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The structure of the sheath in the presence of energetic particles is investigated in the multi-fluid framework. Based on
the orbital motion limited (OML) theory, the dust grain charging inside the sheath of plasma containing energetic particles
is examined for the carbon wall, and then the effect of the energetic particles on the stationary dust particle inside the sheath
is discussed through the trapping potential energy. It is found that with the increase of energetic ion concentration or energy,
the size of dust staying in levitation equilibrium decreases and the levitating position is much closer to the wall. In the case
of deuterium ions as energetic ions, the bigger dust particle can be trapped by the sheath than in the case of hydrogen ions
as energetic ions. When the energetic electron component is present, the levitating position of dust particle in the sheath
depends strongly on the energetic electron. The levitating dust particle is closer to the wall as the energetic electron energy
or concentration is increased. In addition, with the increase of temperature of thermal background ion, the size of dust
particle trapped by the sheath decreases and the levitating positions of dust particles with the same size radius inside the
sheath move toward the wall. Our results can be helpful in investigating the property of the sheath where the energetic
particle component is present.
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1. Introduction
The dust particle is an important and serious problem in a

large variety of plasma applications including plasma process-
ing and fusion research. These particles mainly result from
plasma surface interaction process. The plasma-surface inter-
action may become strong when an energetic particle compo-
nent is present. For instance, in tokamak discharge, during
radiofrequency wave heating or neutral beam injection (NBI),
the energetic particles appear in the device edge region.[1–5] It
is found that hot spots would be a main source for the dust pro-
duction during long pulse discharge with lower hybrid current
drive (LHCD),[6] and dust rate increases with increasing the
power of NBI.[7] As is well known, the presence of energetic
particles can change the sheath structure.[8–13] A natural ques-
tion is whether energetic particles can influence dust particles
in the sheath. Combining with other diagnostic tools such as
laser scattering and fast cameras, the investigation of the dust
particles inside the sheath is a way to study the lifetime of the
wall material because a lot of dust particles imply the strong
plasma-wall interaction.[14]

On the other hand, the presence of a dust particle inside
the sheath can provide a useful guide in measuring the sheath
characteristics.[15–18] By using fine dust probes, sheath char-

acteristics can be investigated in considerable detail, though
indirectly, due to the fact that the charge on the dust particle
depends on the local plasma condition. The dynamics of a dust
particle in such a surrounding can provide information about
the electron and ion fluxes, and also about the sheath poten-
tial and electric field. The present investigation is motivated
by such a goal for the sheath of plasma containing energetic
particles and thus, will be undertaken in a study of the dust
behavior in the levitated equilibrium inside the sheath after
ascertaining the comparative role of energetic particles in the
sheath characteristics.

The dust particle in a plasma sheath has become a topic
of many studies in fusion, astrophysical and laboratory plas-
mas. Dust particles in the sheath can be considered to be iso-
lated if the dust components are sparse.[14,15,19,20] However,
they can modify the structure of the plasma-sheath region if
its density is relatively high.[17,18,21,22] In the case where the
energetic electrons exist in the sheath, both an isolated grain
and a dense cloud of dust particles in a sheath with plasma
wall bias have been studied.[17,18,20] In a floating sheath, the
wall potential is determined by the zero total current at the
wall, and it depends strongly on the energetic electron and
the secondary electron emission (SEE). Furthermore, it can
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demonstrate a sharp transition at a certain energetic electron
flux.[8–11] In addition, most of the researches mentioned above
have been carried out on the assumption that ion temperature
is far lower than electron temperature so that the effects of the
ion directional velocity on the dust charging and dynamics are
omitted.[15,17–20] In some plasmas such as fusion plasma, ion
temperature is usually comparable to or even higher than elec-
tron temperature and their directional velocity may be very
large if the sheath of plasma contains energetic ions. As a
result, the charging of the dust particle depends on the ion di-
rectional velocity.[23]

In order to investigate the dust particle in an electrostatic
sheath of plasma containing energetic ions or energetic elec-
trons, we focus on the effects of the energetic particles on the
dust charging and levitation for carbon (C) wall. In addition,
we also discuss the variations of the dust charging and levita-
tion for the different temperatures of thermal background ion.
The rest of this paper is organized as follows. In Section 2,
the sheath model based on one-dimensional (1D) multi-fluid
equations is described for the carbon wall, and the effect of
the energetic particles on the sheath structure is presented. In
Section 3, the dust charging model and levitation equilibrium
in the sheath are discussed for various concentrations and en-
ergies of energetic particles. General conclusions are drawn in
Section 4.

2. Sheath of plasma containing energetic parti-
cles

2.1. Sheath model

To investigate the levitating dust particles in a steady-state
sheath of plasma containing energetic particles, we present
a 1D, multi-fluid unmagnetized electrostatic sheath model,
whose constituents are thermal background electrons and sin-
gle charge ions, the energetic particles including ions or elec-
trons, and the emitted electrons from the wall. In the model,
the impurity sputtering from the wall surface and collision are
not taken into account. Moreover, we assume that the impu-
rity density is much lower than that of background ions and
thus the impurity does not disturb the plasma.[14,24,25] The dust
particle is assumed to be isolated and then cannot modify the
sheath. For the thermal background and energetic ions, the
continuity and momentum equations are

d
dz

(ni, jvi, j) = 0, (1)

mi, jvi, j
dvi, j

dz
=−e

dϕ

dz
− 1

ni, j

d pi, j

dz
, (2)

where z is the distance from the sheath edge with the plasma-
sheath boundary located at z = 0, ϕ and e are the electrostatic
potential and electron charge, respectively, mi, j is the ion mass,
ni, j is the ion number density, vi, j is the ion fluid velocity, and

pi, j is the ion pressure of background ions and energetic ions
with j = 1,2 and is expressed as pi, j = γ jkBTi, jni, j with kB be-
ing the Boltzmann constant, Ti, j the ion temperature, and γ the
polytropic coefficient. Here, isothermal approximation γ = 1
is used.

The electrons from the bulk plasma region far away from
the sheath are assumed to be Maxwellian. After they enter into
the sheath, their 1D velocity distribution function approaching
the wall can be described by a truncated Maxwellian distribu-
tion function,

fe, j(ue, j)

=


ne, j(0)√
2πIe, jute, j

exp

(
−

u2
e, j

2u2
te, j

)
, uce, j < ue, j < ∞,

0, otherwise.
(3)

Here, subscripts e, j = e, 1 and e, j = e, 2 denote
the thermal background electron and energetic electron,
respectively, ne, j is the electron number density, ute, j =√

kBTe, j/me is the electron thermal velocity with electron tem-
perature Te, j and electron mass me, uce, j is cutoff velocity
with uce, j > −

√
2ekBTe, j(ϕw−ϕ)/me and this cutoff veloc-

ity yields the electron normalization coefficient Ie, j = [1 +

erf(
√

eϕw/(kBTe, j))]/2. The subscript w denotes the sheath-
wall boundary located at z = w. Based on Eq. (3), the profile
of the electron density in the sheath and electron flux to the
wall can be written respectively as

ne, j = ne, j(0)exp[−eϕ/(kBTe, j)]

×
1+ erf[

√
e(ϕw−ϕ)/(kBTe, j)]

1+ erf[
√

eϕw/(kBTe, j)]
, (4)

Γe, j = ne, j(0)exp[−eϕw/(kBTe, j)]
1

Ie, j

√
kBTe, j

2πme
. (5)

On the assumption that the secondary emission at the mate-
rial surface has a negligible speed, the energy balance and flux
conservation equations in the sheath can be written as

1
2

mev2
es = e(ϕw−ϕ), (6)

nesVes = Γes. (7)

Here, Γes = Γes,1 +Γes,2 is the flux of the secondary emission
electron including Γes,1 caused by background electrons and
Γes,2 caused by the energetic electrons. We assume that SEE
due to ion impact is negligible because it is not important un-
less ion impact energies are greater than 1Kev while the elec-
tron induced SEE is significant even at rather modest energies
greater than 30 eV.[26] With SEE coefficient δe, j, Γes, j can be
expressed as

Γes, j = Γe, j
1

ne, j(0)

∫
∞

0
fe, j(Ep− eϕw)δe, j(Ep)dEp. (8)

025204-2



Chin. Phys. B Vol. 27, No. 2 (2018) 025204

Here, Ep is the kinetic energy of the incident electron. We use
the Young–Dekker formula[27]

δ (Ep) =
δm

1− exp(−xm)

(
Ep

Em

)1−k

×

{
1− exp

[
−xm

(
Ep

Em

)k
]}

,

in which xm = [1− (1/k)][exp(xm− 1)], δm is the maximum
of δ , and Em is the characteristic energy corresponding to δm.
For the carbon, δm = 0.708 and Em = 350 eV.[28]

Then, a profile of secondary electron density is

nes = Γes/

√
2e(ϕw−ϕ)

me
. (9)

The sheath system of equations is closed by the Poisson equa-
tion

d2ϕ

dz2 =− e
ε0
(ni, j−ne, j−nes), (10)

where, ε0 is the permittivity of the free space. The Poisson’s
equation boundary conditions are given as follows: at the wall
the floating potential ϕw is determined from the balance be-
tween electron flux and ion flux, i.e.,

ni, j(0)vi0, j = Γe, j−Γes; (11)

at the sheath edgez = 0, the electric potential is taken to be
zero, where the electric field is assumed to be very small, i.e.,

φ = 0, |dφ/dx|<< 1, (12)

and the quasi-neutrallity condition is satisfied

ni, j(0) = ne, j(0)+nes(0). (13)

For the multi-ion-component plasma collisionless sheath, it is
suggested from both analytical and numerical results that each
ion species should satisfy its own Bohm criterion at the sheath
edge.[13,29,30] When there are more than the population of neg-
atively charged particles in the plasma sheath, by following
Riemann,[31] the Bohm criterion can be written as

vi0, j ≥Cs, j =
√
(Tscr + γ jTi, j)/mi, j, (14)

where Tscr is the electron screening temperature, defined as
Tscr = ene(ϕ)/dne/dϕ|ϕ=0 in which ne(ϕ) can be obtained
from the electron density distributions Eqs. (4) and (8) includ-
ing thermal background electrons, energetic electrons and sec-
ondary emission electrons. In the following discussion, we
only consider vi0 =Cs, i.e., Bohm criterion in a marginal form.

Next, we normalize Eqs. (1), (2), (4), (9), and (10) with
the following set of dimensionless variables

φ =− eϕ

kBTe,1
, ξ =

z
λDe

, ui, j =
vi, j

ci
, Ni, j =

ni, j

ni, j(0)
,

Ne, j =
ne, j

ne, j(0)
, Nes =

nes

ne,s(0)
, µ =

mi, j

mi,1
, αi =

ni,2(0)
ni,1

,

αe =
ne,2(0)

ne,1
, βi, j =

Ti, j

Ti,1
, βe, j =

Te, j

Te,1
, βT =

Ti,1

Te,1
, (15)

where λDe =
√

ε0Te,1/[e2ne,1(0)] is the electron Debye length.
The parameter ci =

√
kBTe,1/mi,1 is the velocity on a normal-

ized reference scale. At the sheath edge, according to Eqs. (5)
and (9), the density ratio of secondary emission electron to
thermal electron is

αe,s =
δe,1 exp(φw)/Ie1 +δe,2αe exp(φw/βe,2)

√
βe,2/Ie2

2
√
−πφw

and the density ratio of ions to thermal electron satisfy αT =

[(1+αe)+αe,s]/(1+αi) under the quasi-neutrality condition
[Eq. (13)]. The ϕw will be obtained under the current balance
condition [Eq. (11)]. By using the above normalization, the
following set of coupled equations can be obtained:

dNi, j

dξ
=

Ni, j

µ(u2
i, j− γ jN

γ j−1
i, j βi, jβT)

dφ

dξ
, (16)

dui, j

dξ
=−

ui, j

µ(u2
i, j− γ jN

γ j−1
i, j βi, jβT)

dφ

dξ
, (17)

Ne, j = Ne, j(0)exp(φ/βe, j)
1+ erf(

√
(φ −φw)/βe, j)

1+ erf(
√
−φw/βe, j)

, (18)

Ne,s =
δe,1 exp(φw)/Ie1 +αeδe,2 exp(φw/βe,2)

√
βe,2/Ie2

2
√

πφ −φw
, (19)

d2φ

dξ 2 = αTNi,1 +αTαiNi,2−Ne,1−αeNe,2−αesNe,s. (20)

To solve Eqs. (16)–(20), the fourth-order Runge–Kutta method
is used under the appropriate boundary conditions at the
plasma-sheath edge. Starting from ξ = 0, we proceed in space
until the sheath potential φ = φw. In this process, the normal-
ized sheath length thickness D is determined and the distance
from the wall to any point in the sheath x = D− ξ can be
obtained. In all the results reported in this paper, C is con-
sidered as the wall material and deuterium is considered to
be the background gas by adopting ne,1(0) = 1017 m−3 and
Te,1 = 10 eV, which are in the range of parameters of the EAST
tokamak near the low hybrid wave antenna. The energetic ion
component is considered to be the deuterium ion due to NBI
or the hydrogen ion due to ion cyclotron resonance heating
(ICRH). The deuterium ion is used as default energetic ion
and Te,1 = Ti,1 unless otherwise stated.

2.2. Sheath results

For a collisionless sheath, the floating potential can be ob-
tained directly from the current balance condition. When the
energetic ion component is present, an estimate of the ener-
getic ions affecting significantly on the sheath indicates that
their concentration αi is greater than

√
Te,1/(γTi,2).[13] Under

the same parameters, due to the smaller mass and the resulting
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larger energetic ion flux, the potential drop across the sheath
in the case of the hydrogen ion as an energetic ion component
is smaller than in the case of the deuterium ion as the ener-
getic ion component. When the energetic electron component
is present in the sheath as shown in Fig. 1(a), the sheath poten-
tial can show a very large drop even with a small fraction.[8–11]

Once the sheath potential presents a sharp transition, the ener-
getic electron begins to dominate the sheath, which indicates
that the ion energy flux toward the wall becomes very large and
then plasma-wall interaction may become serious. According
to the current balance condition, the sheath potential varies
as the temperature of background ion is changed. This is the
case appearing in the fusion plasma, in which the background
ion temperature may be higher than the background electron
temperature during the NBI or ICRH, while it may be lower
than the background electron temperature during the LHCD.
Figure 1(b) shows the dependence of the sheath potential on
the temperature of background ions and the concentration of
energetic electrons.

100

180

120

60

0

150

100

50

0

70

40

0
0.02

0.04

−
Φ

βe2

(a) normalized sheath potential carbon

(b) normalized sheath potential carbon

0.05

65

52

39

26

13

0

60

50

40

30

20

10

0

0.04
0.03

0.01
0.02

00 0.25

0.75
0.50

1

−
Φ

βT

αe

αe

Fig. 1. (color online) Normalized sheath potentials, respectively, as a func-
tion of (a) energetic electron concentration and energy and (b) energetic
electron concentration and temperature of background ions with βe,2 = 50.

With the given values of αi, αe, βi, j, βe, j, and βT, af-
ter obtaining the sheath floating potential, we can calculate
the sheath boundary conditions at the sheath edge including
the background and energetic ion velocity and background ion
density, and then obtain the profiles of sheath potential and
plasma parameters inside the sheath based on Eqs. (16)–(20).

Figures 2 and 3 show the profiles of the sheath potential, back-
ground electron and ion density, and energetic particle density
in the sheath. By comparing the effects of the hydrogen ion
and deuterium ion serving as the energetic ion components on
the sheath, we can find in Fig. 2 that the profiles of the sheath
potential, and thermal background ion and electron densities
almost have no difference among each other, except energetic
ion density. Figure 3 shows that the sheath structure depends
strongly on energetic electrons. Even a small fraction of ener-
getic electrons can lead to a large difference in profile between
the sheath potential and the plasma parameters.
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Fig. 2. Profiles of the normalized sheath potentials, background electron
and ion densities, and energetic particle densities in the sheaths as a func-
tion of distance from the plasma sheath to the wall.
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Fig. 3. Profiles of the normalized sheath potentials, background electron
and ion densities, and energetic particle densities in the sheaths as a func-
tion of distance from the plasma sheath to the wall for βe,2 = 50.

To investigate the effect of the background ion tempera-
ture on the sheath of plasma containing energetic ions or ener-
getic electrons, we plot and compare the profiles of the sheath
potential, background electron and ion density, and energetic
particle density in the sheath in Fig. 4. For the high temper-
ature of background ion, sheath potential is smaller while the
plasma parameters are larger when the energetic ion or elec-
tron component is present.
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Fig. 4. (color online) Profiles of the normalized sheath potentials, background electron and ion densities, and energetic particle densities in the sheaths, with
(a) energetic ion component and (b) energetic electron component, as a function of distance from the plasma sheath to the wall.

3. Dust particle in sheath
3.1. Dust charging in sheath

The dust particle begins to be charged by the collection
of plasma and electron emission, when it meets the plasma.
Usually, for a micron-sized charged grain, the dust charging
time is much smaller than the characteristic time of the dust
motion,[19,23] and then the equilibrium dust charge is related
to the dust surface potential

Qd = 4πε0Rdφd(1+Rd/λscreen), (21)

where Rd is the dust particle radius, φd is the dust surface po-
tential, and λscreen is the screening length near the dust grain.
Here, by following the method in Ref. [14], λscreen = λlin is
used when Rd > λlin, where 1/λ 2

lin = 1/λ 2
De + 1/λ 2

Di. While
Rd < λlin, λscreen = λDe is assumed. The dust surface potential
is determined by a zero net current onto the dust particle, i.e.,

Ii, j + Ie, j + Ies, j = 0, (22)

where the dust charging currents of the thermal plasma,
energetic particle and emission electron are calculated in
the framework of the orbital motion limited (OML) the-
ory. We assume that the dust temperature is low and ther-
mal radiation causes the dust particles to sufficiently cool
so that the thermionic electron emission and mass sublima-
tion/evaporation may not be taken into account.

In Eq. (22), the ion collection currents are[14]

Ii, j = eπR2
dni, j

√
8kBTi, j

πmi, j

[√
π

4u

(
1+2u2

j −2
eφd

Ti, j

)
erf(u j)

+
1
2

exp(−u2
j)

]
, φd < 0,

and

Ii, j = eπR2
dni, j

√
8kBTi, j

πmi, j

[√
π

8u
(1+2u2

j −2u2
m)(er f (u j−um)

+ erf(u j +um))+
1
4

(
1+

um

u

)
exp(−(u j−um)

2)

+
1
4

(
1− um

u

)
exp(−(u j +um)

2)

]
, φd > 0, (23)

where u j = vi, j/vthi and um =
√

eφd/kBTi, j, φd > 0.
The thermal and energetic electron collection currents are

Ie, j = (1−δe, j)eπR2
dne, j

√
8kBTe, j

πme
exp
(

eφd

kBTe, j

)
, φd < 0,

Ie, j = (1−δe, j)eπR2
dne, j

√
8kBTe, j

πme

(
1+

eφd

kBTe, j

)
, φd > 0.

(24)

The secondary emission current due to electron impact is given
by[14]

Ies, j = e8(πRd/me)
2
∫

∞

0
Epδ (E) fes, j(Ep− eφd)dEp, φd < 0,

Ies, j = e8(πRd/me)
2 exp

(
− eφd

kBTes

)(
1+

eφd

kBTes

)
×
∫

∞

eφd

Epδ (E) fes, j(Ep− eφd)dEp, φd > 0, (25)
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with

fes, j(Ep− eφd) = ne, j

(
me

2πTe, j

)3/2

exp
(
−

Ep− eφd

kBTe, j

)
and Tes being the temperature of the secondary emitted elec-
tron. Here, Tes = 1 eV is used in the calculation.

Before presenting the numerical results of dust charging,
it is worthwhile examining the applicability of the OML the-
ory. The OML theory can be used to calculate dust charging
currents if the condition Rd << λDe is satisfied.[17,19] This im-
plies that the dust particle radius Rd should be less than Debye
length λDe; otherwise, there is no space for the dust particle to
move from infinity to the grain surface, which is used for cal-
culating the cross sections. However, in recent work,[32] it has
been shown that there is very good agreement between OML
theory and simulations until at least Rd/λDe = 5. With the
above sheath model parameters, we have λDe ≈ 7.0×10−5 m.
On the other hand, as mentioned in Section 1, the study in
this paper is motivated due to the fact that the micron-sized
charged grains can be utilized as a probe to study the sheath
characteristics experimentally. In the present work, the maxi-
mum value of Rd is examined to be smaller than 20 µm, i.e.,
Rd < 20 µm and then Rd/λDe < 0.3. Therefore, our default
parameters satisfy the condition Rd/λDe < 5.

Making use of Eqs. (16)–(20), we can obtain numerically
the local electric field, the ion density and velocity, and the

electron density in the sheath, and then can calculate the dust
surface potential in the sheath by using Eq. (22). Figures 5(a)
and 5(b) show the spatial profiles of the normalized dust sur-
face potential in the sheath for different energetic ion concen-
trations and energies, respectively. The dust charging caused
by the energetic ion is higher (but not much higher) than by
no energetic ion in the sheath because energetic ions do not
play an important part in the charging process of dust in the
range of our calculation parameters. With the increase of ener-
getic ion concentration or energy, the dust surface potential be-
comes higher due to the larger ion flux following into the dust.
For the same calculation parameters as shown in Fig. 5(c), the
dust charges are higher in the case of a hydrogen ion as the
energetic ion component than in the case of a deuterium ion
as the energetic ion component. As seen from Fig. 2, either
the hydrogen ion or deuterium ion is the energetic ion compo-
nent, the profiles of the sheath potential and plasma variables
are almost the same in the sheath, except that hydrogen ener-
getic ion density is larger. Therefore, in the case of hydrogen
ion as the energetic ion component, the larger energetic ion
flux causes the higher dust surface potential. When the ratio
of the thermal ion temperature to the electron temperature is
changed, it is shown in Fig. 5(d) that the dust charge increases
monotonically with increasing the temperature of the thermal
background ion because ion flux increases.
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Fig. 5. (color online) Spatial profiles of the normalized dust surface potentials in the sheaths with (a) different energetic ion concentrations, (b) different
energetic ion energies, (c) hydrogen ion and deuterium ion as energetic ion components, and (d) different ratios of the thermal ion temperature and electron
temperature, respectively.

According to Fig. 3, the profiles of the sheath potential
and plasma variables in the sheath depend strongly on the en-
ergetic electron, which indicate that the dust surface potential
is a function of energetic electron. When an energetic electron
component is present, we compare the spatial profiles of the
normalized dust surface potential in the sheaths. As seen in
Fig. 6, we can see a large negative dust surface potential near

the wall in each of the cases where the energetic electrons have
a large concentration or energy. This is due to the fact that at
higher energetic electron concentration or energy, the sheath
is dominated by the energetic electron, and then there are al-
most no thermal electrons near the wall. As a result, the zero
net current flowing onto the dust surface requires the small en-
ergetic electron current. From Fig. 6, it is indicated that we
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can discuss the sheath properties once obtaining the informa-
tion about the dust charging since the energetic electron with
a small concentration or energy can change significantly the
dust surface potential in the charging process of dust.
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Fig. 6. (color online) Spatial profiles of the normalized dust surface po-
tentials in the sheaths with (a) different energetic electron energies, (b)
different energetic electron concentrations, and (c) different ratios of ther-
mal ion temperature and electron temperature, respectively.

The effect of the background ion temperature on normal-
ized dust surface potential is also shown in Fig. 6(c). We can
see that the dust surface potential decreases with the increase
of thermal ion temperature. The higher the thermal ion tem-
perature, the lower the sheath potential will be since the ther-
mal electron flux and energetic electron flux become larger.
As a result, the repulsion of the less negatively charged wall
allows the collection of less positive ions closer to the wall.

3.2. Levitating of dust in the sheath

The dynamics of dust in a plasma sheath has been inves-
tigated recently.[15,19,20] The dust can levitate in the sheath if it
satisfies the force balance. Under this condition, the dust par-
ticle is stationary in the sheath and then the fine dust probe can
provide the information about the sheath potential and sheath
electric field, and about the plasma flux. Here, any moving
dust particle is not considered since it is difficult to provide
the sheath information.

To discuss the levitating of a dust particle in the sheath,
we consider the total resultant force acting on the dust parti-
cle, which consists of gravitational force, electric force, and
ion drag force, and is expressed as follows:

Ftotal = Fe +Fmg +Fid, j. (26)

The electric force in the sheath is

Fe = QdE. (27)

The gravitational force can be expressed as

Fmg = mdg =
4π

3
R3

dρdg, (28)

where ρd and g are the mass density of dust particle and
acceleration of gravity, respectively. For the carbon dust
particleρd = 2.25×103 kg·m−3.

The ion drag force is normally made up of the contribu-
tion to the drag by the ions that are directly collected by the
dust grain (denoted as Fid,coll) and the scattering part due to
the Coulomb interaction between the dust grains and the ions
(not collected by the grain) orbiting in the dust grain sheath
(denoted as Fid,orb). For a negatively charged grain, the drag
collection is given by[14]

Fid,coll, j

= πR2
dmi, jni, jvthi, j

[
2√
π

(
1
2
+u2

j −
eϕd

kBTi, j

)
exp(−u2

j)

+ 2u j

(
1
2
+u2

j −
eϕd

kBTi, j
−

1/2−u2
j − eϕd/kBTi, j

2u2
j

)
× erf(u j)

]
vi, j

2u2
j
, (29)

and for a positively charged grain[14]

Fid,coll, j = πR2
dmi, jni, jvthi

{
1√
π

[(
1+2u2

j +
1−2u2

j

u j
um, j

)
× exp(−(u j +um)

2)+

(
1+2u2

j −
1−2u2

j

u j
um, j

)
× exp(−(u j−um)

2)+u j(1+2(u2
j − eϕd/kBTi, j)

−
1−2(u2

j + eϕd/kBTi, j)

2u2
j

)[erf(u j +um)

+ erf(u j−um)]

}
vi, j

4u2
j
. (30)

For the orbital part of the ion drag force,[14]

Fid,orb, j = 2πR2
dmi, jni, jvthiv j

(
eφd

kBTi, j

)2 C(u j)

u j
logΛ , (31)

where

C(u j) =
1

2u2
j

[
erf(u j)−

2u j√
π

exp(−u2
j)

]
is the Chandrasekhar function, and

logΛ =
1
2

log
b2

90 +η2
fitλ

2
s

b2
90 +R2

d
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is the Coulomb logarithm, from which the scatteringΛ is cal-
culated, for a negatively charged grain with the impact param-
eter

b90, j =−
Rd

3+2u2
j

eφd

kBTi, j
, λs, j = λDe/

√
1+

3Te,1

Ti, j(3+2u2
j)

is the screening length, and

ηfit, j = 1+
Rd

λs

(
1+

√
Te,1

6Ti, j

)
.

For a positively charge grain, the Coulomb logarithm is given
by

logΛ =
∫

∞

0
exp(−x) log

(
1+4

(
λlinkBTi, j

Rdeϕd

)2

x)dx

− 2
∫

∞

eϕd/kBTi, j

exp(−x) log
(

2kBTi, j

eϕd
x−1

)
dx.

Before discussing the levitating of dust particle inside the
sheath, we consider where it happens that electric force bal-
ances ion drag force and gravity. Figure 7(a) shows the pro-
files of electric force, ion drag force and gravity on a dust
particle with Rd = 1 µm. We can see that the electric force
and ion drag force are the dominant force in the sheath. In a
sheath of fusion plasma, the gravity is negligible unless the ra-
dius of dust grain Rd > 100 µm.[14] The profile of total force
which is the sum of electric force, ion drag force and gravity
is also shown in Fig. 7(a). It is found that there are two bal-
ancing points corresponding to Ftotal = 0. Whether the balanc-
ing point for the dust is stable is determined by the trapping
potential energy. The dust particle trapping potential energy
relative to the sheath edge with the dust particle trapping is
Uz(z) =−

∫ Z
0 Ftotal(z′)dz′ where z = D−x. From Fig. 7(b), we

can see that the positions of Ftotal = 0 are the peak and val-
ley of the dust particle trapping potential energy and the stable
position is only the valley of the dust particle trapping poten-
tial. Therefore, based on the forces balance, we can obtain
the levitating position of the dust particle inside the sheath by
analyzing the trapping potential energy.

First, we study the effect of the energetic ions on the sta-
tionary dust particle inside the sheath. Figure 8 shows the plots
of levitation positions of the dust particles versus radius when
the energetic ion component is present. With the increase of
energetic ion concentration or energy, the radius of each of the
dust particles levitating in the sheath decreases, and its levitat-
ing position is much closer to the wall. This is due to the fact
that the effect of energetic ion on the dust charging causes the
dust surface potential to become less negative and the electric
force on dust is always negative in the whole sheath. More-
over, Fe ∝ Rd and Fid ∝ R2

d.
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Fig. 7. (color online) (a) Forces and (b) trapping potential energy profiles
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Fig. 8. (color online) Plots of levitation position versus radius of the car-
bon dust particle for (a) three different values of the energetic ion concen-
tration, and (b) three different values of the energetic ion energy, respec-
tively.

Next, we compare the levitating positions of dust parti-
cle inside the sheath in two cases of hydrogen ion and deu-
terium ion as energetic ions. From Fig. 9 it shows that the
levitating position of the dust is much closer to the wall and
the bigger dust particle can be trapped by the sheath in the
case of deuterium ion as energetic ion. For the sheath of deu-
terium energetic ions, the dust particle feels the larger electric
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force since it has more negative dust surface potential (seen
in Fig. 5(c)). Meanwhile the ion drag force is also larger due
to the deuterium ion mass being larger than the hydrogen ion
mass. However, with increasing the radius of the dust particle,
the ion drag force (Fid ∝ R2

d) increases faster than the elec-
tric force (Fe ∝ Rd). As a result, with increasing the radius of
dust, the difference between levitating positions of dust in two
cases decreases and the bigger dust particle can be trapped by
the sheath in the case of a deuterium ion as the energetic ion
than in the case of a hydrogen ion as an energetic ion.
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Fig. 9. (color online) Plots of the levitation position versus radius of
carbon dust particle inside the sheath for the carbon wall in two cases
of hydrogen ion and deuterium ion as energetic ions with αi = 0.05 and
βi,2 = 50.

Now, we investigate the effect of the energetic electron
on the stationary dust particle inside the sheath. The levitating
positions of the dust particles with different radii are shown
in Fig. 10 for the different concentrations and energies of the
energetic electrons. We can see that the levitating position of
dust particle depends strongly on the energetic electron con-
centration or energy. Once the energetic electron dominates
the sheath, the drop of sheath potential becomes very large
and the dust surface potential near the wall region becomes
very negative as shown in Figs. 6(a) and 6(b). Therefore, the
deep well of the trapping potential energy is formed due to the
large electric field force. As a result, the large radius dust parti-
cle can levitate inside the sheath and variation of its levitating
position is small for Rd < 20 µm. When the energetic elec-
tron concentration or energy increases, the levitating position
is away from the wall due to the variation of electric force.

Finally, we investigate the effects of the background ther-
mal ion temperature on the levitating position of dust inside
the sheath of plasma containing energetic particles. We show
the plots of the levitation position of dust particle versus dust
radius for energetic ion with different ratios of thermal ion
temperature to electron temperature in Fig. 11(a). For the same
size dust particles, with the increase of the thermal ion tem-
perature, their levitating position moves toward the wall, and
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Fig. 10. (color online) Plots of levitation position versus balancing dust ra-
dius in the sheaths with (a) different energetic electron concentration and
(b) different energetic electron energy, respectively.
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Fig. 11. (color online) Plots of levitation position versus balancing dust ra-
dius in the sheath for three different ratios of the thermal ion temperature
to electron temperature.

the radius of the dust particle levitating inside the sheath de-
creases. The reason is that the less negative dust charges cause
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the less negative electric force acting on the dust while the ion
drag force increases with the increase of background thermal
ion temperature. Figure 11(b) shows the plots of levitating po-
sition against dust radius in the sheath for energetic electron
with different ratios of the thermal ion temperature and elec-
tron temperature. We can see that with the increase of thermal
ion temperature, the levitating position moves toward the wall
for the same size dust particles, and the larger size dust parti-
cle cannot stay in levitation equilibrium for the case of higher
thermal ion temperature. The reason is that the ion drag force
increases with the increase of background thermal ion temper-
ature, while the electric force acting on the dust is less negative
due to the smaller electric field as indicated in Fig. 4, although
the dust surface potential is less negative as shown in Fig. 6(c).

4. Summary and conclusions
Using numerical simulations of the multi-fluid equations,

we study the dynamics of a plasma sheath in the presence of
energetic ions or energetic electrons. It is found that the sheath
potential depends on both energetic particle concentration and
energy. By comparing two cases of the hydrogen ion and deu-
terium ion as the energetic ion component, the results show
that the profiles of the sheath potential and plasma variables
including thermal background densities of ion and electron are
almost the same in the sheath, except that hydrogen energetic
ion density is larger. The pronounced effect of the energetic
electron is present for the carbon wall even for a small frac-
tion of energetic electron concentration or energy. In addition,
the influence of the ratio of the thermal background ion tem-
perature to electron temperature on the sheath structure is also
examined.

Based on the OML theory, a dust grain charging in the
sheath of plasma containing energetic particles is investigated.
The dust surface potential decreases with increasing energetic
ion concentration or energy, while it increases with increasing
thermal background ion temperature. In the case of a hydrogen
ion as the energetic ion component, the dust acquires less neg-
ative charges than in the case of a deuterium ion as the ener-
getic ion component. When the energetic electron component
is present, it changes the dust surface potential. A large nega-
tive dust surface potential near the wall is observed when the
energetic electron concentration or energy exceeds a certain
value. The reason is that there are almost no thermal electrons
near the wall and the energetic electron from the plasma re-
gion plays an important part in the charging process of dust.
Even if the energetic ion or electron component is present, the
dust surface potential decreases with the increase of thermal
background ion temperature.

By analyzing the trapping potential energy, we can obtain
the stable point of dust whose total resultant force is zero in
the sheath. When the energetic ion concentration or energy

increases, the radius of dust particle trapped by the sheath de-
creases and the levitating position is much closer to the wall.
The difference in the levitating position of the dust particle
inside the sheath between the cases of hydrogen ion and deu-
terium ion as energetic ions decreases, and the bigger dust par-
ticle can be trapped by the sheath in the case of deuterium ion
as energetic ions. By investigating the effect of the energetic
electron on the stationary dust particle inside the sheath, it is
found that the levitating positions of the dust particles with
different sizes depend strongly on the energetic electron con-
centration and energy. Once the energetic electron dominates
the sheath, the large radius dust particle can levitate inside the
sheath and variation of their levitating position is small for
Rd < 20 µm because of the deep well of the trapping poten-
tial energy near the wall is formed due to the large electric
field force. With the increase of energetic electron concen-
tration or energy, the levitating position of the dust particle
is away from the wall. As the thermal background ion tem-
perature increases, for the cases of sheath plasma containing
energetic ions and energetic electrons, respectively, the levi-
tating position of the dust particle inside the sheath moves to-
ward the wall for the same size dust particles, and the larger
size dust particle cannot stay in levitation equilibrium for the
higher background ion temperature.

Our results presented in this work are of importance for
plasma diagnostic when the energetic particle component is
present in plasma since the plasma-wall interaction can be
studied in considerable detail by using fine dust probes, which
will provide, though indirectly, a useful guide in measuring
the sheath characteristics because the charge on the grain is a
function of the local plasma condition. Finally, note that our
sheath model and calculation of dust charging rely on several
assumptions for the sake of simplicity. For example, magnetic
field is not taken into account. For a magnetized sheath, the
sheath structure depends strongly on the magnitude and direc-
tion of the magnetic field,[33] and the dust particle charging
process is modified by the magnetic field.[34] In future work,
we will investigate dust levitating in the magnetized sheath
when the energetic electron component is present.
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