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Summary (Abstract) of doctoral thesis contents

The handling of the large heat flux from the core of the fusion reactor becomes a
major issue in designing the future reactor. Due to the small area of the open
magnetic field region or scrape-off-layer (SOL) that hits the divertor target, the
parallel heat flux can go beyond 500 MW/m2 in the present devices. The operation in
detached regime in which the strong reduction of plasma heat and particle flux to the
target is one of the favorable methods to solve the above issue. The experiments for
the basic understanding of the detached plasma have been carried out in the linear
devices. The simple geometry of linear devices gives a beneficiary in performing the
experiment for the mechanism and the dynamics of the detached plasma. The linear
devices experiment is carried out by injecting the neutral gas near the target. The
neutral gas which does not tie to the magnetic field can freely spread the local heat
load from the plasma to the wider area. Numerical simulation based on the fluid
model of the collisional transport equations is widely used to study the particle and
heat transport along the SOL region. These transport equations are derived based on
linear perturbation of the Fokker-Planck kinetic equation and only valid for highly
collisional plasma. The fully self-consistent kinetic simulation which is free from the
assumption of the short mean free path is necessary for the verification of the
existing fluid model.

In this work, Particle-in-Cell (PIC) simulation with ion-neutral, electron-neutral
and Coulomb collision has been developed to study the formation of detached plasma.
This simulation focuses on the plasma density and temperature that are in the region
of the linear devices due to the limitation of PIC simulation in which the time and
spatial scale need to be in the order of plasma frequency and Debye length. The
simulation is introduced with the particle and energy sources that can give the
constant input energy. The upstream density is fixed by varying the particle injection
inside the source region. The plasma is bounded by particle absorbing and potential
floating targets. However, the system can be divided into half of the size due to the
symmetry of left and right target. The uniform neutral gas density region in front of
the target is inserted with fixed temperature and pressure. Both energy and
momentum are removed at this neutral gas region.

The first study is set with the same Coulomb collisionality as the linear device
experiment. The results of the transformation from the attached to detached plasma
when the neutral gas pressure increases can be seen. In the case of high neutral gas
pressure, after reaching the steady state, the steep temperature gradient profile
along the field line inside the neutral gas box is found. This is caused by the strong
el energy relaxation process, the energy from electron transfer to ion, then the

ion-neutral collision processes remove the energy and momentum from ion. This
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reduces the total heat flux from the plasma. The plasma temperature near the target
1s almost constant and this gives rise to the large peak of plasma density near the
target. This i1s caused by the constant particle flux along the field line. When
temperature near the target is almost constant, the constant particle flux to the
target can only be sustained by a positive slope in the plasma density because of the
proportional of particle flux to the pressure gradient. The time evolution of plasma
density profile exhibits the shifting of the plasma density peak from the ionization
region to downstream during the detached state. The detached plasma formation is
confirmed by the strong total pressure dropping inside the neutral gas region. The
sheath structure is self-consistently formed in front of the target, and this structure
can only be simulated by the fully PIC simulation. The kinetic effect on the electron
and ion distribution functions can be observed at the target. In low neutral pressure
case, the electron distribution function shows the departure from Maxwellian due to
the energetic electron from the upstream plasma. The ion distribution function
becomes narrow with the supersonic flow due to the acceleration of ion through the
sheath. However, in high neutral gas pressure case, the deviation from the
Maxwellian becomes small and we believe that in the strong detached state the
plasma behavior will approach to fluid model. The relation between the particle
fluxes and the neutral gas pressure shows a decrease in particle flux with increasing
neutral gas pressure. This is caused by the fixed upstream condition in our model and
also the removal of ion momentum that increases the confinement time of the plasma
inside the system. Also, the shift of the ionization front from downstream to upstream
can be observed with the strong reduction of the heat flux at the target as the neutral
gas pressure increases.

The comparison between the high collisionality and low collisionality also is carried
out. In low collisionality case, only a steep ion temperature gradient can be observed
and electron temperature does not strongly decrease. The reduction of ionization flux
cannot be observed and also the heat flux does not decrease. These results can be
explained by the energy loss for each type of atomic processes where the electrons
below 5 eV rarely lose their energy through ionization and excitation process.
However, if the strong e-i energy relaxation process is triggered as in the high
collisionality case, electron energy can be transferred to ion and lost their energy to
other atomic processes such as the charge exchange. The deviation from the
Maxwellian distribution function can be observed in moderate to low collisionality.
The dependence of the formation of the detached plasma on the collisionality can be
confirmed in our simulation. We obtained the first result of the detached plasma by
using the fully kinetic model with self-consistent electrostatic potential and our

simulation can cover the wider area of the collision mean free path.
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