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The integrated framework for toroidal momentum transport is developed, which self-consistently calculates 
the neoclassical toroidal viscosity (NTV), the radial electric field Er and the resultant toroidal rotation Vϕ 
together with the scrape-off-layer (SOL) physics-based boundary model. The coupling of three codes, 
TOPICS, VMEC and FORTEC-3D, makes it possible to calculate the NTV due to the non-axisymmetric 
perturbed magnetic field caused by toroidal field (TF) coils. It is found that the NTV significantly 
influences Vϕ in JT-60U and Er holds the key to determine the NTV profile. The sensitivity of the Vϕ profile 
to the boundary rotation necessitates the boundary condition modeling. Owing to the high-resolution 
measurement system, the Er gradient is found to be virtually zero at the separatrix regardless of toroidal 
rotation velocities. Focusing on Er, the boundary model of toroidal momentum is developed in conjunction 
with the SOL/divertor plasma code, D5PM. This modeling realizes self-consistent predictive simulations 
for operation scenario development in ITER. 

 
 
1. Integrated modeling with TOPICS, VMEC 
and FORTEC-3D for the NTV 

In present-day tokamaks, there are a variety of	
 
torque sources that impart toroidal rotation, like 
neutral beam injection (NBI) as the primary source. 
The “intrinsic torque” that is intrinsically generated 
without external momentum input is expected to be 
a major momentum source in ITER and a DEMO 
reactor, and its study is of significant importance. 
As one of the possible intrinsic torque sources, 
much attention has been recently paid to the NTV 
[1], which originates from the 3D 
non-axisymmetric magnetic field due to the 
imperfect toroidal symmetry of tokamaks. Enabling 
us to analyze the NTV in experiments and gain the 
predictive capability, we develop the cooperative 
framework among the TOPICS suite, the VMEC 3D 
equilibrium code and the FORTEC-3D code [2]. 
Here, TOPICS is the 1.5D integrated transport code 
and FORTEC-3D is the δf drift-kinetic solver 
developed originally for 3D devices. VMEC 
computes a 3D equilibrium with plasma response 
based on the 2D free-boundary equilibrium 

computed by TOPICS plus the vacuum magnetic 
field due to external coils. Coupling of the 
integrated code suite and the large-scale kinetic 
code allows us to accurately calculate the 
complicated NTV without assumptions on a 
magnetic equilibrium, the collision operator and so 
forth and to incorporate its effect into interpretive 
and predictive simulations. For rotation predictions 
over the entire profile, a boundary condition is as 
much important as the NTV, whereas a conclusive 
boundary model for toroidal momentum has not 
been proposed yet. Focusing on the radial force 
balance equation between Vϕ and Er observed in 
JT-60U, boundary models are newly proposed with 
the aid of the SOL/divertor plasma code, D5PM. 

 
2. The NTV torque and its effects on toroidal 
rotation in JT-60U 

JT-60U had the large TF ripple amplitude up to 
~2% on the midplane. In the edge region 
counter-current Vϕ was observed despite co-tangential 
NBI, but the radial current torque stemming from a 
ripple loss of beam ions was not sufficient to fill the 
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rotation gap between simulations and experiments [3]. 
The NTV calculation for this discharge reveals that 
the NTV torque, -2.36Nm, is one third as much as the 
sum of the collisional and radial current torques due 
to the NBI: 5.99Nm and 0.699Nm, respectively. 
Figure 1 illustrates the importance of the NTV. 
Including the NTV largely improves the 
reproducibility of toroidal rotation. The NTV is 
typically localized in the outer-core and edge regions 
and scales as the ripple amplitude increasing towards 
the edge. Er also plays a crucial role in the NTV 
characteristics such as the peak position, direction and 
amplitude. Correlation between the positions of the 
NTV peak and Er ≈ 0 is clearly observed in Fig.2, due 
to the trapped particle resonance [4]. It is also found 
that ferritic steel tiles (FSTs) significantly suppress 
the up-down asymmetric components of the NTV. 
Simulations by this framework show some evidence 
that the NTV is a major player in explaining the 
different sensitivity of the rotation profile to the ripple 
amplitude between co and counter rotation cases via 
Er. To elucidate a role of the NTV, our cooperative 
framework is thus applied to a wide variety of JT-60U 
discharges, such as counter and balanced injection 
cases with and without the FSTs. This extensive 
research brings better understanding of the effects of 
the NTV in JT-60U. 

 
3. Modeling of the boundary condition of toroidal 
momentum for predictive simulations 

Despite the importance of the boundary condition 
(B.C.) for the toroidal momentum density ℒ , the 

zero B.C. has prevailed because there are no boundary 
models. In JT-60U, it was observed that the Er 
gradient at the separatrix is independent of Vϕ and 
virtually zero [5]. Using this feature, we model the 
B.C. via Er: ℒ  is estimated by satisfying ∇𝐸𝐸 = 0 
through the radial force balance equation. The 
pressure and temperature gradients there are 
calculated using D5PM. Note that the applicability of 
the Matrix Inversion method, which is a neoclassical 
transport solver implemented in TOPICS, in the edge 
region adjacent to the separatrix has been verified 
against JT-60U data. 

We will predict toroidal rotation over the entire 
profile for a hydrogen L-mode plasma in ITER. The 
NTV stemming from the TF coils and the FSTs is 
taken into account. Co tangential NBs of 33MW are 
injected. Any profiles other than toroidal rotation are 
fixed. Predicted rotation at the magnetic axis is up to 
2% of Alfven speed, as shown in Fig. 2. Modeling the 
B.C. and the NTV enables us to perform rotation 
simulations over the entire profile. 
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