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The spatial distributions of the electric potential and of the velocity and density of positive
ions are calculated in the surroundings of a negatively-biased cylindrical probe immersed in an
electronegative plasma. The model equations are solved on the scale of the ionization length. The
position of the sheath edge, the positive ion velocity at the sheath edge and the positive ion current
collected by the probe are determined and compared with the values obtained by using analytic (or
scaling) formulas. Effects of control parameters on the positive ion velocity at the sheath edge and
on the sheath width (thus, on the positive ion current) are investigated. A larger thermal motion
of positive (and negative) ions causes the positive ion velocity at the sheath edge to increase, the
sheath to increase and the positive ion current collected by the probe to increase. An increase in the
number of collisions causes the positive ion velocity at the sheath edge to decrease and the sheath
to decrease, resulting in a decrease in the positive ion current. An increase in the electronegativity
causes the positive ion velocity at the sheath edge to decrease and the sheath width to decrease,
resulting in an increase in the positive ion current. As the value of the non-neutrality parameter g
increases, the positive ion current collected by the probe increases. We observed that the deviation
from the plasma approximation became significant even at ¢ = 0.006, which is a typical case for
high-density electronegative plasmas and that the plasma approximation was no longer valid except

for plasmas with the ¢ less than 0.0005.
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I. INTRODUCTION

There has been growing interest in electronegative
plasmas because electronegative gases, such as oxygen,
chlorine and SFg, have been used extensively for many
applications of plasma processing. Some important is-
sues in electronegative plasmas include the problem of
determining the electronegativity of the plasma, the
sheath structure and the spatial distribution of plasma
species [1-3].

If the electronegativity of a discharge is to be deter-
mined, the densities of electrons and negative ions have
to be measured. A Langmuir probe can be applicable for
this purpose. For an electronegative plasma, a careful in-
terpretation of the I — V' data of the probe is required
[4,5]. A comparison of the experimental I — V curve of
the Langmuir probe with the theoretical I —V curve can
give a useful method of determining the plasma param-
eters. In order to construct a theoretical I — V' curve for
the cylindrical Langmuir probe, one should obtain the
plasma solution around the biased probe [6,7].

The problem of the plasma-sheath transition is still the
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subject of numerous recent investigations [8-11]. This is
partly due to the singularity caused by the representa-
tions of various effects (collision, space charge and ion
temperature). The variations of the plasma variables in
the plasma-wall transition region can be characterized
with several scale lengths [12]. The ionization length or
the ion mean free path can be used for observing the
variations of plasma variables in the presheath region.
On the other hand, the electron Debye length can be
used as a scale length for the sheath region because the
sheath width extends only a few electron Debye lengths
[13]. The evolutions of plasma variables in the presheath
region can be represented more clearly with the scale
length of the ionization length.

The theoretical model for the sheath structure of cylin-
drical and spherical probes immersed in low-pressure
electronegative plasmas has been developed by several
authors [8,9,14-19]. The use of the plasma approxima-
tion in the presheath region has produced rich theoreti-
cal observations of the oscillatory electric potential and
stratified presheath [15-22]. Some authors have insisted
that these oscillations can be attenuated with consider-
ation of collisions and finite thermal motion of positive
ions [15].

-2282-



Modeling the Plasma-Sheath Boundary for a Cylindrical Probe--- — T. H. CHUNG

In a previous paper [23], a fluid model for collisionless
plasmas with cold positive ions was developed for study-
ing the structure of the plasma-wall boundary in low-
pressure electonegative plasmas. Similar issues have also
been analyzed by several authors [19,20,22,24-26]. In this
study, the model is extended to include collisions and the
finite thermal motion of positive ions. The spatial distri-
butions of the electric potential and of the velocity and
density of positive ions are calculated in the surround-
ings of a negatively-biased cylindrical probe immersed in
an electronegative plasma. The control parameters are
the ratio of the negative ion density to the electron den-
sity, the ratios of the electron temperature to the positive
and the negative ion temperatures and the ratio of the
momentum transfer collision frequency to the ionization
frequency.

In contrast to the previous work [13], the model equa-
tions in this study are solved on the scale of the ionization
length. In that paper, there were some misleading argu-
ments concerning the behavior of the sheath width as
functions of the control parameters. One of aims of this
work is to correct that. Moreover, a calculation of plasma
variables on the scale of the ionization length allows us to
determine more obviously the position of the sheath edge
and the positive ion velocity at the sheath edge. There-
fore, the physical nature of the plasma sheath boundary
is more clearly described. From the calculated results,
the position of the sheath edge, the positive ion velocity
at sheath edge and the positive ion current collected by
the probe are determined and compared with analytic (or
scaling) formulas. Especially, the effects of these control
parameters on the positive ion current collected by the
probe are investigated. The effect of the non-neutrality
parameter, defined as the ratio between the electron De-
bye length and the ionization length, is also discussed.
Finally, the validity of the plasma approximation in the
presheath region is discussed.

II. FORMULATION

A fluid model is developed without the quasi-neutral
approximation to solve for the spatial distributions of
electric potential and of the density and velocity of pos-
itive ions in the surroundings of a cylindrical probe im-
mersed in an electronegative plasma. A set of coupled
equations are formulated, including the steady-state fluid
equations of continuity and motion for the positive ion
and Poisson’s equation with Boltzmann electrons and
Boltzmann negative ions [15,16]. The assumption of
Boltzmann negative ions is valid for negative ions so long
as the wall losses dominate volume recombination.

The plasma variables are calculated along the distance
from the plasma region to any arbitrary small distance
near the probe edge. For simplicity, the electronegative
plasma is assumed to consist of three charged species,
which are positive ions, negative ions and electrons. The
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basic equations for the positive ions are the continuity
equation,

V- [ngvy] = viene, (1)
and the equation of momentum transfer,
myn vy -Vve =entE—Vpy —mongrv.vy,  (2)

where ny, my, py and v are the density, the mass,
the pressure and the velocity of a positive ion, respec-
tively, n. is the electron density, v;, and v, are the ion-
ization frequency and the momentum-transfer collision
frequency, respectively and E is the electric field. In Eq.
(2) the ionization source term is not included because a
small drag force due to collisions between positive ions
and neutrals is considered in this work [16].
Poisson’s equation is written as

eoV-E=e(ny —n.—n_), E=-VV, (3)

where gy is the permittivity of the vacuum, n_ is the
negative ion density, e is the electron charge and V is
the electric potential. Electrons and negative ions are
assumed to follow the Boltzmann energy distribution:

eV
Ne = Neg €XP (kT > , (4)
€

n_ =mn_gexp (g) ; (5)

where T, and T_ are the temperatures of the electrons
and the negative ions, respectively and k is the Boltz-
mann constant. The subscript 0 indicates the value at
the plasma region. In order for the Boltzmann relation
for negative ions to hold, the condition

dn_
I'_ D_——
< . (6)

must hold. Neglecting the recombination the negative
ion flux is written as

r_= /Kattnengdn (7

where D_, Ky and ny are the diffusion coefficient of
negative ions, the attachment coefficient and the neutral
gas density, respectively. The validity of this condition
will be discussed in Section III.

The model equations can be written in cylindrical co-
ordinates with the assumption that positive ions move
radially towards the probes.

nyv
Ut + % = VizNe, (8)
dv dV  dp
m+n+v+d—: e T T: —mynivevy, (9)
d’V 14V
- L) = = —Ne —TN_ 1
EO(dr2+rdr> e(ny —me—n_), (10)

where r denotes the radial position in cylindrical coor-
dinates with the origin at the center of the probe. The
momentum-transfer collision frequency is written as

Ve = g0 (v4)v4, (11)
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where o(v4) is the momentum transfer collision cross
section for collisions between positive ions and neutrals.
Elastic and charge-exchange collisions contribute to this
cross section. We assume that this cross section has a
power-law dependence on the positive ion speed of the
form

V4 v
o(vy) =05 <> , (12)
Cs

where ¢, is the Bohm velocity (=v/kT./m4.), o4 is the
cross section at that speed and < is the dimensionless
parameter ranging from 0 to —1 [27]. The case of v =
0 corresponds to a constant cross section and the case
of v = —1 to a constant collision frequency. A constant
collision frequency (v = —1) is employed throughout this
study. The numerical calculation for arbitrary v (rather
than —1) can be pursued without difficulty with some
modifications in the collision term of the momentum bal-
ance equation.

The solution of the model equations describes the
structure of the sheath (and presheath) region around
a cylindrical electrode. We use the following dimension-
less variables and parameters:

T ny vy eV

= — . n= = = — 13
§= = == T (13)
e T T dp g w
O—Heoa’Y*_T_a’er_T_i_;q_A; _Viz

where Ap is the electron Debye length, A = ¢;/v;, is the
ionization length and Ty is the temperature of positive
ions. The ionization length determines the overall widths
of the presheath region (and the sheath region). The
presheath width scales similar to the ionization length.
The ¢ is sometimes called the non-neutrality parameter.
For a fixed positive ion density, as the electronegativity is
increased, the Debye length increases due to a decrease in
electron density, thus resulting in a larger q. The neutral
gas density and the temperatures of the electrons and
negative ions are taken as constant and an isothermal
positive ion flow is assumed.

The dimensionless equations of ion continuity and mo-
mentum balance for positive ions and Poisson’s equation
are written as

d nu
—(Au) + — = —e™ ", 14
) + % (14)
1 du dn 1 e "
w2l _dn L s s
( 7+“> ¢ dg¢ 71§ y4nu (15)
d’n  1ldp
221 - — —p —e " _ Y=
q <d§2 +fdf> n—e age . (16)

These three first-order nonlinear differential equations
are solved numerically to obtain the evolutions of the
plasma variables along the distance from the plasma re-
gion to the probe surface.

The assumption Ap < A clearly corresponds to g < 1.
In the asymptotic limit ¢ — 0, Poisson equation is re-
placed with the quasi-neutrality, resulting in the plasma
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approximation. For the plasma approximation ¢ = 0,
these equations describe a charge-neutral plasma with
a sheath of zero thickness. The plasma solution be-
comes singular at the sheath-plasma boundary because
the sheath is not charge neutral [16]. On the presheath
scale, the sheath is infinitely thin and the sheath edge is
defined by a field singularity z—g — 0. Eq. (15) shows
that the plasma equation is singular at the point where
u? = 1/74, regardless of collisions. This indicates that
the Bohm criterion is not much modified, regardless of
collisions [28].

If current continuity is assumed, we have a conserved
quantity

Giu = 1. (17)
Then, the Poisson equation can be replaced with
d*>n  1dn 1
2( 2L 220 ) = e =1, 18
q(%+£%> e ¢ T (19

This equation, combined with the equation of motion,
Eq. (15), with 74 — oo and § = 0, has been used to
obtain the theoretical I — V' characteristic curve of the
probe [6,7]. This is an extension of the cold-ion theory
of Allen-Boyd-Reynolds (ABR) [29-31].

In the quasi-neutral region, the differential term of the
Poisson equation, Eq. (18), may be neglected. Then, we
have

I _ _
— —e T—qpe” """ =0. (19)

ug

Using Eq. (19) and its differentiation with respect to &,
we can eliminate ¢ and dn/d¢ from Eq. (15) to obtain

u + 1o de
u(e™ + ape=7=1) J dn

1 e "+ agy_e -7

Yy e+ age” V-1

Id(e™ 4+ agy—e 7-M)
(e7" + age™7-1)2

(20)

It should be noted that the velocity of positive ions en-
tering the presheath depends on «y, d, 74, 7— and I (the
positive ion current). Integrating this equation with the
initial condition © = 0 at 7 = 0, we obtain w as a function
of . The integration needs a fixed value of I.

Figure 1 shows the evolution of u with 5 for various
ag and I. The evolution of u with n has a sensitive de-
pendence on ay. With larger values of ag, positive ions
can be accelerated steeply in the presheath. With smaller
values of I, positive ions can be accelerated steeply. How-
ever, the values of v, and v_ have insignificant influence
on the evolution of u with 1. These provide the initial
conditions to the model equations, Eqgs. (14)-(16). With
Eq. (20), typical initial values are chosen as n = 0.0236
and v = 0.1806 (assuming I = 0.72, § = 0.01, v = 30,
v = 10 and ag = 2) and according to Eq. (19), the
value of ¢ satisfying this condition is 1.794. The initial
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Fig. 1. The evolution of w with 7 near the plasma sheath
transition region for (a) two ao and (b) two I , where v4 =
30,7~ =10, = 0.1 and I = 0.5 for (a) and g = 5 for (b).

value of ¢ varies depending on the control parameters
and becomes 0.9739 when ag = 5. The initial value of
the normalized density is assumed to be 1 = 1 + «y.

In this work, the sheath refers to the region surround-
ing the probe where positive space charge exists; that
is, this region includes the ion sheath where the electron
density is negligible and the transition region where the
electron density cannot be neglected, but quasineutral-
ity can never be applied [32]. The sheath edge marks the
point where quasineutrality breaks and where the elec-
tric potential rises to infinity at that point as mentioned
before. The location of the sheath edge and the calcu-
lated values of the density and the velocity of positive
ions give the positive ion current to the probe.

III. RESULTS AND DISCUSSION

The main focus of this paper is to investigate the ef-
fects of collisions and finite thermal motions of positive
ions and negative ions on the positive ion current to the
probe and on the position of sheath edge. In order to
examine these, the spatial distributions of the electric
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potential and of the density and the velocity of positive
ions should be obtained. For that purpose, Eqs. (14)-
(16) are solved numerically by using the fourth-order
Runge-Kutta method with the initial condition, which
is obtained by solving the quasi-neutral equations, Egs.
(19) and (20).

It is very difficult to integrate Egs. (14)-(16) from & =
0o. Instead, a choice of & = 1.0 as a start from the plasma
region is made based on the fact that A is much larger
than the sheath width. We have tried several values
for the upper limit of integration and found that the
numerical solutions are quite stable and reasonable for
the choice of 1.0 A. Except for very small or large values
of ¢ for the initial condition (upper limit), the choice
of the upper limit does not much affect the location of
sheath edge and the positive ion current to the probe.

As an example of the electronegative plasma, we can
consider an oxygen discharge with p = 10 mTorr and T,
=4 eV. We have ¢; = 3 x 10° cm/s, v, = 10% 1/s and A
= 0.3 cm. On the presheath scale Eq. (6) can be written
as

D_n_

N ——.
Kattngne

(21)
For the oxygen discharge above with K,y = 10_1ocm3/s,
D_ = 3000 cm?/s and a moderate value of ag, this con-
dition is easily fulfilled and the Boltzmann relation for
negative ions is valid.

The spatial distributions of the normalized potential,
the normalized density and the normalized velocity and
flux of positive ions entering the probe are calculated
for various values of q, ag,d,v:+ and vy_. Especially, the
effects of the control parameters vy, v_, d, ag and ¢
on the radial profiles of the electric potential and of the
velocity and density of positive ions toward the probe
are investigated.

In most of parameter region of this study, the solu-
tions of the model equations, Eqgs. (14)-(16), have oscil-
latory structures. These oscillations occur because quasi-
neutrality is violated while the positive ions do not sat-
isfy the Bohm criterion [16]. The average potential con-
tinues to increase during the oscillations. After a num-
ber of oscillations, the Bohm criterion is satisfied and a
sheath forms. However, such stationary potential oscilla-
tions are artifacts inherent to the fluid theory [15,17,33].
Also, incomplete initial conditions for solving the coupled
fluid equations might give rise to the oscillations. As long
as the plasma approximation is assumed in the plasma
sheath transition region, the space-charge oscillations are
accompanied by a double layer (or stratified presheath)
[34,35]. However, the spatial oscillations shown in the
solutions of the model equations have a slightly different
nature than those associated with a double layer. In this
work, the spatial oscillations occur due to the character-
istics of the fluid equation and its sensitive dependence
on the initial condition. However, if the initial condition
with ?TZ equal to 0 at £ = 1 is used, no spatial oscilla-
tions are observed. Thus, in order to fully address the
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Fig. 2. (a) Normalized potential, (b) normalized velocity,
(¢) normalized density and (d) normalized current of positive
ions along the normalized distance for various positive ion
temperatures (y+ = 30, 50 and 70). Here, ¢ = 0.0002, ap =
2, 7- =10 and 6 = 0.5.

purpose of this work, the initial condition of Z—” =0 at
¢ = 1 is used throughout the study, getting rid of the
spatial oscillations of the plasma variables.

Figures 2(a) and 2(b) show the normalized potential
and the normalized velocity of positive ions along the
distance from the plasma (¢ = 1.0) to the probe (¢ ap-
proaches zero) for various values of v+ with ¢ = 0.0002.
Although ¢ is cut off at 0.5 in the figures, the calculation
proceeds up to zero. As 74 increases (as the positive
ion temperature becomes lower), the sheath edge (&) is
located at a larger value from the center of the probe.
Here, the sheath edge can also be defined as either the
point at which the electric potential becomes infinite or
the point at which the positive ions reach the speed of
sound in the medium (the supersonic ion criterion) [7].
Since the sheath edge is defined by a field singularity
and the sheath is infinitely thin on the presheath scale,
we assume that the sheath width behaves similar to the
presheath width, which is the distance from the plasma
(¢ = 1 in this work) to the sheath edge.

For electronegative plasmas with collisionless and cold
positive ions, the Bohm criterion becomes

2> 1+Oés

% 22
02 (22)

u

where subscript s means the value at the sheath edge.
This condition can be written as

1
1- 1.?.&0(1 _7—),

u? > (23)

which has been justified by different methods, including
the Sagdeev potential or the requirement of zero deriva-
tives of space charge at the sheath-presheath edge with
respect to the potential [36-38].
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Fig. 3. (a) Normalized potential, (b) normalized velocity,
(¢) normalized density and (d) normalized current of positive
ions along the normalized distance for various negative ion
temperatures (y- = 10, 15 and 20). Here, ¢ = 0.0002, ap =
2,7+ =30and § = 0.

The effect of v4 on the u, (the positive ion velocity at
the sheath edge) behaves similarly as that of y_. As the
vy increases, the positive ion velocity at the sheath edge
is observed to decrease and the sheath width to decrease.
From the figure, it can be noted that if the positive ions
have larger thermal motion, the sheath is increased and
the positive ion current collected by the probe increases
[26].

Figures 2(c) shows the normalized density of positive
ions along the distance for various parameter values of
4. The density profile of positive ion is observed to
decrease rapidly toward the probe as v, increases. Fig-
ure 2(d) shows the calculated {nu(= I(£)) representing
the normalized positive ion current. The results indicate
that as 74 increases, the positive ion current collected by
the probe decreases. The calculated I(§) is observed to
remain constant throughout the sheath region; therefore,
I in Eq. (20) can be considered a constant. This allows
the ABR theory to be valid for most of parameter region
of interest. The location of the sheath edge can be found
to be consistent in (a)-(d) of Figure 2. The normalized
positive ion current collected by the probe is &sfizus (s
denotes the value at the sheath edge).

Figures 3(a) and 3(b) show the normalized potential
and the normalized velocity of positive ions along the
distance from the plasma to the probe for various values
of y_. As the v_ increases from 10 to 20, the positive
ion velocity at the sheath edge is observed to decrease, in
agreement with Eq. (23) and the sheath width observed
to decrease. Figures 3(c) and 3(d) show the normalized
density of positive ions and the calculated &nu(= I(£))
along the distance. The profiles are observed to have the
same tendencies as those in Figure 2. However, the value
of v_ has more significant effects than that of v, .

Figures 4(a) and 4(b) show the normalized potential
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Fig. 4. (a) Normalized potential, (b) normalized velocity,
(¢) normalized density and (d) normalized current of positive
ions along the normalized distance for various collision pa-
rameters (6 = 0, 0.5 and 1). Here, ¢ = 0.0002, ap = 2, y— =
10 and v+ = 30.
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Fig. 5. (a) Normalized potential, (b) normalized velocity,
(c¢) normalized density and (d) normalized current of positive
ions along the normalized distance for various ag (o = 0.5,
2 and 5). Here, ¢ = 0.0002, y— = 10, v+ = 30 and 6 = 0.

and the normalized velocity of positive ions along the
distance for various d at ¢ = 0.0002. The § indicates
the ratio of the momentum transfer collision frequency
to the ionization frequency. This value defines the col-
lisionality of the plasma and is small at low pressure,
being less than 1 [28,33]. As § increases, the sheath edge
approaches the plasma region. As shown, u, decreases
as J increases. The increase in § (collision term) causes
the electric potential and the velocity to increase more
rapidly going from the plasma to the probe.

Figure 4(c) shows the normalized density of positive
ions along the distance for various §. It is observed that
the density profile of positive ion decreases drastically
toward the probe as ¢ increases. Figure 4(d) shows the
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Fig. 6. (a) Normalized potential, (b) normalized velocity,
(c) normalized density and (d) normalized current of positive
ions along the normalized distance for various g (¢ = 0.0002,
0.006 and 0.01). Here, ap = 2, y— = 10, v+ = 30 and 6 = 0.

calculated I(€) for several §. The results show that the
positive ion current to the probe decreases as § increases.

The normalized potential and the normalized velocity
of positive ions corresponding to the three different ag
are shown in Figures 5(a) and 5(b). As «q increases,
the potential increases rapidly to higher values and the
sheath width decreases. This result is in agreement with
the results of Crespo et al. [7] and Amemiya et al.
[14]. As the «p increases, the positive ion velocity at
the sheath edge is observed to decrease, in agreement of
Eq. (23). Figure 5(c) shows the density profiles of posi-
tive ions for various ag. Toward the probe, the density
profile of positive ions is observed to decrease more dras-
tically for higher values of ag. From Figure 5(d), one
sees that the positive ion current collected by the probe
increases with increasing ag because the initial value of
the normalized density is 1 + ag. However, if a positive
ion density (n49) is fixed, with a normalization by 1 +
ap, the results indicate that a lower ag case produces a
larger positive ion current.

Figures 6(a) and 6(b) show the profiles of the electric
potential and of the normalized velocity of positive ions
for three different ¢q. As ¢ increases, the slopes of the
electric potential and the velocity decrease, indicating
that the condition of a field singularity ing — o0 is alle-
viated. One should note that it is difficult to observe the
effect of ¢ on the positive ion velocity at the sheath edge
and the sheath width because coordinate ¢ itself depends
on the ¢ value in this formulation. However, physically,
as ¢ increases, more charged species are produced; thus,
the electric potential increases more rapidly (going from
the plasma to the probe) and the sheath width decreases.
Figure 6(c) shows the normalized density of positive ions
along the distance for various ¢. From Figure 6(d), the
positive ion current collected by the probe is seen to in-
crease with increasing g because larger ¢ results in more
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Fig. 7. Normalized density profiles of positive ions calcu-
lated by using the plasma approximation (7 = e~ "+age” '=")
for various ¢ values.

positive ion production by ionization.

Figure 7 shows the normalized density profiles of pos-
itive ions calculated by the plasma approximation (72 =
e~ + age~"-") for various ¢q values. These are com-
pared with Figure 6(c). As ¢ increases, the deviation
from the plasma approximation increases. A variety of
rich physics issues relating to the oscillatory potential
and to the stratified sheath stems from the adoption of
the plasma approximation in the presheath region [15-
22]. However, the calculation of this work indicates that
a deviation from the plasma approximation becomes sig-
nificant even at ¢ = 0.006, which is a typical case for high
density electronegative plasmas and that the plasma ap-
proximation is no longer valid except for plasmas with
the g less than 0.0005. One should note that the applica-
bility of this model is limited to the case of thin sheaths
where the electron Debye length is much lower than the
probe radius because this model neglects the orbital mo-
tion of the ions. Moreover, the probe radius should not
be too small compared to the ionization length. When
rp < A, it governs the size of presheath and collisions
(and ionization) play little role. As the value of ¢ in-
creases, the sheath width decreases, so this model cannot
explain the positive ion collection by the probe in a large
q region. Therefore, the analysis of this study is valid in
only an appropriate range of the ¢ value.

In relation with the probe experiment, one application
of this formulation is to find the ionization rate of the
plasma. The positive ion saturation current is written as

I, =27mersn,y vy = 2meAneocsl. (24)

The electron density n.y and the electron temperature
(thus ¢;) are supposed to be determined from the elec-
tron saturation current and the slope of the experimental
I—V curve of the probe in the exponential region. If ag,
~v4+ and § can be known or assumed, then we can estimate
the A value (thus the ionization rate) of the plasma by
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carefully comparing I, and I.

Although this model can give quite a clear picture of
the sheath region and the location of the sheath edge for
various sets of plasma parameters and can allow us to
estimate the positive ion current easily, this model has
some drawback in predicting the probe I — V charac-
teristics accurately. For one, the model in the present
work may not precisely describe the ion motion in the
sheath region because the assumptions made in formu-
lating the model equations and the condition of constant
parameters might not be valid in the sheath region. In
addition, one should note that a kinetic analysis has to
be performed to take into account the effects of ion or-
bital motion, ion trapping in the sheath and the finite
length of the cylindrical probe because in the collisional
limit, the correct expression for the ion saturation cur-
rent for a cylindrical probe should contain a logarithmic
term accounting for the finite length of the probe.

IV. CONCLUSION

The spatial distributions of the electric potential and
of the velocity and density of positive ions are calcu-
lated in the surroundings of a negatively-biased cylindri-
cal probe immersed in an electronegative plasma. The
control parameters are the ratio of the negative ion den-
sity to the electron density, the ratios of the electron
temperature to the positive and the negative ion tem-
peratures and the ratio of the rate coefficient for the
momentum transfer collision to that for the ionization.
The model equations are solved on the scale of the ion-
ization length. The position of the sheath edge (&),
the positive ion velocity at the sheath edge (us) and the
positive ion current (£s75us) collected by the probe are
determined and compared with the results from analytic
(or scaling) formulas. The effects of the control param-
eters on the positive ion velocity at the sheath edge and
on the position of the sheath edge (and sheath width)
are discussed. The position of the sheath edge deter-
mines the sheath area for positive ion collection. The
results of the calculation are consistent with the results
from the analytic (or scaling) formulas. If positive (and
negative) ions have a larger thermal motion, the posi-
tive ion velocity at the sheath edge, the sheath and the
positive ion current collected by the probe increase. An
increase in the number of collision causes the positive ion
velocity at the sheath edge to decrease and the sheath
to decrease, resulting in a decrease in the positive ion
current. An increase in electronegativity (ag) causes the
positive ion velocity at sheath edge to decrease and the
sheath width to decrease, resulting in an increase in the
positive ion current. As the value of the non-neutrality
parameter q increases, the positive ion current collected
by the probe increases. The deviation from the plasma
approximation is observed to become significant even at
g = 0.006, which is a typical case for high-density elec-
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tronegative plasmas and the plasma approximation is no
longer valid, except for plasmas with ¢ less than 0.0005.
The merit of this model lies in its giving a clear picture
of the plasma sheath boundary and a straight-forward
calculation of the positive ion current collected by the
probe.
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