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Abstract

In this work, Particle-in-Cell (PIC) simulation with atomic processes and Coulomb
collision has been developed to study the formation of the detached plasma. The
Coulomb collision is treated by the binary collision model. The atomic processes
that include in our work are the charge exchange, ionization, and excitation. They
are treated by the null collision method. The constant input power is introduced in
our system. 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. The uniform neutral gas density region in front of the target is
inserted with fixed temperature and pressure.

The transition from the attached to detached plasma when the neutral gas
pressure increases is observed. We found the strong reduction of the heat flux
when the neutral gas pressure increases. Most of the heat flux is lost via the charge
exchange process. The significant reduction of particle flux was not found because
the recombination model was neglected in this work. In the case of high neutral gas
pressure, after reaching the steady state, the strong temperature gradient profile
along the field line inside the neutral gas box is found. The plasma temperature
near the target is almost constant and this gives rise to the strong peak of neutral
density near the target. The mechanism of this process is 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 is 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
neutral 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 must be simulated by the fully



PIC simulation. The kinetic effect on the electron and ion distribution functions
is 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 it is suggested that in the strong detached state the plasma behavior will
approach to fluid model. Also, the shift of the ionization front from downstream
to upstream is observed with the strong reduction of the heat flux at the target
when the neutral gas pressure increases.

The comparison between the high collisionality and low collisionality is carried
out. In low collisionality case, only strong ion temperature gradient is observed
and electron temperature does not strongly decrease. The reduction of ionization
flux is not observed and also the heat flux does not decrease. These results are
explained by the energy loss for each type of atomic processes [Ezumi et al, J.
Nucl. Mater. 241-243, 349 (1997)] 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 is transferred to ion and lost their energy to other atomic processes such

as the charge exchange.
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Chapter 1

Introduction

1.1 Overview

The edge region where the plasma is colder, contains multiple species and impuri-
ties, and is subject to interactions with the vessel-wall materials plays an important
role in the the performance of the future fusion reactors. Inside the fusion devices,
plasma is confined inside the core by the closed and nested magnetic flux surfaces
and heated up to a hundred million kelvins. The plasma remains confined for a
finite period of time and it will eventually leave the core region across the last
closed flux surface (LCFS) and interacts with the vessel-wall. Inside the tokamalk,
the external poloidal coil has been used to create the open magnetic field line so
that the plasma flows rapidly the to the divertor target before reaching the vessel-
wall. The open magnetic field line region is called the scrape-off-layer (SOL) and
the power from the core is transported along the SOL to the target. In present
devices, the parallel heat flux can go beyond 500 MW /m? and estimated to be
greater than 1000 MW /m? for future devices, such as ITER.[1] The strong heat
flux causes the erosion of divertor for long time operation of the fusion devices.
At the divertor target, this must be reduced below the limit of the material and
must not exceed 10 MW /m?.

Detached plasma is a method of reducing the heat load to the divertor target.|2,
3] During the detached state, the particle and heat fluxes decrease significantly in
front of the target. The detached state is achieved when there is a high neutral gas
pressure in front of the divertor. Since the neutral particles are not tied to the field

lines, they spread the local heat load to much larger area or even be pumped out



of the system. The different atomic processes play a crucial role in this process for
the different type of species, e.g. ion and electron. For ions, this high neutral gas
pressure increases the ion-neutral collision rate such as elastic and charge exchange
collisions and remove energy flux of ions. For electron, the impurity radiation
becomes important to reduce the electron temperature to around 10 eV. After that,
ionization becomes dominate and reduce the electron temperature to around 5 eV.
After the electron temperature becomes below 5 eV, the e-i relaxation process is
the key to reduce electron temperature below 1 eV and the recombination process
is triggered to remove the particle flux before reaching the target.[4]

The linear device experiments have been carried out to study the particle and
energy transport of the plasma along the open magnetic field line. By inserting
the neutral gas chamber between the plasma source and the target and increase
the gas pressure to a few mTorr, the results show the strong decrease in the
heat load to the target.[5, 6] The detached plasma is clearly observed inside the
linear devices. The linear device experiments are done in more comprehensive
measurement because of the simple geometry. The first evidence of other atomic
processes during the detached state such as molecular activated recombination
also has been observed by the linear device experiment.[7] Thus, the results of the
linear device are used to study the basic physics of the detached plasma.

The numerical simulation of particle and energy transport of SOL is very im-
portant to understand the mechanism of the detached plasma. However, the
existence of the non-equilibrium plasma along the SOL due to the boundary of
the divertor target causes some theoretical model to have some limitation. The
fluid models of collisional transport are based on Maxwellian distribution might
be inadequate near the divertor target to predict the energy and particle trans-
port of the high energetic particle tail from the upstream. Many kinetic models
has been carried out to investigate the kinetic effect inside the SOL.[8, 9, 10, 11]
Another type of phenomena that strongly modulates heat and particle transport
into the divertor target is the edge-localized-mode (ELM). During the ELM, high
energy charged particles are rapidly burst out from the core and directly move to
the divertor target. This may cause excessive heat load onto the divertor plate.
The kinetic model also shows the kinetic effect on the plasma transport along SOL
during this event. [12, 13]

There are still open issues about the sheath formation at divertor target or



other plasma facing component (PFC). The accelerated ion by the sheath may
cause the strong sputtering rate of the neutral atom from the plate, resulting
in the net erosion of the divertor target. Various works have been carried out
to model the plasma wall interaction.[14, 15], however the fully self-consistent
of both the pre-sheath and sheath region is important to give better accurate
models. The fully kinetic simulation fully resolves the sheath region because of the
spatial and time scales are in the order of Debye length and plasma frequency.[16]
Many kinetic simulations also show the results of the sheath structure in various
conditions.[17, 18, 19]

The particle-in-cell (PIC) [20] is one of the most powerful kinetic models to
simulate the kinetic effect inside SOL. The model self-consistently simulates the
plasma-wall boundary condition. The Coulomb, the ion-neutral, and electron-
neutral collisions are treated via Monte-Carlo model, in which the collision algo-
rithm for Coulomb collision is the solution of the Landau-Fokker-Planck equation
and the for electron- and ion-neutral collisions give the solution of the Boltzmann

equation.[21]

1.2 Objectives

In our present work, we aim to simulate the scrape-off layer (SOL) plasma by
using the Particle-in-cell (PIC) simulation.

The objectives of this research are

1. To investigate the kinetic processes of detached plasma by using the particle

simulation and Monte Carlo collision simulation.
2. To investigate the effect of the neutral gas on the detached plasma.
3. To investigate the dynamics of the detached plasma.

4. To investigate the collision processes that cause the detached plasma near

the divertor region.



1.3 Procedure and outline

In this work, the particle-in-cell (PIC) code with the self-consistent electric field
has been developed to study the collisional transport of the plasma along the
open magnetic field region. The Coulomb collision is treated by using the binary
collision model. The plasma-neutral interaction is included via the elastic collision,
ion charge exchange, electron impact ionization and electron impact excitation.
The model assumes one spatial coordinate along the field line in the x direction
and three velocity components (v,, vy, v,).

In this dissertation, the following contents are presented. In chapter 2, the
background knowledge of SOL is described. The basic fluid model for the colli-
sional transport and the importance of the kinetic effect on the collisional transport
are summarised. The definition of the detached plasma and the overview about the
detached plasma can be found. In chapter 3, the simulation model is presented.
The details of PIC simulation and the concept of the super particle are explained.
The Null collision method for the MCC model and the binary collision method
for the Coulomb collision are shown. The details about the parallel computing
for PIC simulation are also described. For chapter 4, the simulation parameters
and overview of simulation results are presented. The simulation results of the
detached plasma are shown in chapter 5, which focuses on the effect of the neutral
gas on the detached plasma. Furthermore, the results of the Coulomb collision on
the detached plasma are given in chapter 6. The conclusions and discussion follow

in chapter 7.



Chapter 2

SOL and plasma detachment

2.1 Scrape-off layer (SOL)

In a magnetic confined fusion device, the behavior and properties of plasma can
be affected by the contact with solid surfaces. If the charged particles strike a
solid surface it tends to remain and accumulate on the solid surface, thus the
solid surface is the plasma sink. The charged particles on the solid surface also
recombine and they are released as neutral particles. These neutral particles travel
back to the plasma and reionize. If the plasma charged pairs are lost to the surface
at the same rate as the recombine neutral particles travel back to the plasma, this
is defined as the recycling process as shown in Fig. 2.1.

Let consider a low-pressure gas discharge tube that contains ionized gas. For

the first case in which magnetic field has not been applied, the particles move
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Figure 2.1: When a charged particle that adsorb to the solid surface recombine to
neutral particle, it becomes weakly bound to the surface and release back to the

plasma. This is particle recycling process.



radially to the wall and interact with the wall as shown in Fig. 2.2 (a). If the
magnetic field is applied to the tube as shown in Fig 2.2 (b), the charged particles
tend to follow the field line and the radial transport to the wall is reduced. In this
case, if the strong magnetic field is applied, a number of particles that fall to the
wall decreases, the plasma becomes magnetically confined. For the third case as
shown in Fig. 2.2 (c), two circular limiters are inserted inside the tube with inner
radius a. Let consider that the particles have very high thermal speed moving
along B but also slowly diffuse along the radial direction. If the particles start to
move from the axial of the tube, the particles tend to hit these rings first rather
than hit the wall because of the parallel motion is faster than the radial motion.
Dense plasma tends to be limited inside the radius a. The less dense plasma that
goes beyond the radius a is called the ‘scrape-off layer’ (SOL).

Now the wall is protected from the plasma because the plasma is concentrated
on the limiter. The region that plasma contact with the limiter is called plasma
wetted area. The plasma causes the erosion on the target and the eroded material
enters the plasma. These impurities degrade the plasma desired properties.

In recent tokamaks, the divertor concept has been proposed for reducing the
damage of the first wall from the plasma instead of the limiter. The poloidal
magnetic field is generated by plasma current, Ip. The poloidal divertor system
is produced by the external current, Ip, as in Fig. 2.3. The poloidal field created
by Ip is diverted by the field created by Ip.

Since the magnetic field line makes a figure of eight-shape in the poloidal plane,
at some point between the divertor and main plasma becomes null in the poloidal
field. This point is called X-point. The field line that passes through the X-point
is called separatrix. The separatrix is also defined as the last closed flux surface
of the main plasma. Plasma that diffuses across the separatrix is formed at the
scrape-off layer (SOL). In the SOL, field lines connect directly to the divertor
plate and particles tend to follow the field line to hit the divertor plate rather
than diffuse radially to the first wall. Thus the main purpose of the divertor is
the same as the limiter, which is to reduce the damage of the plasma to the first
wall. Other properties from the divertor, such as to reduce impurity contents, to
exhaust the fusion alpha particle, to exhaust the helium ash give the divertor to

be a better candidate for the magnetic confinement devices.



Figure 2.2: Low pressure gas discharge tube. (a) No magnetic field. Plasma move
rapidly to the wall. (b) Apply axial magnetic field. Plasma tends to follow the
field line but slowly move radially to the wall. (¢) With two poloidal ring limiter
with inner radius a. At radius a, plasma tend to reach the limiter before reaching

the wall.

%

Separatrix Divertor

Figure 2.3: Poloidal divertor.



2.2 Kinetic effect of transport in SOL

In the highly collisional limit, the fluid equation of plasma transport along SOL
is based on a linear perturbation of the Fokker-Planck kinetic equation[22, 23]. In
1-D case, we assumed the constant magnetic field and the electric field is parallel
to the magnetic field line to avoid the appearance of the £ x B drift. Thus, the

Fokker-Planck equation is written as

o, 0f 4B Ol _of
ot T s tomae | TV (2.1)

where ¢ is time, z is position parallel to the field line, v is velocity, F is electric

field, f(x,v,t) is the particle distribution function, (0f/0t).on is the change due to

coll

collisions, and S is the rate of particle creation. The fluid equations are obtained
by multiplying the kinetic equation with dv, mv,dv, and mv?dv /2 and integrating
over the velocity space. The results give the zeroth, first and second moment of
the fluid equation with the average values of the velocity distribution which are
the density ng, velocity us and temperature T where the subscript s represents
the species.

However, the two species of plasma can be treated as single fluid equation with
plasma density n, velocity v and temperature T' by assuming that n. = n; = n,

u, =u; =u and T, = T; = T. The 1-D single fluid equations can be written by
on  0(nu)

N + o = (continuity)
(2.2)

d(mnu)  d(mnu*+ P)

P + 5 = Sy, (momentum)

(2.3)

0 1 5 0 1 5 0T\

En <3nT + S mnu ) + pe <5nTu + g — /i”%) =Q, (energy)
(2.4)

P = 2nT is the plasma pressure, K 1 the electron heat conductivity parallel to
a magnetic field line where the ion heat conductivity is neglected. s,, s,, and
() are the particle, momentum and energy source. These sources include the i-e
and i-n collision terms as the momentum and energy source. This model is use to
understand the basic physics of simple SOL. [24, 25, 26]

The fluid model is only valid for highly collision plasma, thus to apply a fluid

model for the description of the SOL, a specific ordering of scale lengths is nec-
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essary. The necessary condition for a fluid model is that the collision means free
path is much smaller than the parallel connection length or plasma gradient length.
The heat transport coefficient base on the Braginskii model fails even for small
value of v = A\/Lz, where A =~ 10'°T,/n, (electron temperature T, in eV and
electron density n. in m~3) is the collision mean free path and Ly is the tem-
perature gradient scale length Ly = [0InT/0x|. The heat transport coefficient
usually fails for v > 0.1. In a typical tokamak, v = 0.02 — 0.1 but the high energy
electron with energy E > 3T, has the mean free path almost 10 times longer than
typical thermal particle thus the value of v may be exceeded by this high energy
electron. To get more accurate model of collisional transport, other fluid models
that include additional terms in the expansion of the distribution function can
provide the two-fluid equations that are valid from collisional to weakly collisional
limits.[27] However, the kinetic treatment is necessary for verifying and improving
the model.

Another major problem that needs the kinetic model to resolve is the sheath
formation at the boundary. In SOL, the collisional plasma is bounded by absorbing
walls. Due to large different between electron and ion mass, the electron is more
mobile and arrives at the divertor target before ion. This creates the potential
that strongly decreases toward the target and this potential structure is called the
sheath. The sheath accelerates the ions and reflects some part of electrons and
adjusts itself to bring about an equal ion and electron flux to the wall.

The size of sheath region is a few Debye length and it is very small compare
to the scale length of the SOL in the fusion devices. However, the ions that are
accelerated by the sheath may be energetic enough to sputter the neutral atom
on the target and cause the erosion of the plate. Kinetic model is necessary
for predicting the characteristic of the potential drop for various conditions and
has been observed in kinetic simulation.[17, 18, 19] The results from the kinetic
simulation are used for the more accurate model of the boundary condition for

the fluid model.

2.3 Plasma detachment

International Thermonuclear Experimental Reactor (ITER) is the world largest

tokamak which will show the result of the self-burning plasma, in which the heating



of the plasma by the energy from the fusion reaction is sufficient to maintain
the temperature of plasma without any external energy input. The magnetic
configuration of the present design of the ITER causes the thickness of the SOL
to becomes very small, resulting in the very intense area of plasma-wetted area.
The parallel heat flux of the ITER at the mid-plane is expected to be around
1 GW/m?.[1] From the design of the present divertor target, the sustainable heat
flux need to be around 10 MW /m? during the steady state operation to reduce
the erosion rate of the target.

A method to remove all the plasma before reaching the target by inserting
a neutral gas box with the pressure of a few millitorr was proposed. The ion-
neutral collision would reduce the temperature to below 1 eV where the plasma
would recombine before reaching the target. Very few particle flux would reach
the target and the main plasma becomes almost separate from the target, thus the
word plasma detachment has been introduced for this state. The better definition
for the plasma detachment is the state in which the large total pressure drop is
observed along the SOL with the strong reduction of the heat and particle fluxes
reaching the target.|2]

The above concept was first carried out in a device called quiet energetic dense
(QED) device,[6] which is a type of the linear divertor simulator or linear devices.
It showed the results of stable detached plasma by puffing gas in front of the
divertor target. The results showed the strong decrease in the axial heat flux and
the small rise in radial heat flux as the neutral pressure increase. This means
that the local heat flux spreads throughout the chamber. The dominant process
for energy and momentum removal was the ion-neutral collisions. At high neutral
gas pressure, the electron temperature went below 0.2 eV and plasma starts to
recombine.

The experiment results from ASDEX [28] showed the relation between the
line average plasma density n. and the plasma density at the target n,. The n,
saturates and starts to fall when n, was increased. At that time the concept of
the detached regime was not fully understood until the early 1990s, the detached
regimes were observed on most of the divertor tokamak experiment. The ion
saturation current measured by the Langmuir probe on the divertor target largely
decreases without any decrease in H, emission during the detached regime.|[2,

29, 30, 31] The decrease in ion saturation current corresponds to the decrease in
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n; during the detached regime. The detached regime usually requires the dense
plasma of the SOL and it is the regime that follows the high recycling regime
of the tokamak, in which the high plasma flux to the target gives rise to the
strong recycling rate. The atomic processes play an important role during the
detached regime as shown in Fig. 2.4. In this regime with low temperature
plasma, the impurity radiation mainly occurs at the electron temperature 7T, ~
10 eV and higher, hydrogen ionization occurs around 7, ~ 5 eV and the plasma
recombination near T, ~ 1 eV.[4, 5, 6]

Many simulations have been carried out by using the fluid model with the
neutral transport code for the simulation of the detached plasma.[32] However,
the results of the kinetic effect on the detached plasma have been observed. [10]
The energetic electrons from the upstream region deviate the electron distribution
function at the target for energy E > 37.. Other effects such as the sheath
and pre-sheath structure during the detached regime also need the fully kinetic
simulation to resolve.

Several kinetic model has been carried out to investigate some basic physics of
the detached plasma. W1 PIC code was used to investigate the effects of neutrals
on the detached plasma.[10] However, only the case of reduced mass ratio was
studied. The temporal scale was larger than the plasma frequency, thus the sheath
structure was not self-consistently form and was assumed with the ambipolar flow
of plasma through the sheath. The PARASOL code self-consistently simulate the
sheath, however the atomic processes was treated by simplified model without
using the real interaction with neutral particles.[33, 34] The BIT1 code resolves
all the above issues but only the high recycling regime related to JET tokamaks
study was carried out.[35, 36]

11
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Figure 2.4: Divertor configuration and the atomic processes along the divertor leg.
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Chapter 3

Numerical simulations

3.1 PIC simulation

Particle in cell (PIC) simulation[20, 37| has been developed based on the idea of
following the motion of each individual charged particle to simulate the behavior
of collisionless plasma. Even though the number of particle in the real plasma is
much higher than the number of the memory of any computer in the world, the
concept of super particle has been introduced so that the statistical properties of
the plasma is satisfied without using too many particles.

PIC simulation tracks the trajectory of a collection of the particle by solving
a set of differential equations. The particles are tracked along the continuous
phase space whereas the field quantities will be calculated in fixed grid point
space. PIC simulation can show dynamical kinetic behaviors of the plasma, which
are spatial and velocity space distributions of charged particles, self-consistent

potential structure. These behaviors help in understanding the physics of plasma.

3.1.1 Basic equations

In PIC simulation, the basic equations for the dynamics of the plasma consist of
Newton equation of motion for particle and the Poisson equation for the electric

field. The equations of motion are written as

dv q

— =—(E B 1
- Lmivxp), (31)
dx

= 3.2
v (32)
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where x is particle position, v is particle velocity, ¢ is the particle charge, m is the
particle mass, E is the electric field and B is the magnetic field.

The field equations to be solved are

E= Vo, (3.3)
v.E=L (3.4)
€0

which are combined to give Poisson’s equation as

vip=-L, (3.5)

€0
where ¢ is the electric potential and p is the charge density. For B in our present
work is assumed to be time-independent, thus we consider only the electrostatic
condition for our simulation.

By giving the initial condition of position, and velocity of each particle, and
charge and mass for different species of particle, then the above equation can
be solved directly. In our present work, the system is considered to be in one
dimension of space but three dimensions of velocity space (1D-3V) or each particle

will be given only (z,v,, vy, v,).

3.1.2 Integration of equations of motion and particle weight-
ing
The explicit Boris scheme [20] is used to solve these differential equations. The

center-difference for the Newton equation of motion becomes

v(t+ At/2) —v(t — At/2) ¢ v(t+ At/2) + v(t — At/2) 5

=— |E B|. (36
At m * 2 (36)
The Boris scheme separates the electric and magnetic force completely by giving
E At
v(t — At)2) =v~ — q—?
q”ﬁ At (3.7)
t+AL2) =vi 4 ——.
v(t+At/2) =vi+ T2
Then E is removed entirely and (3.6) becomes
vi— v~ qa , 4
- -t B .
= Lyt av)xB, (3.8)

which describes the rotation of v~ to v about an axis parallel to B by an angle

6 where

0 qB At
tan - = — 41— — .
an 5 5 (3.9)
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When direction of v~ and B are given, v can be determined by the geometry

projection on the plane perpendicular to B. This gives

v =v +v xt,

(3.10)
vi=v +v xs,
with t = ¢gBAt/2m and s = 2t/(1 + ¢?).
Then the particle position can be advanced by
t+ At) — x(t
XU+ A) =x() _ oy arj), (3.11)

At

This is the finite-difference equation of the leap-frog method.

To solve the Poisson equation, the charge density in each grid point need to be
assigned. The weighting function is necessary to evaluate the value of charge den-
sity on each grid point, which can be done by applying some form of interpolation
of the grid that closes to the particle position. Different types of weighting for
the charge density of a particle are shown in Fig. 3.1. The zero-order weighting
is also called the nearest grid point weighting. The whole charge density will be
assigned to the nearest grid of a particle. The first-order weighting divides the
charge density and assigns to the grid point on the left- and right-hand side of a
particle by linear interpolation.

In this work, the first-order weighting is used. If . is the charge for each
particle and =; is the position of the " particle. If X is the location of the j*™

grid point, the charge ¢; and ¢;;1 assign to the position X; and X;;; becomes

X — X;
G =g~ (3.12)
Git1 = G 7 ’ (3.13)

The force from the electric field to a particle at z; is also weighted in the
same manner. The first-order force comes from the linear interpolation. Thus the

electric field E = (FE,0,0) for a particle at x; becomes

E(x;) = {Lz; ”j}

where E; and E; 4 is the electric field at j™ and (5 + 1)™ grid point.

Ej + |: Azr ]:| Ej-Hv (314)
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(b) n(x;)

X. Xj+1

Figure 3.1: The weighting function of particle that locate at z; for (a) zero-order

and (b) first-order.

3.1.3 Integration of field equations and boundary condi-

tions

In SOL the plasma is not spatially periodic. The numerical conditions for 1-D
particle simulation for non-periodic with the particle absorption, reflection and
emission at the boundary is shown in Ref. 38, 39. Assuming the boundary at
both ends of the left- and right-hand side of the system. According to the Gauss’

law, the electric field at the boundary becomes,

B(L) - E(0) = ~ /0 " . (3.15)

€0

We define the surface charge on the left and right hand side of the boundary as

oo = €oE(0),
) = B (0) 10
gy, = EQE(L),
so that
1 (L
— | pdx+ o9+ o0, =0, (3.17)
€ Jo

and the total charge of the system including the boundaries is zero. This definition

depends on the boundary that we want to define. If the boundaries are the con-
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ducting wall, then the surface charge will be the actual charge on the walls. If the
boundaries are only an end to the system then the surface charges will represent
charges beyond the boundary.

By using the finite difference form for the total electrostatic energy in the
system and give the condition that the electrostatic energy should be conserved
in any choice of the reference potential. This gives the Poisson equation at the

boundary as

¢0_¢1:l<00+@&75>,

Az €0 2
3.18
¢N_¢N—1:l<o_ +p_NAx> (3.18)
Az e LT ’

where N is the number of grid in the system. For the potential inside the system,

the Poisson’s equation in the finite difference form is written as

i1 — 2¢; + 91 Pj
= —— 19

where j =1,2,...., N — 1.
By setting ¢ = 0 for the reference potential, then Eq. 3.19 and boundary

conditions can be written in the matrix form as

-1 1 0 oo dy

1 -2 1 0 o1 dy

0o 1 =21 A d
I I (3.20)

) @ :

0 1 -2 1 Dng—2 dn—o
L 0 1 —2 1L ¢ng—1 ] L dN—l ]
The matrix elements in the right hand side of the equation are

dy=20 120 g —p j=12... N—1 (3.21)

Ax 2

In the case of floating potential, where the charge only create inside of the system,

0y is calculated from the convection current density at the boundary, J.on, by
oo(t) = oo(t — At) + Jeony (t) At (3.22)

This current is the current from plasma itself. The verification of the sheath
structure by using the planar source model in our PIC simulation is shown in

appendix A.
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3.1.4 Particle injection

The source function uses in the particle injection model for v, is from Ref.40.
The Emmert source type is written as S(z,&)dE = (S,(x)/2kTy) exp{[qp(x) —
E)/kT}dE where S,(x) is injection profile, k is the Boltzmann constant, Ty is
the source temperature of specie s, ¢ is the electric potential, and £ is the total

energy. Then, writing the right-hand side in terms of v, = /(2/m)(€ — qé(z))

the Emmert source type becomes

m|v, —muv?
S(x,v;) = Sp(z) (%TO‘) exp (TTO) . (3.23)

For the perpendicular velocity distribution function, the source function is in the
Maxwellian distribution function. This type of source function gives the energy
flux as 2kTol' 59, where I'yg is particle flux entering the system. The heat flux by
this type of source is the same as one-way heat flux for the Maxwellian distribution
function. Thus this type of source gives a Maxwellian distribution function at the
mid-plane even with no electric field.[41, 42]

The particle injection model composes of the particle source with the desired
injection velocity distribution as v, f(v;)dv,. The cumulative flux distribution

function is

S (V) d'
F(v;) = 7 A : (3.24)
Jo Vaf (0)dv',
where f is assume to be the Maxwellian distribution function,
f(vg) = Aexp(—v;/2v7), (3.25)

where A is the normalization factor, then the cumulative function becomes
F(v,) =1 —exp(—v2/2v}) = R (3.26)

where R is the random number from 0 to 1. Now the simulation can generate the

particle with velocity v, by the random number R as

vy = v/ —2In(1 — R). (3.27)

This function only gives the positive value for the velocity thus we need to assign
a random number to define the sign of this Emmert source type.

For the velocity distribution function in y and z direction, a two-dimensional
isotropic Maxwell distribution function has been applied. The distribution func-

tion can be written as f(v)dv,dv, or f(v)2mvdv where v = (v2+v2)1/2. The result
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Figure 3.2: Collision probability for selecting the collision type in MCC simulation.

yield the same as the Emmert source type, thus

v="1/—2In(l — R) (3.28)

By using another uniform random number Ry, the value of v, and v, then becomes

vy, = v/ —21In(1 — R) cos(2m Ry),
v, = v/ —21In(1 — R) sin(27 Ry).

3.2 Monte Carlo collision simulation

In each time step of Monte Carlo collision (MCC) simulation[43], the collision

probability of the m'™" particle is given as
Pcollision,m =1~ exXp [_ntO'TUAt] , (329)

where n,; is the density of target particle, or is the total cross section, v is the
relative velocity of collided particles and At is the time interval of collision time
step. Then the uniform random number R is generated. If R > Peonisionm the
particle is collided. Another uniform random number is generated to select the
collision type by using the cross section of each collision type. The simulation line
up the value from oy/or, (01 + 03)/or, (01 + 02 + 03) /0o, ... , 1 to select the
collision type by where the random number fall as in Fig. 3.2. These processes is
time consuming, so the alternative way for this simulation are proposed.

In this simulation, the null collision method is used to select the collision type
in each time step.[44] In null collision method, the maximum collision probability
is calculated instead of calculating every particle collision probability by using the
value of maximum collision frequency ¢/ colliding in a time interval At¢. This value

can be written as

V' = max(n,o7v) = max(n;) max(orv) (3.30)

z,v
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Figure 3.3: Collision probability for null collision method.

Therefore the maximum probability of the particle collision is
Pon = 1 — exp(V'At). (3.31)

The number of particles that will be determined the collision type in each time
step in a time interval At is given by Neoy = NpPaa, where Np is the number
of particles. This process is an advantage of the null collision method because
Neon < Np and only few particles will be selected in each time step. The collision
type is selected for each particle, as in Fig. 3.3, where v; = n,o;v is the collision
frequency for each type of atomic process. The type of collision is determined in

the following manner:

R <uv (&)W (Collision type 1)
(&)W <R < (1n(&) +1a(&)) /v (Collision type 2)

(n(&) + (&) +...+uvn(&))/V <R (No Collision)

where R is a uniform random number from 0 to 1. This method needs to be

separately treated for each species.
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Figure 3.4: The cross section for each atomic processes.

3.3 Collision processes

In the simulation, the atomic processes that have been included are

e+ H(ls) — e+ H(2p) (Excitation)
e+H—e+H+e (Ionization)
H*+H—H+H' (Charge Exchange)

The cross sections of collision processes are shown in Fig. 3.4, in which the exci-
tation, ionization and charge exchange cross section data are from Ref. 45, 46, 47.

These atomic processes of H and H' can strongly influence the plasma be-
haviour at the plasma temperature below 10 eV. The recombination process is
omitted in this simulation. The energy threshold for excitation and ionization

process are 10.2 and 13.6 eV.

3.3.1 Electron-neutral collisions

In the electron-neutral collision, the large ratio of neutral to electron mass causes
the neutral momentum remain approximately the same after the collision. Neu-
tral gas velocity is also very slow compared to electron velocity, thus the relative

velocity of neutral gas and electron is approximated as the electron velocity.
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Let consider the energy of scattered electron in each process. In the case of
electron-neutral elastic collision, the electron is scattered with no energy transfer
to the neutral atom.

In the case of electron-neutral excitation collision the energy of the scattered
electron is

Escatterred = Eincident — Eexcitation (3.32)
In the case of electron-neutral ionization collision, the created electron energy need
to be considered. Thus the sum of scattered electron energy with created electron
energy is equal to incident electron energy minus the ionization energy, or

gscatterred,e + gcreated,e — Cincident,e — gionization (333)

For created ion, the model assumes that the created ion energy and momentum

is equal to the incident neutral particle energy and momentum, or

gcreated,i = gincident,n (334)

Ucreated,i — Vincident,n (3 . 35)

From Eq. 3.33, the scattered electron energy is calculated from the differential

ionization cross section[48, 44] and becomes

ginci ent,e 5ioniza ion
5scaﬂ:terred,e = Btan |:R arctan ( dent, 9B ! ):| (336)

where B is a known parameter (B = 10 in present work).

Now consider the direction of the velocity of scattered electron (and created
electron). The incident electron scatters as in Fig. 3.5, in which ¥ and ¥’ are unit
vectors parallel to the incident and scattered velocities respectively. The angle ¢,
which

¢ =21R (3.37)

is uniformly distributed from 0 to 27. The angle y can be approximated in the

form of differential cross section [49], which is

a(&,x) £
o(€)  4m[l+Esin’(x/2)] In(1+ &)’ (3.38)

where £ is the energy of incident electron in eV. The random number R from 0

to 1 is solved from
_ fOX a(&,x) sin x'dx’

R )
foﬂ (&, x')sin x'dy’

(3.39)
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Figure 3.5: Incident particle scattering angle.[50]

Then the scattering angle can be written as

2+E—-201+8&"

- (3.40)

cos Y =

If the incident electron energy is low enough, this function becomes uniformly
distributed from -1 to 1 or
cosxy =1—2R. (3.41)

In Fig. 3.5, ¥/ is written in the form of ¥ by

V' =vVcosx+ (Vv x §)sinycosd+ [(¥ x §) x ¥]sin x sin ¢ (3.42)

3.3.2 Ion-neutral collisions

For ion-neutral collision cases, the assumption that the neutral particle is station-
ary compared to the incident particle is invalid. So the simulation generates the
isotropic Maxwellian distribution velocity for the neutral particle at 7;, and finds
the ion relative velocity to the neutral particle by subtracting ion velocity with
neutral velocity. After the collision, ion velocity is transferred back to its original
frame by adding back the subtracted neutral velocity.

In the charge exchange collision, the incident ion only transfers its charge to
the neutral particle, thus the ion takes the velocity of the incident neutral particle
and the neutral particle takes the velocity of incident ion. This process resembles
the 180-degree scattering of the hard sphere model in the elastic collision. This
simple approach yields a momentum transfer cross section of about 20.,, where

Oex 18 the charge exchange cross section. However, this relation only holds for the
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plasma temperature greater than 2 eV. At lower energy the small-angle elastic

scattering need to be considered.[51]

3.4 Coulomb collision

In the PIC model, the finite size particles have been used to solve the self-consistent
electric field. The finite size particle does not change the phenomena with wave-
length larger than a cell size. However, it does not accurately treat Coulomb
collision and the Coulomb collisions are damped out inside the cell[52, 53], thus
the plasma in PIC model is assumed to be collisionless. For the simulation of
the low temperature with high density plasma in the SOL regions, the Coulomb
collision becomes important and should not be omitted.

The effect of Coulomb collision is often treated by applying the binary collision
model between charged particle. Shanny et al. first introduce a one-dimensional
electron plasma model, in which the electron collides with the stationary ions
and scatter in three-dimensional velocity space by using the Lorentz gas collision
model.[54] Takizuka and Abe proposed a better way for the binary collision model
by using the Monte Carlo method.[55] In each collision time step the particles are
paired and collide within the cell and the scattering angle for changing the velocity
of each particle is directly calculated. Rather than calculate the small scattering
angles in small collision time step, Nanbu grouped the scattering angle into a large
cumulative scattering angle.[56] Base on the Nanbu assumption, Bobylev et al.
showed that the Nanbu model is a solution method of the Landau-Fokker-Planck
equation.[57] The Nanbu model reduces the computational time of the binary
collision and it is also more accurate than the Takizuka and Abe model.[58]

To determine how large is the scattering angle after N collisions of a particle,

assume that a test particle starts with relative velocity go, after the 15,274 ... Nth
collisions, the relative velocities are g, g9, ..., gxn. Because the Coulomb collision
is elastic, the relative speed g must be conserved, thus g = |g1|,|g2], ..., |gn|.- The

cumulative scattering angle y is defined as the angle between gy and gy or

cosx = go - gN/g2 (3.43)

Nanbu discovered that the expectation value of sin®(y/2) is

<sm2§> - %(1 — ). (3.44)
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The parameter s is introduced as the isotropy parameter and expressed as
s = nygmby(In A)At, (3.45)

where n; is the target particle density, and by is the classical distance of the closest
approach. The probability of finding gy scatter in solid angle df2 is f(x)d2 and
by fitting with the expectation value gives

fx) exp(A cos ) (3.46)

- 47 sinh A

The constant A is determined by s in the following equation:
cothA — At =¢e7% (3.47)

The above equation needs to be calculated in advance and saved to an array to
reduce the computational time. By using this constant A, xy is calculated from
the following equation:

1
COSXN = 7 In (e_A + 2Rsinh 4) , (3.48)

where R is the uniform random number and this function gives —1 < cos xy < 1.
The Nanbu method can be applied for both equally weighted particles and
non-equally weighted particle. [59, 21] In our present work, the equally weighted
particle was used. In the PIC simulation, the computational domain is divided into
small cells in the scale of the Debye length, thus in each cell the binary collision is
treated separately. For two-component plasma, the number of particle « colliding

with particle g is

NN,
N, = 28 3.49
a Na + NB’ ( )
and the remaining number of particle a colliding with particle a are
NN,
N'=N,—- N = _—*>"_, 3.50
: T (3.50)

This pairing method is shown in Fig. 3.6. Then the scattering angle of each pair
of the particle is calculated. However, if N is odd number, the last 3 particles
that will collide will be pair to each other as shown in Fig. 3.6(b) and the time

step that is used to calculate the scattering angle will be modified as

N”a
Atcoll = mAt (351)
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Figure 3.6: The selection of binary collision pair with same and different species
for the case of (a) an equal number of the particle between each species and (b) a

different number of the particle between each species.

The scattering angle for each pair is calculated using Eq. (3.48) and the new
velocity vector is obtained as displayed in Fig. 3.5.

We applied the Nanbu model to the PIC simulation by using the periodic
boundary condition. The simulation gave good results of the energy relaxation

process of the charged particle and the results are shown in Appendix B.

3.5 Numerical heating

In the PIC simulation, even when the time step and grid size satisfy the stability
condition, the numerical heating is still observed. In the 1-D PIC simulation using
only one species, it is found that the plasma temperature increases linearly with
simulation time.[60, 20] Here, a self-heating time 75 is defined as the time for the
plasma temperature to double. The parameter needs to be carefully selected to
avoid the self-heating of the plasma or else the plasma total energy will not be
conserved. For the PIC simulation with linear weighting, using v;At/Ax ~ 1/2

gives the self-heating time as

o 600 /Ap)\> A\p
— = — 1+ -—=]N, .52
Al prt<Ax> ( +A:p) ¢ (3:52)

where N¢ is the number of particle per cell. The PIC simulation results with the

periodic boundary condition are shown in Fig. 3.7 by using Ax/Ap = 1/2 and
wpAt = 1/4. The heating time is in the order of 10° time steps. In the normal

PIC simulation, N¢ ~ 200 and the heating time is only in a few million time step.
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From the above equation, to increase the heating time the parameter such as Ax
and At need to be small and also N need to be large enough.

The numerical heating of the PIC simulation mainly causes by the finite size
of the superparticle. The spatial smoothing for the electric potential profile is
used to suppress the numerical heating for large simulation time. If the electric
potential is solved by the Fourier transform, the filtering is done in k-space to
reduce noise from the short wavelength. This is easily done by multiplying some
filtering factor with ¢(k). But in our work, the potential is solved by direct finite
difference method in x space. Thus the filtering must be done in x space and is

called the digital filtering. The new smoothing potential is written as

;01205 + i
¢] - 4 *

(3.53)

If Ngmootn is the number of time to apply this filtering, the coefficients for Nynootn =
1, 2 and 3 are

1
gb, : 1(1727 ]-)7

1
¢// : E(17476747 ]-)7

1
0" =(1,6,15,20,15,6,1).

If Ngmootn is large enough, the numerical heating is totally suppressed.

3.6 Parallel PIC-MCC

The workloads for the computation for the PIC-MCC simulation depend mainly
on the particle pushing between each cell, the particle interaction between each
other and the field solver. The parallel computing is applied to decompose the
workload for the computation. The two main strategies often use are the par-
ticle decomposition [61, 62, 63] and the domain decomposition[64, 65]. Domain
decomposition consists in dividing each spatial grid into different processes along
with the particles that locate on that region. Particle decomposition distributes
the particle among the processes while giving the whole domain to each process.
In general, the particle decomposition is more efficient than the domain decompo-
sition even though the surplus of the memory usage for the field quantities need

to be assigned for every process. The domain decomposition reduces the memory
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Figure 3.7: The number of time step for the heating time vs. the number of
particle per cell for the case of PIC with linear weighting with Az/Ap = 1/2 and
wpAt = 1/4.

usage of the field quantities however it requires the communication between each
process for pushing the particle into the different domain and the dynamic load
balancing.

In the PIC-MCC, the interaction between particles within the cell is necessary
and the domain decomposition is a better option for the parallel computing. The
domain is divided into small region depending on the number of particle in each
cell. In our work, due to the non-uniform plasma density, the domain size for each
process are not equal as shown in Fig. 3.8. We apply the dynamic load balancing,
in which the size of the domain changes in a fixed time step the number of particle
dividing in each process is shown in Fig. 3.9. The comparison between the number

of particles in each node with the average number of particles is less than 1%.
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Figure 3.8: The sub-domains are created for 4 node parallel processors for sim-
ulations with uniform grid spacing. Sub-domains have nearly equal numbers of

particles, but unequal physical size.
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Figure 3.9: The plot between the ratio of number of particle in each node Np(n)
to the average number of particle (Np(n)) with the node number n by using the
case of plasma density that shown in Fig. 3.8. The average number of particle is

calculated by the total number of particles in the system over the number of node.
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Chapter 4

Simulation Results

4.1 Simulation parameters

The system is divided into three regions which are the source region, the source
free region, and the neutral gas region as shown in Fig. 4.1. The source region
is where the particles are uniformly injected into the system. The neutral gas
region is where the plasma interacts with uniformly distributed neutral gas. The
distribution function of the neutral gas is assumed to be in Maxwellian with no
flow velocity. In the present study, dynamics of neutral gas is not included. Once
particles are injected into the system, they flow along magnetic field lines that are
oriented parallel to the z-axis. The magnetic field B = (B, 0, 0) is assumed to be
constant along the z-axis. Particles that cross the symmetry midplane located at
x = L are reflected back to the system. This process conserves the momentum

and kinetic energy of the reflected particle. Particles that are incident upon the

Neutral Gas Source Free Source

Region Region Region
o . :
=) Fix B, I, I} | 2
INAT —— adis
- |\ 8
Y P @
5 D ! .
0 L

Figure 4.1: System configuration with the plasma source on the right-hand side

and the divertor target on the left-hand side.
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Figure 4.2: A flow chart for one time step in the PIC-MCC code. The red boxes
show the additional scheme for the particle loss, gain and MCC model. The
particles are labelled with index ¢ and the field quantities are obtained only on

the spatial grid with index j.

divertor plate are absorbed on the surface of the plate. Ion and electron reflection,
recycling process, and secondary electron emission are not included in this work.
The charge of the absorbed particles is added to the net plate surface charge,
hence the plate is assigned with floating potential.

The flow chart of the simulation in each time step is shown in Fig. 4.2. First,
we calculate the loss and gain of the particle into the system due to the source and
sink region. Then the Monte Carlo collision processes are treated. Each particle
is weighted to find the charge density and this charge density gives the electric
field on the grid points. The electric field is weighted to calculate the force on
each particle inside the cell and then the particle accelerates and moves to new
location.

The source function used in the particle injection model for v, is from Emmert
et al. [40] and the details of the source function are shown in section 3.1.4. In
the present work, electrons and ions are injected with the same particle flux I'.g =
[y = Lo, where I'y = AN/(AtA), AN is number of injected particle in each time

2

step and A = 1 m” is injected area. The particles are injected with a constant
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System length L=02m
Plasma source length Lg=0.00m

Neutral source length Ly =0.05m

Mass ratio m;/m. = 1836
Source temperature Too=T,p=10eV
Super particle size Ng =1 x 101!

Neutral gas temperature Txy = 0.1 eV
Neutral gas temperature gy, = 0.4 MW /m?
Upstream density Ny =3 x 1018 m=3

Magnetic field By=1T

Table 4.1: Simulation parameters.

rate until the upstream density reaching the fixed value n,, then the injection
rate is decreased until the system reaching the steady state with fixed value of
the upstream density. The heating term g, . is included in the source region so
that the total input heat flux becomes constant. For the heating term in our
simulation, we randomly choose a particle inside the source region and randomly
calculate new energy from the Maxwellian distribution function for that particle.
The new velocity is assigned to the particle without changing the direction of the
particle velocity. In this work, only electrons are heated so that the distribution
function of both electron and ion will maintain the Maxwellian distribution at the

mid-plane. Thus the total input heat flux can be expressed by the following terms:
Qinp - (2kTeO + 2]{;1—‘10)1—‘0 + Qh,e (41)

The simulation parameters are shown in table 4.1. The real hydrogen mass
ratio has been used in this simulation thus the flow velocity of the ion is the real
value. In the simulation, the collisional acceleration factor a..y is defined as the
ratio of the Coulomb collision frequency in the simulation to the real value of the

collision frequency and can be written as

Vcode Vcode

N InA [ 9298 2 -3 ’ <42)
(?(.»Soua[g) n,UTe)

where 1,5 is the reduced mass of particle species o and 3, vre is electron thermal

_ “c
Qeoll = h
e

velocity and In A is the Coulomb logarithm.[42, 9] The isotropy parameter from
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Eq. (3.45) in Nanbu model becomes
s = nygmby(In A) cveon At (4.3)

When this factor increases, the scattering angle of each pair of collision becomes
larger. Thus time of the energy relaxation between electron and ion decreases.
The value of a,o determines the Coulomb collisionality v* = v, /e, where v is
the Coulomb collision frequency between ion and electron from the source region
and vy is the bounce frequency where vy = vie0/ L and vy is the source electron
thermal velocity.[8, 42] These give v* ~ 1070, L/T% (T, in eV, n, in m—3, and

L in m).

4.2 Overview of simulation results

The simulation of the detached plasma in this study is focused on the effect of the
neutral gas pressure and the effect of Coulomb collision on the detached plasma.
The effect of the neutral pressure is studied by fixing aeon = 100 and varying the
neutral gas pressure where 0 < Py < 20 mTorr. The effect of Coulomb collision
is studied by giving acon = 1, 10, and 100.

At t = 0 s, each simulation assumes that no plasma inside the system. The
simulation starts with the injection of uniformly distributed electron-ion pairs to
the system with constant rate and the rate is reduced to fix the upstream plasma
density. The phase space plot of electron and ion are shown in Figs.4.3, which
shows the time evolution of the plasma at the initial state. The plasma flows from
the source region to the neutral gas region and collides with neutral particles. The
simulation runs until reaching the steady state, where the average plasma density
of the whole system, n, saturates as shown in Fig. 4.4. The time to reach the
steady state is estimated as tg, ~ 2L/u;, where u; is the ion flow speed which u; ¢
where ¢, is the ion acoustic speed. By giving T, = T; = 10 eV then ¢4, ~ 9 us and
this almost correspond to Py = 0 mTorr case. The strong ion-neutral collision
in high neutral gas pressure removes momentum from ion and slow down the ion
flow speed. This result causes the simulation time to become longer. The decrease
in the ion flow speed also causes the confinement time for the particle inside our
system to increase. Thus in high neutral gas pressure, the larger value of n is

observed.
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Qeoll = ]-7 10

Py (mTorr) At (s) N,
0 8 x 1071 20,000
5 8 x 1071 25,000
10 8 x 10713 30,000
15 8 x 10713 35,000
20 8 x 1071 40,000

Table 4.2: Simulation parameters for the time step size and the number of grid

for aon = 1, 10.

The simulation is carried out by setting the time step At and the number of
grid Ny as shown in table 4.2 and 4.3. Due to the non-uniform plasma density and
temperature in our result, the stability condition for the explicit PIC simulation
such as w,At and Az/Ap need to be treated in a careful manner. The spatial
profile results of w,At are shown in Fig. 4.5 where w,At < 0.2 and the parameter
for At give a good stability condition. The results of Az/\p are shown in Fig.
4.6 in which almost all regions satisfy the condition for Az/\p < 1.

The numerical heating is tested by using the periodic boundary condition with
the plasma density 7 = 1.5 x 10'® and temperature T, = T; = 10 eV. As mention
above the time to reach the steady state can be approximated by 2L/u;. We use
At = 8 x 1071 and tg, = 8 us (10 million time step). The results show that
the total energy of the plasma increases around 10% in the periodic boundary
system. This error gives the non-physical result of the total heat flux to the wall
by using the PIC simulation. The digital filtering as mention in section 3.5 is
applied in each time step by giving Ngnootn = 1, 5 and 10. The result shows a
strong reduction of the numerical heating from 10% to 5%, 0.4% and 0.2%.

In this work, the Ngnootn = 5 is chosen. The numerical heating is measured by
(Eross + Ewanl) /Einp » Where Ejpgs + Ewan is the sum of the energy loss by the atomic
processes with energy loss at the target and &, is the total input energy. The

results of this ratio are shown in Fig. 4.7 and all of the results are less than 5%.

34



0 005 01 0.15 0.2 0 005 01 0.15 0.2
fedv, (108 m=3) fidv, (10" m=?)

(a) t=1 ps

Vg / UVti0

Um/Um;o ;
mlv S N

(% / Vteo

&
~
)

—4

4

3 c 2

= 20

3 S
= —2
—4
0 005 0.1 015 0.2 0 005 0.1 0.15 0.2
x (m) x (m)

Figure 4.3: Time evolution of the phase space plot of electron (left panel) and ion
(right panel) for Py = 20 mTorr and o = 100. Plasma is injected to the system
at the source region where 0.15 < x < 0.2 m and the plasma collides with fixed

neutral gas at 0 < x < 0.05 m.
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Neoll = 100

Py (mTorr) At (s) N,
0 8 x 1071 20,000
by 8 x 1071 25,000
10 8 x 10713 30,000
15 8 x 10713 70,000
20 5x 1071 120,000

Table 4.3: Simulation parameters for time step size and the number of grid for

Qeoll = 100.
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Figure 4.4: The time dependent plot of the average plasma density over the entire

system with (a) aeon = 1, (b) acn = 10 and (c¢) aeon = 100.
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Chapter 5

The effects of neutral gas

pressure on the SOL plasma

Neutral gas plays a key role in the plasma detachment process. Many experimental
results show a strong relationship between the detached plasma and the neutral
gas pressure in front of the divertor target.[6, 5| One of the key parameters for the
formation of the detached plasma is the high plasma density which gives a strong
reduction of plasma total pressure in front of the target.[66] The dependent of
the strong reduction of the plasma total pressure with the plasma density means
that the Coulomb collision mean free path need to be smaller or comparable to
the system length. In this simulation, the modified Coulomb collision frequency
is used to increase the effect of Coulomb collision to be able to compare with the
experiment parameters. The Coulomb collision mean free path is estimated as
A ~ 1072 /n. The mean free path over the system length of the linear device
by using, the system length L ~ 2 m, the plasma temperature 7" ~ 10 eV and
the plasma density n ~ 10 m™3 then becomes A\/L ~ 0.05. On the other hand,
in our present simulation, L ~ 0.2 m, T ~ 10 eV and n ~ 10'® m™3. Then the
ratio of \/L ~ 5 which is different from the linear device parameter by a factor
of 100. Thus, in this chapter, we set a.n = 100 and investigate only the effect of

the neutral gas pressure on the formation of the detached plasma.
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5.1 Heat and particle fluxes in the detached plasma

Let us begin with brief explanation about our simulation model. As we have
mentioned in the previous chapter, the neutral gas box is placed in front of the
divertor target. We assume the uniform neutral gas with constant pressure and
temperature. The dynamic of the neutral gas has not been included in our model.
The neutral gas is also assumed to be in equilibrium, in which the distribution
function is the Maxwellian and its temperature remains constant where Ty = 0.1
eV. Five simulations were performed, varying the neutral gas pressure Py over the
range 0 < Py < 20 mTorr.

The results of the characteristic of the detached plasma are displayed in Fig.
5.1. It indicates the strong reduction in the heat load to the target plate with
the neutral gas pressure. The heat load is reduced greater than 10 times when
Pyn = 20 mTorr.

The main energy loss channel comes from the charge exchange process as shown
in Fig. 5.2 where &oss/Einp is the ratio of the amount of energy loss in each type
of atomic process to the total input energy. Only small fraction of e-n collision
processes contributes to the plasma cooling inside the neutral gas box due to the
energy threshold for the excitation and ionization, in which the electron energy
need to be greater than 10 eV to activate this channel. The energy loss caused
by the ionization process is also much smaller than the excitation process because
of the energy threshold is 13.6 eV which is larger than our source temperature.
By using the cross-section data from our simulation, the rate coefficients of the
atomic processes in our model are calculated. In Fig. 5.3, below approximately 5
eV the ionization and excitation rate coefficients are much smaller than the charge
exchange, and the maximum values are given at approximately 100 eV, which is
much higher than our source temperature.

Fig. 5.4 shows the comparison between particle fluxes, which are defined as
the rate of change of the number of particles of each species over the area of the
flux tube or I' = AN/(AAt) where A = 1 m?. The particle fluxes from the source
I'y and from the ionization process I';,, are calculated from the particles that are
created in each time step. The electron and ion are created in pair, thus electron
and ion must have the same particle fluxes. The particle flux to the divertor target

[’y is calculated from the number of particles that loss to the target and in the
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Figure 5.1: Heat flux to the divertor target vs neutral gas pressure at the steady

state.

steady state electron and ion should reach the same particle flux to the target. In
Fig. 5.4, the decrease in I'y is caused by the reduction of the flow speed of the
plasma at the downstream due to the ion-neutral collision. If we consider the ions
flow to the wall suffering the ion-neutral collision, the particle flux is derived from
the ambipolar diffusion[24], which shows that the particle flux to the target I'y

decreases with decreasing ion-neutral collision mean free path \;,:
Ly o< Ain/ L. (5.1)

In our simulation, the linear reduction of I'y is observed. However, at low neutral
gas pressure, the ionization flux increases when the neutral gas pressure increases
because electron temperature does not decrease strongly in front of the target.
Thus, I'y; does not show significant reduction. After Py > 15 mTorr, the I'i,
starts to saturate which is affected by the electron temperature inside the neutral

gas region drops sharply and causes the ionization front to move upstream.

5.2 Spatial structure of the detached plasma

In order to investigate the effect of the neutral gas on the detached plasma for-
mation, the spatial profiles of plasma parameters are measured. Since the PIC
simulation uses the real particle to simulate the plasma, the macroscopic plasma

parameters of our interest need to be calculated by using the various order of the
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state.

moment of the distribution function. The density n, the flow velocity uy s, the

particle flux I'y s, the temperature T} ; and the energy flux g s are calculated by
ns(z) :/ fs(z,v)dv, (5.2)
@ = [ wadideo)d 53)

ups(z) = (@) ) Vg5 fs(x,v)dv, )

Fk,s<x> = NgUg,s, (54)
1 OO 2 2

Tfe) = s [ miok, =k ) w0 5.
0 2

Qrs(x) = / Vk.s m;v fs(z,v)dv, (5.6)

where s is species and d = x,y, z is the component.

The spatial profiles of the transition from the attached state to the detached
state are shown in Figs. 5.5. The system size is divided into 128 grids rather than
using the real number of grid. This gives us the macroscopic structure for our
simulation and also reduce the noise in the small cell.

In Figs. 5.5(a) and 5.5(b) the electron and ion parallel temperature profiles are
shown respectively. For Py = 0 mTorr case, a steep electron temperature gradient
appears. For ions, the parallel temperature sharply drops at x = 0.15 m which is
the boundary between the source and the source-free region. In the source region,
the injected electrons have a larger thermal velocity than the injected ion. This

gives rise to the source sheath drop. The ions are accelerated through the source
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Figure 5.3: The rate coefficients of various atomic processes for the atomic hydro-

gen. Calculate by using the cross section data in Fig. 3.4.

sheath and the thermal velocity decreases. The ion parallel temperature gradient
at x > 0.05 m is much smaller than the electron becayse the convection term of ion
energy transport is dominate the conduction term. Inside the neutral gas region
where x < 0.05 m, the steep electron temperature gradient appears when the
neutral gas pressure becomes 15 mTorr. Ton temperature sharply decreases at the
boundary of neutral source region where z = 0.05 m due to the ion-neutral collision
and the step function of neutral density spatial profile. For Py = 20 mTorr both
electron and ion temperature reach the neutral gas temperature in front of the
divertor. The perpendicular temperature profiles of the ion and the electron are
plotted in Figs. 5.5(c) and 5.5(d) and the temperature profiles are almost isotropic
with the parallel component due to the strong collisionality.

In Fig. 5.5(e), the spatial profile of plasma density is shown. The results
show the constant upstream density no ~ 3 x 10" which was implemented in
our model. For Py < 15 mTorr, plasma density is peak near the ionization
region which closes to the boundary of the neutral gas region. When the neutral
pressure increases to 25 mTorr, the plasma density sharply increases to sustain
the particle flux to the target due to the small temperature gradient in front of

the target. The particle flux profiles are plotted in Figs. 5.5(f). Since the uniform
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Figure 5.4: Particle flux to the divertor target I'y, particle flux from source region
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steady state.

distributed particle source is located at = > 0.15 m, the particle flux increases
linearly in this region and becomes constant along the source-free region. The
particle flux suddenly rises at x = 0.05 m which is the location of the electrons
starts to ionize with the neutral gas. For Py = 5 mTorr, the particle flux increases
until reaching the target. However, for Py = 20 mTorr, the particle flux increasing
region becomes smaller due to the strong decrease in electron temperature which
causes the ionization front to move upstream. The significant decrease in particle
flux can not be seen because the recombination model or any particle sink term
are not included in this work.

The ion flow speed profiles are exhibited in Fig. 5.5(g). The reduction of the
ion flow when increasing the neutral gas pressure can be observed. For Py = 0
mTorr, the flow speed increase along the z-direction. However, for Py > 0 mTorr,
the flow speed gradually decreases along the source-free region and then suddenly

increase near the target. The Mach number profiles are plotted in Fig. 5.5(h),

where M = u;/c, and ¢, = \/(kTe + kT;)/m; is the local ion acoustic speed. For
Py =0 mTorr, M ~ 1 at the entrance of the source-free region and M > 1 until
reaching the target. This is due to the source sheath drop as has been discussed
in the results of the ion parallel temperature. Procassini et al. [42] also showed
the similar result by using the implicit PIC simulation. For Py > 0 mTorr, M

becomes subsonic along the source free region and sharply increase inside the
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neutral gas region to reach the supersonic flow at the target. The supersonic flow
before reaching the target is seen for 5 < Py < 20 mTorr. This may be caused by
the ionization source inside the neutral gas region creates the source sheath drop
near the target.

The total pressure profile is shown in Fig. 5.5(i). The total pressure is the sum

of both dynamic and static pressure, where
Pyt = n(mu? + kT; + kT,). (5.7)

Inside the neutral gas region where = < 0.05 m, the reduction of the total pressure
is shown when Py > 0 mTorr. To look into more details, we can refer to the the

momentum balance equation:

d
— Pioy = —myu; (ov),, nn,. (5.8)

dx

In the case of Py = 0 mTorr, the total pressure should be constant because of no
momentum loss in the system and this is exhibited in Fig. 5.5(d). When Py > 0,
ion-neutral collision causes the total pressure to decrease inside the neutral gas
region. The total pressure gradient becomes larger as Py increases. The total
pressure strongly decreases and approach to zero in front of the target in the case
of 20 mTorr. The upstream pressure increases as the neutral gas pressure increases.
The static pressure profiles are shown in Fig. 5.5(j) where p = nkT; + nkT,. The
decrease in the ion flow speed outside the neutral gas region causes the static
pressure increase.

The structure of presheath and sheath are obtained in our simulation. The
sheath is the structure on the scale of the Debye length Ap and plasma frequency
wp. Thus, the fully kinetic model is necessary to obtain the sheath potential profile
directly. The results of the potential profile which shown in Figs. 5.6 is obtained
by averaging over time after the steady state by the interval of 200,000A¢. This
reduces the fluctuation of the potential structure. The strong potential drop inside
the neutral gas region is found and the gradient increases when the neutral pressure

increases. The potential drop across the collisional zone can be expressed by [24]
eAV/ET, = —In(L/\ip). (5.9)

This relation shows that when the ion-neutral mean free path becomes smaller the
potential drop becomes larger. Our simulation also shows the large potential drop

in high neutral gas pressure.
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5.3 Kinetic effects inside the SOL

The ion and electron distribution functions at the target are shown in Fig. 5.7. The
distribution function is calculated at the last cell by averaging over time after the
steady state by the time interval of 20, 000A¢. The effect from the sheath potential
drop at the target on the distribution function is clearly shown in Figs. 5.7(a) and
5.7(b). Electron distribution function is cut off due to the sheath potential drop
and the part of the upstream direction tail is cut off. The ion distribution shows
the supersonic flow of ion at the wall which causes by the acceleration of ion to the
sheath. This acceleration tends to narrow the velocity distribution function more
for Py = 5 mTorr. The drift velocities compare with the acoustic speed become
smaller when the neutral gas pressure increases.

Kinetic effects is not clearly observed in this work because we assume the
Maxwellian distribution function for the background neutral thus the strong i-n
collision tends to lead the ion distribution function to become Maxwellian. The
kinetic model for the neutral transport is necessary for fully understanding of the

kinetic effects.[32]

5.4 Dynamics of the detached plasma

We have seen the strong reduction of the heat flux causes by the neutral gas
pressure in Fig. 5.1. The time dependent of the heat flux at the target is shown in
Fig. 5.4. Shortly after the simulation has started, the heat flux strongly increases
due to the free streaming of the plasma flow directly to the wall. The heat flux
becomes saturate later on. If Py > 15 mTorr, the heat flux decreases before
reaching the steady state.

The time evolution of the spatial profile of plasma quantities at Py = 20 mTorr
are displayed in Fig. 5.9. At ¢t = 4 us, the heat load starts to decrease from the
maximum point. Electron temperature is larger than the ion temperature. At
t = 8 us, the heat flux strongly decreases and electron temperature approaches
the ion temperature. The plasma density starts to increase in front of the target.
After t =8 ps, (1) the heat flux saturates, (2) the electron temperature is almost
equal to the ion temperature, and (3) the plasma density peak moves downstream.

The e-i energy relaxation process transfers the energy from electron to ion, then ion
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loses the energy by the charge exchange process and leads to the strong reduction
of the heat fluxes to the target. It is interpreted that the Coulomb collision effect
plays an important role in the strong reduction of the heat flux to the target, and

more results are presented in the next chapter.
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Chapter 6

The Effects of Coulomb collision
on the SOL Plasma

The Coulomb collisionality is defined as v* = v./Vpeo, Where v is the Coulomb
collision frequency between ion and electron from the source region and v is
the bounce frequency where 0 = vieo/L and vy is the source electron thermal
velocity. These give v* ~ 107'%n,L/T% (T, in €V, n, in m™3, and L in m).
In this simulation, the collisionality is determined by g, and the effect of the
collisionality with the SOL plasma has been studied in previous work of PIC
simulation.[8, 9]

In chapter 5, the strong reduction of the total heat flux when neutral gas
pressure increase to several millitorr is shown. The formation of the detached
plasma is observed at Py = 20 mTorr. However, only the results of ae, = 100
are shown. In this chapter, the effect of the collisionality on the formation of the

detached plasma will be discussed with the results from the PIC simulation.

6.1 Collisionality effect on the heat transport

Fig. 6.1 shows the dependence of heat flux on the neutral gas pressure, where
qq is the total heat flux of the plasma at the target. The results show that for
the moderate to low collisionality ae. < 10, the heat flux decreases less than one
order of magnitude. However, when a.,; = 100 the strong reduction is clearly
observed. In the linear device experiment[66], it was shown that the heat flux

reduction ratio ¢4/¢inp has a strong dependence with the plasma density and the
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energy removal by neutral gas becomes weak at low plasma density. The relation

between plasma density and Coulomb collision frequency is written as

A [ gags \°
Ve = n_( 95 ) nugs. (6.1)
4T EoMhap

The collisional acceleration factor a.. is used to increase the collision frequency
rather than increase the density. The dependence of ao; with the heat flux re-
duction rate is shown in Fig. 6.2. The strong reduction of g;/¢ip, at high value
of acop is displayed. The simulation gives a good agreement with the experiment
results.

The mechanism of energy loss is explained by the energy loss channel in various
atomic processes. Figs 6.3 shows the ratio of the amount of energy loss in each
type of atomic process to the total energy input &jpss/Einp which varies by neutral
gas pressure. Since our model heats the only electron inside the source region, at
Qeon = 1, the energy loss from the excitation becomes dominate. But when a.qy
increases, the energy loss from the charge exchange process becomes larger. In
the high collisionality case with Py = 20 mTorr, almost 70% of energy loses from
the charge exchange process. The ionization process does not have any significant
role for the energy loss.

The energy flow diagram as shown in Fig. 6.4 illustrates the mechanism of
the energy loss channel inside the detached plasma. The excitation and ionization
processes are not so effective for cooling 7, below 5 eV. The removal of energy
from electron below 5 eV is mainly caused by the e-i energy relaxation process.
The energy relaxation time is calculated from

3v2redm: P T
n neZ%etIn A ’

(6.2)

Tie

where Z is the ionic charge number. The particle confinement time inside the
system is estimated as 7, ~ L/cs. The plasma parameters in our simulation are
T, ~ 10 eV, n. ~ 10*® m™ and L = 0.2 m. These parameters give a large value
of 7,./7, ~ 53. The energy relaxation time of this simulation is calculated as
Tl, = Tie/Qcon- 1If acon = 100, the ratio of the energy relaxation with the particle
confinement time 7/, /7, ~ 0.53 < 1, which gives strong coupling between electron
and ion by the Coulomb collision inside the system.

The time dependence of the strong reduction shows no different in the case

of Py = 0 mTorr because the plasma flow is free stream from the target to
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Figure 6.1: The dependence of the total plasma heat flux at the divertor target g4
on the neutral gas pressure Py at the steady state, where ¢4 includes both electron

and ion heat flux at the target.

the wall as exhibited in Fig. 6.5(a). However, the reduction of the heat flux is
observed in Fig. 6.5(b) in the high collisionality case. As we already explained
in the previous chapter, during the e-i relaxation process heat flux to the target
decreases. However, in the low collisionality case, the reduction of heat flux is not

observed due to the lack of the e-i coupling by the Coulomb collision.

6.2 Spatial structure of physical quantities

For Py = 0 mTorr, the spatial profiles from different collisionality are shown in
Figs. 6.6. The perpendicular and parallel temperature profiles for electron and
ion are shown in Figs. 6.6(a)-(d). The temperature gradient becomes larger as the
collisionlity increasing. The decrease in energy relaxation time between electron
and ion leads to the increase in electron temperature at the upstream. In Figs.
6.6(e)-(j), the ion flow speed becomes larger when the collisionality increases and
the density becomes smaller so that the particle flux is conserved inside the source
free region.

For Py = 20 mTorr, Figs. 6.7(a)-(d) shows that the collisionality leads to the
increase in electron temperature gradient at the source free region. The dramatic
decrease in electron temperature near the target is clearly seen for ao = 100. In

our model, only electrons are heated in the source region, thus in low collisionality,
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Figure 6.3: The variation of the the ratio of energy loss to energy input by (a)
the charge exchange, (b) the excitation and (c) the ionization with the neutral gas

pressure.

due to the small energy exchange between electron and ion, the ion temperature
inside the source region becomes smaller. The particle flux for aqp = 1 or 10
increases along the source region until reaching the target, however for a.,; = 100,
the particle flux increases only in a small region near the boundary of neutral gas
box x = 0.05 m. This is because the ionization front moves to the upstream in the
high collisionality case, thus reducing the plasma source region from the ionization
process. The flow velocity of ion near the target is larger in the low collisionality
case.

The spatial profiles of the electrostatic potential from Fig. 6.8 shows the
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Figure 6.4: Energy flow diagram for the energy loss in the neutral gas region
during the detached state. The arrows indicate the energy transfer in which the
electrons mainly transfer their energy to ion, then the charge exchange process

dominates the cooling of the plasma temperature.

increase in potential drop when the collisionality increases. For Py = 20 mTorr,
the small peak of the potential profile is exhibited due to the ionization source at
the boundary of the neutral gas box. Electrons created by the ionization process
tend to move faster than the ion and leave to positive charge density inside this

region.

6.3 Kinetic effects

Electron distribution functions are shown in Figs. 6.9(a) and 6.9(c). In the low
neutral pressure case, Electron distribution function is cut off due to the sheath
potential drop and the part of the upstream direction tail is cut off. However, in
high neutral gas pressure case, the deviation is observed in the low collisionality
case and vanish in the high collisionality case.

The ion distribution functions shown in Figs.6.9(b) and 6.9(d) are far from the
Maxwellian distribution in the low collisionality case. In the high collisionality
case, the strong plasma density peak that locates near the target causes the in-
crease in the Coulomb collision frequency then the distribution function approach

to the Maxwellian.
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Figure 6.6: Spatial profile at the steady state of (a) parallel electron temperature,
(b) parallel ion temperature, (c) perpendicular electron temperature, (d) perpen-
dicular ion temperature, (e) plasma density, (f) ion parallel particle flux, (g) ion
parallel flow speed, (h) Mach number, (i) total plasma pressure, and (j) static

plasma pressure for Py = 0 mTorr
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Figure 6.7: Spatial profile at the steady state of (a) parallel electron temperature,
(b) parallel ion temperature, (c) perpendicular electron temperature, (d) perpen-
dicular ion temperature, (e) plasma density, (f) ion parallel particle flux, (g) ion
parallel flow speed, (h) Mach number, (i) total plasma pressure, and (j) static

plasma pressure for Py = 20 mTorr
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the target and the positive velocity shows the particles that move toward the

midplane.

63




Chapter 7
Conclusion and discussion

The results of the plasma detachment formation are presented in our study. In
order to study the kinetic effect on the formation of the detached plasma, we have
developed a PIC-MCC simulation, which is the fully kinetic self-consistent model,
by using the high-performance parallel computing. In this model, the Coulomb,
i-n and e-n collisions are included. The simulation is performed in a large system
size up to hundred thousand Debye length in which the results approach the real
experiment values. The sheath structure which is one of the most important
issues for the plasma-wall interaction is treated self-consistently. We assumed the
uniform neutral gas box in front of the target which resembles the linear devices.

The simulation parameters are selected to give the results that are compared to
the linear device experiment. We modified the collisionality to be in the same order
as in the linear device. The neutral gas pressure is varied to show the formation of
the detached plasma. We also studied the dependence of the collisionality on the
formation of the detached plasma. The spatial structures of the physical quantities
are investigated in both cases.

The feature results of this work are concluded as follows:

1. By fixing the neutral gas temperature and pressure, the results of the ex-
ponentially decrease in heat flux to the divertor target when increasing the
neutral gas pressure is obtained. These results show the same trend with
the real experiment in the linear devices in which the neutral gas is used for
absorbing both momentum and power from the plasma. The effect of the
sheath on the ion and electron heat fluxes are found. Since the real mass

ratio is used in this work, the ion heat flux is much larger than the electron
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heat flux and the ion heat flux strongly depends on the electron temperature.
For the energy loss, the main channel for our model is the charge exchange
and this channel is much higher than the e-n collision because of the source
temperature is assigned to 10 eV. The strong reduction of the particle flux to
the target is not found. These results show that the recombination process

must play an important role in the detached plasma.[67]

. The strong electron temperature gradient in front of the divertor target is
observed in a high neutral gas pressure condition. The electron temperature
approaches the neutral gas temperature and almost constant near the target.
The plasma density peak shift from the ionization front toward downstream
to the location where electron temperature almost constant. This mechanism
is affected by the particle flux conservation along the magnetic field line. Due
to the strong decrease in the temperature gradient near the plate during the
detached state, the density gradient must rise sharply. The total plasma
pressure drops sharply in front of the target due to the strong energy and

momentum removal caused by the i-n collision.

. The effect from the sheath potential drop at the target on the distribution
function is found. Electron distribution function is cut off due to the sheath
potential drop and the part of the upstream direction tail is cut off. The ion
distribution shows the supersonic flow of ion at the wall which is caused by
the acceleration of ion through the sheath. The drift velocities compare with
the acoustic speed become smaller when the neutral gas pressure increases.
The deviation from the Maxwellian is observed. However, at high Py and
high collisionality, the sharp rise of the plasma density in front of the target

increases the Coulomb collision frequency and reduce the deviation.

. The dynamic of the detached plasma formation is exhibited in our work.
The time dependence of the heat flux to the target shows the sharp decrease
when electron temperature relaxes toward the ion temperature. This is the
evidence of the Coulomb collision effect on the formation of the detached

plasma.

. In the low collisionality case, the detached plasma is not observed and even

in high neutral gas pressure, the heat flux to the target is much larger than
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the high collisionality case. The electron temperature and total plasma
pressure do not show any significant drop. Only the ion temperature strongly
decreases. The plot between the ratio of the heat flux at the wall to the input
heat flux with the collisionality shows the consistent results with the linear
device. The reason behind this is the e-n collision process almost vanish
when the electron temperature goes below 5 eV. Thus in our model, the
electron temperature will never go below 1 eV without the effect from the

Coulomb collision process.

We need to remark that even though we observe the detached plasma by using
the 1D-3V PIC simulation other types of atomic processes may become important
for study the effect of the detached plasma. In our parameters selection, the source
temperature is around 10 eV thus we neglected the impurity radiation in our
model but for the case of the upstream temperature around 100 eV, the impurity
radiation becomes important. When plasma temperature goes below 1 eV the
recombination process becomes important for the strong removal of the particle
flux. The MCC model for a given rate constant is used to treat the recombination
process.[68, 69] Another point is the dynamic of the neutral transport, which is
important in understanding the detached plasma.[32, 70] In our present work, the
neutral particles fully absorbed all the energy from the plasma. However, this
high energy neutral directly spread the local heat flux to the target and increases

the total heat flux at the target.

66



Appendix A

Sheath formation by planar

source model

The planar source model as in Fig. A.1 is used to verify the sheath formation in
the simulation code when there is no collision processes occur.[71] The boundary
condition on the left hand side is assumed with the fully absorbed wall with floating
potential and the right hand side is assumed with the fixed potential. The flux
injection distribution v, f(v,)dv, is use for the particle injection from the right-
hand wall, where f is Maxwellian distribution. Ion and electron are injected from
the plane on the right hand side with a constant flux. The theoretical model is
explained below.

The accelerated Maxwell-Boltzmann distribution function under the electro-

static potential ¢ is

m 1/2 mev? (20
_ e _ MTte Al
fe((bu U) Neo <27TkTeO) exp ( QkTeo + kTeO) ( )
1/2 2
m; m;v e¢
| (i . _ A2
filé,v) = 1 (27?/{:7}0) o ( 2k T sz‘O) A2

The minimum velocity of ion in the electrostatic potential ¢ is calculated from
the slowest ion starting from rest and the ion accelerates to the velocity vmin; =
(—2e¢/m;)2. The minimum velocity of electron in the electrostatic potential ¢
is the electron that reach the zero velocity at the collector and travels back to
the source with the velocity vmine = (—2/me)"?[ed — epc]'/?, where ¢¢ is the

potential at the collector.
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The particle density and flux are calculated by

nlo) = [ Lo (A3)
FO!((b) = /OO U:vaz((b,U)dU (A4)

The flux of electron and ion become

1/2
Le(gp) = neo(ziﬁ ) exp (Z(zf) (A.5)
N\ 1/2
Fi(¢) = nm( ut )

27rml-

(A.6)

I'. and I'; are constant in space. For the stable sheath formation, the current equal
to zero at the collector, thus Eq. (A.5) equal to Eq. (A.6). This gives the ion to

electron density ratio of the source as

1/2
M40 m; T, epc
= —= A.
e (me ﬂ) exp ( kT, ) ( 7)

This equation can be used to calculate the collector sheath potential, ¢-. For the

particle density, Eq. (A.3) gives

o) =" e ()

' 1/2
ni(¢) = % exp <—l:;é) erfc(—]:;é) (A.9)

The source potential drop ¢p must be satisfied by V2¢p = 0. Thus, the charge

kT,

1/2
1+ erf(w) ] (A.8)

density becomes zero or n, = n;. This gives

B 1/2
Neo EXP <Zq;fj) 1+erf<e¢ljkj%¢c> ]

1/2
= Njp exXp (—e]j;) erfc (— (zz]j) (A.10)

Another relation for ¢p is that 0pp/0xr = 0 or E,(¢p) = 0. With Eq. (A.7) and

Eq. (A.10), ¢. and ¢, are calculated and compared with the simulation results.
The simulation system is initially set with free of plasma and the particles are

injected from the right hand side of the system, = L where L is the system

length. The particles are fully absorbed at the divertor target at x = 0 at which

the wall charge density o is accumulated. The particle sources is half maxwellian
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Plasma
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Figure A.1: Potential profile of the collector and source sheath. [71]

System length L =0.03m
Mass ratio m;/me. = 1836
Electron source temperature kT,p =1 eV

Source particle density Neo = Njp = 5.6 x 10B3m=3

Table A.1: Simulation Parameters

distribution where the current density of the ion and electron sources (jio, jeo) are
the initial input parameters. The current density is related to the source particle
density, jeo = \/2/7(qneov;peo). The plasma density is set to be nearly the same as
Q-machine, which has low plasma density. The overview of the system parameters
are given in the table A.1. The unit of simulation results are based on SI unit.
The simulation is carried out with fixed electron source temperature, kT,o = 1
eV. The ion source temperature, kTjq is varied from 0.1 eV to 10 eV. The theoret-
ical and simulation results are shown in Table A.2 and Fig.A.2. The simulation

results are in agreement with the theory.
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ET; (eV) Theory Simulation
¢c dp ¢c ¢p
0.1 -4.90 | no solution | -4.78 | no solution
0.5 -4.10 -2.04 -4.16 -2.0
1 -3.75 -1.70 -3.47 -1.63
2 -3.41 -1.41 -3.40 -1.37
10 -2.60 -0.973 -2.59 -0.91
Table A.2: Simulation Parameters for kT, = 1 eV.

' The(')ry op '
Theory ¢¢c ----------
. Simulation ¢p =
Simulation ¢ e
0 2 4 6 8 10
KT, (eV)

Figure A.2: ¢p and ¢¢ versus ion temperature.
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Figure A.3: Potential profile for (a) kT;o = 0.1, (b) kT;o = 0.5, (¢) kTyo = 1, (d)
kT;p = 2 and (e) kT;y = 10.
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Appendix B

Effects of Coulomb collision in

PIC simulation

As mention in previous section, the PIC simulation alone does not properly treat
the small angle collision within the Debye length. Here we apply the Nanbu model
described in the preceding section to spatially uniform plasmas. The results of the
Coulomb collision effect are obtained. The phenomena that will be tested are the
relaxation of the anisotropic velocity distribution, the relaxation of the electron
flow in the background ion and the equilibration of electron and ion temperature.

For the the relaxation of the anisotropic velocity distribution, we consider
electron with T, # T,, = T, where T, = 1.3T},. The normalized collision frequency

is given as
neet ln A

a SWﬂe%myz(l{;Te)g/Q.

Then the analytic solution becomes [55]

Vo

AT = (8T)yexp (ot )

The number of particle in the simulation is 100,000. The results are shown in Fig.
B.1 by changing the collision time step At.. Both small and large collision time
step gives a good agreement with the theoretical model.

Next, we show the results of the relaxation of the electron flow in the back-

ground ion. The initial condition is assumed with Ty = T; = T.. The relaxation

3/2
v (KLY NEAY
d(Vot) Ef kTe ’
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Figure B.1: Relaxation of temperature components.

where p(2?) = erf(z) — 2ze*"/\/7. The real mass ratio for hydrogen plasma
is used in our simulation. The simulation results are shown in Fig. B.2. The
simulation does not agree in the later time because the analytic solution assume
that electron distribution function is always in the Maxwellian, however the dis-
tribution function at the end of time step does not always be in the Maxwellian
during the relaxation process.

The last case is the equilibration of electron and ion temperature. The relax-

ation equation is

d(Tz - Te)/d(VOt) = _ZVeQ(Ti - T6)7

8 me (), meTo\ ™
Vog = =5 — — :
4 371'1/277’?,@' miTeo

The initial conditions are m;/m. = 4 and To/T.o = 1/2. The simulation results

where

are shown in Fig. B.3.
These results give the Nanbu model as a good candidate for the treatment of

the Coulomb collision in PIC simulation.
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