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Kinetic analysis of ion incident angle distribution on a plasma-facing wall
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A one-dimensional particle simulation model of a magnetic presheath was presented and a simulation
study was made to reveal the effect of the magnetic field on the ion incident angle distribution on a
plasma-facing surface of a fusion device. Two kinds of plasma source due to the cross-field diffusion in
the scrape-off layer and the ionization in the collisional presheath are considered to model the velocity
distribution function at the entrance of the magnetic presheath. The dependence of the ion incident angle
distribution was examined and a fitting form of the energy flux to the surface was obtained as a function
of the incident angle and the magnetic field. A transition of the incident angle distribution was found.
Dependences of the incident angle on the magnetic field strength vanishes when the magnetic field
becomes weaker or stronger than threshold values. In the transition, when the magnetic field approaches
parallel to the surface, incident angles become large.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Understanding of the plasma–surface interaction has been rec-
ognized as a crucial physical and engineering issue in fusion de-
vices. Optimizations of the plasma parameters, magnetic field
and geometry of the plasma-facing wall are necessary to control
the impurity production and transport. One of the key physical fac-
tors is the sputtering from the wall material by the ion impacts.
The sputtering yield depends on the energy flux of the impact ions
and the incident angle [1].

The plasma in the scrape-off layer (SOL) is divided into three re-
gion [2]; collisional presheath (CP), magnetic presheath (MP) and
Debye sheath (DS). The plasma in the CP region can be described
well by the fluid quantities such as density, velocity and tempera-
ture [3], while the MP and DS regions require a kinetic description
and a particle simulation is necessary. Although the precedent
studies of the incident angle are found in Refs. [4,5], they gave
the parameter dependence of the averaged incident angle only.
Our work was motivated by the necessity of more detailed analy-
ses including the distribution of the incident angle to understand
plasma–surface interaction deeply.

We present a one dimensional particle simulation model of MP
and DS regions in Section 2. A velocity distribution function which
models characteristics of the plasma source in the SOL is intro-
duced. In Section 3, the incident angle distribution of the ions hit-
ting the wall surface is examined and a fitting form is obtained
ll rights reserved.
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from simulation results for various magnetic field strengths and
directions. Conclusions are presented in Section 4.
2. Simulation model

In order to examine the dependences of the ion incident angle
distribution to the wall surface on the magnetic field, we employ
the particle-in-cell (PIC) simulation method. The coordinate sys-
tem used here is illustrated in Fig. 1. The x-axis is taken to be nor-
mal to the wall surface and the system length, or the position of the
wall, is denoted by L. The plasma profiles such as density n and po-
tential / are assumed to vary only in the x direction. We have
developed a PIC code to solve the equations of motion and Pois-
son’s equation self-consistently. The magnetic field is assumed to
be uniform and its direction is specified by the angle u in the x–
y plane, or B ¼ B cosux̂þ B sin uŷ. The incident angle of the ion
is denoted by h, i.e. cos h ¼ x̂ � v=v . Here velocity of each particle
hitting the wall surface was denoted by v. Although a velocity re-
quires two angles to determine its direction, we use only the ver-
tical angle because the azimuthal angle does not play a role in
isotropic materials. The wall is perfectly absorbing and electrically
floating. Therefore, the electric field at x ¼ L is determined by the
Gauss’ theorem from the charge on the wall. The system length L
is taken to be several times longer than the ion Larmor radius to
allow the MP layer [6]. Since the mean-free-path of the collisions
between ions and neutrals are much longer than the Larmor radius,
particle source is not included in the simulation. Instead, we place
a source boundary at x ¼ 0, where the velocity distribution is fixed
to a given function.
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Fig. 3. Distribution of energy fluxes as functions of the ion incident angle.
Simulation results (�, þ and 	 marks) and fitting curves (solid, dashed and dotted
curves) are plotted.
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Fig. 1. Coordinate system used in the PIC simulation.
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The determination of a velocity distribution at the entrance of
MP is an essential issue for PIC simulation of sheath. However,
there is no commonly accepted means to determine it in such an
open-ended plasma. In this work, we use the following equation
as an example of the distribution function:

f0ðvk;v?; hÞ ¼ n0

ffiffiffiffiffiffi
2
p3

r
mi

ZTe

� �5=2

v2
k exp �

miv2
k

2ZTe
�miv2

?
ZTe

 !
; ð1Þ

where the density at x ¼ 0, perpendicular velocity and gyro-phase
of a particle were denoted by n0, v? and h respectively. The function
has two characteristics corresponding to ionization component
transported from the collisional presheath and cross-field diffusion
component from upstream SOL. The former is relatively low energy
and proportional to v2

k at vk � 0 [8,9]. The latter is approximately
Maxwellian with acceleration by the CP potential drop in front of
MP [3,10,11]. The distribution function given by Eq. (1) is consistent
to a PIC simulation result [7]. Eq. (1) also satisfies the generalized
Bohm criterion [9] with the equality, i.e. hv�2i ¼ mi=ZTe. The brack-
ets represents the average over the velocity space. The electron
temperature, ion mass and charge were denoted by Te, mi and Ze.
By integrating Eq. (1) we obtain the plasma velocity and tempera-
ture; ui ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ZTe=pmi

p
’ 1:6cs0 and T i ¼ ð3� 8=pÞZTe ’ 0:45ZTe.

Here the cold ion sound speed was denoted by cs0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTe=mi

p
.

Since the adiabatic ion sound speed is given by cs �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZTe þ 3T iÞ=mi

p
’ 1:5cs0, the Bohm criterion is also satisfied. The

detailed discussion on the determination of the distribution func-
tion will be presented in future publications.

3. Simulation results and discussions

In this section, we show PIC simulation results and examine the
dependences of the ion incident angles to the wall surface on the
magnetic field. Before that, we show the plasma profiles obtained
in the particle simulation with various strength of the magnetic
field. Fig. 2(a) and (b) represent the profiles of the potential
and the charge density for Z ¼ 1 and mi=me ¼ 1836, i.e. hydrogen
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Fig. 2. Profiles of the potential and the charge density for different magnetic field
strength; B ¼ 0 and rL=kDe ¼ 1;2 and 4.
plasma. The four curves in each figure correspond to four different
strength of the magnetic field; B ¼ 0 and rL=kDe ¼ 1, 2 and 4.
The thermal ion Larmor radius at x ¼ 0 was denoted by
rL �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T i?=mi

p
mi=ZeB. The magnetic field direction is fixed to

Bx=B ¼ 1=16 or u ¼ 86:4�. The fact that the quasi-neutrality is
satisfied in the slope except for the thin area near the wall,
DDS � 7kDe, indicates the formation of MP in front of DS. Although
the boundary between MP and DS is not clear, the width of DS is
almost independent of the magnetic field strength. The width of
MP is roughly proportional to the thermal ion Larmor radius as
Chodura found in Ref. [6].

The energy flux distributions for the magnetized plasma are
shown in Fig. 3. We used the thermal ion Larmor radius of
rL=kDe ¼ 4 here. The cross, plus and asterisk marks represent the
simulation results for Bx=B ¼ 15=16, 1/2 and 1/16 respectively. In
order to describe the characteristics of the profiles, we introduce
a fitting function

Qða; b; c; hÞ ¼ a sin 2h exp½�bðh� cÞ2�; ð2Þ

where the parameter a, b and c are functions of the magnetic field
strength and direction. The factor, sin 2h � 2 sin h cos h, represents
variations proportional to the solid angle, sin h, and the normal
component of the flux, cos h. We obtained the best fitting parame-
ters and plotted them as the solid, dashed and dotted curves in
Fig. 3. The fitting curves agree with the simulation results quite
well.

We examined the dependences of the parameters b and c in Eq.
(2) on the magnetic field. The parameter a is ignored in this work
because it represents the normalization factor and can be obtained
from the other parameters. We carried out the particle simulation
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Fig. 4. Dependences of the parameters b, b2 and b3. Curves represent fitting
functions.
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Fig. 5. Dependences of the parameters c, c1 and c2. Curves represent fitting
functions.
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for the following parameters; rL=kDe ¼ 1=8 – 32 and Bx=B ¼
1=32� 31=32. Firstly we show the dependence of the parameter
b on the magnetic field in Fig. 4(a). The cross and plus marks rep-
resent b for rL=kDe ¼ 1 and 32 respectively. Parameter b corre-
sponds to the width of the h distribution. When the magnetic
field is weak, r L=kDe 
 1, the dependence of b on the angle of
the magnetic field u is weak except u � p=2. Two curves in
Fig. 4(a) represent fitting functions given by b ¼ b1 exp½b2u2=

ðb3 �uÞ�. New parameter b1, b2 and b3 are functions of only mag-
netic field strength. Our simulation results indicate that the first
one, b1, is almost constant. The other two are plotted in Fig. 4(b)
and (c) respectively and we confirmed they are characterized by
the hyperbolic tangent. That implies the incident angle distribution
has a transition and changes only when the magnetic field strength
is in the range of 0 < lnðrL=kDeÞ < 2.

Secondly we show the dependence of the parameter c on the
magnetic field in Fig. 5(a). The cross and plus marks represent c
for rL=kDe ¼ 1 and 32 respectively. Parameter c corresponds to
the peak position of the h distribution. When the magnetic field
is nearly perpendicular to the surface normal, c does not depend
on the magnetic field strength. Since the magnetic field restrict
the acceleration of ions due to the electric field toward the wall,
a strong magnetic field makes the incident angle large. Two fitting
curves in Fig. 5(a) are given by c ¼ ð1� cos uÞp=2�
u2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p=2�u

p
½c1u� c2ðp=2�uÞ�. The new parameters c1 and c2

are plotted in Fig. 5(b) and also characterized by the hyperbolic
tangent. The transition appears in the range of �2 < lnðrL=kDeÞ < 2.

In summary, the normalized energy flux is written as Eq. (2) and
the parameters b and c are given by

b ¼ 7:2 exp
f0:34þ 0:30 tanh½1:2ðlnðrL=kDeÞ � 2:1Þ�gu2

2:0þ 0:38 tanh½1:2ðlnðrL=kDeÞ � 2:1ÞÞ� �u
; ð3Þ

c ¼ p
2
ð1� cos uÞ �u2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
p
2
�u

r

� ½0:22þ 0:18 tanhð0:64ðlnðrL=kDeÞ � 1:5Þ�u
n
�½0:41� 0:28 tanhð1:3ðlnðrL=kDeÞ � 0:37Þ� p

2
�u

� �o
: ð4Þ
The constant a in Eq. (2) is a normalization factor. The total energy
flux, i.e.

R p=2
0 Qdh, is proportional to Bx=B in our simulation because

we fixed the electron temperature and changed Bx=B and B only.
Although these results were obtained from the PIC simulation for
1=8 < rL=kDe < 32, they can be applied for the case of weaker or
stronger magnetic field because saturation of parameter b and c oc-
curs (see Figs. 4(b) and (c) & 5(b)). The fitting form, Eqs. (2)–(4), can
provide the h distribution for asymptotic cases such as u ¼ p=2 and
rL ¼ 0. This is a great advantage over PIC simulation because vast
amount of simulation time is required for such cases.

4. Conclusions

We have presented a particle simulation model of the magnetic
presheath and carried out the simulation using this model to reveal
the effect of the magnetic field on the ion incident angle to the
plasma-facing surface in fusion devices. In the model, different
characteristics in the plasma sources of the magnetic presheath
are included; the thermally equilibrium component due to the
cross-field diffusion in the SOL and the ionization one in the colli-
sional presheath region. We adopted Eq. (1) as the velocity distri-
bution function at the entrance of the magnetic presheath.

We have examined the dependence of the ion incident angle
distribution on the magnetic field. In order to characterize it, a fit-
ting function, Eq. (2), was introduced for the energy flux as a func-
tion of the incident angle. The free parameters in Eq. (2) were given
as functions of magnetic field strength and direction. They indicate
an existence of a transition in the range of �2 < lnðrL=kDeÞ < 2. The
h distribution changes only when the magnetic field strength is in
the range. The width and peak position of the h distribution de-
pends on both of the strength and direction of the magnetic field.
When the magnetic field is nearly parallel to the surface, the inci-
dent angle are large and the width of its distribution is small. In the
limit of u ¼ 0 and p=2, the dependences on rL=kDe vanish.
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