
 A system of magnetic flux coordinates are constructed 
from an analytic solution for the reduced magneto- 
hydrodynamic (MHD) equations for high-beta toroidal 
equilibria in the presence of poloidal flow comparable to 
the poloidal sound velocity. The reduced equilibrium 
equations were derived by the asymptotic expansions in 
the inverse aspect ratio  of a torus, and include the Grad- 
Shafranov type equations for the first and second order 
magnetic fluxes, 1 and 2

1). An analytic solution of 
1+ 2 was found by assuming circular cross-section, 

fixed boundary and linear profiles for the flux surface 
quantities2). The solution with second order quantities 
shows that the magnetic structure is modified and the 
pressure isosurfaces depart from the magnetic flux 
surfaces due to the poloidal flow. A system of magnetic 
flux coordinates is obtained from this analytic solution. 
 Magnetic flux coordinates consist of a flux surface 
quantity and an arbitrary poloidal angle in a poloidal 
cross-section of an axisymmetric torus. The following 
relations between the coordinates (x,z) in the cylindrical 
coordinate system and ( ) in the magnetic flux one for 
a poloidal cross-section are adopted, 
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which are extensions of those for the first order magnetic 
flux that yield the analytic solution of [x( ),z( )]3).
The upper panels of Fig. 1 show examples of the system 
of magnetic flux coordinate system ( ) obtained by 

solving Eqs. (1) and (2) numerically. The flux coordinates 
are modified depending on the poloidal flow velocity. 
Equations (1) and (2) are also solved analytically by 
expanding (x,z) up to the first order in . These solutions 
agree well with each other when the poloidal flow 
velocity is relatively small. The lower panels in Fig. 1 
show poloidal profiles on different flux surfaces. The 
pressure maxima are located in the outer midplane ( )
for sub-sonic poloidal flow and in the inner midplane (

) for super-sonic poloidal flow. 
 As an application, the flux surface average of the 
pressure is calculated by using the flux coordinates as 

, / .p p Jd Jd

The profile of the flux surface average of the pressure is 
peaked near the magnetic axis for sub-sonic poloidal flow 
while it is broad for super-sonic poloidal flow, compared 
with that for the static equilibrium. The stability of 
high-beta toroidal equilibria with strong poloidal flow in 
will be studied based on this flux coordinate system. 

Fig.1. Magnetic flux coordinate systems (upper panels) 
and poloidal profiles of the pressure on different flux 
surfaces (lower panels) for sub-sonic (left) and 
super-sonic (right) poloidal flows. 

1) A. Ito, J. J. Ramos and N. Nakajima, Plasma Fusion 
Res. 3, 034 (2008). 
2) A. Ito and N. Nakajima, Plasma Phys. Control. Fusion 
51, 035007 (2009). 
3) R. Kleibergen and J. P. Goedbloed, Plasma Phys. 
Control. Fusion 30, 1939 (1988). 

 

 

  
  

In recent experiments, it has been observed that the 
density in the far scrape-off layer (SOL) in magnetic 
confinement fusion devices is higher than the estimation 
calculated from a diffusion model1). Motivated by such 
observations, some authors have investigated the SOL 
plasma theoretically. Then a theory of plasma blob 
dynamics has been proposed as the mechanism of the non-
diffusive (that is, convective) radial plasma transport2). The 
plasma blob is an intermittent filamentary coherent structure 
along the magnetic field line and moves from the edge of 
core plasma to the first wall by the ExB drift since the 
electric field is induced in a blob by the charge separation 
caused by the grad-B or curvature drifts. Many pieces of 
evidence which shows that such structures are produced in 
peripheral plasmas have been reported3). Further, many 
authors have studied blob dynamics on the basis of two-
dimensional reduced fluid models3). In such kind of 
macroscopic models, however, microscopic effects (such as 
sheath formation between plasma and divertor plate, 
velocity difference between ions and electrons, and so on) 
are considered under some assumptions and treated as some 
adjustable empirical parameters. Thus, in this study, we 
investigate kinetic dynamics of blobs with a three 
dimensional electrostatic plasma particle simulation4, 5). 

The configuration of particle simulation is as follows. 
An external magnetic field is pointing into the z direction 
(corresponding to the toroidal direction). The strength of 
magnetic field increases in the positive x direction 
(corresponding to the counter radial direction) as 2 Lx B0 / 
(3 Lx - x) where Lx, Ly, and Lz are the system size in the x, 
y, and z directions and B0 is the magnetic field strength at x 
= Lx. Particle absorbing boundaries are placed at x = 0. The 
plane at x = 0 corresponds to the first wall. In the y 
(corresponding to the poloidal direction) and z directions, 
periodic boundary condition is applied. A blob is initially 
set as a column along the external magnetic field. The initial 
density profile of the blob in the cross section is given by 
the Gaussian distribution with the width b. The system size 
Lx x Ly x Lz is 61.97 s x 61.97 s x 15.49 s. The initial 
radius of the blob is b = 3.87 s. Here, s = cs / i where cs 
is the ion acoustic speed given as cs = (Te / mi)1/2 and i = e 
B0 / mi. 

In the last fiscal year, we found the symmetry 
breaking in blob propagation when the ion temperature is 
higher (See Fig. 1). In this fiscal year, we have studied its 
effect on plasma transport and the mechanism of the 
symmetry breaking. Figure 2 shows the time variation of the 
x position of the maximum electron density in a blob. 
Figure 2 indicates that the radial velocity for larger Ti / Te 
blob becomes small after the blob moves for 10 ~ 20 s. 
Furthermore, we have found the unbalanced dipole potential 

structure in larger Ti / Te blobs. Such a potential structure 
arises from the Larmor motion of ion particles and causes 
the symmetry breaking in blob propagation. 

Fig. 1. Electron density distributions in the x-y plane at 
z = Lz / 2 at i t = 77.46 where the ion-to-electron 
temperature ratio is set as Ti / Te = 0.25, 1, and 4 in the 
upper, middle, and bottom panels, respectively. 

  

Fig. 2. Time variation of the x position of the 
maximum electron density in a blob. The circle, 
triangle, and square represent the observations for Ti / 
Te = 0.25, 1, and 4, respectively. 
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