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Summary (Abstract) of doctoral thesis contents

Thermonuclear fusion is a candidate for the steady and sustainable energy source
because fusion power is not restricted by weather unlike renewable energy, such as
photovoltaic power, and its fuels are abundantly present in seawater. There are two
types of thermonuclear fusion reactor: Tokamak is a toroidally symmetric device
which has a simpler magnetic coil system. However, large toroidal current in the
plasma is required to sustain the magnetohydrodynamic (MHD) equilibrium magnetic
field, which confines the plasma. On the other hand, stellarator / heliotron devices do
not need the plasma current to make a confinement magnetic field. Instead, they
require more complicated helical coil systems than tokamaks.

In a toroidal magnetic plasma, the guiding-center motion of charged particles and
Coulomb collisions give rise to a characteristic diffusion process, which is called
neoclassical transport. The neoclassical transport in helical plasmas depends strongly
on the magnetic geometry and the helical ripples enhance the neoclassical radial
particle and energy transport. In the helical plasmas, the turbulence transport and
neoclassical transport can be comparable. Furthermore, a self-generated current
arises by the neoclassical transport process. This bootstrap current is supposed to be
strong enough to affect the MHD equilibrium in the future thermonuclear fusion
reactors. In order to optimize the reactor design for smaller neoclassical transport
and bootstrap current, and to predict the plasma confinement properties, neoclassical
transport simulation is one of the fundamental tools. Unfortunately, there is no exact
analytical formula to calculate the bootstrap current in helical plasmas and it is
difficult to diagnose it in experimentally. Therefore, a reliable and efficient numerical
simulation plays an important role in the study of thermonuclear fusion. The global
neoclassical model has been developed in the recent decades. Though it is reliable
because of minimum approximations adopted, it requires huge computation resources
to solve the drift-kinetic equation in 5-dimensional phase space. The local
neoclassical models are fast but their reliability is under the question. The
motivation of this work is to verify a new local model (ZOW), which has been
proposed recently, so that we can utilize it to estimate the neoclassical transport in a
helical reactor.

The thesis consists of two parts as follows. In Part 1, the benchmark of
neoclassical radial and parallel flows between the conventional and the new model
(ZOW) in LHD, HSX and W7-X is carried out. In Part 2, it demonstrates the effect of
the parallel momentum conservation property on the bootstrap current calculation by
the benchmarks between the ZOW model and other local neoclassical code, PENTA.
Then, these codes are applied for the estimation of the bootstrap current for FFHR-d1
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and axisymmetric tokamak.

Part 1

The drift-kinetic models in helical plasmas are benchmarked via the series of
neoclassical transport simulations. Here, the drift-kinetic models are the ZOW, ZMD,
DKES-like, and global models. The helical magnetic geometries of LHD, W7-X, and
HSX devices are employed in the benchmarks. The two-weight delta-f scheme is
employed to solve the drift-kinetic equation and to calculate the neoclassical particle
flux, energy flux, and parallel flow. The global model solves the drift-kinetic equation
in 5-dimensional phase space (3D in position 2D in the velocity space) which solves
the exact guiding-center trajectories in the phase space. The local models adopt
approximation in the guiding-center trajectories so as to reduce the dimension of the
problem from 5 to 4 or 3. The Zero-Orbit-Width (ZOW) model drops the radial
component of magnetic drift motion while it maintains the tangential component of
the magnetic drift to the flux surface. In the Zero-magnetic-drift (ZMD) and the
DKES-like models, the magnetic drift is completely neglected. Furthermore, the
kinetic energy is taken as a constant parameter in the DKES-like model. Among the
global and local models, only the ZOW model breaks the Liouville's theorem because
of the compressible phase-space flow along the approximated guiding-center
trajectories. A new delta-f method is adopted which makes the two-weight scheme
adaptable to the case in which the phase-space volume is not conserved. In the ZOW
model, the variation in the phase-space volume is estimated to bring the (&%) extra
contributions in the particle, parallel momentum, and energy balance equations,
where § 1s a small ordering parameter in the drift-kinetic theory. The simulation
results have demonstrated that the ZOW and ZMD models agree with each other well
in the wide range of the radial electric field (E,). This proves that the 0{&%)
contributions are indeed negligible in neoclassical transport calculation. Around ,
the ZMD and DKES-like models show the extremely large neoclassical flux peaks.
Owing to the tangential magnetic drift in the ZOW model, the radial flux and parallel
flow around E. ~ 0, are much smoothly dependent on E, and are similar to the global
simulation results.

The effects of the tangential magnetic drift is found to be stronger under the
following conditions. First, the effect is related to the magnetic geometry and it is
more obvious in LHD than W7-X and HSX. In W7-X and HSX, the magnetic
configuration is optimized so as to reduce the radial drift of trapped particles. This
reduces the magnitude of the particle fluxes at the poloidal resonance which occurs
when E,. is small and therefore the poloidal Ex B and magnetic drift velocities
become comparable. Then, it results in the small gap between the ZMD and the ZOW

models in these devices compared to LHD. Second, the effect is obvious in lower
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collision frequency case. Around E,. ~ 0, the tangential magnetic drift helps to avoid
the poloidal resonance. Otherwise, the artificially strong 1/v-type neoclassical
transport will occur. Third, the ZOW model agrees with the ZMD and DKES-like
models in the electron simulations. The significant discrepancies occur only in the ion
simulation results. This suggests that the conventional local drift-kinetic models are
sufficient for electrons.

It is found that the different treatment of the E x B drift term is related to the
error in the neoclassical transport calculation at large-|E,.|. In the DKES-like model,
the incompressible-E x B drift assumption causes the wrong estimation of the
neoclassical transport as the poloidal Mach number M, is larger than 0.4. Due to the
mass dependency of M, , . m,, the parameter window in which the
incompressible-E x B approximation is valid will be narrower for heavier particle
species such as impurity ions.

In the practical applications, the neoclassical flux and bootstrap current should be
evaluated at the ambipolar condition. The ambipolar-E, is determined so that the ion
radial neoclassical fluxes balances with the electron flux. The ion-root (negative-E,)
usually exists when T; = T,; the electron-root appears in the opposite condition. The
strong ion particle flux peak at E.~ 0 in low-collisionality plasma is an artifact in
the ZMD and the DKES-like models. The benchmark result suggests that the
threshold of T./T; for the transition from an ion- to an electron-root will be lower in
the global and the ZOW models than in the ZMD and the DKES models. Since the
neoclassical transport varies drastically if the ambipolar-E, switches from an ion-root
to an electron-root, the tangential magnetic drift in local model plays an important
role to investigate the ambipolar-root transition. According to the simulations, the
magnetic drift only slightly affects the parallel flow and the bootstrap current
evaluation. However, the sign of the parallel flow and bootstrap current may change
when the ambipolar-E, transits from a negative to a positive root. Then, the accurate
expectation for the radial flux and the ambipolar-E, is also important to evaluate
bootstrap current in helical plasmas.

In the simulations, steady-state solution of parallel flow is obtained when the
parallel momentum balance is satisfied. For the ZOW model, the extra terms from
comprehensibility in the phase space and the viscosity appear in the momentum
balance equation. However, it is found that these terms do not affect the steady-state
solution of the parallel flow. Compared to the radial flux, the magnetic drift does not
influence the parallel flow strongly at E. ~ 0, even in the low-collisionality LHD and
W7-X cases. On the other hand, the discrepancies of parallel flows at large-M, appear
as clearly as that of the radial flux. The poloidal resonance occurs on the trapped
particles in helical magnetic ripples, which cannot contribute to parallel flow. The

influence of resonance is transferred to the passing particles via collisions. The
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parallel flows peak at E, =0 is much less than the radial flux peaks because it is
driven by this indirect mechanism.

In this work, it is found that the tangential magnetic drift does not only decrease
the magnitude of the particle flux peak but also change the value of E. at which the
peak appears. Since it is found that the amount of the shift is proportional to the
magnetic drift velocity, or T, it is anticipated that the radial ion flux peak in the
global and ZOW models will tend to appear much more negative-E, side in FFHR-d1
helical reactor than that in LHD. This will affect the prediction of the ion-root E,
Therefore, the importance of the tangential magnetic drift effect becomes significant
to evaluate the neoclassical transport especially in the ion-root condition of
high-temperature fusion reactor.

This work demonstrates the advantage of the ZOW model as follows. (1) It is able
to mitigate the unphysical behavior in the radial neoclassical flux around E, ~ 0, (2)
the compressibility of Ex B flow is retained, and (3) it also improves the reliability of
the bootstrap current evaluation in helical plasmas compared to the conventional
local models, i.e., ZMD and DKES. It also reduces the computation cost compared to

the global model.

Part 2

The importance of the parallel momentum conservation on the bootstrap current
evaluation in nonaxisymmetric systems is demonstrated by the benchmarks among
the local drift-kinetic equation solvers, i.e., the ZOW model and two other codes :
DKES and PENTA. The verification and application are carried out in a FFHR-d1
helical DEMO reactor case. In the previous studies, the ZOW model considered the
momentum conservation in the like-species collision operator but did not treat the
correct momentum transfer among the particle species. In the present study, the
collision term is improved to include the ion parallel mean flow effect on the
electron-ion parallel friction. In DKES, collision term is approximated by the
pitch-angle-scattering operator, which does not ensure the momentum balance.
PENTA code employs the Sugama-Nishimura method to amend the DKES result so
that it satisfies the correct momentum balance in the collisions. The ZOW and
PENTA models agree well each other on the calculations of the bootstrap current. The
DKES results without the parallel momentum conservation deviates significantly
from those from the ZOW and PENTA models. It is also verified that the ZOW with
the improved electron collision term and PENTA both satisfies the intrinsic
ambipolarity in axisymmetric tokamak, i. e., the ion and electron radial flux are
equal for any value of E, and the bootstrap current is independent of E.. The
intrinsic ambipolarity can be reproduced only if the parallel momentum is conserved

in the collision operator.
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It is well-known that the pitch-angle scattering operator has enough accuracy to
evaluate the radial neoclassical fluxes in helical plasmas. In the present study,
however, it is clearly demonstrated that the pitch-angle scattering operator is
insufficient for the bootstrap current calculation in helical plasmas. The present
study shows that both the momentum conservation in the like-species collision and
the friction on the electrons are the important physics to estimate the bootstrap
current correctly. The electron-ion collision operator in the ZOW model drift-kinetic
equation is improved in order to treat the correct friction force on the electrons with
the ions which have finite parallel mean flow. This work is also the first report of the
benchmark between the ZOW and PENTA for bootstrap current calculations. Using a
FFHR-d1 operation parameters, it is demonstrated that the bootstrap current
evaluated by PENTA agrees with the one by the ZOW model with the improved
electron-ion collision operator. These two codes will serve to improve the accuracy of
the bootstrap current calculation in general helical plasmas. In the application for
FFHR-d1, it is found that the magnitude of the bootstrap current becomes the order
of MA, which may affect the MHD equilibrium. However, it demonstrates that the
bootstrap current is drastically reduced by choosing a more collisional operation

scenario.
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