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Burning tokamak plasmas with internal transport barriers are investigated by means of integrated
modeling simulations. The barrier sustainment in steady state, differently from the barrier formation
process, is found to be characterized by a critical behavior, and the critical number of the phase transition
is determined. Beyond a power threshold, alignment of self-generated and noninductively driven currents
occurs and steady state becomes possible. This concept is applied to simulate a steady-state scenario
within the specifications of the International Thermonuclear Experimental Reactor.

DOI: 10.1103/PhysRevLett.100.255004 PACS numbers: 52.25.Fi, 52.35.Ra, 52.55.Hc

Steady-state regimes are the ultimate goal of magneti-
cally confined fusion research. In tokamak devices, these
regimes are based on the noninductive current drive con-
cept [1], and their exploration will be a major objective of
the next-step tokamak experiment, International Thermo-
nuclear Experimental Reactor (ITER) [2]. A burning
plasma confined by strong magnetic fields in the tokamak
configuration is a complex physical system, particularly
rich in intriguing physics properties if maintained in a
steady state by high-power waves and/or high-energy par-
ticle injection. A new example of such properties, found by
numerical simulation, is given in this Letter: the existence
of a critical threshold in the injected power, beyond which
a steady state becomes possible. This threshold has been
characterized as a second-order phase transition with a
critical number which is found to be similar to those of
other completely different phenomena such as, e.g., the
paramagnetic-ferromagnetic transition.

The complexity of the steady-state thermonuclear burn
phase of a tokamak plasma stems from its intrinsic non-
linearity. The power source that sustains the burn is in large
part produced by the plasma itself, via self-heating due to
the energetic � particles produced by the fusion reactions
(typically, 1=2–2=3 of the heating power in ITER, greater
than 80% in a commercial reactor). The current flowing in
the plasma and necessary for the stability of the magnetic
configuration should also be self-generated, to a large
extent (30%–70% in ITER, even more in a reactor). The
mechanism providing this self-generation is called the
bootstrap current [3]: this current is driven by the pressure
gradient, in conjunction with trapping of charged particles
in the magnetic field inhomogeneities. High bootstrap
current fractions are more likely to be obtained in the
presence of an internal transport barrier (ITB) [4,5], i.e.,
a sharp increase of the pressure gradient due to turbulence
suppression. Finally, the remaining part of the plasma
current, typically driven by radio frequency (rf) waves
[1], is intrinsically associated with non-Maxwellian elec-
tron distribution functions, thus depends on the wave-
plasma interaction properties, and can also give rise to

nonlinear behavior [6]. Real-time control techniques can
of course be used in order to master this complexity.
However, the external heat and current sources available
for such a control will always represent a minority with
respect to the self-generated ones; therefore, naturally
stable states have to be sought, around which control is
possible.

In ITER, steady-state regimes correspond to very long
pulses (3000 s), as required for significant neutron fluence
and the associated tritium breeding module testing. This
must be combined with a high enough fusion gain (defined
as the ratio between the power produced by the fusion
reactions and the additional heating power): Q � 5. In
contrast with most present-day experiments, ITBs will be
associated with negative magnetic shear s (i.e., to current
density profiles that are hollow in the hottest part of the
discharge) rather than with rotation shear, 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. Now, the bootstrap current naturally peaks
where the pressure gradient is maximum, i.e., at the ITB,
which in turn is due to a current that peaks outside the ITB
itself. This is known as the current alignment problem,
which may lead, in experiments [5] and even in simulations
[7], to progressive shrinking and erosion of the ITB.
Although various scenarios have been considered for
steady-state operation on ITER [7,8], no steady sustain-
ment of ITB for times of the order of 3000 s, with the
power available expected on ITER (PNBI < 33 MW,PIC <
20 MW, PEC < 20 MW, PLH < 20 MW, for neutral beam,
ion cyclotron, electron cyclotron, and lower hybrid powers,
respectively) has been documented in simulations so far.

In this Letter, we present a conceptual solution to this
problem, and use state-of-the-art integrated simulations to
demonstrate its viability, within a framework of reasonable
assumptions. It will be shown that this solution relies on
specific properties of the ITB formation and the steady-
state sustainment process, which behaves as a continuum
phase transition [9], for which the most effective control
parameter is identified as the local current source in the
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vicinity of the ITB location. This localized current can be
generated by electron cyclotron current drive (ECCD),
with a well-defined power threshold. This provides, for
the first time, a scenario for the steady-state phase of
ITER, which satisfies the physics and operational con-
straints related to current alignment in the presence of an
ITB.

These studies have been performed by means of the
CRONOS suite of codes [10], which solves the transport
equations for various plasma fluid quantities (current, en-
ergy, matter, momentum). This is done in one dimension
(the magnetic flux coordinate associated with the minor
radius), self-consistently with two-dimensional magnetic
equilibrium. In particular, the fusion power is evaluated
here by the orbit following Monte Carlo code SPOT [11].
The LH power deposition and driven current have been
computed inside CRONOS by means of the LUKE/C3PO code
[12], i.e., a 3D Fokker-Planck code coupled to toroidal ray
tracing.

In order to study the ITB formation for ITER in reversed
shear scenarios, a model for the reduction of turbulent
transport in such regimes is needed. Since no first-
principles model is able to simulate ITB formation in
present-day tokamaks [13], the heat diffusivity model of
the type used in Refs. [8,14] is used, i.e., �i � �e �
�i;neo � 0:4�1� 3�2�F�s�, where � is the normalized ra-
dius coordinate, F is a shear function (vanishing for s < 0).
This model has been extensively used to establish the ITER
reference scenarios with ITB [8] and it is based on the
experimental results obtained in the JT-60 upgrade toka-
mak [15] with ITB shots. 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 ingre-
dients of models, but only on their common feature: the
confinement improvement associated with s < 0. Since the
pedestal main features cannot be predicted with enough
accuracy [16], the pedestal temperature is fixed at � �
0:93 to Tped � 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 sce-
nario 4 have been considered [7], except the total current,
which has been downscaled to 8 MA.

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 � heating. For such a
purpose, a pure rf scenario without neutral beam current
drive (NBCD) has been considered, which is obtained
using PIC � 20 MW (53 MHz, 2nd tritium harmonic),
PEC � 21 MW (170 GHz, O mode), PLH � 13 MW
(5 GHz, parallel refractive index nk � 2). The 21 MW of
EC power are deposited at � � 0:45 by using 13 MW from
the upper steering mirrors of the top launcher at toroidal
injection angle ’tor � 20� and poloidal injection angle
’pol � 67� and 8 MW from the upper row of the equatorial
launcher at ’tor � 20� and ’pol � 67� [17]. The plasma
density, the electron and ion temperature profiles, as well
as the current density profiles obtained at t � 3000 s and
the evolution of the q profile from t � 2000 s are shown in
Fig. 1. The current density profile obtained shows a maxi-
mum at � � 0:45, which is at the same time at the maxi-
mum of the bootstrap current and of the ECCD. Therefore,
the ECCD locks the ITB at midradius and avoids its
erosion and shrinking; however, there is a clear power
threshold for this feature as will be shown in the following.
The LH power deposition is located at � � 0:7, and the
current drive obtained (�0:6 MA) contributes to the total
noninductive current fraction (fni � 97%). A small
amount of central current drive (e.g., by fast waves, Ifwcd �
20 kA) is added in order to control q0. This current pre-
vents excessive increase of q0, which would imply loss of
� particle confinement [11]. With this current drive
scheme, the q profile obtained is stable for 1000 s, as
shown in Fig. 1, with q0 � 6 and qmin > 2. The reversed
q allows a reduction of anomalous transport close to the ion
neoclassical level, which finally leads to a temperature
profile rather flat in the plasma core, and a large normalized
temperature gradient, R=LTe � 27 (where R is the plasma
major radius and LTe � jrTe=Tej�1 with Te the electron
temperature), at � � 0:45 as shown in Fig. 1. With these

FIG. 1 (color). Total current (j), bootstrap current (jbs), fast wave (jfwcd), electron cyclotron (jec), and lower hybrid (jlh) current
drive density profiles at t � 3000 s (a). Evolution of the q profile (b). Electron, ion temperature, and density profiles at t � 3000 s (c).
Time evolution of H98, fbs, fni, and fG (d).
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results the fusion power is 70 MW with a fusion gain Q �
6:5. The time evolution of the confinement enhancement
factor with respect to the standard ITER scaling law [2],
H98, the bootstrap current fraction, the Greenwald fraction,
and the total noninductive current fraction are shown in
Fig. 1(d). The bootstrap current fraction (fbs � 70%) is
stable during all the simulation and represents the main
contribution to the total noninductive current. The plasma
is above the no-wall stability limit (�N > 4li), owing to the
flatness of the current density profile; however, this feature
is intrinsic to scenarios with ITB based on negative mag-
netic shear. The resulting H98 factor (�1:7) is relatively
high: such an improvement over the ITER reference sce-
nario is needed in order to obtain the amount of bootstrap
current required for steady-state operation.

The role played by the ECCD system is essential for this
regime, since it is not only used in the ramp-up phase with
the aim of creating the ITB, but it is also critical to sustain
the ITB for a long time. In Fig. 2(a), the dependence of
R=LTe on the EC power (normalized to the average den-
sity) is shown. The red curve corresponds to the short time
scale response to ECCD, i.e., 100 s after its application (of
the order of 1 resistive time), whereas the blue curve yields
the steady-state result (t � 3000 s). It appears that the two
responses are governed by different physics: there is a clear
jump in the steady-state response at PEC=hnei�1:3	
10�19 MWm�3 for the t � 3000 s curve, above which an
ITB is obtained with much higher R=LTe for small varia-
tions of PECH=hnei. In fact, this threshold clearly splits the
regime obtained in one close to the inductive scenarios for

PEC=hnei< 1:3	 10�19 MW m�3, (H98 � 1:1, fbs �
37%, R=LTe � 12:5) and another one with steady-state
for PEC=hnei 
 1:3	 10�19 MW m�3 (H98 � 1:7, fbs �
70%, R=LTe � 27). It is worth pointing out that this thresh-
old on the EC power is obtained for the global process of
creation and sustainment of the ITB, in contrast with the
short time scale response, which shows no threshold for the
power range considered, as observed in experiments when-
ever the time might not be long enough [18]. Although
obtained for a particular transport model, the behavior
presented in Fig. 2(a), which constitutes the main result
of this work, is largely independent of the details of the
transport model: it is basically associated with the dynam-
ics of resistive current diffusion in the presence of localized
current sources.

The threshold obtained for the EC power is reminiscent
of similar critical behaviors that appear in the ITB forma-
tion of other completely different fusion devices as, e.g.,
the Large Helical Device (LHD) [19], which has been
characterized as a second-order phase transition [20]. In
this case, the R=LTe parameter can be taken as the order
measure of the system and PEC=hnei as the control parame-
ter (for this fixed EC wave launching geometry). Since the
ITB is obtained by means of negative magnetic shear,
which continuously changes according to current diffu-
sion, the order parameter is also continuous at the transi-
tion point, and therefore this process also corresponds to a
second-order phase transition, as it has been pointed out
previously according to experimental evidence [21] in JET.
In fact, the blue curve of Fig. 2(a) can be properly fitted as

 R=LTe � 12:5
�
� 0 PEC=hnei< 1:3	 10�19 MW m�3

/ �PEC=hnei�� PEC=hnei> 1:3	 10�19 MW m�3;
(1)

with � � 0:60 and fit correlation coefficient r � 0:996.
Although the � parameter is somewhat higher than the one
obtained in the case of LHD [20], it is still close to the
typical values obtained for second-order phase transitions
and, in particular, in the case of the mean field model, � �
0:5 [9].

An important point is that the threshold obtained is a
consequence of the minimum EC-driven current (not just
the EC heating) needed in order to maintain the ITB. In
fact, as shown in Fig. 2(b), if the ECCD is removed after
2000 s but the EC heating is maintained, the ITB starts to
shrink and finally a typical inductive current density profile

FIG. 2 (color). R=LTe at the ITB location versus PEC=hnei at t � 3000 s (blue, steady-state behavior) and at 200 s (red, transient
behavior) (a). Evolution of the current profile after the ECCD is removed at t � 2000 s (b). Evolution of the current density profile
after the addition of 12 MW of NBI heating by removing 12 MW of ICRH and the LH system at t � 1800 (c).
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is obtained. This behavior has been found experimentally
in DIII-D tokamak fully noninductive scenarios [22], and
in fact the problem of erosion and shrinking of ITB has
usually been a major issue on ITER steady-state scenario
simulations [7]. Moreover, the threshold obtained, and its
dependence on the ECCD, are directly related to the fact
that a minimum negative magnetic shear is needed to
sustain the ITB. According to the models applied in this
Letter, even a slightly negative magnetic shear is sufficient
to trigger the ITB, but it is not enough to sustain it, and a
minimum value, s � �0:8, is found to be necessary during
all the simulation. This fact clearly shows the necessity of
having enough current drive power with well localized
deposition in ITER to provide such a minimum negative
magnetic shear.

The role played by the noninductive 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 noninductive current without affecting the ITB, in
contrast with current sources inside the ITB. This is shown
in Fig. 2(c), where 12 MW of NBCD have been added,
12 MW of ion cyclotron resonance heating (ICRH) have
been removed, and the lower hybrid current drive has been
also removed in order 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 (�0:7 MA) makes the q profile drop in that region,
which finally leads to the erosion of the ITB, as also
obtained in other studies [7], since the magnetic shear is
below the threshold. After the ITB is lost, the total current
keeps growing in the center, and finally q0 < 1.

In conclusion, a critical behavior has been found for
the global process of ITB formation and sustainment in
tokamaks by means of the suppression of turbulent trans-
port due to negative magnetic shear. The main feature of
this scenario is that a minimum negative magnetic shear
is required to steadily sustain the ITB, a much stronger
requirement than that needed for the ITB formation. This
critical system has been characterized as a second-order
phase transition, with the normalized temperature gradient
as the order parameter and PEC=hnei as the control parame-
ter (since it controls the magnetic shear in the plasma). The
critical number obtained is comparable to other completely
different physical systems (and close to that obtained in the
mean field theory for these transitions [9]) and to that
found for the LHD stellarator [20]. Therefore, in spite of
the fact that different physical mechanisms can be involved
in the ITB formation and sustainment in stellarators and
tokamaks (rotation in [20], negative magnetic shear here),
both can belong to the same universality class as other
critical physical systems.

The critical behavior found in this Letter has significant
consequences for ITER. Since the critical shear obtained is
strongly negative, s � �0:8, large current drive inside the

ITB (e.g., NBCD) destroys it after some current diffusion
times due to misalignment of the currents. However, the
new scenario proposed here for ITER steady-state plasmas
with only radio frequency heating systems provides a
solution to the well-known problem of current alignment,
which caused the shrinking and erosion of the ITB in
previous studies performed with NBCD. The present de-
sign of the EC power system in ITER can provide such a
negative magnetic shear at � � 0:45 through ECCD.
Nevertheless, the definition of a viable steady-state sce-
nario for ITER still has to overcome several problematic
issues. Impurity confinement and particle fueling inside the
ITB, specific MHD related to the inverted q profile (resis-
tive interchange modes, double tearing, infernal modes),
and Alfvén instabilities driven by the � particles are the
most difficult challenges, requiring extensive theoretical,
computational, and experimental efforts both before and
during the first phases of the ITER operation.
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