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In the magnetically confined fusion, high-energy ions and electrons are confined
by the magnetic field because charged particles move along the magnetic field lines
with the gyro motion. Usually, in the edge of the fusion plasma the magnetic field lines
are opened. Because, if the fusion plasma on the closed magnetic field line directly
touches the first wall of the device, many impurities and neutrals from materials of the
first wall come into the fusion plasma. The radiation between fusion plasma and
impurities cools down the temperature of the fusion plasma. That means the fusion
reaction rate is reduced. To avoid that, the magnetic field should be diverted from the
first wall. Therefore, the physics in the plasma edge is very complicated because the
magnetic topology changes from the closed field line to the open field lines with small
spatial scale. To understand the physics in the plasma edge, sophisticated experimental
and theoretical studies are necessary.

Since the mass of the electron is much less than the ion mass and the electron
is lost faster than the ion on the open field line, the electric potential structure appears
self-consistently in the edge plasma by breaking the charge neutrality. In the edge
plasma region where the L-H transition occurs, the radial electric field, Er, affects ion
losses and ExB shear flow, which is necessary for suppression of the turbulence.
Understanding the radial electric field is necessary task to enable better control of edge
transport and to improve core plasma confinement. There is strong relationship between
magnetic field and potential profile because particles move along the magnetic field
line in magnetized plasma. Magnetic field affects to the orbit of particle, in other words
affects to particle transport, thereafter, influences on formation of potential. If the
magnetic topology is externally changed for example stochastic field, a responded
electric field must be presented. Therefore, the electric potential structure is a key issue
to know the magnetic structure. Recently, in many fusion plasma experiment devices,
probes are used to measure the potential profile or radial electric field in the presence
of magnetic field. In these experiments, the relation between the magnetic field and
electric field is summarized [1-4]. However, theoretical and modeling works are not
many. In those cases, the radial electric field is computed in the presence of RMPs using
fluid descriptions or reduced kinetic models [5-8]. However, those models cannot
resolve very small spatial and time scale because their models deal with macroquantities.
Due to this limitation, the relationship between stochastic field and formation of
potential is not clear given in these studies. To understand this relation, we need develop
new theory and numerical code based on the fully kinetic description.

Understanding the importance of the relationship between magnetic field,



particle transport, and potential formation, we aimed to develop a model which can
clearly show this relation. In our work, we developed a numerical code based on the
Particle-in-Cell (PIC) methods. The PIC model is a method using fully kinetic model
description to model the electrical potential structure self-consistently [9]. PIC
simulation can deal with drift explicitly in comparison with the fluid model. The two
spatial dimensions and three velocity coordinates (2D3V) PIC is necessary to study the
effects of magnetic island on potential formation. To do that, we developed a completely
new PIC code step-by-step, starting with 1D3V PIC model. Then, the 2D3V code is
extended based on the 1D model. Because of the extension to the 2D, the parallelization
of the code is required to study the whole edge region.

It has been suggested that the magnetic field can affect the flux to the wall [10-
11]. The magnetic field changes particle transport which, therefore, influences the
fluxes to the wall. We applied our PIC model to study the effects of external magnetic
field on particle and heat fluxes to the wall targets. The plasma which consists of ion
and electron is produced from the source region and is absorbed at the conductor wall.
The wall is assumed to satisfy the floating potential condition. In one dimensional
consideration, the external magnetic field is modified by applying the change of the
magnetic field in the direction perpendicular to the plasma flow. This magnetic field is
localized and switched from strong negative values to strong positive values at several
locations in the simulation region. By performing the simulation using one spatial
dimension and three coordinates for velocities (1D3V) PIC model, we found that this
localized reversed magnetic field traps the particles in the simulation domain, and then
reduces the particle and heat fluxes to the wall targets. The reduction of fluxes comes
from particle reflection at the locations of strongly localized magnetic field. Based on
the modeling results, external localized-reversed magnetic fields can control the particle
and heat fluxes to the wall in one dimensional consideration [12]. There is a perspective
of heat transferring along the wall. This localized magnetic field profile can be
generated by injecting current filaments in experimental or in two dimensional
numerical studies. To understand more qualitatively the effects of the external localized
magnetic field, in other words, the current filaments, we performed the simulation using
two spatial dimensions and three coordinates for velocities (2D3V) PIC model.
Localized plasma flow enters the simulation box at the source region and is fully
absorbed at the wall. We inject current filaments in the direction which is perpendicular
to the simulation plane to change the magnetic field structure. The magnetic mirror
forms in between current filaments. In comparison with the case of without injecting
the current filaments, we obtained that trapped electrons and ions in the magnetic mirror
change the particle and heat transport. Therefore, the high particle and heat fluxes to
the wall are reduced and transferred along the wall. Consequently, injecting current
filaments is a good candidate for reducing the high heat flux to the material. The
mechanism of heat fluxes reduction comes from the reflection of particles in the



magnetic mirrors and the expansion caused by the diffuse magnetic structure regardless
of the boundary condition at the wall. Each device has different condition for the wall
which may not be the floating potential condition. These boundaries do not affect to the
tendency of flux reduction by the current filaments. These results can be applied for
shielding high energy ion and electron fluxes to divertor tokamak, the satellite or
spacecraft in the space.

To study the relationship between magnetic field and potential formation in the
edge plasma, we model a flow of plasma consisting of ions and electrons on a boundary
between closed and opened field lines using two spatial, three velocity coordinates
(2D3V) PIC. We consider a small region inside and outside the Last Closed Flux Surface
(LCFS) to study the formation of potential. In the Scrape-off Layer (SOL) region, the
magnetic field line is opened. For simplicity, the SOL has been straightened out; the
torus geometry is transferred to a small two-dimensional slab geometry. For
verifications of the code and boundary conditions, two dimensional magnetic fields
including poloidal and toroidal magnetic field are added initially. The magnetic field
used in the slab geometry for modeling the magnetic field in torus geometry contains
the curvature and toroidal gradient. The potential is self-consistently formed in the
simulation; therefore, the radial electric field is presented. The profile of given radial
electric field helps to get deeper understanding on physical phenomenon of plasma
transport in the SOL region. We obtained that the radial electric field has a similar
tendency with experimental results and theoretical prediction which is negative and
localized in the edge region and increases from the edge to the SOL region. By changing
particle temperatures, their Larmor radii changes. Consequently, it reflects in the change
of particle fluxes near the LCFS. The higher temperature particles have, the deeper
negative potential at the closed magnetic field line region is. We also obtained that the
asymmetry of potential profiles depends on the values of inverse aspect ratio. Staring
from the system with symmetric magnetic field, potential structure becomes asymmetry
by larger inverse aspect ratio. These results give a better understanding on the potential
formation by using PIC simulation method in comparison with other numerical model,
and this is the advantage by using PIC model in comparison with fluid model. After
verifying the code, the radial magnetic field is added to include the magnetic island in
the simulation domain. In slab geometry, it is hard to make the magnetic island as
exactly as in the torus. For simplicity, we add the current filaments into the simulation
system to form the island. Magnetic islands change the transport of particle in the
simulation. Changes in particle transport affect changes in particle fluxes, then, cause
change in the formation of potential. The size and shape of the magnetic island are
adjusted by the strength of current filaments. Strengthen current forms clearer magnetic
island, causing bigger changes of particle transport and fluxes near the island. Therefore,
potential structure gets deeper effects. Apart from that, more details on the stochastic
boundary are studied, which mean some separatrices are overlapped. By injecting some



nearby current filaments near the main island to created overlap, we studied the effects
of stochastic field in potential formation. Particle transport near these overlap regions
is changed. Particles are trapped in the magnetic island. Their movements are changed
in both radial and poloidal directions. The magnetic island, finally, changes the potential
in two dimensions.

In summary, we developed the PIC simulation to study the self-consistent
formation of potential in edge plasmas. We applied the PIC simulation in the study of
heat flux reduction to the material. We proposed the methods using localized-reversed
magnetic field or the current filaments which is a good candidate to reducing the burden
of high heat fluxes to the wall. The relationship between potential formation and
magnetic field is presented. This is the prior work for study of potential formation in
the edge plasma using PIC simulation. This is an important result which gives a deeper
understanding of relationship of potential formation and magnetic field in the edge

plasmas.
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