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Abstract. A kinetic model for the low-pressure oxygen positive column is
presented and discussed. The model is based on the electron Boltzmann equation
and the rate balance equations for the dominant heavy-particle species, which are
solved simultaneously in order to take into account the coupling between the
electron and the heavy-particle kinetics. The effects of vibrationally excited
molecules, dissociated atoms and metastable states on the electron kinetics are
analysed in detail. The predicted populations of O,(X3Z), O.(a'A), O(°P), and O~
are shown to agree satisfactority with previously reported measurements. A
combination of this kinetic model with the continuity and transport equations for the
charged species e, O, and G5 is shown to provide characteristics for the

maintenance field that agree reasonably well with experiment.

1. Introduction

This paper is concerned with the analysis of a kinetic
model for the most populated reactive species present
in the classical positive column of oxygen at low press-
ures, specifically O,{X°Z) and Oa.(a'A) molecules,
O(°P) atoms and O~ ions. The present analysis is an
extension of previous work in which firstly the species
concentrations were measured by vuv absorption
spectroscopy [1} and secondly a simplified model was
developed [2] using a selected number of reactions
along with electron transport and collisional data
derived from swarm experiments in O, [3]. Although
reasonable agreement was obtained between theor-
etical predictions and experiment, the observed dis-
crepancies seemed, nevertheless, sufficiently important
to justify further investigation.

A significant improvement achieved in the present
paper is a consistent treatment of both the electron and
heavy particle reaction kinetics. In fact, the electron
Boltzmann equation is solved here taking into account
not only the excitation and ionization of O,(X} mol-
ecules but also of O(°P) atoms, as well as the effects
of electron superelastic collisions with metastables and
with vibrationally excited molecules. Such processes,
which are absent in a swarm experiment, can have
a significant influence on the electron transport and
collisional data under discharge conditions [4]. On the
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other hand, these electron data are necessary in order
to predict the populations of the various species in the
discharge. Therefore, the Boltzmann equation must be
solved simultaneously with a system of rate balance
equations for the various heavy particle species.

A consistent treatment of this type is also necessary
to improve currently available theories of positive col-
umns in electronegative gases, as we have shown in
a recent paper [5]. Indeed, we have found that the
application of the theory to the oxygen positive
column, using electron transport and collisional data
from swarm experiments, failed to predict accurately
the maintenance field for the positive column. A poss-
ible explanation for this fact could be the changes in
the electron energy distribution function caused by the
various processes referred to above, as stated in [5].
This fact provides additional motivation for the analysis
carried out in the present work.

In section 2 we present the Boltzmann analysis, and
we investigate the effects caused by the presence of
dissociated atoms and by superelastic collisions. These
problems are discussed on a general basis by using
the fractional concentrations of the various dominant
species as parameters. In order to investigate the
effects of vibrationally excited molecules, O,(X*Z, v),
a characteristic vibrational temperature is also used as
a parameter.

Section 3 is concerned with the heavy particle kin-
etics, specifically discussing the main reactions that det-
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In section 4 the predicted populations as obtained
by simultaneously solving the Boltzmann equation and
the rate balance equations are compared to the exper-
imental populations previously reported [1].

In section 5 we combine the present kinetic model
with the continuity and the transport equations for the
charged species e, O™, and O5" discussed in [5] in order
to re-examine the problem of the maintenance field for
the oxygen positive column.

Finally, in section 6 we present the principal con-
clusions of this work.

2. Electron kinetics in the oxygen positive column

2.1. Boltzmann equation

The fractional concentration of dissociated atoms in
the oxygen positive column can reach very high values
(~10%) under the conditions of interest here [1].
Therefore, we must treat the problem of the electron
kinetics in a mixture of O, molecules and O atoms,
Moreover, each of these species can be found in a
variety of different quantum states such as, for
example, O,(X3Z,v), Oxa'A), Oxb'T), OfP),
0O('S), O('D), etc. Let N denote the total gas density,
Ny and N, the total number densities of molecules
and atoms, respectively, and N, with s =M or A the
number density of particles of species s in the quantum
state j. Let also & represent a fractional population,
defined relatively to the total density N. Then, we
obviously have

SN, =Ny +Ny=N; ZN;=N;
I i

28, =18y + 0, =1;

Doy =065208,,=1

) 5.4

Keeping the above considerations in mind, we can
write the homogeneous electron Boltzmann equation
as derived from the classical two-term spherical har-
monic expansion as follows:

ddu [3(2‘,”5 o’)( ) df+ (Ea?ﬂ%o)

(f+ KT, Jf)+4<5 Banuf] gd’m— (1)

where f(u) is the electron energy distribution function
(EEDF), normalized such that [§ fu)u'? du=1, and
u = muv*/2e is the electron energy expressed in elec-
tronvolts.

The three terms on the LHs of (1) represent, in
order, the energy gain due to the applied field of inten-
sity £ and the energy losses due both to clastic col-
lisions of the electrons with heavy particles of mass M,
(o, denotes the momentum transfer cross section for
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collisions of electrons with neutrals of type s; Ty is the
gas temperature in Kelvin) and to rotational excitation
of molecules. The latter process is treated here in the
continuous approximation [6]; B = 1.792 x 10~*eV is
the rotational constant for O, and o, = 87g%a3/15,
where a; is the Bohr radius and g = 0.29 is the electric
quadrupole moment in units of eaj.

The operators J,_, on the rRHS of (1) represent the
effects of inelastic and superelastic collisions of the
electrons with the heavy species s. The explicit form
of these terms is

Joos = 28,0 + Vidoli(u + Vif(u + V)

~ uol(W)fw)] + 2 8y [(u = Vi)oly(u = Vi)
Lj

X flu = V) = uog;(u)f(w)] 2
where ¢/; is the electron cross section for the excitation
from state i to state j> i; V; is the energy threshold
(in eV) for this process; and USJ is the cross section for
the reverse (superelastic) process.

As seen from equations (1) and (2}, the electron
Kinetics is strongly coupled to the heavy particle kin-
etics if and when the fractional concentrations of dis-
sociated atoms and of excited molecules or atoms
become important. This is precisely the case with the
oxygen positive column since large relative populations
of atoms and O,(a !A) metastable molecules have been
experimentally detected under such conditions [1].

Incidentally, the concentrations of vibrationally
excited molecules O,(X °Z, v) and metastable states
0,(b'Z), O(' D), O('S) can also be sufficiently high
so as to play a non-negligible role in the electron
kinetics. For this reason we shall carry out below an
analysis of the influence of the populations in various
states on the electron kinetics. For the moment, this
analysis will be performed using the fractional popu-
lations as independent parameters. This procedure is
instructive since it enables us to identify the most
significant processes and to evaluate their effects. Once
this goal is achieved, we will be able to construct a
self-consistent kinetic model that couples the electron
and the heavy particle kinetics together (section 4).

2.2. Electron precesses and cross section data

The inelastic and superelastic processes taken into
account in the present work are listed in table 1 along
with the pertinent references on cross section data. The
cross sections for excitation of 0,(X %, 1 = v = 4) and
O, electronic states and for ionization from O,(X °Z,
v = 0) are the same as proposed by Phelps [3]. This
set is a rather complete one and provides, when
inserted into the Boltzmann equation, excellent agree-
ment between theoretical and experimental electron
swarm parameters. However, additional processes
must be considered under discharge conditions. For
example, we also included in the model vibrational re-
excitation of O,(X, v) from 1= =4 to upper-lying
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Table 1. Inelastic and superelastic collision processes considered in the
Boltzmann equation, and corresponding references on cross section data.

Electron processes Reference
Molecular oxygen
(1) e+ 0x(X, ¥y = e+ 0(X, W) Phelips [3]

(2) e + O X v=0) = e + 0y(a'A)
(3) e + Ou(X, v=0) 22 & + 0x(b '5)
(4 e+ Oy(X, v=0) = e + 0z(4.5eV)
(5) & + Ox(X, v = 0) - & + 04(6.0 eV)
(6) e + Oy(X, v=0) > e + 0B84 eV)
(7Y e+ 0%, v=0) = e + 0,(9.97 eV)
Ble+0,Xv=0)—>e+e+ 0
(9) 8 + 0xX, v=0) — e+ O,(14.7 8V)

(10) e + Oy(a 'A) 2 e + Oy(b %)

(11) e + Oy(a'A)— e +e + OF

(12) e+ 02(b l2)—> et+e+ 02+

Atomic oxygen

(13) e + O(°P) = e + O('D)
(14) e + OPP) =z e + O('S)
(15) e + O{°P) -» e + O(°S)
(16) e + O('D) 2 & + O('S)
(17) e + O(P) > e + e + OF
(18) e+ (D) — e+ e+ OF
(19) e+ O('S) > e +e+ OF

Hall and Trajmar [25]
(see text)
(see text)

Henry et al [26]

Stone and Zipf [27]
Henry et al [26]

Fite and Brackmann [28]
Drawin [7]

vibrational levels w =< v + 4. The cross sections for such

processes are unknown and they were assumed here to
he the samMe ag thnce frr tha trancitinng

04X, 0— w — v) but with the threshold appropriately
shifted due to the anharmonicity of the molecular
vibration. The reverse processes, i.e. superelastic col-
lisions producing vibrational de-excitation, were also
taken into account. The model also includes the fol-
lowing: superelastic de-excitation of Oy(a!A) and
0xb!Z) to the ground state as well as transitions
between these states and their ionization (assuming the
cross section to be the same as for ionization from
the ground state but with the appropriate shift in the .
threshold); excitation of the atomic states O('D),
O('S), O(°S) and ionization from ground state O(°P)
atoms; ionization from O{'D) and O('S) (using cross
sections calculated according to Drawin’s formula [7]);
transitions between O('D) and O('S); and superelastic
de-excitation of both of these states to the ground state
O(*P). All the cross sections for superelastic processes
have been determined from those for the direct pro-
cesses by detailed balancing.

We note that the above list of electronic processes
implies that the solutions to the Boltzmann equation
depend on the fractional populations, 8, of the fol-
lowing species: O)(X3’Z, 0=p=<8); O, (a'A);
O,(b 'Z); OCP); O('D); O('S). In practice, for lack
of data we cannot take into account electronic exci-
tation and ionization of O, from O,(X3Z, 0> 0).
Therefore, we have dealt with such processes as if they
only occurred from the v = 0 level but assuming in this
case that all the Q,(X %) state population is in that
level. In other words, the distribution of O,(X *2) mol-
ecules among various vibrational levels only was taken
into_account when dealing with vibrational excitation
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or de-excitation processes within the ground electronic
state. Since no attempts were made in this work to

1 1~ ~F M P
model thc '\rlbrﬁtu’)ﬂul kinctics of Uiy WE shall assdine

in the following that the vibrational distribution can
be characterized by a vibrational temperature whose
meaning is explained below.

2.3. Vibrational distribution function of O(X*Z, v)
molecules

We represent the intermolecular potential by an anhar-
menic Morse oscillator whose energy levels are given

by
E, =fiw (v + 1) — x.(0 + 1] {3)

where for 0,(X*Z), w,=1580.19 cm™' and w.x. =
11.98 em™' [8,9]. We assume that the vibrational dis- -
tribution function has the form proposed by Gordiets
et al [10], namely

_ AL, XEQ]}
NU—Nnexp{ U[KTV {v 1)T v

g

il
S

(4)

v
N, =N,.— p*<p=so*t 3)
v

and N,~exp(~AE,/KT,) for v>p**. Here, N,
denotes the number density of molecules in level ;
AE| y = hw(1—2y,) is the energy difference berween
the levelso =1 and v = 0; 0 = hw /K = 2270.73K; Ty
is the characteristic vibrational temperature; and v™ is
the vibrational auantum _number corresponding 1o the
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Table 2. List of cases considered in the parametric study of the solutions to the Bolizmann equation of

section 2 (see main text for notation),

Ty

Case  (K) S Ova Smib Sap Sap Oas

A 300 1 0 0 0 0 0

B 300 0.72 0.18 0 0.10 o 0

c 2000 0.72 018 (] 010 0 0

D 2000 0.64 0.16 0 0.20 0 0

E 300 0879 465x1072  465x10%  7.0x 1072 26 x 1075 1.0 x 1078

F 300 0.765 0.121 1.3 x 1072 0.10 1.0 x 107 1.0 x 1078
minimum of the Treanor distribution [11} (equation T T l
(4)) given by o g

p* =14 (1 +AEw Ig—) (6)
KTV Xce
For the conditions considered here (T < 3000K;

T,<700K) only the Treanor-like region (equation
(4)) and the plateau region (equation (5)) have any
relevance in what concerns the effects on the electron
kinetics. In the following we shall assume T, =300 K
and we shall investigate the effects of the parameter
Ty by conmsidering two extreme situations: Ty = 300K
and Ty, = 2000 K. However, the experimental values of
T, will be used in the calculations of section 4.

2.4. Electron transport parameters and rate coefficients

The various combinations of independent parameters
Ty and d,; considered in the present analysis are listed
in table 2, where the subscripts to 8§ refer to the fol-
lowing molecular and atomic states: Sy, OX’T);
Sytar O2(a 'A); By, Oa(b 'Z); dap, OCP); dap, O('D);
Bas, O('S). In all cases T, = 300 K.

Case A corresponds to the so-called molecular cold
gas approximation in which the clectrons can be
assumed to collide only with ground state molecules,
0,(X %%, v = 0). This is the case considered by Masék
et al [12] and Laska et af [13] in their previous analysis
of the oxygen positive column, and also by Phelps [3]
in his Boltzmann analysis of electron swarms in O,.
We have checked that our Boltzmann code reproduces
Phelps’s macroscopic data (transport parameters and
rate coefficients) to within a few per cent, in this case.
Case B is intended to analyse the effects caused by the
presence of O(°P) atoms and by superelastic collisions
with metastable O,(a 'A) molecules, using realistic val-
ues for the relative concentrations of these species [1].
In case C we additionally consider the effects of
vibrationaily excited molecules, assurning a relatively
high degree of vibrational excitation. Present exper-
imental evidence indicates that Ty ~ T, (see below) so
that case C should be regarded only as an extreme
situation of vibrational excitation. Case D is also an
extreme situation in what concerns the presence of
dissociated atoms. Finally, cases E and F investigate
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Figure 1. Electron energy distribution function for E/N =
3 x 107V em? (i) and 1075V ¢m? (I1), and for the
following cases considered in table 2: A, tull curve; C,
broken curve; D, chain curve.

the effects caused by collisions with the various mol-
ecular and atomic metastable states, using realistic val-
ues for their retative concentrations. The latter two
cases should be regarded as the most realistic ones.

Figure 1 shows the EEDF obtained in cases A, C
and D, for E/N = 30 and 100 Td (1 Td = 1077 V cm?).
We note that there is a small enhancement in the tail
of the distribution in cases C and D compared with
case A. This enhancement is principally caused by sup-
erelastic collisions at low £/N and by the presence of
O(3P) atoms at high E/N. The computed EEDF for case
A can be compared to Langmuir probe measurements
by Rundle et @/ [14] in a discharge tube of 1.26 cm
diameter for pressures 0.5-3torr and currents 1-
10 mA. Under such experimental conditions the con-
centrations of atoms and excited molecules are indeed
too small to affect the EEDF. The measurements of
Rundle er al [14] were found to agree well with the
calculations of Hake and Phelps [15] which in turn also
agree with our calculations for case A (apart from small
differences caused by re-adjustments made in cross
section data from [15] to [3]).
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Figure 2. Electron drift velocity as a function of E/N for the
same cases A, C and D as in figure 1.
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Figure 3. Electron mean energy () and characteristic
energy (I} as a function of E/N for the same cases as in
figure 2.

Figures 2-5 show various electron transport pat-
ameters and rate coefficients obtained in the same three
cases as above. The effects of superelastic collisions and
dissociation on the electron drift velocity (figure 2), aver-
age energy and characteristic energy (figure 3) are small
but tend to increase with £/ N. Sucheffects are, however,
more important at low E/N for the excitation rate coef-
ficients shown in figure 4. Figure 5 shows the total rate
coefficient for ionization, including in cases C and D the
contributions of ionization from O,(X 3%), Oy(a 'A) and
O(°P). These contributions, which are weighted accord-
ing to the relative populations in these states, are shown
in figure 6 for case C. Compared with case A, the total
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Figure 4. Electron rate coefficients as a function of £/N for
the same cases as in figures 2 and 3: excitation of the
states a 'A and b'Z, and 6.0 and 8.4 eV energy loss
processes.
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Figure 5. Total electron rate ceefficient for ionization as a
function of £/N for the same cases as in figures 2-4.

atthe lower E/N values and by afactorof 1.5-2at E/N =
100 Td.

Figure 7 shows the electron percentage energy
losses as a function of E/N in cases A and C. In order
to evaluate the respective effects of O,(a'A) and
Q(’P), also shown in this figure are curves obtained
by setting d,p = 0 and keeping the ratio [Oy(a 'A)}/
[O4(X *%)] the same as in case C.

A detailed numerical analysis of cases E and F
reveals that the presence of the small (but realistic)
populations in the states O,(b 'Z), O('S) and O('D)
considered in table 2 has a negligible effect on the
electron kinetics. Therefore, it appears that only the
presence of vibrationally excited molecules (at high
TV) 02(a ‘A) metastables and 0(3P) atoms may affect
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