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The basic idea of magnetic confinement fusion is confining a plasma in a toroidal
magnetic field and inducing nuclear fusion reaction. The energy released by the fusion
reaction is expected as a clean energy resource. However, realizing the steady-state
operation of fusion reactors is a challenging task. Particle and energy loss due to
collisions and turbulence is one of the difficulties for the achievement. The collisional
transport is described by neoclassical transport theory, while the transport due to
microscopic turbulence is by gyro-kinetic transport theory. The primary purpose of the
transport theories is identifying the detailed mechanism behind the particle and
energy loss and contributing to improving the confinement properties of fusion reactors.

A fusion plasma generally contains several impurity ion species, ion species other
than the fuel deuterium and tritium. In addition to helium generated by fusion
reactions, moderate-Z to high-Z ions, such as carbon, iron, and tungsten are sputtered
from the wall and contaminated into the plasma. Accumulation of such impurity ions
in the core region can degrade the performance of the fusion reactor by diluting the
fuel ions and radiating a significant amount of energy away. Ions with higher charges
cause those unfavorable effects more significantly. Prevention of the impurity
accumulation in the core region is thus a crucial task to realize the steady-state
operation of fusion reactors.

Constant plasma surfaces of a torus plasma, which are called flux surfaces, form a
set of nested tori, and the confining magnetic field lines lie on the flux surfaces. The
confinement properties of a plasma are assessed by the radial particle and energy
fluxes that flow across the flux surfaces. In a fusion-relevant stellarator plasma,
neoclassical transport theory anticipates that a radial electric field E, pointing
inwardly (directed towards the center of the plasma) will be formed spontaneously and
that the inward radial particle flux driven by the electric field is proportional to the
impurity charge Z. Therefore, according to neoclassical transport theory, higher-Z
impurity species are driven more strongly to the center of the plasma, and such an
effect 1s confirmed by experiments. Therefore, accumulation of impurity ions in the
core of a stellarator plasma in the presence of inward E, seems to be unavoidable.

With such background, a remarkable phenomenon called “impurity hole formation”
in the Large Helical Device (LHD) has been observed. An impurity hole is a hollow
density profile of impurity species, typically carbon, formed in the core plasma where

inward pointing (negative) E, is predicted by the conventional neoclassical transport



models. The formation of the hollow impurity density profile contradicts against the
prediction of neoclassical transport theory. Further, no satisfactory explanation for the
mechanism behind the phenomenon has been provided by extensive gyro-kinetic
turbulent transport studies to date as well. Thus, the necessity of the extensions of the
transport models in the framework of neoclassical theory is indicated.

One of the most common approximations used in the conventional neoclassical
simulation models is the radially local approximation. The radially local approximation
neglects the radial drift velocity of guiding-center motion so that the equations of
motion can be solved on each flux surface independently. The approximation is usually
implemented by dropping the magnetic drift (grad-B and curvature drifts) entirely and
neglecting the radial component of the E X B-drift in the guiding-center equations of
motion. Another common approximation is neglecting the non-uniform part of
electrostatic potential on each flux surface, ®;, which is typically smaller than the
uniform part by an order of magnitude or more. However, it is shown by recent studies
that ®; can be non-negligible for impurity transport. This is because electrostatic
potential (or its derivative, electric field) is always multiplied by the charge Z when
appearing in the equations of motion or kinetic equations. The radially local
approximation also becomes invalid for low-collisionality plasmas with small E,. The
condition of the impurity hole discharge is found to be one of the cases in which the
conventional models need to be reconsidered.

In this thesis, I thus investigated an impurity hole plasma with a radially global
neoclassical simulation code including &;. In order to do so, I first extended and
enabled the global neoclassical code FORTEC-3D to evaluate and consider the impact
of ®; on neoclassical transport. With the extended code, I simulated the impurity
transport in the impurity hole plasma. The plasma is assumed to contain three ion
species: hydrogen H!*, helium He2+, and carbon Cé+.

By the global simulation, it is shown that an ambipolar E, that changes the sign
from negative to positive along the radius direction is obtained as a solution of the
ambipolar condition. It is also found that the radial carbon particle flux can be
outwardly directed even where E, <0 and the carbon density profile is hollow. These
are two of the most characteristic features of the impurity hole plasma that have been
experimentally observed but not have been captured by local simulations. Further, it
is found that the outward carbon flux is enhanced by considering the potential
variation on the flux surfaces, @;.

Our result is consistent with that of a previous turbulent transport study in terms
of the particle balance as well. It is known that the hydrogen density profile is almost
unchanged before and after the impurity hole formation. This means that the
neoclassical and turbulent hydrogen particle fluxes should cancel each other to keep
the steady density profile. In order to sustain the impurity hole structure, the

neoclassical and the turbulent carbon fluxes should balance as well. However, the



neoclassical hydrogen flux calculated by a local code is about an order of magnitude
larger than the turbulent counterpart in the absolute value. Also, the turbulent carbon
flux obtained in the turbulent transport study is inwardly directed and cannot be
balanced by the inward neoclassical carbon flux obtained by a local neoclassical
simulation. On the other hand, the neoclassical carbon flux obtained by my global
simulation is outward and its value is comparable with that of the turbulent
counterpart. The balance of the hydrogen fluxes between the global neoclassical and
the turbulent simulation results is also achieved in the same accuracy. Without ®,, the
value of the neoclassical carbon flux is halved, and the accuracy of the particle balance
decreases, so the significance of @, is confirmed in this comparison as well. This
consistency is another outcome of the global simulation that has not been achieved by
local neoclassical simulations.

By examining the global simulation results with several different conditions, it is
indicated that the realization of the outward carbon particle flux under the negative
E, can be attributed to the large temperature gradient. However, in FORTEC-3D, as in
other particle codes, it had not been possible to decompose the fluxes into components
with respect to each driving force. If the local approximation is employed, it is possible
to make the evaluation by setting all the driving forces other than the one of interest
to zero on a specific flux surface and repeating this process. With FORTEC-3D, however,
this is not a viable option since the global structure of the plasma parameters has the
primary significance of global simulation. I thus have developed a new method to
evaluate the impact of each driving force on neoclassical transport by a single global
neoclassical simulation without modifying the background parameters. By this method,
I indeed show that the ion temperature gradient and the ambipolar E, contribute to
the radial carbon flux in the same level, each in the opposite direction and that the
cancellation between those driving forces enables the carbon impurities to be driven
outwardly. It is consistent with the experimental evidence that the impurity hole is
usually observed in high ion temperature gradient discharges.

The result in my thesis indicates that we have progressed one step closer to fully
revealing the mechanism behind the impurity hole formation and ultimately to the
complete understanding of impurity transport in fusion plasmas, which is our crucial

task to realize fusion energy.
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