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Release conditions of dust particle from plasma-facing wall in oblique magnetic field
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Release conditions of a spherical dust particle from a plasma-facing vertical wall immersed in an oblique
magnetic field are studied analytically. The Poisson0s equation is solved in the magnetic pre-sheath and
electrostatic Debye sheath to obtain the electric field at the wall, which repels the dust particle from the
wall. The electric field decreases as the direction of the magnetic field approaches parallel to the wall. On
the other hand the ion flow velocity becomes larger at moderate oblique angle than that without mag-
netic field. It is clarified that in the case of the strong magnetic field or the low plasma density the critical
dust radius for the release of the dust increases as magnetic field becomes more acute. In the case of the
weak magnetic field or the high plasma density, the critical radius disappears at the moderate angles of
the oblique magnetic field. The surface roughness widely changes the angle between the magnetic field
lines and the surface normal.

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

The generation and accumulation of dust particles in fusion de-
vices is one of the crucial topics in development of commercial fu-
sion reactors. One of the particular attentions in fusion devices is
associated with absorption of radioactive tritium [1]. After opera-
tion of plasma discharges, the treatment of the radioactive dusts is
one of key issues from the viewpoint of the safety and preserva-
tion of environment. In this study we theoretically investigate
the effect of the oblique magnetic field to the plasma-facing verti-
cal wall on release conditions of the spherical dust particle at-
tached on the wall, which is important to understand the
behavior of the dust in the divertor plasma. In order to estimate
the release condition of the dust particle from the wall, the plasma
quantities and the electric field at the wall are necessary. In the
previous study we obtained these quantities in the magnetic
pre-sheath (MP) and the Debye sheath (DS) separately applying
the boundary condition between them [2]. In this study the elec-
tric field is obtained by solving the Poisson’s equation in the whole
region of the MP and the DS. The effect of the surface roughness on
the oblique angle of magnetic field to the surface normal is
discussed.
ll rights reserved.
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2. Model and forces

The conducting spherical dust particle can be released from the
vertical conducting wall when the repelling forces are stronger
than the pushing forces on the dust. In our case the electrostatic
repelling force FE (= Qd � Ew) is to release the dust from the conduct-
ing wall. Gravitational force [3] does not play a role for the present
case of the vertical flat wall. There are three kinds of pushing
forces: the ion drag force due to absorption of plasma ions by the
dust, the ion drag force due to Coulomb scattering of plasma ions,
and the electrostatic image force caused by the interaction of the
dust charge with the mirror charge of itself. The OML (Orbit Motion
Limited) model [4,5] for the drag force due to absorption of plasma
ions is applied.
3. Ion flow velocity and electric field at the wall

In order to investigate the forces on the dust particle, the plas-
ma quantities and the electric field, Ew, at the wall are necessary.
The spatially changing electric field in the oblique magnetic field
create the polarization drift of the plasma ions to the perpendicular
direction of the magnetic field, which is the cause of the magnetic
pre-sheath [6,7]. The oblique magnetic field decreases the normal
component of the ion flow to the wall. In this study the electric
field is obtained by solving the Poisson’s equation in the whole re-
gion of the MP and the DS.
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The ion flow inside the magnetic pre-sheath consists of the ion
flow along the magnetic field, the ion polarization drift, and the
~E�~B drift [7], where the ion Larmor radius is much smaller than
the characteristic length of spatial change of the electric field:

~Vi ¼ Vik
~B
B
þ Vip

ð~B�~zÞ �~B
B2 þ

~E�~B
B2 : ð1Þ

Here Vip is the ion polarization drift velocity:

Vip ¼
Viz

xciB
dE?
dz
¼ �Vik cos b sin b

xciB
d2/

dz2 ; ð2Þ

where xci, b, and / are the ion cyclotron frequency, the oblique an-
gle of the magnetic field to the wall normal, and the electrostatic
potential, respectively. At the entrance of the MP, it is assumed
the ion flow is directed along the oblique magnetic field and its
speed is the ion sound speed ðcs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZiTe=mi

p
Þ according to the Bohm

condition, where Te is the uniform electron temperature. The
approximate energy conservation of the ions along the magnetic
field gives the local parallel ion flow to the magnetic field:

Vikð/Þ ¼ cs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2e/

Te

s
: ð3Þ

Here we assume relatively cold ions. The local electrostatic poten-
tial is obtained from the Poisson’s equation:

e0
d2/

dz2 ¼ e½neð/Þ � Zinið/Þ

¼ ene0 expðe/=TeÞ
1þ erf
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dz2 Þ
�
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where the charge neutrality condition at the MP entrance,
Zi � ni0 = ne0, is used. This equation gives the quadratic equation with
respect to the second order derivative of the potential:

b0
d2/

dz2

 !2

þ b1ð/Þ
d2/

dz2 þ b2ð/Þ ¼ 0; ð5Þ

where

b0 ¼
e0 sin2 b

ene0
; ð6Þ

b1ð/Þ ¼ � ee/=Te
1þ erf
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and

b2ð/Þ ¼ xciB ee/=Te
1þ erf
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eð/� /wÞ=Te
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The local electric field is expressed by using the one of the solu-
tions of Eq. (5):

E2
z ð/Þ ¼ 2

Z /

0

d2/

dz2 d/

¼ � 1
b0

Z /

0
b1ð/Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

1ð/Þ � 4b0b2ð/Þ
q� �

d/: ð9Þ

Another solution of Eq. (5) makes the value of E2
z negative.

The floating wall potential /wf is obtained from the equality
condition of the ion and electron particle fluxes to the wall:

exp
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Te

� �
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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For hydrogen plasma the floating wall potential drop inside De-
bye sheath is ej/wf j=Te ¼ 2:847. In the case of the deeper wall po-
tential drop, �e/w = a, the conventional expression for the wall
potential drop is obtained. In Fig. 1 (a) the ion flow speed and
velocity toward the wall, (b) the ion density, and (c) the electric
field at the wall are shown as functions of the angle of the oblique
magnetic field b from the wall normal for the case of the smaller
magnetic field or the higher density (dB ¼ 5:0� 10�3 solid lines)
and the larger magnetic field or the lower plasma density
(dB ¼ 5:0� 10�2dashed lines), where the parameter dB character-
izes of the effect of the magnetic field;

dB ¼
e0ZiB

2

mine0
¼ k2

D0

q2
Ls

; ð11Þ

where kD0 is the Debye length at the MP entrance and qLs is the ion
Larmor radius with respect to the ion sound speed. The value of
dB ¼ 5:0� 10�3 corresponds to the magnetic field of 3 T and the
electron density of 1019 m�3. In Fig. 1 the wall potential drop is
set as the floating one, �e/w/Te = 2.847. In the case of the lower
magnetic field or the higher density, i.e., smaller dB, the plasma flow
velocity and speed become much larger than in the case without
magnetic field (b = 0) except the region where the magnetic field
is near parallel to the wall (b ’ 90

�
). On the other hand the electric

field, which repels the dust particle from the wall, becomes much
weaker than in the case without magnetic field. In the case of the
higher magnetic field or the lower density, i.e., larger dB, the in-
crease of the flow velocity and the decrease of the electric field com-
pared to those without magnetic field are moderate.

4. Release condition of dust from wall

The critical radius for the release of the dust particle from the
vertical flat wall is shown in Fig. 2, where the parameters are
the same as in Fig. 1. The larger dust particle than the critical
one is pinned to the wall by the ion drag forces. In the middle
region of the oblique angle (11

�
6 b 6 74

�
) for the weaker mag-

netic field or the higher ion density (dB ¼ 5:0� 10�3 solid line)
there is no dust release region, because the ion drag force due
to the ion absorption becomes larger than the repelling electro-
static force.

In the case of the stronger magnetic field or the lower plasma
density (dB ¼ 5:0� 10�2 dashed line), there exists the critical ra-
dius. The oblique magnetic field of 45� for the floating case in-
creases the critical radius from 0.77 kDe0 to 0.97 kDe0. The more
acute magnetic field enlarges the released dust radius, because at
the right angle (b = 90�) all pushing forces are vanishing in our
model. For example the angle of 80� enlarges the released radius
to 3.5 kDe0.

5. Discussion

In order to investigate effect of the surface roughness on dust
release conditions it is modeled as a sinusoidal form with ampli-
tude as and a wavelength ks, which are assumed to be much
larger than the dust radius. The angle b between the oblique
magnetic field and the surface normal changes as a function of
position at the wall and depends on the amplitude as and the
wavelength ks:

(a) 2pas=ks 6 1 or 0 6 hsm 6 p=4
p
2 � ðhB þ hsmÞ 6 b 6 p

2 : 0 6 hB 6 hsm

p
2 � ðhB þ hsmÞ 6 b 6 p

2 � ðhB � hsmÞ : hsm < hB 6
p
2 � hsm

0 6 b 6 p
2 � ðhB � hsmÞ : p

2 � hsm < hB 6
p
2

ð12Þ
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Fig. 2. The critical radius for the release of the dust particle normalized by the
electron Debye length defined at the entrance of the MP as a function of the angle of
oblique magnetic field. The parameters are the same as in Fig. 1.
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Fig. 1. The ion flow velocity toward the wall Vizw and ion speed Viw (a), ion charge density Ziniw normalized by the electron density at the MP entrance (b) and electric field Ew

at the wall as functions of the angle of oblique magnetic field from the wall normal for the case of dB ¼ 5:0� 10�3 (solid lines) and 5:0� 10�2 (dashed lines).
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(b) 2pas=ks > 1 or p=4 < hsm 6 p=2
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p
2

ð13Þ

where hB is the angle between the oblique magnetic field and the
vertical plane, and hsmð¼ tan�1 2pas=ksÞ is the maximum angle be-
tween the wavy surface and the vertical plane. Along the wavy sur-
face the angle b widely spreads. For example, at the acute angle of
oblique magnetic field hB (= 5�), the angle b changes from the min-
imum angle bm to the right angle (b = 90�). The value of bm changes
from 21.6�, 40.0� and 58.4� for the case as/ks = 2.0, 1.0, 0.5, respec-
tively. The high amplitude of the roughness leads to large variation
of the angle b. On the other hand, at the obtuse angle of oblique
magnetic field hB (= 85�), the angle b changes from 0� to the maxi-
mum angles, which are 68.4�, 50.0� and 31.6� for the case of case as/
ks = 2.0, 1.0, 0.5, respectively. In this case when the wavelength of
the surface roughness becomes longer, the angle b spreads widely.
The large variation of the angle b along the surface can strongly af-
fect the critical dust radius, when magnetic field is strong. In order
to analyze the release condition of the dust on the rough surface
more precisely, the effect of the gravity should be taken in to
account.

6. Summary

We analyzed the effect of the oblique magnetic field on release
conditions of the spherical dust particle from the vertical plasma-
facing wall. The non-linear dependence on the oblique angle of the
forces acting on the dust changes the release conditions. In this
study we solved the Poisson’s equation in the whole region of
the MP and the DS to obtain the electric field. In the case of the
weaker magnetic field or the higher ion density, the critical radius
for the release of the dust can vanish in the middle range of angles
of the oblique magnetic field from the wall normal, where the dust
particle is pinned by the ion drag forces. On the other hand in the
case of the stronger magnetic field or the lower plasma density, the
critical radius increases as the acute angle of the oblique magnetic
field increases. The surface roughness widely changes the angle be-
tween the magnetic field lines and the surface normal, where the
release condition from the wavy surface is left as one of the future
issues. To analyze the release of dusts for the case of the larger dust
radius than the Debye length or the very acute angle b � 90�, the
three-dimensional particle simulation study is necessary, where
the ion dynamics is taken into account. These studies are helpful
to investigate the dynamic phenomena of dust particles near the
divertor plate in fusion devices [8].
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