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Abstract
The properties of an atmospheric-pressure collisional plasma sheath with nonextensively
distributed electrons and hypothetical ionization source terms are studied in this work. The Bohm
criterion for the magnetized plasma is extended in the presence of an ion—neutral collisional force
and ionization source. The effects of electron nonextensive distribution, ionization frequency, ion—
neutral collision, magnetic field angle and ion temperature on the Bohm criterion of the plasma
sheath are numerically analyzed. The fluid equations are solved numerically in the plasma—wall
transition region using a modified Bohm criterion as the boundary condition. The plasma sheath
properties such as charged particle density, floating sheath potential and thickness are thoroughly
investigated under different kinds of ion source terms, contributions of collisions, and magnetic
fields. The results show that the effect of the ion source term on the properties of atmospheric-
pressure collisional plasma sheath is significant. As the ionization frequency increases, the Mach
number of the Bohm criterion decreases and the range of possible values narrows. When the ion
source is considered, the space charge density increases, the sheath potential drops more rapidly,
and the sheath thickness becomes narrower. In addition, ion—neutral collision, magnetic field angle

and ion temperature also significantly affect the sheath potential profile and sheath thickness.
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1. Introduction

Among the many physical characteristics of plasma dis-
charges, the plasma sheath stands out as a critical component
in most plasma experiments and industrial processes, and due
to its complicated and variable structure, attempts to construct
and simulate physical models of the plasma sheath have
attracted widespread interest and research over the past dec-
ades [1-10]. Generally, when a plasma is adjacent to the
container wall or material surface, a region of potential
inhomogeneity is an inevitable result, since the ions have a
substantially higher mass than the electrons and the electron
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mobility is at least two orders of magnitude greater than that
of the ions, which results in the accumulation of negative
charges on the wall and a negative potential in comparison to
the bulk plasma. A thin layer of positive space charge, the
plasma sheath, is then generated in front of the wall [3]. As a
non-neutral transition region, the plasma sheath is closely
related to various chemical and physical processes. A thor-
ough examination of the sheath properties is essential for
understanding the interactions between the plasma and wall in
industrial processes such as thin film deposition, surface
modification, plasma etching, sputtering, microelectronics,
spacecraft propulsion, fusion energy, etc [4—10].

In general, the potential and dynamic properties of the
plasma sheath are determined by the sheath boundary
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conditions. Bohm [11] used fluid models to theoretically
derive the condition for a collisionless plasma sheath, called
the Bohm sheath criterion. It is stated that the ion velocity at
the sheath edge must be at least equal to the sound speed of
the ions, which provides the boundary condition for deter-
mining the profiles of plasma parameters. Since then, many
researchers [5, 10, 12-28] have tried to investigate the sheath
criterion under different physical conditions, such as external
magnetic field and ion temperature, and have analyzed the
sheath characteristics from different aspects. Nevertheless,
most studies have treated the problem without considering the
ion source term in the physical model. The source term
describes the generation of ions in the system, which gives the
number of ions created per unit volume and per unit time
[20, 28], and causes a substantially different Bohm criterion
and sheath properties compared to the scenario without the
source term. For instance, in atmospheric-pressure plasma
with low density (such as corona discharge, glow discharge in
atmospheric pressure, 104-10'm=3 for plasma density)
[29-34], the cross section for ionization collision between
electrons and atmospheric-pressure neutral atoms is about
10~'* m? s~ !, and the mean free path is about 2.7 x 10~°m
[35]. Ionization collisions between electrons and neutral
atoms are substantial in the sheath region, which provides a
large ion source to the sheath formation. The ion—neutral
momentum transfer collision cross section is about
5 x 107 m3 s~ [36, 37], the ion—neutral collision frequency
is about 1, = 1.4 x 10''s7!, and the corresponding mean
free path for ion—neutral collision is about 2.4 x 10~8 m. For
a plasma density around 10'4-10'® m~3, the typical sheath
scale is about L ~ (10-20)\p ~ 1072-10~3m, which is
much larger than the above collision lengths. It is of great
significance to study the source term effect and influences of
collisions on the plasma sheath properties in such plasma
conditions.

In recent years, researchers have introduced several
possible ion source terms in studies of plasma sheath char-
acteristics. Yasserian et al [27] investigated the structure of
the electronegative plasma sheath in the presence of an
oblique magnetic field and the constant ion source term.
Gyergyek and Kovacic [28] used four different ion source
terms in the magnetized plasma sheath model to investigate
the magnetized sheath characteristics. For the collisionless
magnetized plasma sheath, two different ion source terms
were used by Adhikari er al [38] and a comparison of their
contributions has been presented. Crespo [39] studied the
effects of positive ion temperature and ionization frequency
on the plasma sheath considering the ion source term. Mou-
lick et al [40, 41] investigated the structure of a collisional
magnetized plasma sheath in the presence of a nonzero ion
source with constant ionization frequency. The results of the
above researchers suggest that the collision frequency,
ionization frequency and magnetic field greatly determine the
Bohm criterion. Moreover, the sheath thickness is also
affected by the strength and the inclination angle of the
magnetic field.

However, in the previously mentioned works, the elec-
tron velocity distribution is assumed to satisfy the classical

Maxwell-Boltzmann distribution. This kind of assumption is
only valid for the macroscopically ergodic equilibrium sys-
tem, and it is inappropriate for the description of plasma
systems with nonthermodynamic equilibrium state [5, 42—46].
Experimental studies have shown that non-Maxwellian dis-
tribution electrons exist in plasma discharge when electron
density is around 10'* — 10'® m~3 and electron temperature
around 1-5eV [47-49]. Moreover, the ionization collision
process may consume and decrease the percentage of high-
energy electrons, thus the electron distribution may deviate
from the Maxwellian distribution. Thus, Tsallis [50] pre-
sented a new statistical method called nonextensive or Tsallis
statistics in 1988, extending the concept of entropy to non-
extensive generalized entropy, for which the entropy S, is
stated as follows:

1 - z;\ilpiq

S, =k
q B g—1

ey

Here, g represents the nonextensive degree of the thermo-
dynamic system, kg is the Boltzmann constant, N is the total
number of all microstates, and p, represents the probability of
the ith microstate. Tsallis statistics have been successfully
applied to the plasma systems where the particle distribution
deviates from the classical Maxwellian distribution. Many
works have shown that the Maxwell distribution is inadequate
to describe the systems in nonequilibrium states with long-
range interactions including plasma, and nonextensive elec-
tron distributions were applied to describe them [2, 51-56].
The most significant property of the g-entropy is its non-
additivity (i.e. nonextensive feature), which means that the
sum entropies of respective independent systems is different
from the entropy of the whole system. Therefore, the total
entropy S,(/, J) of two independent subsystems / and J is
represented by the following equation [57, 58]:

Sqd +J) =8, + §,(J) +

1 _
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kg

As shown in equation (2), when ¢ = 1, the entropy of the
composite system is equal to the sum of the entropies of the /
and J systems, which means that the g-entropy is reduced to
the standard extensive Boltzmann—Gibbs entropy. When
g > 1, the generalized entropy of the composite system is
smaller than the sum of the entropies of the components,
which is called sub-extensive; when g < 1, the generalized
entropy of the composite system is greater than the sum of the
entropies of the components, which is called super-extensive
[59]. Experiments on the relationship between high-energy
particles and plasma [60] and the observation of space plasma
[61] both reported the nonextensive distribution of charged
particles, and a subsequent experiment reported that the non-
Maxwellian electron velocity distribution was measured in
the plasma [47]. Comparison between the experimental data
and Tsallis’s g-nonextensive formula [62] shows high con-
sistency. However, an experiment on sheath observation with
nonextensive electrons has not been reported yet; the reason
may be that the sheath is on the scale of several dozens of
Debye lengths, and properties such as electron distribution
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and potential profile of the sheath are hard to measure in
experiments. Even so, it can be predicted that it is very likely
that electrons cannot reach thermal equilibrium in the sheath
region, since the electron density is much lower and electrons
are affected by the sheath electric field.

Basnet et al [63] studied electronegative plasma sheath
properties with nonextensive distribution of electrons in the
presence of a constant ion source, and systematically com-
pared the sheath structures with and without the source term.
El Bojaddaini and Chatei [64] numerically investigated the
effect of nonextensive parameters on sheath characteristics
using the ion source term, which is assumed to be propor-
tional to the electron density. El Bojaddaini [65] extended
their work by considering two different types of ion source
term, and compared the sheath results corresponding to each
case. The above studies have not considered the influences of
external magnetic fields, which are very common in plasma
experiments and applications. In corona discharge, research-
ers used a magnetic field to enhance the discharge current and
control the plasma [66—68]. The study of a collisional sheath
structure with nonextensive electrons becomes more compli-
cated when considering the magnetic field magnetization
effect.

In order to develop a more accurate model for the low-
density plasma sheath in atmospheric-pressure discharge such
as corona discharge and glow discharge, a generalized fluid
model of the magnetized plasma sheath with thermal ions and
nonextensive electrons is proposed in this work, in which
collisional and source terms are considered. A modified
Bohm sheath criterion is derived under the assumption of
nonextensive electrons and used as a boundary condition to
study the influences of the ion source term on the structure of
the magnetized plasma sheath. In addition, the effects of
ionization frequency, magnetic field and other parameters on
sheath properties are studied and compared with a non-source
plasma sheath model. In section 2, a generalized fluid model
for a magnetized collisional plasma sheath containing non-
extensive electrons and an ion source term is presented, and
the corresponding form of the modified Bohm criterion is also
derived. The numerical simulation results and discussion are
presented in section 3, and finally a brief summary is given in
section 4.

2. Fluid model and Bohm criterion

For a low-density discharge plasma in atmospheric pressure,
the plasma density range is about 10'*~10'> m—3 for corona
discharge and 10'°~10'® m=3 for glow discharge, and the
electron temperature is around 1-5eV. Assuming that the
plasma density is about 10'*-10'® m~3 at the plasma—wall
interface, then the Debye length is about Ap ~ 1073-10~% m,
and the sheath scale is about 10721073 m. Assuming that the
sheath thickness is much smaller than the scale of the bulk
plasma and planar wall, the spatial coordinates can be reduced
to one dimension along the x direction. Since the magneti-
zation of ions is considered in the sheath model, the three-
dimensional velocity phase space (v,, vy and v,) is introduced.

Sheath edge
i

Bulk plasma Sheath

\Na\\

/

Figure 1. Schematic geometry of the magnetized plasma sheath
model.

The sheath region is located between x = 0 (the plasma edge)
and x = x,, (the planar wall), as shown in figure 1. The
uniform magnetic field with an oblique angle 6 (corresp-
onding to the x axis) lies in the x—z plane, which is expressed
as B = B(cos e, + sin fe;), where B is the magnitude of
the magnetic field.

By introducing the Tsallis statistical theory, the electrons in
the sheath are assumed to obey the g-nonextensive distribution
function f, (x, v.) shown in equations (3a) and (3b), and the
electron density can be derived as equation (3¢) [5, 44, 63]:
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where n is the electron number density at the sheath edge
and T; is the electron temperature, g is the nonextensive
parameter which defines the degree of nonextensivity, e is the
electron charge, and ¢ is the electric potential in the x
direction (normal to the wall). The potential in the sheath
region is determined by the Poisson’s equation:

2

92 L —no )

Ox &0
where ¢ is the vacuum permittivity. According to the plasma
quasi-neutrality condition, the electron density at the sheath
edge (x = 0) satisfies ney = njy = ng, where n;y is the ion
number density at the sheath edge. For the steady-state sheath,
the thermal ion satisfies the continuity and momentum
equations
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where v;, m;, n; and T; are the velocity, mass, density and
temperature of the ions, respectively; v; is the collision fre-
quency between the ions and neutrals; and S is the ion
source term.

The assumption of the ion source term function has a
substantial impact on the sheath features. The simplest
hypothetical ion source term assumes that the ion—electron
pairs are created at a constant rate. This constant ion source
term can be expressed as [28]:

1o

S = (7

-
where ny is the plasma density at the sheath edge and 7 is the
average time between two adjacent ionizations. Such a con-
stant ion source could represent an external ionization
mechanism, such as neutral atoms ionized by the uniform
radiation [28], or could represent a photoionization mech-
anism due to y-rays [69]. Another form of the ion source term
is based on the assumption that the ions are created by
ionization of neutral atoms due to electron collisions. Thus,
the source term is proportional to the electron density
[28, 64]. Since the electrons are assumed to be g-nonextensive
distributed in the model, according to equation (3c), the
source term can be expressed in the following form:

q+1

]Z(ql) ®

The ion source term proportional to the electron density has
also been used by the authors who studied the plasma sheath
for the steady state [64, 65]. The third ion source term con-
sidered in this work is written by the following expression
[28, 38]:

st=e =001 g - D2
T T 4 )kBTe

83 = 79 cos ( 71-U”“)H(cis — Viy) ©))
T 26‘15

where H represents the Heaviside function. Such a source
term is called the cosine source term or Heaviside source.
This kind of source term is artificially constructed to control
the ionization rate with the ion flux velocity. If the flux
velocity reaches acoustic speed, the ionization becomes zero
and then remains zero in the plasma sheath.

In order to solve the aforesaid fluid model equations (4)—
(6), some normalized dimensionless variables are introduced:
P =ep/(ksT), §=x/Xp, wui=vi/cis, N =ni/no,
Ne=ne/no, T=T/T,, o0i=Xp/(cisT), €= Apvi/cis,
wi = eB/mj, wy = nijpe*/(eom;) and 3 = w;/wy;, where
Ap = [ksT./(nepe?)]'/? is the Debye length, ci; = kg T, /m;
is the ion acoustic velocity, o; is the normalized ionization
frequency, € is the normalized collision frequency, and w; and
wpi are the ion cyclotron frequency and plasma frequency,
respectively. Since we assume that the bulk plasma and wall
are infinity in the y and z directions, thus the physical prop-
erties change only in the x direction, i.e. V = 9/0x.

L Chen et al
Substituting the above dimensionless variables into
equations (4)—(6), the following normalized governing
equations are obtained:
0%*®
oo~ N (10)
q+1
Ne =[1 + (¢ — DPJ24¢-D (11)
w2 s (12)
73 23
umau—“ = _8_<I> + Buiy sin 0
23 o¢
- LN _ ap,, (13)
N 0§ N
i 2 B cos 0 — s, sin 0) — %Du, (14)
ix 85 iz ix N. iy
Ou; o
Ujy—— = — Bu;, cos § — —Du; 15
ix 8£ ﬁ Ly ]V] iz ( )

where A and D are variable coefficients that depend on the
kind of ion source term: when S; = 0, A = 0 and D = N,y;T;
when §; = Sil, A=1and D=1+ Nyv;7; when §; = Siz,
A=f(@®) and D =f(®P)+ Ny, where f(P)=
+1

[1+@—U@ﬂﬁnmﬂan&:&{A:ﬂw)md
D = f(uy) + Nivsm, where  f(ui) = cos (mui/2)H (¢is — Cisltin)-
By multiplying Poisson’s equation (10) with 9®/9¢ and
integrating over the sheath region, it can be obtained as

LfoeY _1fo®Y

2\ 0¢ 2\ 0¢
where V(P) = fo ® (N. — N;)d® is the so-called Sagdeev
potential function. Equation (16) shows the properties of the
Sagdeev potential function as follows: at the sheath edge

£E=0,V(®) =0, 0V(P)/0P = 0; the function value V (D)
remains positive over the whole sheath. Thus, the Sagdeev

= V() (16)

¢=0

potential has a minimal extremum at =0, and
0%V (®)/0®? > 0, therefore
(S -%) =0 (a7
do d® J.—

Submitting equations (11)-(13) into equation (17), the mod-
ified Bohm sheath criterion can be derived. Furthermore,
utilizing the condition that du;, /0¢ > 0 at the sheath edge,
one can obtain an upper limit Mach number for Bohm velo-
city in the collisional sheath; similar treatments have also
been applied in several previous studies [21, 57, 70, 71]. This
kind of upper limit result has not been fully comprehended by
researchers, and the authors believe that it is related to the
right-hand-side terms in equation (13), which are neglected
in the traditional sheath model, i.e. the magnetization
of ions, ion temperature, collisional force and ion source term.
From equations (12) and (13), considering the boundary
conditions at the sheath edge x=0, & — 0, N, — 1,
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0P/0¢ = —Ey = 0, one can have

%ZI(T — Miz) = —g—z) + ﬁuiy() sin  — (Ti(A + D)Mi

(18)

where M; = v, /c;s is the velocity allowed for ions to enter
the sheath edge in units of Mach number, and E; is the

normalized electric field at the sheath edge. By substituting

ON _ ON 8—¢' into equation (18), it can be obtained that
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According to equation (11),
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Substituting equations (19), (20) into equation (17),
qg+1
2

EoM;? + 0i(A + D)M;
— (miyo sin 0 + Eo + qTHTEO) >0 @1

The lower limit Mach number of Bohm velocity is obtained
by solving equation (21):

M; > !
q+1
qg+ 1

2 DI+ ——
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At the edge of the sheath, the electric field is positive and
the ions are accelerated into the sheath region; therefore,
Oui /0§ > 0, and u;, = uivg = M;, Uiy = Uiy, according to
equation (13):

(22)

E() + Buiy() sin 0 — T(?;zl - O’iDMi 2 0 (23)
At the edge of the sheath, the change in ion density is small,
and the ion temperature is much lower than the electron

temperature, so equation (23) becomes

E() + 61/!1},0 sin 0

M; <
gA + €

(24)
The ions are accelerated in the pre-sheath region between the
plasma and the sheath, so the electric field in the pre-sheath
region cannot be ignored; Ey = —9®/9¢ is the normalized
electric field at the sheath edge. The magnetic field B in the x—
z plane and the nonzero electric field in the x direction result
in an E x B drift velocity in the y direction as

uiyo = —Ej sin §/3. Substituting u;y into equations (22) and
(24), one can derive

2
1 {l(ai[Cl + Cz]) +2(q + 1)cos?6

q—|—1 E()
1
2 GG+ G
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(q )l Eq
2
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C and C, are coefficients for different S;: when S; = 0, G, = 0
and C, =v;7; when §;=0, G=1 and C, =1+ ;7.
Equation (25) is the complete form of the modified Bohm
criterion for a collisional magnetized sheath with non-
extensive electron distribution and an ionization source term.
It is shown in equation (25) that the lower limit Mach number
of the Bohm criterion depends on the nonextensive parameter
g, collision frequency, ion temperature and angle of the
magnetic field, and is independent of the magnitude of the
magnetic field, whereas the upper limit is related to the
parameters E, 0, ¢ and ;. This derived formula is consistent
with several limiting cases with simplified conditions. For
example, when § — 0, equation (25) reduces to

1

2 L

6]+1 Eo

< bo

_alat+ Gl o Eo
X I\E+O}G

Fo (26)

This expression is agreed with the Bohm criterion in the
unmagnetized sheath case obtained by El Bojaddaini and
Chatei [65]. For§ — 0, 0; — 0 and ¢ — 0, the Mach number
of the Bohm criterion for an unmagnetized collisionless
sheath has only the lower limit, so equation (25) appears as

1
Mi>——\(g+ DT +2q+2 27)
q+1

When the ion thermal temperature is ignored (' — 0), the
Bohm criterion for a nonextensive electron plasma sheath is
M; > 2/(qg + 1), which is in agreement with results
reported by Gougam and Tribrche [72]. Finally, for the case
in which § -0, —0, e—=0, T— 0, and ¢ — 1,
equation (25) reduces to the classical Maxwellian sheath
Bohm criterion: M; > 1 [3].

3. Numerical results and discussion

3.1. Bohm criterion characteristics

The Bohm criterion determines the ion velocity at the sheath
edge, which acts as a critical condition for sheath structure.
Figure 2 shows the variation of the modified Bohm criterion
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Figure 2. Lower limit of modified Bohm velocity as a function of the nonextensive parameter g. (a) Different values of the ionization
frequency o; and collision frequency €, 6 = 30°, T = 0.1, (b) different values of the positive ion temperature 7 and magnetic field angle

0, 0, = 0.01, e=0.1.

with the nonextensive parameter g for different ionization
frequencies, collision frequencies, magnetic field angles and
ion temperatures. The trend of the Mach number M, in
figure 2(a) shows that with growing ionization frequency o;
and collision frequency ¢, the lower limit Mach number of the
Bohm criterion keeps decreasing, which means a lower
requirement of the ion velocity to enter the sheath domain.
For low values of ionization frequency and collision fre-
quency, M; drops gradually with increasing g, which could be
related to the characteristic of the nonextensive distribution.
As ¢ takes a high value, there are fewer high-velocity elec-
trons in the sheath [47], the average velocity of electrons is
relatively slow, and the electron flux to the wall decreases. In
order to maintain the stability of the sheath, the ion flux at the
wall also decreases. According to the continuity equation of
ions, the ion velocity entering the sheath boundary is also
reduced. As can be seen from figure 2(b), the Mach number of
the Bohm velocity decreases with an increase in the magnetic
field angle and, in contrast, increases as the ion temperature
increases, indicating that as the magnetic field angle is small,
and the ion temperature is high, it is more difficult for the ions
to enter the sheath.

Figure 3 shows the influences of ionization frequency
and magnetic field angle on the Mach number range of
Bohm velocity values for different collision frequencies.
The colored area shows the possible Mach number value for
different parameters. The solid lines in figures 3(a) and (b)
represent the lower limit of the M,, and the dashed lines
represent the upper limit of the M. It can be seen in
figure 3(a) that the possible range of M; is larger when both
the collision and ionization frequencies are low. When the
ionization source is relatively large, the ion density in the
sheath becomes substantial and the requirement for sheath-
side ion flux decreases, resulting in a relatively low ion
velocity and a reduction of M; to a small fixed range.
Figure 3(b) shows a similar but gentler trend of M, with
increasing magnetic field angle. The change rate of the
Bohm velocity grows but the possible range narrows as the
magnetic field angle increases. The upper limit value in
figure 3 verifies that the maximum value of A is affected by

T T T T

1.5 \ lower limit 1

\ = = —upper limit

0.2

g,
1

lower limit
S~ - = —upper limit

g()

Figure 3. Influences of ionization frequency and magnetic field on
the value range of the Bohm velocity. (a) Influences of ionization
frequency, § = 30°, ¢ = 0.8; (b) influence of magnetic field
angle, ¢ = 0.1, ¢ = 0.5.

the parameters and becomes smaller when the collisional
parameter or ionization frequency is higher, which is due to
the increase in the right-hand-side terms of equation (6),
and when the magnetic field angle is larger, the
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Figure 4. Charged particle density profiles for different source terms; thombus markers indicate the sheath thickness when the plasma is
adjacent to a floating wall, = 20°, ¢ = 0.134, g = 0.7. (a) lon density profiles when g; = 0.02; (b) ion density profiles when o; = 0.1; (c)
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Figure 5. Variation of potential profiles for different ion source terms; rhombus markers indicate the sheath thickness when the plasma is
adjacent to a floating wall, § = 20°, ¢ = 0.134, g = 0.7. (a) Potential profiles when o; = 0.02; (b) potential profiles when o; = 0.1.

magnetization of the ions in the x direction becomes sig-
nificant and the magnetic force grows higher, which also
leads to a greater restriction of the upper limit value of M,.

3.2. Particle density and potential distribution

In order to investigate the whole region properties of the
magnetized sheath with ion source terms, differential

equations (10)—(15) are solved numerically using the (4-5)th
Runge—Kutta method, the absolute and relative error tolerance
are set to 107, and the grid length for each step is about 0.01
Debye length to ensure numerical accuracy and stability. The
physical parameters adopted in this work are as follows:
np=>5x10%m3, T, =5eV, and m; = 40 amu (argon
plasma). There is a presheath between the bulk plasma and
the sheath edge, and a slowly changing potential at the edge
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Figure 6. Profiles of space charge density for different source terms; thombus markers indicate the sheath thickness when the plasma is
adjacent to a floating wall, § = 20°, ¢ = 0.134, g = 0.7. (a) Profiles of space charge density when o; = 0.02; (b) profiles of space charge

density when o; = 0.1.

Figure 7. Profiles of sheath potential for different collision
frequencies, magnetic field inclination angles and ion temperatures,
q = 0.6, 0; = 0.02. (a) For different values of the collision
frequency, 6 = 20°, T = 0.01; (b) for different values of the
magnetic field inclination angle, e = 0.1, 7 = 0.01; (c) for different
values of the ion temperature, ¢ = 0.01, ¢ = 30°.

results in a small electric field of which the normalized value
is set as Ey = 0.1.

Figure 4 shows the variation of charged particle density
with the normalized distance of the sheath edge corresp-
onding to different ion source terms S; when the ionization
frequencies are 0.02 and 0.1 respectively. It is shown in
figures 4(a) and (b) that the ionization frequency significantly
affects the ion density distribution. When the ionization

frequency value is 0.02, the variation trends of ion density
corresponding to the proportional source term and the cosine
source term are almost the same as in the non-source case,
while the ion density distribution with a constant source term
gradually deviates away from the zero source term. The
rhombus markers on the lines indicate the position where the
sheath reaches the floating wall, where the electron flux
equals the ion flux: I, + Iy = 0. The electron flux is calcu-
lated by I, = —%ne pe, where v = /8kgT, /7m, , and the ion
flux is calculated by I = n;vj,, the corresponding £ value
indicates the sheath thickness when the plasma is adjacent to a
floating wall. The floating points in figure 4(a) shows that the
sheath thickness becomes smaller when considering ion
source terms. The additional ions in the sheath accelerate the
establishment process of electric shielding, resulting in a
shorter sheath. As shown in figure 4(b), when the ionization
frequency is 0.1, the influence of different ion source terms on
the ion movement in the sheath region becomes more
obvious, resulting in a significant difference in ion density
distributions. When the ionization frequency is fixed, the ion
density profiles differ from each other; since the ionization is
uniform through the sheath for the Si1 source (red line), the ion
density is distinctly larger, which means that the ionization
source plays an important part in forming the sheath.
Figures 4(c) and (d) show the variation of electron density
distribution corresponding to different source terms. The
electron density distribution with source terms decreases more
rapidly in the sheath region. Since the ionization process
consumes high-velocity electrons, the electron flux towards
the wall becomes lower. Figure 4(c) shows that when the
ionization frequency is small, the electron density distribution
corresponding to the zero source term is similar to the non-
zero ones. As can be seen from figure 4(d), with an increase in
ionization frequency, the ion source term significantly affects
the electron motion in the plasma sheath, and the electron
density distributions corresponding to nonzero source terms
are gradually separated.

Figure 5 shows the trend of sheath potential with nor-
malized distance for different ion source terms when the
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ionization frequencies are 0.02 and 0.1 respectively. Com-
pared with the zero source term, the sheath potential
corresponding to the nonzero source terms drops more
rapidly; that is, the sheath electric field is larger. The sheath
potential corresponding to the constant source term (S;*)
decreases fastest. Figure 5(b) shows that as the ionization
frequency increases, the influence of ion source terms on the
sheath potential becomes more significant. The floating point
in figure 5 shows that for nonzero cases, the floating wall
potential increases obviously with an increase in ionization
frequency, and the sheath thickness decreases when the
ionization frequency increases. This phenomenon may be
related to the deceleration of electrons by the electric field of
the sheath, which is mainly distributed on the edge side of the
sheath, where most of the ionization occurs. Then, the
increase in ionization frequency leads to a decrease in the ion
velocity and causes ion aggregation at the edge of the sheath.
Therefore, the space charge density of the sheath is enhanced,
the sheath thickness is shortened, and the sheath potential
increases.

Figure 6 shows the evolution of the sheath space charge
density distribution over £ for different ion source terms. It
is obvious that the profile of space charge density for the
zero source term is lower than those for the nonzero
source terms. When the plasma sheath takes a constant ion
source term, the peak value of the space charge density is
largest. As the ionization frequency increases, the peak
values of space charge density corresponding to the three
nonzero source terms increase. In addition, the space charge
density at the wall corresponding to the proportional and
cosine source term coincides with the zero source case, but
the charge density for a constant source term is higher than
those for the above cases, which is consistent with the results
in figure 4.

Figure 7 shows the effects of collision frequency,
magnetic field angle and ion temperature on the sheath
potential. Figure 7(a) shows that the sheath potential drops
faster when the collision frequency takes a lower value, and
the absolute value of the floating wall potential declines, but
the floating sheath thickness changes only slightly, and the
influence of the collision force on the sheath width is esti-
mated to be small. As shown in figure 7(b), by increasing the
magnetic field angle, both the sheath potential and the sheath
thickness increase, but the final floating wall potential chan-
ges only slightly. Figure 7(c) shows that the effect of ion
temperature on the sheath profile is small while it is much
smaller than that of electrons, and for thermal plasma, the
sheath potential decreases and the sheath thickness becomes
narrower.

3.3. lon velocity and sheath thickness

Figure 8 shows the variation of ion velocity in three directions
with the normalized distance corresponding to different ion
source terms. It is shown that the ion source terms have great
influences on the ion velocity in the sheath. As can be seen
from figures 8(a) and (b), with increasing ionization fre-
quency, the ion velocity in the x direction at the sheath edge

6 —— without §; (a) o.=0.01
i

4 ' 3
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Figure 8. Variation of ion velocity in three directions for different
ion source terms, 6 = 20°, ¢ = 0.134, ¢ = 0.7. (a) lon velocity in
the x direction when o; = 0.01; (b) ion velocity in the x direction
when g; = 0.1; (c) ion velocity in the y direction when ¢; = 0.01; (d)
ion velocity in the y direction when g; = 0.1; (e) ion velocity in the z
direction when ¢; = 0.01; (f) ion velocity in the z direction

when o; = 0.1.

decreases, which is consistent with the results obtained in
figure 2. In the sheath region, the ion velocity in the x
direction corresponding to the nonzero source term increases
rapidly compared to that in the zero source case. When the
system takes a constant ion source term, the ion velocity in
the x direction changes the fastest.

As can be seen from figures 8(c) and (d), the growth
trend of ion velocity in the y direction corresponding to the
nonzero source term transforms more rapidly compared with
the zero source case, which is more obvious with an increase
in ionization frequency, and the growth trend is similar near
the sheath edge. As can be seen from figures 8(e) and (f),
compared with the ion velocity in the z direction corresp-
onding to the zero source term, when the ionization is
remarkable, when S; = S/, the change trend of ion velocity in
the z direction is gentler.

Figure 9 shows the influences of plasma parameters on
the floating sheath thickness for different ion source terms.
Figure 9(a) shows that when the ionization source is not
considered, the sheath thickness is sensitive to the magnetic
field angle, and the thickness grows with collision frequency.
Figures 9(b)—(d) also show that the collision frequency has
little effect on the sheath thickness when considering an ion
source term, except when the source term is Siz. The ioniz-
ation rate has a significant impact on the sheath thickness. In
general, the ionization source shortens the sheath width with
extra ions to accelerate Debye shielding. Under the same
conditions, the sheath with a proportional source term has the
largest thickness, and the case of a constant source term has
the shortest 11\p, which is much shorter than the case of a
Zero source term.
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4. Conclusions

In this work, a magnetized collisional plasma sheath model
with nonextensive electron distribution and ionization source
terms is established to investigate the sheath properties in
atmospheric-pressure discharge with low plasma density. An
extended form of the Bohm criterion with an upper limit is
derived, governed by the ionization frequency, ion—neutral
collision frequency, magnetic field angle, ion temperature,
and nonextensive parameter g. Taking this modified Bohm
velocity as the boundary condition, the sheath fluid model is
numerically solved and the effects of the ion source and other
considered terms on the magnetized plasma sheath properties
are investigated. The results show that in low-density plasma
discharge with atmospheric pressure, the influences of ion
source terms on sheath properties are obvious and become
significant with increasing ionization frequency. Other para-
meters like elastic collisional frequency between ions and
neutrals, magnetic field angle, and ion temperature also play
important roles in establishing the sheath structure. As the
ionization frequency increases, the Bohm velocity decreases
and the Mach number range of the Bohm velocity narrows.
The upper limit Mach number of the Bohm velocity is derived
in this model and analyzed to be related to the collision force
and ion source term. The sheath thickness becomes smaller
when the ion source term is considered; the additional ions in

10

the sheath accelerate the establishment process of electric
shielding, resulting in a shorter sheath. In addition, ion—neu-
tral collisions, magnetic field angle and ion temperature also
significantly affect the sheath potential, space charge density
and sheath thickness. Both the ionization and ion—neutral
collisions have essential effects on the sheath properties.
When the ionization frequency increases, the influence of ion
source terms on the sheath potential becomes more sig-
nificant. The sheath potential drops faster when the collision
frequency takes a higher value, but the floating sheath
thickness varies little with the collisional parameters.
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