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1. Introduction

JT-60SA is a tokamak presently under construction in Naka, 
Japan, using the infrastructure of the existing JT-60 Upgrade 
experiment. The construction of JT-60SA is a collaboration 
between Europe and Japan under the broader approach sat-
ellite tokamak programme. JT-60SA is designed to support 
ITER operations and to investigate how to optimise scenarios 
for future demonstration fusion power plants, which will be 
built after ITER. The acronym SA stands for ‘Super’ and 
‘Advanced’, since the tokamak will have superconducting 
coils and study advanced modes of plasma operation. Further 
details of its experimental programme are explained in the 
JT-60SA research plan [1].

The intrinsic flexibility of JT-60SA will allow the study of a 
variety of scenarios. In particular, the scenarios under consid-
eration for plasma operations on JT-60SA are: pulsed, induc-
tive, standard H-modes, similar to the ITER baseline scenario; 
advanced inductive, high-β, low magnetic shear scenarios, 
similar to the ITER hybrid scenario and fully non-inductive, 
steady-state, advanced scenarios, which could be extrapolated 
to a steady-state demonstration fusion power plant. The main 
parameters of the reference scenarios are given in tables 2 and 
3 of [1].

The scenarios described above have been developed with 
the help of the 2-dimensional equilibrium code ACCOME 
[2] (consistently with current drives) and then assessed by 
the 0.5-dimensional code METIS [3]. The results have been 
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extensively reported in [4]. To increase the confidence in these 
simulations and to further check whether the plasma param-
eters calculated by ACCOME and METIS are achievable, we 
have modelled the flat top of the baseline, hybrid and fully non-
inductive scenario with more sophisticated 1.5-dimensional 
transport codes. The aim of this paper, which builds on the 
model validation performed using selected sets of JT-60U and 
JET discharges [5], is to report the results of these simulations.

A further motivation for the study presented in this paper 
was to provide a number of other research activities centred 
on JT-60SA with a set of simulations of the main operational 
scenarios as self-consistent as possible. These activities range 
from the design of diagnostic systems (see, for example, [6]) 
to the analysis of systems aiming at controlling different 
aspects of the operational scenarios. As examples of the con-
trol schemes described in the JT-60SA research plan we can 
mention the control of the plasma shape and vertical stability 
(especially for high βN and high elongation plasmas), of cer-
tain kind of MHD instabilities, like resisting wall modes by 
means of saddle coils or neoclassical tearing modes by means 
of electron cyclotron current drive [7], of the density (espe-
cially in saturated wall conditions) by means of pellet injec-
tion [8] and the power load on the divertor plates (especially 
in high additional power density scenarios) by means of impu-
rity seeding [9]. Most of these areas of research have already 
started to make use of the results presented in this paper as 
input to their modelling activities.

Finally, it should be noted that this paper deals with the 
flat-top phase of the scenarios analyzed. The results presented 
here should be regarded both as a confirmation by means of 
1.5-dimensional transport codes of the feasibility of the sce-
narios designed with ACCOME and METIS and as a ‘target’ 
for simulations of the front-end of the discharge including the 
current ramp-up (especially for the hybrid scenario) and the 
access to H-mode or a starting point for simulations of the dis-
charge termination including the current ramp-down and the 
H-L transition. These simulations are outside the scope of this 
paper, but the strategy to approach the problem will be similar 
to that presented here. Starting from transport models that have 
been reasonably validated in existing machines for the phase 
of the discharge of interest and using different assumptions 
for example for the L-H transition threshold or for the current 
diffusion model, one should be able to assess whether or not 
and under which conditions the target parameters of a given 
scenario are achievable and devise a safe strategy to termi-
nate the discharge. An example of this approach can be found 
in [10, 11] where simulations performed with the JINTRAC 
suite of codes of the ITER baseline scenario, including current 
ramp-up and ramp-down, are presented.

The structure of the paper is the following: in section  2 
we give a general description of the codes and the transport 
models deployed in this study and of the simulation condi-
tions; in section  3 we describe the results for the baseline 
H-mode scenario; in section 4 we present the results for the 
hybrid scenario; in section 5 we describe the results for the 
advanced steady-state scenario; in section  6 we discuss the 
results obtained and in section 7 we summarize the main con-
clusions of the study.

2. Description of the simulations

The transport codes used in the simulations presented in this 
study were: ASTRA [12], CRONOS [13], JINTRAC [14] and 
TOPICS [15]. Each transport code is equipped with a number 
of core transport models. In particular, for the analysis pre-
sented in this paper, we used: the physics-based transport 
models GLF23 [16] (implemented in ASTRA, CRONOS 
and TOPICS) and CDBM [17] (implemented in CRONOS, 
JINTRAC and TOPICS) and the semi-empirical transport 
model Bohm/gyro-Bohm [18] (implemented in ASTRA and 
JINTRAC).

All transport models have been validated in the past on JET 
and JT-60U for the scenarios considered in this study [5, 18, 
19] and, since the operational regime of JT-60SA is largely 
similar to those of JET and JT-60U, we considered legitimate 
the extrapolation of these models to the new machine. The 
main limitation of the models used in this study is due to the 
fact that they do not capture the effects of the fast particle 
population on transport and this could limit the validity of the 
extrapolation to the fully non-inductive steady-state scenario. 
Nevertheless, as we shall see in the rest of the paper, using dif-
ferent codes and transport models for the same scenario gives 
a reasonable interval in which the expected performance of 
JT-60SA should lie.

We deliberately chose not to use more complex trans-
port models like, for example, TGLF [20] or QuaLiKiZ [21] 
because, at the time when this study was performed, their 
implementation in the codes at our disposal was not mature 
enough to perform extensive simulations of JET, JT-60U and 
JT-60SA scenarios. Moreover, the computational burden asso-
ciated with these transport models is too heavy for the time 
scale of the simulations presented here, which is comparable 
with the current diffusion time. Nevertheless, some of the 
physics captured by this more complex models is taken into 
account by the older physics-based model GLF23.

In all simulations we solve transport equations for the cur-
rent density and the ion and electron temperature. In CRONOS 
and JINTRAC, the equation for the ion density is also solved 
and the electron density is obtained from prescribed Zeff pro-
files and impurity mix, whereas in ASTRA and TOPICS the 
electron density profiles are prescribed and taken from the 
ACCOME reference results. Modelling of plasma rotation was 
included only in the JINTRAC simulations for the advanced 
steady-state scenario to compare the prediction of different 
models for the formation of an internal transport barrier (ITB).

Simulating an H-mode plasma requires a model to 
describe the edge transport barrier (ETB), where the physics 
governing the transport is much less understood than in the 
core and the transport is intermittent due to the presence of 
ELMs. The codes used in this study adopt different approx-
imations to treat this problem. In ASTRA and TOPICS the 
problem is avoided by imposing the boundary conditions 
at the top of the ETB and not solving the transport equa-
tions inside it, whereas in CRONOS and JINTRAC simula-
tions the boundary conditions are imposed at the separatrix. 
In particular, in TOPICS, the electron and ion temperature 
profiles in the pedestal are determined on the basis of an 
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EPED1 pedestal width scaling [22] and a stability check by 
the linear MHD code MARG2D [23].

In JINTRAC, the transport in the ETB can be determined 
in two ways. The first is to adopt the continuous ELM model 
described in [24], which mimics the limiting effect of the 
ELMs on the pressure gradient in the ETB by introducing 
additional transport averaged over time and clamps the nor-
malized pressure gradient in the ETB α at a prescribed critical 
value αc. The second is to directly prescribe the particle dif-
fusivity D and the ion and electron thermal conductivity χi,e 
in the pedestal to obtain the desired density and temperature 
pedestal height. In both cases the width of the pedestal is pre-
scribed as a free input parameter.

In CRONOS, the pedestal energy content is estimated by 
means of the Cordey two-term scaling [25], the height of 
the density and temperature pedestal is then calculated by 
imposing neoclassical transport in the ETB, whereas the ped-
estal width is obtained from the EPED1 model and turns out to 
be proportional to 

√
βp  [22], where the pedestal pressure was 

self-consistently calculated using the Cordey scaling.
The particle source due to the gas puff and the ioniz ation 

of the neutral atoms recycling at the wall is described in 
JINTRAC by FRANTIC [26], where a ray tracing technique 
is used to calculate the neutral density inside the plasma in 
cylindrical geometry taking into account ionization and mul-
tiple charge exchange processes to determine the profile of 
the ionization particle source. In CRONOS a Gaussian profile 
was assumed for the ionization source, the shape of which 
was tuned against JET and JT-60U data and kept the same in 
JT-60SA extrapolations [5].

Impurities are treated in a simplified way in all codes. In 
particular, since JT-60SA first wall will be made of C at least 
for the first phase of the machine life, C is assumed to be the 
dominant impurity and its concentration is determined from 
the prescribed value of Zeff and the assumption that it is com-
pletely ionized. The impurity density profile obtained in this 
way is kept constant during the simulation as impurity trans-
port is not addressed in this study. Indeed, some integrated 
core/SOL simulations of the expected impurity dynamics in 
JT-60SA were done with COREDIV and presented in [27]. It 
should be noted that these COREDIV simulations adopted a 
simplified description of the core transport with respect to the 
simulations presented in this study. It is also worth noting that, 
for some cases presented in this paper, we modified slightly 
the value of Zeff with respect to the initial value common 
to all codes to bring the simulation more in line with the 
COREDIV results, however this did not changed significantly 
the 0-dimensional parameters of the scenarios.

For the simulations presented in this paper, the power 
deposition associated with additional heating was calcu-
lated in CRONOS by means of the codes NEMO/SPOT [28] 
for the positive and negative neutral beam injection (NBI) 
heating and REMA [29] for the electron cyclotron resonance 
heating (ECRH). The same heat source profiles were then 
used in ASTRA. In JINTRAC the NBI power deposition was 
model led by PENCIL [30], whereas the ECRH power depo-
sition was assumed equal to the one used in the CRONOS 
and ASTRA simulations. As a consequence, in ASTRA and 

JINTRAC, the heat deposition profiles are not completely 
consistent with the final equilibrium density and temperature 
profiles. In TOPICS, the NBI power deposition heating is cal-
culated with a Fokker-Planck model [31] and the NBI-driven 
current is calculated using Mikkelsen and Singer’s approx-
imation [32]. The EC heating and current drive are computed 
with the EC code described in [33].

The 2-dimensional equilibria for the transport simulations 
are provided by different equilibrium codes. ASTRA can use 
either SPIDER [34, 35] or a three-moment representation of 
the equilibrium, CRONOS uses HELENA [36] as its standard 
equilibrium solver, JINTRAC calculates the equilibrium with 
the ESCO solver [37] and TOPICS uses the free-boundary 
equilibrium code described in [38].

Finally, sawteeth are taken into account in all codes either 
by means of the Kadomstev model [39] (ASTRA, JINTRAC 
and TOPICS) or a simpler continuous sawtooth model 
(CRONOS) whereby D and χi,e are increased (typically to 
values between 0.3 and 0.4 m2s−1) inside the q  =  1 surface to 
flatten the density and temperature profiles and the value of the 
plasma resistivity at the q  =  1 surface is extended inside this 
region to reduce the current density in the plasma core and, 
consequently, increase q and the flux consumption. When the 
Kadomstev model is used, the period of the sawteeth is pre-
scribed and is of the order of a few hundreds of milliseconds. 
Other kinds of MHD activity (like, for example, neoclassical 
tearing modes) are not taken into account in the simulations 
presented in this paper.

In the study presented in the following section  we took 
as initial condition for the transport simulations the profiles 
obtained from METIS runs [3] and we run ASTRA, CRONOS 
and JINTRAC for several confinement times (� 10 s) in order 
to reach equilibrium. TOPICS simulations were run in a sim-
ilar way but starting from ACCOME results as initial condi-
tion. We then compared the 0-dimensional parameter derived 
from the 1.5-dimensional transport runs and the radial den-
sity, temperature and q profiles with the reference parameters 
and between the different codes. This allowed us to assess the 
consistency of the reference parameters and of the METIS/
ACCOME analysis with more sophisticated transport models 
and the robustness of the result with respect to the variation of 
the profiles due to the use of different transport models.

3. Baseline H-mode scenario

The first scenario analysed is a standard H-mode similar 
to the ITER baseline scenario (referred to as scenario 2 in 
the JT-60SA research plan). For this scenario BT = 2.25 T, 
Ip = 5.5 MA, PNBI ≈ 34 MW (10 MW negative NBI and 24 
MW positive NBI) and PECRH = 7 MW. The plasma boundary 
used in the simulations is shown in figure 1.

The boundary conditions on the density and temperature 
profiles for the simulations of scenario 2 were chosen to 
match as closely as possible the results of integrated core/SOL 
simulations with the COREDIV code [27]. It should be noted, 
however, that, because of the different ways impurities are 
treated in different codes, it was not possible to match exactly 
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the values obtained by COREDIV. Nevertheless, we found 
that values of ne = 2.3 · 1019 m−3 and Te = Ti = 150 eV at 
the separatrix imply a sputtering rate of impurities (mainly C) 
from the divertor compatible with the assumption Zeff = 1.8.

As described in [5], based on the validation of different 
transport models on specific JET and JT-60U shots, CRONOS 
simulations use GLF23 for particle and heat transport respec-
tively, whereas TOPICS simulations are limited to heat trans-
port with GLF23. On the other hand, ASTRA and JINTRAC 
use the semi-empirical Bohm/gyro-Bohm transport model, 
which has been extensively validated on JET.

The equilibrium electron density and electron and ion 
temperatures profiles obtained with ASTRA, CRONOS, 
JINTRAC and TOPICS are shown in figure  2, whereas the 
current density profiles are shown in figure 3. To obtain the 
same electron density and electron and ion temperature at the 
top of the pedestal in CRONOS and JINTRAC we prescribed 
in JINTRAC D  =  0.2 m2 s−1 and χi,e = 0.2 m2 s−1 inside the 
ETB. It is worth noting that, in these simulations, the value 
of α, the normalized pressure gradient inside the pedestal, 
was  ∼2, which is somehow higher than what is observed, for 
example, on JET and could be beyond the peeling-ballooning 
stability boundary. These results highlight the importance of 
having a reliable prediction for the height and width of the 
density and temperature pedestal and of checking the assump-
tions made on the pedestal against ballooning stability criteria.

ASTRA gives results broadly in line with CRONOS and 
JINTRAC, whereas TOPICS predicts the flattening of the 
ion and electron temperature profile outside ρ ≈ 0.3. This is 
because the prescribed density profile features a fairly steep 
gradient at ρ ≈ 0.5, which destabilizes the trapped electron 
modes (TEMs) and results in large diffusivities at this radial 
position and a shallow ion and electron temperature gra-
dient. TEMs can be stabilized by E × B flow shear, which in 

JT-60SA can be significant because of the degree of toroidal 
rotation control achievable thanks to the large amount and the 
flexibility of the NBI power available. Since the rotation pro-
files have not been simulated and tested for this scenario, in 
order to verify the TOPICS results, TOPICS was also used 
with the CDBM and Bohm/gyro-Bohm transport models. 
These models, with no or little effect of the E × B flow shear, 
showed less good agreement with the JET/JT-60U exper-
imental data than GLF23 [5] and predict smoother profiles 
with almost the same 0-dimensional parameters.

The 0-dimensional parameters derived from these simula-
tions are summarized in table  1 where the reference values 
(obtained from ACCOME) from the research plan [1] are also 
reported for comparison. It can be seen that, despite the differ-
ences in the density and temperature profiles predicted by the 
different codes, in general all codes give values for 0-dimen-
sional quantities close to the reference ones.

4. Hybrid scenario

The second scenario simulated in this study is an advanced 
inductive scenario similar to the ITER hybrid scenario 
(referred to as scenario 4.2 in the JT-60SA research plan). 
For this scenario BT = 2.28 T, Ip = 3.5 MA, PNBI ≈ 30 MW  
(10 MW negative NBI and 20 MW positive NBI) and 
PECRH = 7 MW. The plasma boundary used in the simulations 
is shown in figure 4.

Also in this case we prescribed the boundary conditions 
on the density and temperature profiles on the basis of inte-
grated core/SOL simulations with the COREDIV code, which 
indicate that ne = 1.4 · 1019 m−3 and Te = Ti = 100 eV at 
the separatrix lead to a sputtering rate of impurities from the 
divertor compatible with the assumption Zeff = 2.1.

Fully predictive JINTRAC simulations for scenario 4.2 
were performed with the Bohm/gyro-Bohm transport model 
assuming a value for αc = 1.5 in the ETB.

Semi-predictive ASTRA simulations (i.e. simulations 
where we solved the equations for the ion and electron temper-
ature profiles whereas the density profile was prescribed) were 
performed for this scenario with the semi-empirical Bohm/
gyro-Bohm and the physics-based GLF23 transport models.

Finally, fully predictive CRONOS simulations similar to 
scenario 2 were performed with the GLF23 transport model 
for the density equation and the CDBM transport model for 
the ion and electron temperature equations. This particular 
choice of transport models was based on the analysis of hybrid 
plasmas on JET and JT-60U described in [5], where it was 
shown that, for this particular scenario, GLF23 was more suc-
cessful in simulating the plasma density whereas CDBM did 
a better job at reproducing the electron and ion temperature 
profiles.

As previously done for scenario 2, the 0-dimensional 
parameters derived from these simulations are summarized 
in table  2 where the values from the research plan are also 
reported for comparison. It can be seen that, despite the even 
greater differences with respect to scenario 2 in the density 
and temperature profiles predicted by the different codes, also 

Figure 1. Plasma boundary and main geometrical parameters used 
in the simulation of a JT-60SA H-mode plasma (scenario 2).
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in this case in general all codes give values for 0-dimensional 
quantities close to the reference ones.

The equilibrium electron density and electron and ion 
temper atures profiles and the q profiles obtained with ASTRA, 
CRONOS and JINTRAC are plotted in figures 5 and 6 respec-
tively and deserve some comments.

First of all, we note that all codes and transport models pre-
dict or assume similar values for the height and width of the 
density and temperature pedestal, with the exception of ASTRA 
with the Bohm/gyro-Bohm transport model, where the electron 
temperature at the top of the ETB does not evolve and is fixed at 
the beginning of the simulation at a value  ∼30% lower than the 
one attained by the other codes, and JINTRAC with the Bohm/

Figure 2. Predicted electron density, electron temperature and ion temperature profiles for a JT-60SA H-mode plasma (scenario 2). The 
codes and the transport models used in the simulations are indicated in the legend.

Figure 3. Predicted total current density profiles for a JT-60SA 
H-mode plasma (scenario 2). The codes and the transport models 
used in the simulations are indicated in the legend.

Table 1. Reference 0-dimensional parameter for scenario 2 
compared with the values obtained from the 1.5-dimensional 
transport simulations described in the paper.

Scenario 2 ASTRA CRONOS JINTRAC TOPICS Reference

BT (T) 2.25 2.25 2.25 2.25 2.25
Ip (MA) 5.5 5.5 5.5 5.5 5.5
fbs (%) 25 28 34 29 28
fni (%) 40 39 46 51 50
q95 2.8 3.0 3.5 3.1 3.0
PNBI (MW) 32.9 33.0 33.0 34.0 34.0
PECRH (MW) 7.0 7.0 7.0 7.0 7.0

ne0 (1019 m−3) 7.7 7.5 8.2 7.7 7.7

〈ne〉 (1019 m−3) 5.8 6.2 5.1 5.6 5.6

Te0 (keV) 10.7 8.1 10.3 11.1 13.5

〈Te〉 (keV) 6.3 5.4 7.2 5.8 6.3

Ti0 (keV) 11.5 8.5 12.4 12.3 13.5

〈Ti〉 (keV) 6.3 5.8 6.5 6.3 6.3

Wth (MJ) 22.8 22.5 23.0 21.2 22.0
H98 1.2 1.1 1.2 1.2 1.3

βN 3.0 3.0 3.1 2.9 3.1

τE (s) 0.58 0.61 0.60 0.52 0.64
Zeff 1.8 1.8 1.8 2.0 —

Figure 4. Plasma boundary and main geometrical parameters used 
in the simulation of a JT-60SA hybrid plasma (scenario 4.2).
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gyro-Bohm transport model which predicts an ion temperature 
at the top of the ETB  ∼30% lower than the other codes.

Secondly, we can see that JINTRAC equipped with the 
Bohm/gyro-Bohm transport model predicts a density profile 
significantly less peaked than CRONOS with GLF23.

Thirdly, we should note that the rather sharp peak on the 
electron and ion temperature profile inside ρ = 0.1 predicted 
by ASTRA with GLF23 is due to the fact that this model tends 
to predict no instabilities near the plasma axis and therefore 
almost no transport in this region. This is probably unphysical 
and the electron and ion temperature profiles are expected 
to be flatter near the magnetic axis because of some residual 
transport not accounted for by GLF23.

Finally, we can observe the presence of an ITB on the electron 
and ion temperature profiles predicted by the CRONOS with the 
CDBM transport model. This is due to the tendency of CDBM 
to suppress the heat conductivity and develop ITBs in regions of 
the plasma with low shear and strong pressure gradients.

These differences in density and temperature profiles are 
responsible for the differences in the predicted q profiles. 
The hollowness of the q profile predicted by JINTRAC is due 
mainly to the flatter density gradient driving less bootstrap 
current in the plasma centre, whereas the low q0 predicted by 
ASTRA with the GLF23 transport model is a consequence of 
the sharp peak on the electron temperature profile resulting in 
a more peaked inductive current density profile.

5. Steady-state scenario

The third scenario simulated is an advanced steady-state sce-
nario (referred to as scenario 5.1 in the research plan). This 
scenario is based on the results of experiments performed 
on JET and JT-60U aiming at establishing plasmas with an 
ITB driving a significant fraction of the bootstrap current. A 

description of the main characteristics and of the modelling of 
these experiments can be found in [19] and references within.

In this study we analysed two versions of this scenario. 
A ‘high power’ version with BT = 1.72 T, Ip = 2.3 MA, 
PNBI ≈ 30 MW (10 MW negative NBI and 20 MW positive 
NBI) and PECRH = 7 MW and a ‘low power’ version, more 
conservative from the point of view of MHD stability, with 
BT = 1.72 T, Ip = 2.3 MA, PNBI ≈ 17 MW (5 MW nega-
tive NBI and 12 MW positive NBI) and PECRH = 7 MW. The 
plasma boundary used in the simulations is shown in figure 7.

Once again, we prescribed the boundary conditions on the 
density and temperature profiles for the simulations on the basis 
of integrated core/SOL simulations with the COREDIV code, 
which indicate that ne = 1.3 · 1019 m−3 and Te = Ti = 50 eV 
at the separatrix lead to a sputtering rate of impurities from the 
divertor compatible with the assumption Zeff = 1.7. It is worth 
noting that in the JINTRAC simulations presented in this sec-
tion the boundary condition on the current density profile was 
imposed not by prescribing the total plasma current, as in the 
simulations for the standard H-mode and advanced inductive 
scenarios, but by prescribing a value of the loop voltage of a 
few mV (typically in the range between 1 and 2 mV).

Two important points make this scenario particularly dif-
ficult to simulate: the sensitivity of the q profile to the non-
inductive current drive and the possible formation of an ITB, 
which in turn could generate a significant amount of bootstrap 
current. We have investigated these questions in both the 
‘high power’ and ‘low power’ versions of the scenario and the 
results are reported in sections 5.1 and 5.2 respectively.

5.1. Steady-state H-mode scenario: ‘high power’ version

For the analysis of the ‘high power’ version of the scenario we 
performed three JINTRAC runs with prescribed D and χi,e in 
the ETB to obtain width and height of the density and temper-
ature pedestal similar to those calculated by CRONOS and 
corresponding to αc ∼ 1.5. It should be noted that this value 
for αc is lower than the typical values observed, for example, 
on JET.

The first two simulations used the Bohm/gyro-Bohm 
transport model complemented with the assumption χφ = χi 
for the momentum transport (equivalent to the assump-
tion that the Prandtl number Pr is equal to one across the 
whole plasma) and a criterion for the formation of an ITB 
[40], which takes into account the magnetic shear s and the 
ratio ωE×B/γ  between the shear of the E × B velocity and a 
parameter γ, which has the physical dimensions of a growth 
rate. The expression used in JINTRAC for γ has the simpli-
fied form γ = vth,i/R, where vth,i is the ion thermal velocity 
and R is the plasma major radius. This expression is of a heu-
ristic nature and captures well the ion temperature depend-
ence of the ITB threshold in JET. In particular, it has been 
shown in [40] on a statistical basis that an ITB is formed when 
the condition z = −0.14 + s − 1.47ωE×B/γ < 0 is satisfied. 
Therefore, the Bohm term in the expression for D and χi,e in 
the mixed Bohm/gyro-Bohm transport model is multiplied by 
Θ(z), where Θ is the Heaviside step function. Here it should 
be stressed that, given the statistical nature of this model and 

Table 2. Reference 0-dimensional parameter for scenario 4.2 
compared with the values obtained from the 1.5-dimensional 
transport simulations described in the paper.

Scenario 4.2 ASTRA  
BgB / GLF23

CRONOS JINTRAC Reference

BT (T) 2.28 / 2.28 2.28 2.28 2.28
Ip (MA) 3.5 / 3.5 3.5 3.5 3.5
fbs (%) 51 / 43 40 48 40
fni (%) 79 / 75 66 77 58
q95 4.7 / 4.7 4.6 4.6 4.4
PNBI (MW) 29 / 32 29 29 30
PECRH (MW) 7.0 / 7.0 7.0 6.8 7.0
ne0 (1019 m−3) 7.9 / 7.9 8 6 6.4 8.4

〈ne〉 (1019 m−3) 5.0 / 5.0 5.0 4.7 6.2
Te0 (keV) 7.8 / 10.0 8.2 9.7 7.5
〈Te〉 (keV) 4.0 / 3.6 3.8 5.2 3.7
Ti0 (keV) 8.7 / 13.0 9.0 11.3 7.5
〈Ti〉 (keV) 4.1 / 4.3 4.3 4.6 3.7
Wth (MJ) 12.6 / 13.4 12.5 14.2 13.4
H98 1.3 / 1.3 1.3 1.3 1.2
βN 3.0 / 3.2 3.2 3.4 3.0
τE (s) 0.35 / 0.40 0.40 0.40 0.42
Zeff 1.7 / 1.7 2.1 2.1 —
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the fact that the regression rule was tuned on a database of JET 
plasmas, one should be careful when extrapolating the model 
to a different machine.

In one simulation, the power deposition, current drive and 
torque profile associated with the beam injection were pre-
scribed accordingly to the NEMO/SPOT calculation for a 
CRONOS simulation of the same scenario (and, as a conse-
quence, were not self-consistent with the density and temper-
ature profiles predicted by JINTRAC), whereas in the other 
two they were calculated self-consistently by PENCIL inside 
JINTRAC. In the first case (NEMO/SPOT) the current driven 
by the NBI was 0.9 MA and in the second (PENCIL) 0.8 MA. 
A Gaussian shape centred at ρ = 0.4 for the current density 
associated with electron cyclotron current drive (ECCD) pro-
file was prescribed in both simulation and the total ECCD-
driven current was � 150 kA, a negligible fraction of the total 
plasma current.

The third JINTRAC simulation used the CDBM transport 
model and the NBI power deposition, current drive and torque 
profile calculated by PENCIL. In this case the NBI driven cur-
rent was 0.9 MA. In this way we were able to test the sensi-
tivity of the ITB formation to the transport model and of the 
q profile to the details of the beam power deposition, current 
drive and torque profile.

The results are summarized in figures 8–11. In figures 8–
10 we show the total current density profile, the neutral beam-
driven, the electron cyclotron-driven and the bootstrap current 
density for the three cases. Unsurprisingly, the shape of the q 
profile is very sensitive to the on-axis current density. PENCIL 
predicts less on-axis current density and a significantly hollow 
q profile, whereas NEMO/SPOT predicts a higher on-axis 
density and less strongly reversed q profile. This might be 
due to the fact that PENCIL does not take into account the 
finite size of the fast ion orbits, whereas NEMO/SPOT does 
and therefore allows for the beam fast ions deposited off-axis 
to reach the centre of the plasma and contribute to the on-
axis current drive. Moreover, as explained above, the NEMO/
SPOT calcul ation were not done self-consistently with the 
density and temperature profiles calculated by JINTRAC and 
therefore, because of the sensitivity of the deposition profiles 

Figure 5. Predicted electron density, electron temperature and ion temperature profiles for a JT-60SA hybrid plasma (scenario 4.2). The 
codes and the transport models used in the simulations are indicated in the legend.

Figure 6. Predicted q profiles for a JT-60SA hybrid plasma 
(scenario 4.2). The codes and the transport models used in the 
simulations are indicated in the legend.

Figure 7. Plasma boundary and main geometrical parameters 
used in the simulation of a JT-60SA advanced steady-state plasma 
(scenario 5.1).
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to these quantities, this fact could be another source of dis-
crepancy between the simulations.

It is worth noting that the hollow q profiles produced by the 
markedly off-axis neutral beam-driven current density profile 
predicted by PENCIL make the calculation of the equilibrium 
numerically difficult. In some cases a small amount of cur-
rent on axis had to be added to help clamp the value of q on 
axis. In fact, the simulations performed using PENCIL could 
only be extended for 15–20 s and had to be stopped before the 
current density profile was completely relaxed. However, this 
time is much longer than the confinement time and therefore 
the kinetic profiles could relax almost to a complete stationary 
state.

As for the density and temperature profiles, figure  11 
shows that all three JINTRAC runs predict the formation 
of an ITB at ρ = 0.45. From figure 11, we can also see that 
these results are in line with the CRONOS simulation using 
the GLF23 transport model for the density and the CDBM 
transport model for the ion and electron temperature. The dif-
ferences in the strength and the position of the ITB in different 
simulations can be attributed to the fact that the formation of 
an ITB in CDBM is very sensitive to the details of the gradient 
of the pressure profile and to the local shear. Therefore, small 
differences in the pressure or the q profile between two runs 
can result in different ITBs.

In figure  11, we compare the JINTRAC and CRONOS 
results with an ASTRA simulation of the same scenario using 
a three-moment equilibrium and the Bohm/gyro-Bohm trans-
port model, but without any prescription for the formation of 
an ITB. In this case the absence of an ITB results in a lower 

energy content and in ion and electron temperature lower than 
in JINTRAC and CRONOS.

Figure 8. Total current density jz, neutral beam-driven current 
density jz,NB, bootstrap current density jz,BS, electron cyclotron 
driven current density jz,EC and safety factor q profiles for a JT-
60SA advanced steady-state plasma (scenario 5.1 ‘high power’ 
version). The transport model used in the simulation is the Bohm/
gyro-Bohm transport model and the neutral beam-driven current 
density is calculated with NEMO/SPOT (not self-consistently).

Figure 9. Total current density jz, neutral beam-driven current 
density jz,NB, bootstrap current density jz,BS, electron cyclotron 
driven current density jz,EC and safety factor q profiles for a JT-
60SA advanced steady-state plasma (scenario 5.1 ‘high power’ 
version). The code used in the simulation is JINTRAC with the 
Bohm/gyro-Bohm transport model and the neutral beam-driven 
current density is self-consistently calculated with PENCIL.

Figure 10. Total current density jz, neutral beam-driven current 
density jz,NB, bootstrap current density jz,BS, electron cyclotron 
driven current density jz,EC and safety factor q profiles for a JT-
60SA advanced steady-state plasma (scenario 5.1 ‘high power’ 
version). The code used in the simulation is JINTRAC with the 
CDBM transport model and the neutral beam-driven current density 
is self-consistently calculated with PENCIL.
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As for the previous scenarios, the 0-dimensional param-
eters derived from these simulations are summarized in 
table 3 (apart from the results from the JINTRAC simulation 
with NBI deposition from NEMO/SPOT), where the refer-
ence values are also reported for comparison. Also in this case 
it can be seen that, despite the differences in the density and 
temperature profiles predicted by the different codes, in gen-
eral all codes give values for 0-dimensional quantities close to 
the reference. In particular the bootstrap fraction of the total 
current fbs is between 60% and 80% in all cases predicting 
the existence of an ITB. In the JINTRAC simulations the 
combined current drive resulting from the strong ITB driving 
a significant amount of bootstrap current and the high NBI 
power results in a total plasma current above the nominal 
value for this scenario of 2.3 MA. Moreover, the value of βN 

in the JINTRAC simulation is significantly higher than in the 
other simulations due to the strength of the ITB. It is also 
interesting to note that even in a case without ITB the ASTRA 
simulation predicts for this scenario fbs > 50%.

5.2. Steady-state H-mode scenario: ‘low power’ version

For the analysis of the ‘low power’ version of scenario 5.1 we 
performed two JINTRAC runs similar to those executed for 
the ‘high power’ version of the scenario.

The first run is a fully predictive simulation where we 
solved the equations for the current, the density, the ion and 
electron temperature and the toroidal rotation using the Bohm/
gyro-Bohm transport model with the inclusion of an ITB, as 
described in the previous subsection. The second run was a 
semi-predictive JINTRAC simulation where we prescribed 
the same the density profile used in TOPICS and solved the 
equations for the current and the ion and electron temperature. 
In this simulation we used the CDBM transport model for heat 
transport. It should be noted that, in this second simulation, 
we used the CDBM transport model in the region ρ � 0.8 
and prescribed a fixed value for χe,i for 0.8 < ρ � 1 in order 
to approach at ρ = 0.8 the ion and electron temperature that 
TOPICS obtains by imposing the boundary conditions at 
ρ = 0.85.

In both cases the power deposition, current drive and torque 
profile associated with the beam injection were calculated 
self-consistently by PENCIL inside JINTRAC. The prescrip-
tion for the current density profile associated with the ECCD 
was the same as in the ‘high power’ simulations. In this way 
we were able to test the sensitivity of the ITB formation to the 
transport model and of the q profile to the details of the beam 
power deposition, current drive and torque profile.

The results are summarized in figures 12–14. In figure 12 
and 13 we show the total current density profile, the neutral 
beam-driven current density, the electron cyclotron-driven 
and the bootstrap current density for the two cases. It can 
be seen that the peak of the bootstrap and the beam-driven 
current density profile are displaced towards higher ρ for the 

Figure 11. Predicted electron density, electron temperature and ion temperature profiles for a JT-60SA advanced steady-state plasma 
(scenario 5.1 ‘high power’ version). The codes and the transport models used in the simulations are indicated in the legend (NS and  
P indicates that the beam deposition profiles are obtained from NEMO/SPOT and PENCIL respectively).

Table 3. Reference 0-dimensional parameter for scenario 5.1 
(‘high power’ version) compared with the values obtained from the 
1.5-dimensional transport simulations described in the paper.

Scenario 5.1 ASTRA CRONOS JINTRAC 
CDBM / BgB

Reference

BT (T) 1.72 1.72 1.72 / 1.72 1.72
Ip (MA) 2.3 2.3 2.6 / 2.7 2.3
fbs (%) 53 67 78 / 78 68
fni (%) 87 106 110 / 110 100
q95 6.6 6.5 5.8 / 5.5 5.8
PNBI (MW) 31 29 30 / 30 30
PECRH (MW) 7.0 7.0 7.0 / 7.0 7.0
ne0 (1019 m−3) 6.7 7.0 6.6 / 6.8 6.6

〈ne〉 (1019 m−3) 4.2 4.4 4.3 / 4.3 4.2
Te0 (keV) 5.1 8.0 8.0 / 7.9 6.7
〈Te〉 (keV) 2.8 3.0 3.8 / 4.0 3.3
Ti0 (keV) 3.9 8.2 8.0 / 8.9 7.1
〈Ti〉 (keV) 2.2 3.0 3.8 / 4.1 3.4
Wth (MJ) 7.2 9.0 10.8 / 11.8 8.4
H98 1.0 1.8 1.2 / 1.2 1.3
βN 3.9 4.7 5.2 / 5.5 4.3
τE (s) 0.19 0.25 0.31 / 0.33 0.31
Zeff 2.0 2.0 1.7 / 1.7 —
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Bohm/gyro-Bohm simulation with respect to CDBM. This is 
due to the fact that, as shown in figure 14, the Bohm/gyro-
Bohm transport model predicts a broader density profile com-
pared to CDBM, which causes the beam penetration to be 
more peripheral. A consequence of this fact is that, although 
the shape of the beam driven current density profile is similar 
in the two cases, because of volume effects, the total neutral 
beam-driven current was  ∼0.4 MA in the Bohm/gyro-Bohm 
case and  ∼0.3 MA in the CDBM case. The cumulative effect 
of these differences is that, for the applied Vloop, in the Bohm/
gyro-Bohm case it should be possible to drive completely non-
inductively the 2.3 MA foreseen for this scenario, whereas the 
total current obtained in the CDBM case is  ≈2.2 MA.

JINTRAC results obtained with the Bohm/gyro-Bohm 
transport model are in broad agreement with TOPICS results 
obtained with the CDBM transport model [19] and indicate 
that scenario 5.1 could achieve a fully non-inductive current 
of 2.3 MA. This is not the case for JINTRAC simulations with 
the CDBM transport model, which show that the low power 
version of scenario 5.1 may not be achieved completely non-
inductively. This difference may be caused by the residual dif-
ference of pedestal profiles and, if the bootstrap current driven 
by the ITB remains similar, the lower bootstrap current driven 
by the ETB. More importantly, it should be noted that one 
major difference between JINTRAC and TOPICS simulations 
is that for JINTRAC simulations the total beam-driven cur-
rent Inb was lower than the one predicted by TOPICS with the 
CDBM transport model, which was  ∼0.5 MA (note that due 
to the small contribution of the EC driven current to the total 
current in this scenario, Inb can be approximately estimated as 
Inb ≈ Ip( fni − fbs) using for fni and fbs the values in table 4). 

These results show that, although the existence of an ITB and 
its radial position and strength may be important to achieve a 
low-power version of the fully non-inductive scenario 5.1, an 
equally important role is played by the beam-driven current 
and the feasibility of the scenario depends crucially on the 
NBI driving enough current.

The density and temperature profiles obtained with the dif-
ferent codes and transport models are shown in figure 14. As 
stated above, JINTRAC predicts the formation of a somewhat 
wider ITB (ρ ≈ 0.6) with the Bohm/gyro-Bohm model than 
with the CDBM model (ρ ≈ 0.4). The result of JINTRAC with 
the Bohm/gyro-Bohm model is close to the one of TOPICS 
with CDBM insofar both models predict the formation of 
an ITB at the same location (ρ ≈ 0.6). However, JINTRAC 
gives a suppression of heat conductivity only locally, whereas 
TOPICS indicates that the heat transport is suppressed to or 
below the ion neoclassical level inside the ITB. For this reason 
the two codes give different predictions for on-axis Te and Ti.

In figure 14 we plot also the result of a CRONOS simula-
tion where the density profile was prescribed as in the TOPICS 
simulation and the CDBM transport model was used to pre-
dict the ion and electron temperature. The resulting temper-
ature profiles are similar to the JINTRAC results (closer to 
the ones obtained with the Bohm/gyro-Bohm model for the 
electron temperature and with the CDBM model for the ion 
temperature).

Finally, it is worth mentioning that the difference in the 
location of the ITB between the simulation with JINTRAC 
and CDBM and the simulations with CRONOS and TOPICS 
with CDBM is due to the different shape of the q profile 
and the strong sensitivity of the CDBM transport model to 

Figure 13. Total current density jz, neutral beam-driven current 
density jz,NB, bootstrap current density jz,BS, electron cyclotron 
driven current density jz,EC and safety factor q profiles for a JT-
60SA advanced steady-state plasma (scenario 5.1 ‘low power’ 
version). The code used in the simulation is JINTRAC with the 
CDBM transport model and the neutral beam-driven current density 
is self-consistently calculated with PENCIL.

Figure 12. Total current density jz, neutral beam-driven current 
density jz,NB, bootstrap current density jz,BS, electron cyclotron 
driven current density jz,EC and safety factor q profiles for a JT-
60SA advanced steady-state plasma (scenario 5.1 ‘low power’ 
version). The code used in the simulation is JINTRAC with the 
Bohm/gyro-Bohm transport model and the neutral beam-driven 
current density is self-consistently calculated with PENCIL.
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it. This sensitivity to the q profile highlights the importance 
of complementing the flat-top simulations presented in this 
paper with simulations of the current ramp-up and the current 
profile tailoring in particular when the CDBM model is used. 
The modelling of the current ramp-up will indicate whether 
the nominal plasma flat-top parameters can be achieved and 
what level of control will be necessary to do it. This activity is 
outside the scope of this paper, but has already started within 
the EUROfusion JT-60SA work package.

As for the previous scenarios, the 0-dimensional param eters 
derived from these simulations are summarized in table 4. The 
result indicate that, in general, despite the differences in the 
density and temperature profiles predicted by the different 
codes, all codes give values for 0-dimensional quantities close 
to each other and that even the ‘low power’ version of scenario 
5.1 should achieve a fully non-inductive steady state. In addi-
tion, this ‘low power’ version of scenario 5.1 would operate 
at a safer level of βN, in order to avoid MHD instabilities. 
However, this ‘scaled-down’ version of the scenario is more 
sensitive to the details of the beam-driven current density pro-
file. In fact, the total beam-driven current might not be suf-
ficient to achieve a fully non-inductive steady-state plasma.

6. Discussion

The simulations described in the previous sections aimed at 
assessing the sensitivity of the general performance of three 
of the main operational scenarios envisaged for JT-60SA to 
the physical assumptions on the core transport model and the 
behaviour of the pedestal. To this purpose we used different 
codes equipped with semi-empirical and physics-based trans-
port models and making different assumptions on the height 
and the width of the density and temperature pedestal and 
compared the results between them and with the reference 
0-dimensional values.

The main indication emerging from the set of simulations 
performed is that, if the properties of the H-mode pedestal 
are similar, the variability in the main 0-dimensional param-
eters for each scenario due to the use of different core trans-
port models remains within 30–40% even though the local 

differences in the density and temperature profiles can be 
significant (up to 70%). Moreover, the 0-dimensional param-
eters obtained from the transport simulations described in this 
paper are in good agreement with the reference values in the 
research plan and give confidence on the robustness of the 
scenarios with respect to variations of the details of the radial 
profiles.

Particular care should be used in the modelling of the 
advanced steady-state scenario. All codes predict the forma-
tion of an ITB, but its strength and location vary from code to 
code. For the ‘high power’ version of the scenario, these dif-
ferences do not influence dramatically the predicted 0-dimen-
sional parameters of the scenario, indicating that, thanks to 
the strong bootstrap current driven by the ITB and the current 
density associate with the high neutral beam power, such a 
scenario should be achievable independently of the fine details 
of the profile of the non-inductively driven current density. 

Figure 14. Predicted electron density, electron temperature and ion temperature profiles for a JT-60SA advanced steady-state plasma 
(scenario 5.1 ‘low power’ version). The codes and the transport models used in the simulations are indicated in the legend.

Table 4. 0-dimensional parameter for scenario 5.1 (‘low power’ 
version) obtained from the 1.5-dimensional transport simulations 
described in the paper.

Scenario 5.1 CRONOS JINTRAC 
CDBM / BgB

TOPICS

BT (T) 1.72 1.72 / 1.72 1.72
Ip (MA) 2.3 2.2 / 2.3 2.3
fbs (%) 61 74 / 67 72
fni (%) 83 91 / 83 94
q95 5.6 6.7 / 6.5 5.4
PNBI (MW) 17 17 / 17 17
PECRH (MW) 7 7 / 7 7
ne0 (1019 m−3) 7.0 7.0 / 5.5 7.1

〈ne〉 (1019 m−3) 4.1 4.1 / 4.2 4.1
Te0 (keV) 5.6 6.2 / 5.0 6.5
〈Te〉 (keV) 3.2 3.0 / 3.3 3.3
Ti0 (keV) 5.9 6.1 / 4.7 6.7
〈Ti〉 (keV) 3.2 2.9 / 3.0 3.4
Wth (MJ) 8.0 8.0 / 8.0 9.0
H98 1.5 1.2 / 1.2 1.5
βN 3.7 3.7 / 3.5 3.9
τE (s) 0.33 0.33 / 0.38 0.37
Zeff 2.0 2.0 / 2.0 2.0
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However, the ‘low power’ version of the scenario is more sen-
sitive to the details of the bootstrap and beam-driven current 
density profile. Indeed, one would expect that with less beam 
power available the tailoring of the deposition profile becomes 
comparatively more critical.

Moreover, it is important to note that both from the point 
of view of predicting the total stored energy and the global 
plasma performance and from the point of view of assessing 
the feasibility of a steady-state fully non-inductive plasma 
scenario it is essential to accurately model the characteristic of 
the density and temperature pedestal. Unfortunately, this is an 
area where there are fewer and less reliable models available 
with respect to the core transport and significant effort will be 
required to reach a level of reliability of the simulations suf-
ficient to reduce the uncertainty associated with this aspect of 
the scenario modelling.

Finally, given that one of the missions of JT-60SA will 
be to explore and prepare scenarios for Demo, it should be 
pointed out that, although the predictions of the different 
codes for the general performance of the D-D scenario ana-
lysed are similar, the differences may become significant 
when extrapolating to D-T. Relatively small differences in 
the predicted Ti profiles, for example, could be amplified and 
lead to considerably different results in terms of fusion per-
formances and neutron yield. In this sense JT-60SA will play 
an important role in helping discriminate between different 
transport models.

7. Conclusions

In this paper we have presented simulations of the flat-top 
phase of the main JT-60SA operational scenarios performed 
with different codes and transport models. The results have 
been compared with the predictions of simpler codes featuring 
only a simplified description of the transport properties of the 
plasma.

The results show that, although the details of the kinetic 
profiles may differ from code to code, within the range of 
codes employed in the simulations, the results of the one-
dimensional simulations are in line with the projected sce-
narios. The degree of variability between the prediction of the 
different transport models is within 30% for the most impor-
tant zero-dimensional plasma parameters. The only caveat 
comes from the fully non-inductive steady-state scenario. Our 
simulations indicate that the feasibility of the low-power ver-
sion of this scenario could depend crucially on the details of 
the beam-driven current density profile.

Nevertheless, it is important to stress that the above con-
clusions are true when the codes are tuned against each other 
to replicate similar density and temperature pedestal char-
acteristics (i.e. width and height). Different assumptions on 
the pedestal performance could lead to significantly different 
predictions even when using the same core transport model. 
Therefore it is important to develop a reliable model capable 
to predict the behaviour of the density and temperature ped-
estal and integrate it into the core transport simulations. Such 
a task, however, is beyond the scope of this paper.

On a shorter time scale, although the pedestal pressure 
gradients assumed in the simulations for the three scenarios 
appear to be below the peeling-ballooning stability limit, it 
would be important to analyse the stability properties of the 
pedestal profiles with state-of-the-art stability codes. This 
activity, together with the analysis of the time dependent 
phases of the scenarios (i.e. current ramp-up and ramp-down) 
is planned within the EUROfusion JT-60SA work package.

Finally, it should be noted, however, that more significant 
differences between predictions obtained with different codes 
may appear in the extrapolation from the scenarios presented 
in this paper to D-T plasmas, where the neutron yield will 
vary more significantly between different simulations, or to 
a metal divertor, where the accumulation of heavy impurities 
(not simulated in the present study) will depend critically on 
the details of the kinetic profiles [41].
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