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Abstract—Comprehensive self-consistent simulations of the positive column plasma of a dc oxygen discharge
are performed with the help of commercial CFDRC software (http://www.cfdrc.com/~cfdplasma), which
enables one to carry out computations in an arbitrary 3D geometry using fluid equations for heavy components
and a kinetic equation for electrons. The main scaling laws for the spatial distributions of charged particles are
determined. These scaling laws are found to be quite different in the parameter ranges that are dominated by
different physical processes. At low pressures, both the electrons and negative ions in the inner discharge region
obey a Boltzmann distribution; as a result, a flat profile of the electron density and a parabolic profile of the ion
density are established there. In the ion balance, transport processes prevail, so that ion heating in an electric
field dramatically affects the spatial distribution of the charged particles. At elevated pressures, the volume pro-
cesses prevail in the balance of negative ions and the profiles of the charged particle densities in the inner region
turn out to be similar to each other. © 2003 MAIK “Nauka/Interperiodica”.
Interest in discharges in electronegative gases stems
from their wide use in modern plasma technologies [1].
In order to predict the possible parameter distributions
and their dependence on the external conditions, con-
siderable attention is paid to elucidating the relations
between the main plasma parameters. Various aspects
of this problem as applied to electronegative gases were
considered by many research groups (see, e.g., [1–26]).
It was found that, in the presence of negative ions, the
processes of spatial transport, which determine the den-
sity profiles and other plasma parameters, possess a
number of specific features [26]. Knowledge of the spa-
tial distributions of charged particles is of crucial
importance for understanding and optimizing the oper-
ation of various devices and technologies, such as ion
sources and facilities for the plasma treatment of mate-
rials. Early attempts to reduce the problem to a set of
ambipolar diffusion coefficients by using simplified
models [2–9] were contradictory and there were no cri-
teria for their applicability. In [10–12], it was shown
that a specific feature of an electronegative-gas plasma
is that it stratifies into regions with different ion compo-
sitions. In the outer region (shell) of such a plasma, neg-
ative ions are practically absent (Figs. 1–3), because
they are drawn by the electric field into the plasma inte-
rior. Although the thickness of this shell is usually
small, its presence is of fundamental importance
because it confines the negative ions inside the plasma
volume. As a result, the flux of negative ions to the wall
1063-7842/03/4809- $24.00 © 21151
is practically absent (in contrast to those of electrons
and ions). In such a situation, the only means to extract
negative ions from the discharge is to apply an acceler-
ating voltage U to the wall (or an extracting electrode).
The magnitude of this voltage should be large enough
for the space charge layer produced at the plasma
boundary to extend to the inner region containing neg-
ative ions. The thicker the shell, the higher voltage (U ~
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Fig. 1. Profiles of the charged particle densities for p = 1 torr
and I = 50 mA: (1) ne, (2) nn, (3) np, and (4) n[O+].
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) that must be applied to enable the flux of negative
ions to the wall.

Besides its practical importance, oxygen plasma is
also an important test object [16]. The peculiar features
of the spatial distributions of the oxygen plasma param-
eters have been the subject of a heated discussion. Thus,
in [16–18], it was pointed out that using a Boltzmann
distribution from [4] for not only electrons but also neg-
ative ions (as was done in [13–15]) is unjustified. It is
alternatively asserted in [16–18] that the densities of
charged particles in such a plasma should be propor-
tional to each other [10–12]. In [24], it was shown that,
depending on conditions, both types of distribution can
occur. For example, we observed a transition from one
type of the above profiles to another as the pressure was
reduced (see below).

To verify the functional relations between the
plasma parameters obtained with the help of simplified
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Fig. 2. Same as in Fig. 1 for p = 0.15 torr without allowance
for ion heating: (1) ne, (2) nn, (3) np, and (4) n[O+]. The
dashed curve shows parabolic distribution (18).
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Fig. 3. Same as in Fig. 2, but with allowance for ion heating.
models, they should be compared with the results of
full-scale numerical simulations. Such simulations
should be based on self-consistent models that take into
account spatial transport processes and volume plasmo-
chemical reactions. Such an attempt was made by us in
[27], in which we compared the results of kinetic and
fluid simulations of the positive column plasma of a dc
oxygen discharge by using commercial CFDRC soft-
ware [28]. A two-temperature (2T) fluid model was
proposed, which allowed us to incorporate kinetic
effects in the conventional fluid model in the simplest
way.

Here, we continue the study of [27]; specifically, we
investigate the features of the spatial distributions of the
plasma parameters in the positive column of a dc dis-
charge in a 12-mm-diameter glass tube at pressures of
0.05–3 torr and discharge currents of 5–200 mA. These
conditions correspond to those in [21, 22], in which, in
our opinion, one of the most detailed experimental and
theoretical studies of the positive column of a dc oxy-
gen discharge were reported.

The discharge was simulated by using a commercial
software developed at the CFD Research Corporation
(Huntsville, AL, USA) [28]. A detailed self-consistent
model of the discharge plasma, numerical iteration
scheme, and technique for solving the set of equations
are described in [28]. The density and mean energy of
the electron component can be obtained by solving
either fluid balance equations or the kinetic equation for
the electron distribution function (EDF). The self-con-
sistent electric field is found from Poisson’s equation.
Heavy particles are described in the fluid model. Both
the analytic results and the published data show that, in
the parameter range under study, the neutral gas is
heated to no higher than 50–150 K. Such an increase in
the gas temperature T results merely in a decrease in the
gas density. Since this is of minor importance for our
problem, the gas temperature was assumed to be equal
to room temperature and constant over the discharge
cross section. On the other hand, the ion temperature
can increase significantly, particularly at low pressures
[20, 21]. As the pressure decreases, the reduced electric
field E/p increases, so that the directed velocity
acquired by the ions in this field can become higher
than the random (thermal) velocity [29]. The coefficient
of ion diffusion also increases. This can dramatically
change the ion density profiles [20]. Model calculations
with allowance for ion heating in a longitudinal electric
field show that the outer region occupied by the elec-
tron–ion plasma shrinks and can even completely dis-
appear [20, 21]. Ion heating also leads to a decrease in
the detachment rate constant and, consequently, to an
increase in the relative density of negative ions nn/ne

(the degree of electronegativity) [21].

Here, we do not present the list of the volume plas-
mochemical reactions involved because it is the same
as in [27]. Note only that we solved the balance equa-
tions for the vibrationally excited states O2(v) (v  = 0, 1)
TECHNICAL PHYSICS      Vol. 48      No. 9      2003
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of an oxygen molecule and the electronically-excited

states of an oxygen molecule (O2(X3 ), O2(a1∆),
O2(b1Σ), and O2(Ry)); oxygen atom (O(3P), O(1S), and

O(1D)); ozone molecule O3; and O+, , , O–, ,

and  ions with allowance for 160 plasmochemical
reactions between them.

Typical ion density profiles computed for the gas
pressure p = 1 torr are shown in Fig. 1, and those com-
puted for p = 0.15 torr without and with allowance for
ion heating in the longitudinal electric field are shown
in Figs. 2 and 3, respectively. Ion heating [20–22] was
calculated by the formulas for the effective transverse
ion temperature [29]

(1)

where M and Mi are the masses of a molecule and an
ion, respectively, and w is the ion drift velocity in the
longitudinal electric field Ez.

For example, at p = 1 torr, the transverse ion temper-

ature is  ≈ 760 K, whereas at p = 0.15 torr, it is  ≈
5200 K. For oxygen, an order of magnitude of the ion
temperature as a function of the parameter pΛ is pre-
sented, e.g., in [21, Fig. 5].

It can be seen from Figs. 1–3 that the spatial distri-
bution of the charged particle densities is highly non-
uniform over the discharge cross section. Almost all of
the negative ions reside in the inner ion–ion plasma
region (which will be marked by subscript 0). The
radius of this region is r = r0. The outer electron–ion
plasma region (r0 < r < R) (subscript 1) consists of elec-
trons and positive ions, whereas the negative ions are
practically absent there. A comparison of the profiles
presented in Figs. 2 and 3 show that taking into account
ion heating (which increases the ion diffusion coeffi-
cient) dramatically changes the shell thickness. For this
reason, when analyzing the spatial profiles of the
charged particle densities in electronegative gases, one
of the central problems is the problem of the ion tem-
perature [20, 21].

The main positive ion is  and the main negative
ion is O–. The densities of all other ions are small com-
pared with the densities of these ions. Hence, for the
sake of qualitative analysis, it is sufficient to consider a
plasma consisting of only electrons, positive ions, and
negative ions (subscripts e, p, and n, respectively).

To explain the dependences observed and predict
how they are affected by the external conditions, we
consider, as in [1–26], the conventional set of drift–dif-
fusion equations

(2)

(3)

Σg
–

O2
+ O4

+ O2
–

O3
–

Ti
⊥ T

Mi M+( )Mw2

3 2M Mi+( )
-----------------------------------,+=

Ti
⊥ Ti

⊥

O2
+

Dp∇ ∇ np knp∇ ne/ne+( )– ν ine Krnnnp,–=

Dn∇ ∇ nn knn∇ ne/ne–( )– νane νdnn– Krnnnp,–=
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with a Boltzmann distribution for the electrons: E =
−Te∇ ne/ne). Here, νi, νa, and νd are the ionization,
attachment, and detachment frequencies, respectively;
Kr is the rate constant for ion–ion recombination; and
k = Te/Ti is the electron-to-ion temperature ratio. The
boundary conditions for the set of Eqs. (2) and (3) are
[1, 26]

(5)

Since the flux of negative ions to the wall is zero, we
find from Eq. (3) that the densities averaged over the
cross section ( ) satisfy the relationship [1, 26]

(6)

In further analysis, we will mainly follow [24–27].
We divide Eqs. (2) and (3) by the corresponding diffu-
sion coefficients and sum them up. As a result, we
arrive at the equation [10, 26]

(7)

which is of fundamental importance for analyzing the
solution to the set of Eqs. (2) and (3). Equation (7) con-
tains two characteristic space scales, le and ln, which are
defined by

(8)

(9)

where Dan, ap = Dn, p(k + 1) and Dnp = 2DnDp/(Dn + Dp)
are the coefficients of electron–ion and ion–ion ambi-
polar diffusion, respectively; τj = Λ2/Dj are the corre-
sponding characteristic times; and Λ is the diffusion
length, which, in the case of cylindrical geometry, is
equal to Λ = R/2.4. Figure 4 shows, as an example, the
calculated lengths (8) and (9) versus the parameter pΛ
for oxygen.

Since the ambipolar electric field draw negative ions
into the plasma, their density in the outer region (r0 ≤
r ≤ R) is low, nn(r) ≈ 0; hence, we have ne(r) ≈ np(r) in
this region. Neglecting the terms with nn, we can write
Eq. (7) in the form

Taking into account the spread caused by ion diffu-
sion, we find that the thickness of the outer region sat-
isfies the condition R – r0 ≤ le; i.e., le determines the
maximum thickness of the shell. Under our conditions,
this thickness is small compared with the tube radius R
(and, hence, with the characteristic diffusion length Λ =

np nn ne.+=

∇ nn ∇ np 0 at r 0,= = =

nn np ∇ nn 0 at r R.= = = =

n

νane νdnn Krnnnp.+=

–2∆nn/k ∆ne– ne/le
2 2nn/kln

2,–=

1/le
2 1/lion

2 1/la
2+ ν i/Dap νa/Dan+= =

=  τapν i/Λ
2 τanνa/Λ2,+

1/ln
2 1/lnd

2 1/lnr
2+ νd/2Dn npKr/Dnp+= =

=  τnνd/Λ2 τnpKrnp/Λ2,+

∆ne– ne/le
2.=
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R/2.4). Therefore, the outer region 1 can be treated in
plane geometry. Then, for the plasma density profile in
the region r0 ≤ r ≤ R, we can use the solution [10,
24−26]

(10)

The density profiles in the inner region 0 depend
substantially on the ratio between R and ln (see Eq. (9)),
i.e., between the radius and the distance a negative ion
covers due to diffusion during its lifetime with respect
to volume processes [24–26]. At τanνa > 1, length le (8)
is small (le < Λ), and, under typical discharge condi-
tions ( /  < k ≈ 100), length ln turns out to be even
smaller (ln < le); hence, ion diffusion can be ignored
[10–12]. When the opposite inequality is satisfied
(τanνa < 1), the electron–ion plasma occupies almost the
entire cross section of the tube, whereas length ln can be
either longer or shorter than the radius of the inner ion–
ion region. Hence, to obtain functional dependences in
the inner region, it is reasonable to consider two limit-
ing regimes with large and small values of the parame-
ter τanνa. Since this parameter is quadratic in pressure,
the boundary between these regimes (τanνa = 1) can be
determined with sufficient accuracy. For oxygen, the
boundary value of this parameter corresponds to pΛ ≈
0.07 cm torr (the dashed vertical line in Fig. 4), so that
τanνa > 1 at pΛ > 0.07 cm torr and vice versa. Conse-
quently, length le (8) has two asymptotes: le ≈ Λ at low
pressures, pΛ < 0.07 cm torr, and le ≈ ln  in the

opposite case (Fig. 4).

At high attachment frequencies (τanνa > 1), charac-
teristic lengths (8) and (9), as was mentioned above, are
both small (ln < le < Λ) (Fig. 4). Since ln < le, we can
neglect ion diffusion in Eqs. (2) and (3) (as was done in

ne r( ) = ne r0( ) π R r–( )/2le( )sin / π R r0–( )/2le( ).sin

nn ne

Te/2Ti
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Fig. 4. Characteristic lengths ln (1) and le (2) vs. parameter
pΛ for an oxygen discharge. The asymptotes for le, le ≈ Λ
(3) and le ≈ ln  (4) are also shown.Te/2Ti
[10–12]) and assume that the shell thickness is R – r0 ≈
le (i.e., the denominator in Eq. (10) is equal to unity). In
the case at hand, in balance equation (3) for negative
ions, their transport is insignificant as compared to vol-
ume processes (see Fig. 5), so that the negative ion flux
is almost completely determined by the drift compo-
nent. Hence, at np ≈ nn > ne, the fluxes of positive and
negative ions in the inner region are almost the same in
magnitude, but opposite in sign; i.e., we have [10, 26]

(11a)

For this reason, in Eq. (7), in which these fluxes are
summed up, they almost completely cancel each other
in the inner ion–ion region. In other words, at r < r0, the
terms on the left-hand side of Eq. (7) (which are respon-
sible for spatial transport) are small compared to the
terms on the right-hand side (which are responsible for
volume processes). Hence, the local balance of the vol-
ume plasmochemical processes resulting in the produc-

tion and loss of ions, ne/  = 2nn/k , holds with a high
accuracy. At τanνa > 1, the following important relation
can be deduced from this equality [10, 24–26]:

(12a)

which allows one to obtain the relationships between
the plasma parameters in the central region r < r0.

The relationships between the densities of charged
particles depend on the mechanism responsible for the
loss of negative ions, i.e., on the relationship between
the terms on the right-hand side of Eq. (12a). At τanνa > 1,
the loss of negative ions in an oxygen plasma is gov-
erned by detachment processes (the detachment regime
with νd > npKr) and their recombination can be
neglected. Then, it follows from Eq. (12a) that the pro-

Γn/bn knp∇ ne/ne knn∇ ne/ne Γ p/bp.–≈ ≈ ≈

le
2 ln

2

ν i/Dp νa/Dn+( )ne νdnn/Dn=

+ Krnn nn ne+( )/ 1/Dp 1/Dn+( ),

2
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Fig. 5. Contributions of spatial transport and volume pro-
cesses to the negative ion balance for p = 1 torr and I =
50 mA. Curve 1 shows the flux of negative ions (with a
minus sign), curve 2 shows the total production of ions, and
curve 3 shows the ion loss.
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files of the electron and negative ion densities are simi-
lar to each other,

(12b)

This condition was first proposed in [2] and then
was justified in [10–12], assuming that ion diffusion
can be neglected as compared to ion drift. It follows
from the above analysis that Eq. (12b) is valid only at
τanνa > 1; hence, extrapolating it to the low pressure
range [16–18] is incorrect. The validity of Eq. (12b) for
oxygen is illustrated in Fig. 6, which shows the density
profiles from Fig. 1 (p = 1 torr) normalized to the cen-
tral electron density. Substituting Eq. (12b) into Eq. (2)
or (3), we find that, with a significant degree of elec-
tronegativity (nn > ne), the densities in the inner region
satisfy the relationship

(13a)

For plane geometry, the Bessel function should be
replaced with cos(x/l0). In Eq. (13a), the characteristic
length [10, 26]

(13b)

also determines the ambipolar electric field (E(r) =
−Te∇ ne/ne) in the central region (r < r0):

(14a)

Since the conditions l0 > Λ > le are usually satisfied,
density profiles (13a) in the inner region are flatter than
in the outer region, and, when they are extended up to
the wall, they do not turn to zero (see Eq. (5)). Conse-
quently, field (14a) is weaker than the electric field in
the shell (r0 < r < R), for which we have from Eq. (10)
the following estimate:

(14b)

To illustrate the limiting cases, we use Eqs. (2) and
(3) to rewrite relationship (11a) in the form [10, 26]

(11b)

where D = (Dn/Dp) ~ 1. This relationship means that the
number of ions that undergo attachment in the outer
region is equal to the number of ions produced in the
central region due to ionization. In the thin shell, a com-
paratively small flux of negative ions Γn is produced
due to attachment; hence, a fairly weak electric field
(14a) is sufficient to transport these ions into the inner
region, in which they disappear due to detachment.
Since, at τanνa > 1, the electrons in the inner region dis-
appear mainly due to attachment, it is necessary to
enable just a minor flux of positive ions toward the

∇ ne/ne ∇ nn/nn, ne x( )/nn x( ) const.= =

np r( ) nn r( ) ne r( ) J0 r/l0( ).∼∼ ∼

l0
2 Dan

νd

--------
νaDap

ν iνd

--------------
Λ2nn

ν iτapne

----------------- Λ2>≈+=

E 0( ) r( ) TeJ1 r/l0( )/l0– Ter/l0
2.–≈ ≈

E 1( ) r( )
πTe

2le

--------- π R r–( )
2le

--------------------cot–
π2Te

2le
2

----------- r r0–( ).–≈ ≈

Γn νa ne r( )r rd

r0

R

∫ Γ pD– Dν i ne r( )r r,d

0

r0

∫= = =
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outer region. In other words, relationship (11b) means
that, if the local plasmochemical balance of ions domi-
nates over their spatial transport, the latter should only
compensate for a relatively small difference between
the attachment and detachment of negative ions.

Using expression (10) for ne(r) and Eqs. (14), we
can obtain from Eq. (11b) the ionization frequency νi,
which represents the eigenvalue of the boundary value
problem described by Eqs. (2) and (3) [26]. The simple
estimate Γn ≈ νanele ≈ Γp ≈ νineΛ gives νi ≈ nale/Λ ≈

 [10, 26]. In the case at hand, we have νiτan ≈

 > 1; hence, we obtain τanνi > 1. This means that
the ionization frequency exceeds the value given by the
Schottky formula for a simple plasma (τanνi = 1)
[25, 26].

The density of the negative ions that are produced in
the shell due to attachment can be deduced from their
flux Γn (11b):

(15)

This density is much lower than the densities of
electrons and positive ions,

(15a)

At the point r = r0 ≈ R – le, the field E(1) is close to
zero, whereas the flux Γn (11b), caused by attachment
in the outer region, is finite. Therefore, when approach-
ing the point r = r0, negative ion density (15) sharply

νa/τan

νaτan

nn Γn/bnE 1( )≈

≈
8le

2ne r0( )
π2Dan

---------------------- π R r–( )
2le

-------------------- π R r–( )
2le

--------------------.tansin
2

nn

πne r0( )νa

4Danle

----------------------- r R–( )3 r0 r R≤<( ).≈
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Fig. 6. Normalized density profiles for p = 1 torr and I =
50 mA: (1) ne(r)/ne0, (2) nn(r)/ne0. Curves 3 and 4 show the
results calculated by formula (13), and curve 5 shows pro-
file (10) in the outer region.



1156 BOGDANOV et al.
increases,

(15b)

to its value in the inner region, which is determined by
Eq. (12). The transition zone separating regions 0 and 1
with different ion compositions is narrow (~ln < le). For
this reason, it was treated in [10, 26] as a diffusive jump
in which ion densities undergo a break, whereas the ion
fluxes and the electron density are continuous. The
validity of relationship (12) in the region r < r0 in an
oxygen discharge is illustrated in Fig. 6, which shows
the normalized density profiles obtained from the pro-
files in Fig. 1 at a pressure of p = 1 torr. The dashed
curves in Fig. 6 show the profiles calculated by formula
(13) for the inner region and by formula (10) for the
shell with the thickness R – r0 ≈ le. When deducing for-
mula (10) for the outer region, the shell thickness δsh
was taken into account; i.e., it was assumed that the
electron density vanished at r = R – δsh, rather than at
the tube wall. It can be seen that the results of calcula-
tions by these formulas agree well with the results of
full-scale simulations.1

At lower pressures, the role of spatial transport
increases and, thus, the characteristic length le (8) and
ln (9) also increase. The increase in length l0 (13b) leads
to the flattening of density profiles (13a) in the inner
region. Because of the increase in the length ln, the
region with a sharp change of the ion density spreads
out due to ion diffusion; hence, the transient region can
no longer be treated as a jump. As a result, the ion den-
sity profiles become bell-shaped.

At ln ≥ Λ, the negative ions are able to pass through-
out the entire discharge volume due to their diffusion.
However, they turn out to be trapped in the inner region
by the electric field; as a result, a Boltzmann distribu-
tion (similar to that for electrons) is established:

(16)

It follows from Eqs. (8) and (9) that, generally, the
self-diffusion of negative ions prevails (ln > Λ) only
when attachment is insignificant as compared to the
ambipolar diffusion of negative ions (ion diffusion with
the electron temperature), i.e., when τanνa ! 1 (see [24–
26] for details).

Condition (16) leads to the relationship

(17)

1 Note that, for the recombination regime (νd < npKr), it follows
from Eqs. (11a) and (12a) that ∇ ne/ne = ∇ nn/nn + ∇ np/np ≈
2∇ nn/nn, which results, in contrast to Eq. (12b), in an ion distri-
bution that is flatter than the electron distribution (see [24–26] for
details). In such a situation (which occurs, e.g., for halogens), the
attachment and ionization frequencies are approximately the
same, νi ≈ νa, as was noted in [16–18].

nn

8le
3ne r0( )νa

π3Dan r r0–( )
-------------------------------- r r0 R le–=≥( ),≈

Te∇ ne/ne– T∇ nn/nn– E.= =

ne r( )/ne 0( ) nn r( )/nn 0( )[ ] 1/k,=
which strongly depends on the temperature ratio k =
Te/Ti and coincides with distribution (12b) only in the
particular case Te = Ti. The establishment of a Boltz-
mann distribution for electrons and negative ions at low
pressures is illustrated in Fig. 7, in which the simulation
results shown in Fig. 3 for a pressure of p = 0.15 torr are
replotted in accordance with Eq. (17).

Since k @ 1 in the discharge, it follows from
Eq. (17) that the electron density profile is nearly flat,
ne(r) ≈ ne0 ≈ const, which is indeed observed at reduced
pressures (see Figs. 2, 3). Here, transport processes
play a major role in Eq. (3) for the negative ion balance
(see Fig. 8), in contrast to the above case with τanνa > 1
(cf. Fig. 5). The field-induced and diffusion fluxes of
negative ions are almost the same in magnitude, but
opposite in sign; hence, a small difference between
them is sufficient to balance the production and loss of
ions at any point (Fig. 8). The plasmochemical pro-
cesses govern only the global balance of ions in the cen-
tral region. In Eq. (2) for the positive ion density np(x),
the terms on the left-hand side are also approximately
equal to each other. However, they are summed up and,
thus, at a significant degree of electronegativity (nn(0) >
ne(0)), balance equation (2) for positive ions can be
written in the form –2Dp∆nn = νine0. This gives a para-
bolic distribution of the ion densities and a flat profile
of the electron density ne(r) at r < r0 [13–15]:

(18)

We note that ion diffusion in the inner region pro-
ceeds with the coefficient 2Dp of the own ion–ion
ambipolar self-diffusion, rather than with the usual
coefficient of ambipolar diffusion Dp(1 + k). It can be
seen from Figs. 2 and 3 that, at low pressures, simple
parabolic law (18) for the ion density profiles agrees
well with the results of full-scale simulations.2

In the outer region (shell), in which the negative ions
are almost absent, the plasma density profile varies in
accordance with Eq. (10). In [13–15, 23, 24], the posi-
tion of the boundary point r = r0 was found from the
negative ion balance using model profiles (18). Unfor-
tunately, this procedure is rather laborious and provides
a low accuracy. It seems that the position of the bound-
ary can be found in a simpler and more reliable way
from the continuity of the positive ion flux at r = r0:

(19)

2 We note also that, in order for profiles (18) to be established, it is
enough to satisfy the condition τanνa < 1. The mechanism for the
volume loss of negative ions, which is determined by the right-
hand side of Eq. (3), can be either recombination (at νd < Krnp) or
detachment (at νd > Krnp).

nn r( ) nn0 1 r2/r0
2–( ),=

nn0/ne0 ν ir0
2/4Dp,=

ne r( ) ne0 const.≈ ≈

2Dp

nn0

r0
-------

Dp 1 k+( )ne0

le R r0–( )/le( )tan
------------------------------------------

Dp 1 k+( )ne0

R r0–
-------------------------------.≈=
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Model electron density profiles (10) with r0 defined
by Eq. (19) (see Fig. 7) agree well with the results of
full-scale simulations shown in Fig. 3.

Based on the analysis performed, we recommend
the following procedure to obtain approximate density
profiles in the plasma of electronegative gases in the
detachment regime (νd > Krnp):

(i) First, the parameter τanνa is estimated.
(ii) Then it is necessary to indent from the wall by

the thickness δsh of the space charge sheath, which can
be estimated, e.g., according to [26].

(iii) In the outer electron–ion plasma region (r0 < r <
R), where np ≈ ne @ nn ≈ 0, the electron density varies
according to Eq. (10) and the negative ion density var-
ies according to Eq. (15). If τanνa > 1, then the thickness
of this region is equal to le (see Eq. (8)) and the denom-
inator in Eq. (10) is equal to unity (r0 = R – le). In the
opposite case (τanνa < 1), we have le ≈ Λ and the thick-
ness of this region is estimated by formula (19).

(iv) Finally, the density profiles in the central region
(r < r0) are determined.

At τanνa > 1, the density profiles are similar and are
described by Eq. (13), whereas the density values are
related by expression (12). Electron density profile (13)
is joined to expression (10) at r = r0 = R – le. The ion
densities undergo a jump at this point: the negative ion
density drops to nearly zero (see Eq. (15)), whereas the
positive ion density decreases to the value equal to the
electron density given by Eq. (10). At τanνa > 1, the
thickness of the transition zone (~ln < le) is small and it
can be regarded as a jump in the ion density.

At τanνa < 1, the electron density profile is flat
(ne(x) ≈ ne0) and the ion density profile is parabolic.
These densities are related by formulas (18). The elec-
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Fig. 7. Boltzmann distributions of electrons and negative
ions for p = 0.15 torr and I = 50 mA: (1) ne(r),

(2) ne(0)/[nn(r)/nn(0)]1/k (see formula (17)), and (3) elec-
tron density profile (10) in the outer region.
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tron density profile is joined at the point r = r0, whose
position can be estimated from Eq. (19).

Thus, using commercial CFDRC software [28],
comprehensive simulations of the positive column
plasma of a dc discharge in oxygen are performed and
the main scaling laws characterizing the spatial distri-
butions of the plasma parameters are determined. The
simulation results show that a distinctive feature of the
electronegative-gas plasma is that it stratifies into
regions with very different ion compositions, so that
there are practically no negative ions in the outer elec-
tron–ion plasma region (shell). At low pressures
(τanνa < 1), not only electrons but also negative ions
obey a Boltzmann distribution. In the inner region, the
electron density profile is flat, whereas the ion density
profile is parabolic. In the ion balance, the transport
processes prevail; hence, taking into account ion heat-
ing dramatically affects the spatial distribution of
charged particles. At elevated pressures (τanνa > 1), the
volume processes dominate in the balance of negative
ions and the profiles of the charged particle densities in
the inner region become similar to each other.
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