation of heating and CD sources finds its best application in the development
of steady-state scenarios, which are critically dependent on details of both plasma quantities
and sources profiles. It is clear that this is the way to be followed in order to progress in the
definition of a viable steady-state scenario for ITER. However, predictive simulation of 3000
s discharges with theory-based transport and sources models is presently a challenging
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computational task, which typically requires several days or weeks on a small-sized computer
cluster. These simulations do not yet include essential physics ingredients, such as, e.g.,
theory-based pedestal models and self-consistent evaluation of the relevant MHD limits,
which constitute the main constraint on this type of scenarios. Despite these substantial
limitations, progress has been made in the definition of steady-state scenarios for ITER. The
two extreme cases presented here, i.e., high-pedestal and purely RF, ITB scenario, still have
substantial drawbacks, but show possible solutions to the current alignment problem.

In view of the impressive amount of work that can be foreseen, and that is necessary,
in the next years, it is now clear that technical improvement of the numerical performances
and of the physics content of the codes will be a strategic issue. A thorough benchmark of
the codes is also a necessary step. Although the various ITER partners have ambitious
projects in this area, a significant enhanced cooperation effort among partners appears
necessary and urgent. The ITPA-SSO activity has been a first modest step in this direction,
which is far from being sufficient. Real progress will require a more intensive and
coordinated effort.
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