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Abstract. Assessment of capabilities in controlling key plasma parameters to access and sustain a high 
normalized pressure (βN) plasma in JT-60SA has been carried out using predictive simulations with emphasis on 
controllability with actuators, including not only heating and current drive but also fueling and pumping system. 
It is confirmed that the safety factor profile, which is believed to play an important role for confinement 
improvement, can be prepared appropriately at the plasma current ramp-up phase in a wide extent within 
capability of the installed ECRF system. At the flat-top of a high βN and high bootstrap current plasma, it is also 
confirmed that the installed NB system can modify the safety factor profile and the confinement property within 
the planned capabilities. It is confirmed that impurity seeding in the SOL and the divertor region can maintain 
the heat flux within the divertor heat tolerance keeping the separatrix density level acceptable. 
 
1. Introduction 
 

The objective of the JT-60SA project [1] is to support researches on ITER and develop 
physics and engineering basis towards DEMO reactor. JT-60SA will be a unique platform to 
develop operational scenarios for plasmas foreseen in these machines utilizing various 
actuators in long pulse discharges. The confinement improvement factor, the normalized 
pressure (βN) and the bootstrap current fraction (fBS) are key parameters. Towards realization 
of a DEMO, plasmas with these parameters higher than those in a standard ELMy H-mode 
plasma are believed to be advantageous, so called advanced tokamak (AT) plasmas. As these 
parameters increase, requirements on integrated plasma control will increase. For the 
development towards ITER and DEMO AT plasma operation, typical plasmas in several 
operational domains have been identified for JT-60SA [2,3,4]. Detailed assessment of plasma 
operation scenario and space with emphasis on controllability is necessary not only to ensure 
the success of the project, but also to optimize the hardware and the plasma control system. 
On JT-60SA, both Negative and Positive-ion source based Neutral Beam (N-NB and P-NB) 
with large variation of the injection angle will be installed. Also Electron Cyclotron Range of 
Frequency (ECRF) of multi frequencies will be installed. They can be utilized as actuators for 
integrated plasma control. Handling of the heat flux to the divertor is one of the most critical 
issues towards ITER and DEMO. This will be investigated using fueling and impurity control.  

In this paper, results of assessment of control capabilities in JT-60SA especially in 
preparation of advanced tokamak operations such as advanced inductive and high βN 
steady-state plasmas with installed actuators will be discussed. 
 
2. Heating and Current Drive actuators in JT-60A 
 

JT-60SA succeeds the JT-60U heating and current drive systems maintaining their large 
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capabilities and flexibilities in heating, current-drive, and toroidal torque drive (see TABLE I). 
The total heating power is 41 MW consisting of 34 MW of NB and 7 MW of ECRF powers. 
The pulse length is 100 s for both the NB and the ECRF systems. 

The P-NB system with the beam acceleration energy of Eb ≤85 keV consist of 2 units of 
co-tangential beams (4 MW), 2 units of counter-tangential beams (4 MW), and 8 units of near 
perpendicular beams (16 MW). Thus the total power of the P-NB system is 24 MW. Here 
“co”, “counter” and “perpendicular” refer to the direction parallel, anti-parallel and 
perpendicular to the Ip direction. The N-NB system provides 10 MW of power with Eb ≤500 
keV co-tangential injection. The N-NB system consists of two ion sources, which provide 
5 MW per source and can be operated separately. The schematic bird view of the torus and 
arrangement of the NB system is shown in Fig. 1 (a). The beam trajectories projected on to 
the poloidal cross section of a typical plasma equilibrium is shown in Fig. 1 (b). As seen in 
the figure, the N-NB injection trajectories are lowered from the equatorial plane for 
optimization of the weak / negative magnetic shear plasmas. Each P-NB unit also consists of 
two ion sources and they can be operated separately as well. In Fig. 1 (b) projection of mean 
beam lines of two ion sources from various P-NB units are shown.  

The ECRF system is composed of 9 gyrotrons providing 7 MW. Each gyrotron generates 
similar power at both 110 GHz and 138 GHz. The power deposition can be controlled by 

TABLE I: JT-60SA heating and current drive system and their functions 
 

Neutral Beam (NB) Electron Cyclotron Range of 
Frequency (ECRF) N-NB P-NB 

Beam acceleration energy: frequency: 
500 keV 85 keV 110 and 138 GHz 

beam direction and power: power: 
co 10MW co 4 MW 7 MW 

 ctr 4 MW toroidal/poloidal steering 
 perp 16 MW  

functions: 
heating (N-NB: more electron heating, P-NB: more ion heating) 

current drive 
toroidal torque drive 

fueling 

functions: 
heating (pure electron heating) 

current drive 

(beam directions: “co”, “ctr” and “perp” refer to the direction parallel, anti-parallel and perpendicular to the Ip 
direction.) 

 
 
Fig. 1. (a) Schematic bird view to show arrangement P- and N-NBs and ECRF on JT-60SA. (b) The beam 
trajectories of P- and N-NBs projected on to the poloidal cross section of a typical plasma equilibrium. Use 
of terms, “co”, “ctr” and “peprp” is the same as that in TABLE I. 
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steerable mirrors both in the toroidal and the poloidal directions in real time [5].  
 

3. Simulation codes 
 

In this paper, predictive transport simulations were carried out using a 1.5-D transport code 
TOPICS [6]. TOPICS can solve 1-D transport equation, for energy, particle and momentum, 
with solving 2-D free boundary equilibrium. The equilibrium can vary in time, even transform 
from a limiter to a divertor configuration. TOPICS can adopt various transport models, such 
as CDBM, GLF23, Bohm gyro-Bohm, MMM95 and so on. For the simulation shown in this 
paper, the CDBM (Current Diffusive Ballooning Mode) model [7] was used. Though CDBM 
is a semi-empirical model, it is found to predict H-mode core plasmas and be good at 
reproducing JT-60U the internal transport barrier (ITB) plasmas. TOPICS can cooperate with 
an orbit following Monte Carlo code F3D-OFMC [8]. F3D-OFMC calculates NB power 
deposition, NB driven current, NB fueling and torque input [9]. F3D-OFMC carries out 
calculation based on plasma profiles obtained from TOPICS. On the other hand, TOPICS 
receives information from F3D-OFMC and uses it as source terms to solve transport including 
momentum evolution. One important aspect of this collaboration between TOPICS and 
F3D-OFMC is in that the role played by the radial electric field Er profile. The Er profile is 
important to follow ion orbits in F3D-OFMC, and affects transport via ExB effect in TOPICS. 
Heating and current drive by the ECRF is calculated by the EC Hamamatsu code, which is a 
ray tracing + relativistic Fokker Planck code [10]. In the simulation, designed geometries of 
the heating systems, such as the NB beam lines, the ECRF injection antenna positions and so 
on are used, to be as realistic as possible.  

For the divertor heat load calculation, a 2-D SOL/divertor code suite SONIC [11] was used. 
SONIC consists of three modules; SOLDOR: a fluid code to solve a plasma, NEUT2D: a 
Monte Carlo code to solve neutrals and IMPMC: a Monte Carlo code to solve impurities. The 
feature of SONIC is that Monte-Carlo approach with flexibility of modelling is applied to 
impurity transport. 
 
4. Preparation of target q-profile during the Ip ramp-up 
 

In oder to establish an AT plasma, it is know to be important to prepare the safety factor 
profile (q(ρ)) appropriately. By preparing the target q(ρ), an ITB, which is advantageous to 
gain high energy confinement, can be formed. The preparation should start during the Ip 
ramp-up, because at the plasma ramp-up it is easier to modify the target q(ρ) than at the Ip 
flat-top. Even with simple heating, q(ρ) can be modified due to retardation of current 
penetration with increase in Te. Evolution of q(ρ) during the Ip ramp-up was studied. 
Simulation by TOPICS with CDBM was carried out[12]. Since a typical high βN and fBS 
operation is expected in a plasma of Ip/Bt=2.3MA/1.8T[4], the Ip ramp-up phase of that 
plasma was examined.  

ECH of 3 MW, keeping margin out of the maximum power of 7 MW, at 110GHz was 
applied during the Ip ramp-up and deposition was scanned. The Ip ramp-up rate was 0.4 MA/s, 
which is the fastest rate within the limitation of JT-60SA power supply system. During the 
ramp-up ne is gradually increased and the target ne at the end of the ramp-up is ~30% of the 
Greenwald density (nGW) at the center in this case. Temporal evolutions of Ip, i, q0, ne0, Te0 
and Ti0 are shown at the left side in Fig. 2. At the right side of Fig. 2, shown are evolution of 
the Te (upper box) and the q (lower box) profiles with arrows showing the direction of the 
time line. The ECRF power was set to deposit at the hatched region by adjusting the poloidal 
injection angle. Note that in this study, the waves were injected perpendicularly to Bt to avoid 
current drive for simplicity. As shown in the figure, the off-axis ECH makes a broader Te 
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profile and retards the penetration of the current to form a reversed q(ρ). 
In Fig. 3 (a), plotted is how q(ρ) at the end of the Ip ramp-up changes when the EC power 

deposition was changed. The deposition was changed by steering the poloidal mirror. A 
region of negative magnetic shear is clearly formed near deposition location and position of 
the local minimum of q moves as deposition location moves. The magnetic shear, s, changes 
as well and becomes minimum, smin , just inside the minimum q, qmin. In Fig. 3 (b) plotted is 
smin as the function of the location of the minimum q, ρmin. As shown in the figure, ρmin can be 
changed with ~ -0.9 < s < ~ -0.5. Also plotted are cases with the half injection power or nearly 
doubled ne. In both cases, s becomes weaker, but still remains negative. It is noted that a 
simulation in which additional NB heating was applied into a reversed q profile tailored by 
ECH as shown in Fig.1 showed formation of an ITB. As far the CDBM model is concerned, 
this range of s would be sufficient for ITB formation. 

Preparation of the target q profile is required not only for an ITB plasma, but also for a 
so-called advanced inductive plasma[13]. The advanced inductive plasma is expected to have 
better energy confinement and βN than those expected in a standard ELMy H-mode plasma 
and to play an important role in ITER. For a formation of such an advanced inductive plasma, 

 
 

Fig. 2. Left figure: The temporal evolution of Ip, li, q0, ne0, Te0 and Ti0 in a 2.3 MA/1.7 T plasma with 3 
MW of ECRF. Right figure: Temporal evolution of the Te and the q profiles at 1.5 s (thin solid line), 2 s 
(broken line), 3 s (dotted line), 4 s (dashed line) and 5 s (bold solid line). The arrow in each boxes indicates 
direction of the evolution from 1.5 s to 5 s. Hatched region at ρ~0.5 indicates the ECRF power deposition.  

(a)  (b) 
 
Fig. 3. (a) The q profiles at the end of the Ip ramp-up. Without EC (thin solid line) and with 3MW 
ECH with three different depositions. Each arrow from the left indicates deposition for the broken, 
solid and dotted lines respectively. (b) A plot of smin against ρmin, corresponding to the q profile 
showin in (a). Circles: for the cases shown in (a). Square: when the ECRF power was halved to 
1.5 MW. Triangle: when ne0 is doubled. 
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it has been thought that a target q profile with central value about unity with a flat region near 
center would be necessary. In JT-60SA, a few scenarios are considered for the advanced 
inductive operation. A 3.5 MA plasma is one of the scenarios. A similar study was carried out 
for this scenario, at 30% of nGW with 2 MW of ECRF (138 GHz due to higher Bt). The result 
showed that the desired q profile can be obtained. It is noted that, in practice H-mode 
transition engages during ramp-up by additional NB heating. This helps to retard the central q 
falls to unity further. 

These results indicate that enough capability to prepare and control adequate q(ρ) at the Ip 
ramp-up phase with installed actuator.  
 
5. Control of the current profile 

 
During not only the Ip ramp-up, but also the Ip flat-top, q(ρ) 

plays important roles for both confinement and MHD stability. 
However at the flat-top, it is difficutl to modify q(ρ) solely by 
heating especially in a full or near non-inductive condition. It 
is necessary to modify q(ρ) directly via external non-inductive 
current drive. As mentioned in Section 2, two N-NB lines, 
which drive large current locally, will be installed in 
JT-60SA: One drives current at ρ~0.2, while the other does at 
ρ~0.4 in a 2.3MA high βN plasma for example. 

In order to evaluate the impact of possible changes in the 
N-NB driven current profile, simulation was carried out. Here 
again, the 1.5D transport code TOPICS was used together 
with the CDBM transport model. Since current profile control is a key issue for AT plasmas, a 
high βN plasma at Ip of 2.3MA was chosen as a target. In the simulation, the ne profile was 
prescribed (Fig. 4) and fixed in time to avoid large change in the bootstrap current profile and 
make the NBCD effect clearer. Change in the plasma toroidal rotation, Vt, which also affects 
the confinement a littele is also neglected for the same reason. 

The simulation started with a reverse q profile. Firstly, the upper N-NB beam line that 
passes closer to the plasma center was injected. Then the upper beam line was switched to the 
lower beam line that passes through off-axis. The NB driven current profile, jNB(ρ), is shown 
in Fig. 4 (a) at just before and 10 s after the switch over. For comparison, the total current 
profile jtot is also shown. It is noted that jNB mainly consists of the N-NB drivern current in 
this case. As shown in the figure, jNB(ρ) changes as one beam line switched to the other. It is 
also noted that the NB driven current profile does not change largely during this 10 s, while 
the total current changes due to the penetration of the ohmic current. As this 2.3 MA plasma 

 
 
Fig. 4. The ne profile assumed 
in the current profile control 
simulation. 

 
 

Fig. 5. (a) The total and NB driven current profiles just before the N-NB beam line switch over (dashed 
lines) and 10 s after the switch over (solid lines). The q profile (b) and the electron temperature profile (c) 
just before (dashed line) and 10 s after (solid line) the switch over. 
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was originally designed to be driven fully with 10 MW of N-NB and the bootstrap current, a 
lack of 5 MW N-NB introduces ohmic current about 20% of Ip in this case.  

Temporal evolution of the q profile, just before and 10 s after the switch over, is shown in 
Fig. 4 (b). Since the current penetration time is several seconds, the q profile changes 
gradually. Due to the change in the N-NB driven current profile, on-axis to off-axis, q in the 
plasma interior elevates gradually. As q elevates flat q region extends, thus low to zero shear 
region extends towards outward. The foot position of the electron temperature ITB seen in 
Fig. 5 (c) expands outwards. Since the N-NB driven current fraction is not large as seen in 
Fig, 5(a), the shift in the ITB foot location is not very large. However, since the MHD 
stability is quite sensitive to the pressure and q profiles, even this small change can bring an 
impact on performance. In order to make effect of the N-NBCD control, a target of lower Ip 
and/or lower density plasma would be preferable. It is noted that the location of the ITB is 
determined not only by the magnetic shear but also by the pressure gradient to which N-NB 
contributes as well.  

 
6. Control of the toroidal rotation profile 

 
It is widely recognized that the plasma rotation plays 

important roles in many aspects, such as energy 
confinement and the MHD stability. And it has been 
demonstrated experimentally that the Vt profile can be 
modified by the NB injection in JT-60U [14] and many 
other tokamaks. As the same NB system equipped on 
JT-60U will be used in JT-60SA, JT-60SA inherits the 
capability to modify the Vt profile. As described in 
Section 2, JT-60SA is equipped with four tangential 
P-NB units, two (4	 MW) in the co-direction the other 
two (4 MW) in the counter-direction to Ip. Practically 
they are the main supplier of the toroidal torque 
(collisional torque to be precise), since perpendicular 
P-NBs, though they are not completely normal to the Ip 
direction, drive very little torque. In addition, although torque input per unit power is about 
40% of that of a tangential P-NB, N-NB of 10 MW can also drive similar amount of torque to 
that of 4 MW of the tangential P-NB in the co-direction. Combination of the four tangential 
P-NB units and two N-NBs can produce different input torque profile, thus different Vt profile 
in a plasma. In this section, it will be shown how largely the toroidal rotation profile can be 
modified in JT-60SA. Both F3D-OFMC and TOPICS were used here again. Since the torque 
input from the NBs should be evaluated, use of F3D-OFMC is indispensable. 

Again, a 2.3 MA high βN plasma was taken as a target, since control of the resistive wall 
mode (RWM) will be important to achieve high βN and Vt will affect the stabilization of 
RWM [15]. Furthermore, the Er profile, which plays an important role for transport especially 
formation and sustainment of an ITB, can be modified by rotation. Therefore, plasma rotation 
could be one of the most important issues in achieving and sustaining a high βN plasma. 
Although TOPICS+F3D-OFMC can solve energy and particle transport, the density and 
temperature profiles (Fig. 6) and the plasma equilibrium were prescribed and fixed in time for 
simplicity. The Vt profiles shown in Fig. 7 (a) – (c) correspond to cases with N-NB + co-P-NB 
and ctr-P-NB, N-NB + co-P-NB and N-NB + ctr-P-NB respectively. Show in Fig. 7 (d) – (f) 
are the total (solid), the collisional (dashed) an the jxB (dotted) torque source profiles 
respectively for each cases. The Vt profile shown in Fig. 7 (a) gives an idea how N-NB rotates 
the plasma. Since N-NB is important from view points both of power and the current driver, 

 
 
Fig. 6. The electron density, electron 
and ion temperature profiles which 
are prescribed in the simulation for 
the rotation profile. 
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N-NB can not be turned off for such a high βN plasma. Therefore, the Vt profiles shown in 
Fig. 7 (b) and (c) would be the most and least rotating cases.  

For RWM stabilization, not the absolute value but a ratio to the Alfven velocity makes 
sense. The ratio of Vt to the Alfven velocity is from 0.6% (at the pedestal top) to 3.6% (at the 
plasma center) for the most rotating case (Fig. 7 (b)). 

 
7. Handling of the heat flux to the divertor 
 

Not only in the core plasma, but also in the SOL and divertor region, control plays an 
important role. As described in Section 2, the total injection power will be 41MW in JT-60SA. 
And carbon mono-block is planned to use as the divertor target both inner and outer sides[16]. 
The outer carbon mono-block, which receives more heat than the inner one, can hold the heat 
flux up to 10-15MW/m2 (depending on the heat cycle) for steady state. If large amount power, 
even less than 41 MW, is injected without care, then the divertor power heat load can exceed 
this limit. The carbon mono-block divertor could withstand larger heat flux for a short period, 
but not for 100 s required in JT-60SA. In order to avoid large heat flux to the divertor, it 
would be necessary to radiate power flowing from the core plasma before reaching the 
divertor plate. In plasmas in the high Ip domain, the heat flux can be reduced only by puffing 
working gas, mainly deuterium, especially to the divertor area. Since they are operated at the 
higher absolute ne, larger amount of fueling is necessary. On the contrary, for high βN plasmas 
such as those mentioned above, will be operated at lower Ip thus at lower ne, it would be 
difficult to reduce the heat flux by puffing working only. Since deuterium would not radiate 
large power. Therefore additional enhancement of radiation by impurity seeding will be 
required for this kind of plasmas.  

A SOL/divertor simulation code suite SONIC was used to evaluate how to reduce the 
divertor heat flux to acceptable level. We investigated effect of Argon gas seeding. In Fig. 8  
(a), the separatrix density, resulting from gas puffing necessary to maintain the peak heat flux 
onto the outer divertor <~10MW/m2 (within the divertor tolerance), is plotted against Argon 
concentration at the outer divertor as the Carbon concentration as a paramere. In a 2.3MW 
high βN plasma of 85% nGW, the separatrix density is expected to be ~1.6x1019m-3. Therefore, 
the white region in the figure would be acceptable. As shown in the figure, even if the carbon 

 
 
Fig. 7. The Vt profiles for combinations of tangential NBs (a) N-NB + co-P-NB and ctr-P-NB, (b) N-NB + 
co-P-NB (c) N-NB + ctr-P-NB –NB. (d) – (f) the total (solid line), the collisional (dashed line) and jxB 
(dotted line) torque source profiles corresponding to cases in (a) – (c).  
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concentration varies, the heat flux can be managed by controlling Ar gas puffing. The outer 
divertor heat load, and the electron density and temperature profiles at the out divertor plate 
for cases with (nAr/ni =1%, nC/ni =4%) and (nAr/ni =2%, nC/ni =2%) are plotted in Fig. 8 (b) 
and (c) respectively. 

 
8. Summary 

 
Assessment of capabilities in controlling key plasma parameters to access and sustain a 

high βN plasma in JT-60SA is carried out with emphasis on controllability with actuators. 
Capabilities of 1) preparing target q profile at the Ip ramp-up phase by ECRF heating, 2) 
modifying q profile at the flat top by N-NB current drive and its impact on ITB, 3) changing 
the Vt profile by tangential NBs torque input and 4) suppressing divertor heat load by impurity 
seeding, are discussed. Actuators installed in JT-60SA would be capable of performing these 
functions, of course within certain limitations. As only one transport model is used in this 
study, assessment with other models should follow this work.  
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Fig. 8. (a) The separatx density against Ar fraction with the C concentration 2, 3 and 4%, with the outer 
divertor heat flux ~10 MW/m-2. (b) The outer divertor heat load, and (c) the electron density and temperature 
profiles along the distance from the hit point at the outer divertor plate for cases with (nAr/ni =1%, nC/ni 
=4%) and (nAr/ni =2%, nC/ni =2%). 


