
  
Extremely high-beta field-reversed configuration 

(FRC) plasmas are sustained by diamagnetic plasma current 
which is orthogonal to the magnetic field. Conventionally, 
the field reversed theta pinch (FRTP) method is employed to 
form FRC plasmas, and relatively rapid process and 
inductive electric field in the toroidal direction are believed 
to be essential for forming FRC plasmas. Since the presence 
of a pressure gradient, however, naturally produces the 
diamagnetic current1), faster plasma supply than diffusion 
process may be possible to cause the field reversal and to 
make FRC plasmas. Here, we carry out the 3-dimensional 
hybrid simulation to study feasibility of FRC formation by 
continuous plasma feeding instead of the FRTP method.  

Let us suppose a uniform magnetic field is in the axial 
direction at the initial time. We load plasma particles so as 
to form the Gaussian distribution in the x-y plane as shown 
in Fig. 1. The particles are also in the Gaussian profile in the 
axial direction within a thin layer. When the plasma 
particles distribute in the ring shape with a radius of field-
null circle as seen in a FRC plasma, the direction of pressure 
gradient near the outer region of the ring is opposite to inner 
one. The opposite diamagnetic current causes the active 
instability that destroys an axisymmetric ring-shape profile. 
Therefore, we consider here the plasma fuelling in a manner 
as Fig. 1. The particle fuelling rate is determined to 
compensate the axial loss along the magnetic field line. The 
present calculation parameters are listed in Table 1. 

The ion density and axial magnetic field profiles in 
the y direction are presented in Fig. 2, where nmax is 

]m[106.1 322 . The peak value gradually increases before 
reaching a balanced state at 2.5 s. A quasi-steady state lasts 
from 2.5 s to 5.0 s, because the density profile is 
unchanged in this duration. After 5.0 s, however, we can 
see rapid decrease which implies the significant axial end 
loss. The magnetic field near the geometric axis is 
weakened due to the toroidal electric field given by  
 

jBuBuE zrrz ee .   (1) 
 
The field reversal, however, never be obtained by our 3-d 
hybrid simulation. Hence, in the present calculation 
condition, FRC plasmas never be formed by the continuous 
plasma feeding. The second term of Eq. (1) is dominant to 
reverse the magnetic field, where the magnetic field itself is 
involved. Therefore, as the strength of magnetic field goes 
to zero, its decreasing rate also vanishes; it constricts the 
field reversal.  
 In our present scheme, we tried to cause field reversal 
where the external magnetic field is fixed. In this case, it is 

impossible to cause radial compression by the electric drift 
due to the toroidal inductive electric field and axial 
magnetic field. On the other hand, the external field is 
reversed in the conventional FRTP method; this can cause 
successfully radial compression of a plasma, which is so 
called the theta pinch. 
  
  
1) Hirano, K.: Nucl. Fusion 24 (1984) 1159. 

Table 1. Calculation parameters 
External magnetic field  0.4 [T] 
Ion temperature  50 [eV] 
Electron temperature  50 [eV] 
Particle fuelling time  5.0 [μs] 
Particle fuelling rate  1.4 1026 [1/s] 

 

 
Fig. 2. Temporal changes of the profile of (Top) the ion 

density and (Bottom) the magnetic field.  

 
Fig. 1. Initial ion distribution on the x-y plane. 

Comparative analyses between the nonlinear three-
dimensional MHD simulation results1) and the experi-
mental observation at RELAX device2) have been carried
out for the low-aspect-ratio reversed-field-pinch(RFP)
plasma to reveal the physical mechanism of the formation
processes of helical structures. The simulation results
show a clear formation of n=4 structure as a result of
dominant growth of resistive modes, where n represents
the toroidal mode number. The resultant relaxed helical
state consists of a unique bean-shaped and hollow pres-
sure profile in the poloidal cross section for both cases of
resonant and non-resonant triggering instability modes.
Moreover, comparison our simulation results with its of
NIMROD code in order to validate.

To avoid the degradation of confinement due to
the chaotizing of the field lines in the core region of
RFP, a unique control method making use of the self-
concentrating nature of the plasma perturbations into
a small number of modes has been proposed both ex-
perimentally and theoretically. Several types of such
states have been observed, such as the quasi-single he-
licity (QSH) and the single helical axis (SHAx) states.
However, the physical mechanisms for the formation and
deformation of the structures have not been clarified well.

We solve a standard set of the nonlinear, resistive,
and compressive MHD equations by the MIPS code in
a full-toroidal three-dimensional geometry to investigate
the dynamical behavior of RFP plasma on the structural
changes within the MHD time scale on the order of sub-
millisecond. The initial conditions for the simulation are
given by a numerical equilibrium that roughly follows the
experimental conditions of RELAX. The equilibria are
calculated by the Grad-Shafranov solver with a fitting
reconstruction, the RELAXFit code. Two typical cases,
where the q = 1/4 rational surface does and does not
exist, are examined.

Comparing with the experimental observations, we
may acknowledge the validity of the simulation. The he-
lical deformation of electron temperature Te distribution
calculated from SXR emissivity3) predicted by the sim-
ulation described in upper panel of Fig. 1 can explain
an experimental result of tilted Te imaging diagnostic
from vertical port shown in lower panel. Both of these
deformations are corresponding to m/n = 1/4 helical
deformation.

The simulation results successfully reproduced the
basic nature of the experimentally observed helical struc-
tures in RELAX with the n=4-5 components. Such he-
lical structures can be formed from the initial conditions

Fig. 1: Simulation and experimental results of the heli-
cal structures in RFP plasma. A hellically twisted over-
all structure (a) and a tilted Te structure obtained from
vertical port (b) are shown.

both with and without a resonant rational surface. In
addition, the simulation results imply that there can be
a unique helical relaxed state in an RFP with a bean-
shaped hollow pressure profile in the poloidal cross sec-
tion.

Moreover, we make a comparison between our MIPS
result and NIMROD result in association with Dr.
Karsetn McCollam, University of Wisconsin. From NIM-
ROD code, we observed relatively higher n= 5-8 mode
become dominant even starting from same initial distri-
bution as MIPS used. It may be caused by a gradient of
current distribution on initial equilibrium.

These comparative analyses would deepen our un-
derstanding of the self-organizing phenomena in a low-
aspect and high-beta fusion plasma. To find out the
basic constraint of the relaxation and its application to
the experimental improvement is the next step of our
research.
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