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It is well known that magnetic field configurations in a variety of fusion
devices evolve toward ordered states with well-organized structure. These states
can be described only by a few global parameters, such as total current or
magnetic flux and geometry of the device, but independent of the detailed initial
condition and the dynamical process of the system. Similar phenomena are
observed in many other natural systems. In general the phenomenon that a
system with a disordered structure spontaneously relaxes to a state with an
ordered structure is called "self-organization".

In the last two decades, Taylor's theory has attracted considerable attention of
plasma physicists, because it has been able to predict a stable magnetic structure,
for example, the field reversal structure of the reversed field pinch (RFP) and the
spheromak configuration. Taylor conjectured that a weakly resistive
magnetohydrodynamic (MHD) plasma would evolve toward a minimum magnetic
energy state under the constraint of total magnetic helicity conservation, and
predicted that a self-organized state (minimum magnetic energy state) is a force-
free equilibrium.

It should be emphasized that the Taylor's theory can only be applied to a case
where the plasma pressure is uniform throughout the whole system. In reality,
however, an excess free magnetic energy is transformed into thermal energy. In
general the released thermal pressure has a spatial structure because of the
spatial dependence of current density (ohmic heating). In plasmas there are
several mechanisms that can lead to redistribution of thermal energy, such as,
convection, expansion and thermal conduction, it is not a natural consequence
that the plasma pressure becomes spatially homogeneous. Many efforts have
been made to extend the Taylor's theory to a finite pressure MHD plasma.
However, most of the works have reached to the Taylor's force-free state.

In order to clarify the effect of the plasma pressure on the self-organization
process of an MHD plasma, we have employed a three-dimensional MHD
simulation code with a fourth-order accuracy both in time and space, and have
carried out the simulation under the condition that the plasma is confined by the
electrically conducting and thermally insulated vessel.

It is confirmed that driven magnetic reconnection plays a crucial role in the
self-organization process. It is driven magnetic reconnection that actuates the
selective dissipation of magnetic energy. The present study has revealed new
features of the MHD self-organization. The value of j « B is negatively peaked
in the vicinity of the reconnection points caused by kink flows, while that of
j +j 1is sharply peaked at the same reconnection regions. The sharp peakings of
j +j and the negative peakings of j*B at the reconnection points act to
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anomalously enhance the dissipation of magnetic energy and to critically reduce
the dissipation rate of magnetic helicity, respectively. This implies that the
helicity conservation is not a substantiated property for the MHD self-
organization, though it has been widely believed so far. The present study has
also revealed that the work done by the magnetic force v «(jxB) has an
important contribution to the rapid dissipation of magnetic energy because a fast
plasma flow is created by this force.

It is also found that the onset time of driven magnetic reconnection is almost
independent of the electrical resistivity. For a case of an exceptionally large
electrical resistivity, the magnetic reconnection process becomes not so
conspicuous because most of the free magnetic energy dissipates before the first
magnetic reconnection takes place and the process becomes almost diffusive.
This indicates that a "weak electrical resistivity" condition, or a collisionless
condition, is necessary for a clear-cut self-organization to take place.

We have demonstrated that a finite pressure MHD plasma system relaxes
toward a state with a minimum magnetic energy in which the magnetic field
configuration is similar to that for the pressureless case. This is because the
most important physical process in self-organization is the driven magnetic
reconnection process and the pressure is not the primary cause of reconnection.
However, the magnetic field configuration is not described by the Taylor's force-
free minimum energy state. The driven magnetic reconnection process produces
an extremely heated plasma in the vicinity of a reconnection point. The locally
heated plasma modifies the magnetic field through the pressure gradient force.
Thus, the perpendicular electric current is generated to balance with the pressure
gradient force. It is confirmed that the new self-organized state of a finite
pressure MHD plasma is an MHD equilibrium jxB = $/p, instead of the
Taylor's minimum energy state.

We have also confirmed that the temporal evolution of magnetic energy and
helicity is almost independent of the beta value of an initial uniform pressure and
there are also no substantial effects of the initial plasma beta on the temporal
evolutions of parallel ( force-free ) electric current and perpendicular electric
current. Thus, there is no significant effect of the initial plasma beta on the self-
organization of finite pressure MHD plasma. This suggests that, as far as the
thermal energy released through the relaxation process is confined within a
system where neither fast thermal conduction nor radiation cooling exist, the
MHD plasma does not obey the Taylor relaxation process, but evolves on a non-
Taylor relaxation process which leads to a force-balanced minimum energy state.

By introducing a heat conduction term into the energy conservation equation
of the MHD equations, we have examined the effect of thermal conduction. The

perpendicular electric current or equivalently the pressure gradient force in the
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self-organized state decreases as the thermal conductivity increases. It is
concluded that the self-organized state of a finite pressure plasma approaches to a
Taylor's force-free state in the presence of the thermal conduction. In this sense,
the Taylor self-organized state is said to be only an approximate state.

We also discuss relaxation and self-organization of an MHD plasma under the
influence of viscosity. We have found that viscous heating is an important
process as well as the ohmic heating in the self-organization of an MHD plasma.
For the case where the normalized viscosity has almost the same magnitude as the
normalized electric resistivity, the energy conversion rate due to the viscous
heating has the same order of magnitude as that due to the ohmic heating. For the
case where the normalized value of viscosity is larger than that of electric
resistivity, the rapid dissipation of magnetic energy takes place mainly through
the viscous heating but not the ohmic heating. In this case the magnetic energy is
converted to the thermal energy through two successive processes, i.e., the work
done by the jxB force and the following viscous heating. This process can
explain anomalous ion heating, which is observed in RFP experiment, because

viscous heating is dominated by the ion viscosity.
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